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Quantitative Determination of Joint Incongruity
and Pressure Distribution during Simulated Gait
and Cartilage Thickness in the Human Hip Joint
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Summary: The objective of this study was to provide quantitative data on hip-joint incongruity and pressure
during a simulated walking cycle and on articular-cartilage thickness in the same set of specimens. Using a
casting technique in eight specimens of the human hip (age: 18-75 years), we determined the width of the
joint space (incongruity) required at minimal load for contact at four phases of the gait cycle. The pressure
distribution, measured with pressure-sensitive film, was determined at physiologic load magnitudes on the
basis of in vivo measurements of hip-joint forces. Cartilage thickness was assessed with A-mode ultrasound.
At minimal loading, the average maximum width of the joint space ranged from 1.1 to 1.5 mm in the
acetabular roof, with the contact areas located ventro-superiorly and dorso-inferiorly throughout the gait
cycle. At physiological loading, the width decreased and the contact areas covered the complete articular
surface during midstance and heel-off but not during heel-strike or toe-off. The pressure distribution was
inhomogeneous during all phases, with average maximum pressures of 7.7 = 1.95 MPa at midstance. The
cartilage thickness varied considerably throughout the joint surfaces; maxima greater than 3 mm werc found
ventro-superiorly. These data can be used to generate and validate computer models to determine the load-
sharing between the interstitial fluid and the solid protcoglycan-collagen matrix of articular cartilage, the

latter being relevant for the initiation of mechanically induced cartilage degeneration.

Mechanical factors have been shown to play an im-
portant role in the initiation and progression of os-
teoarthritic cartilage changes (23,26,27), the normal
function of the cartilage being to transmit forces from
one body segment to another during static and dy-
namic loading. Articular cartilage is a multiphasic ma-
terial; stresses are distributed in a time-dependent
manner on its components, namely the proteoglycan-
collagen matrix and the interstitial fluid (23). Because
loads are shared between these two components, the
rclevant stresses within the cartilage cannot be mea-
sured but must be calculated (5).

Recent analytical solutions for the contact of two
biphasic cartilage layers in idealized joints have sug-
gested that hydrostatic pressurization of the fluid
shields the proteoglycan-collagen matrix [rom as much
as 90% of the load for the first 100-200 seconds of
loading (5,6,35,36). The results depend on a number
of other factors, including joint incongruity and carti-
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lage thickness. The occurrence of hydrostatic pressure
has also been confirmed in confined compression ex-
periments (30). Because elastic (shear and tensile)
stresses in the cartilage matrix (but not hydrostatic
pressure in the interstitial fluid) are assumed respon-
sible for mechanically induced cartilage degeneration,
quantitative predictions of the load-sharing between
the two phases are relevant for understanding the eti-
ology of osteoarthritis in human joints.

Although physiological incongruity in the human
hip joint has been recognized for some time (3,10,
19,28,29,32), calculation of hip-joint contact pressures
has been based on the assumption that the cartilage
surfaces make a perfect fit (8,11,18,21). No calcula-
tions have been presented for the time-dependent
load-sharing between the proteoglycan-collagen ma-
trix and fluid in the naturally incongruous hip joint.
For this task, a nonlinear contact algorithm for bi-
phasic soft tissues has been developed (12), and the
amount of hydrostatic pressurization has been shown
to depend not only on the degree, but also on the
specific type, of joint incongruity (13). To allow quan-
titative predictions in the human hip joint, however,
quantitative data regarding the specific incongruity
and cartilage thickness are required. Such data have
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TABLE 1. Data for the midstance phase of gait

Age Joint space* Maximum pressure Acetabulum® Femoral head®

Specimen (yr) (mm) Contact area (MPa) (mm) (mm)

1 18 0.27 Bicentric 8.25 4.26 5.33

2 22 0.40 Bicentric 6.75 417 3.08

3 39 Q.38 Bicentric 3.75 3.31 4.20

4 45 0.44 Bicentric 9.75 291 3.68

5 47 0.78 Superior 9.75

6 52 0.68 Bicentric 8.25 3.27 2.74

7 64 0.40 Bicentric 8.25 2.85 2.39

8 75 0.38 Bicentric 6.75 2.64 2.74

Joint-space width and contact areas were obtained at minimal load. Maximum contact pressure was obtained at physiological load. In
one of the specimens, cartilage thickness could not be measured due to a technical problem. Bicentric = ventro-superior and dorso-inferior

aspects of the acetabulum, and superior = acetabular roof.
*Average width of the joint space.
#Maximum cartilage thickness in the acetabulum.
“Maximum cartilage thickness in the femoral head.

been reported in a limited number of specimens (16)
for the stance phase but not for other phases of the
gait cycle.

The objective of the present study was to provide
quantitative data for the design and validation of an-
atomically accurate computer models of the human
hip joint at different phases of gait. In the same set of
specimens, we determined (a) the anatomical width of
the joint space (distance between cartilage layers) at
the minimal load required for contact during heel-
strike, midstance, heel-off, and toe-off; (b) the contact
areas and pressure distribution for these phases, sim-

o, i
e

ulating physiological load magnitudes and directions
(7); and (c) the cartilage thickness of the acetabulum
and femoral head.

MATERIALS AND METHODS

The experimental setup (load magnitude and direction during
the gait cycle) was based on in vivo data by Bergmann et al. (7)
on hip-joint loading during walking at a speed of 4 km/hour. A
coordinate transformation of the femoral [orce data into a pelvic
coordinate system (heel-strike, midstance [first force maximum},
heel-off [second force maximum], and toe-off) has been previously
performed on the basis of kinematic gaitl analysis (34).

Eight [resh cadaveric specimens of human hip joints without

FIG. 1. Projectional grid for determining 108 measurement points of joint-space width and cartilage thickness throughout the acetabulum.
The points arc dcfined by six circles at 15° intervals (0-75° latitude, 0° = acetabular rim, and 90° = center of the acetabular fossa) and 18
meridians at 20° intervals (—180 and 180° = middle of the acetabular incisure, and 0° = acetabular roof).
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0.51-1.0 mm
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FIG. 2. Representative distribution of joint-space width (cast thickness) from one hip joint (specimen 6 in Table 1) at four instances
of the walking cycle. (Sce Fig. 1 for orientation of the grid.) Thickness intervals of 0.1 mm are depicted by gray arcas. At minimal load
(A), there is contact at the ventro-superior and dorso-inferior aspects of the lunate surface and the width of the joinl space increases
toward the center of the surface. The distribution pattern varies little between the different phases of the walking cycle. At physiological
loads (B), full contact is established during midstance and heel-off but not at heel-strike or toe-off. D = dorsal, V = ventral, and S =

superior.

macroscopically visible cartilage lesions or other signs of musculo-
skeletal disease were obtained from eight individuals with a mean
age of 45 years (range: 18-75 years, Table 1). Within 36 hours of
death, the eight right hemipelves (sectioned at the middle of the
sacrum and at the pubic symphysis) and the proximal part of the
femur (sectioned 20 cm distal to the lesser trochanter) were re-
moved. The specimens were stored at —20°C and thawed to room
temperature before the investigation. The joint capsule was then
opened and the joint was disarticulated, leaving the acetabular
labrum intact. Joint cartilage was kept fully moist with Ringer’s
solution throughout the investigation.

The hemipelvis and femur were positioned in a materials test-
ing machine (model 1445; Zwick, Ulm, Germany); the femur was
mounted to the mobile element, and the hemipelvis was mounted
to the testing table. The symphysis and sacrum were fixed to a
wooden plate, and the iliac crest was supported from below. The
hemipelvis restcd on a mobile plate with one rotational and two
translational degrees of freedom so that the constraining forces
were minimized and free adjustment was allowed for the joint
components; only very small forces (<1 N) werc required for trans-
lation even under high loading pressures.

The joint components were mounted so that their relative po-
sitions corresponded with those during the four phases of the gait
cycle (34), and the direction of load application corresponded with
the direction of the joint reaction force measured in vivo (7). The
direction (relative to the pelvis) and magnitude (for physiologic
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loading) of the load were as follows: (a) heel-strike: 94% body
weight, sagittal angle 21° dorsal, and frontal angle 22° medial; (b)
midstance (femur 5° before passing the vertical): 345% body
weight, sagittal angle 5° ventral, and frontal angle 11° medial; (c)
heel-off: 223% body weight, sagittal angle 14° dorsal, and frontal
angle 12° medial; and (d) toe-off: 80% body weight, sagittal angle
7° ventral, and frontal angle 20° medial (34).

To determine joint incongruity (width of the joint space), a
polyether casting material (Permadyne; ESPE, Seefeld, Germany)
was placed in the acetabulum before application of the load (14-
16). The fat pad below the transverse acetabular ligament was
removed to allow the casting material to be displaced from the
acetabulum during loading. Casts were obtained for the four
phases of the gait cycle, first at the minimal load necessary for
establishing contact between both joint components and then at
physiological load magnitudes (7,34). For the cight loading config-
urations (four positions and two load magnitudes), the width of
the joint space was determined at 108 points throughout the ace-
tabulum. The points were defined by 18 meridians at 20° intervals
(—180 and 180° = middle of the acetabular incisure, and (° =
acetabular roof) and six circles at 15° intervals (0-75° latitude, (° =
acetabular rim, and 90° = center of the acetabular fossa) (Fig. 1).
The points were obtained, with the casts still in place. by pro-
jection of a grid perpendicular to the entrance planc of the ace-
tabulum. The thickness of the casts was measured perpendicular
to the femoral surface with a spherical distance sensor (IDS 543;
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heel-strike

heel-off
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Mitutoyo, Neuss, Germany); the accuracy and reproducibility
of this procedure was demonstrated previously (16). The mean
width of the joint space in the acetabular roof (minimal loads)
was calculated by averaging the values obtained at —40-40° (30
points).

Next, the pressure distribution in the acetabulum was deter-
mined with film of low sensitivity (2.5-10 MPa) (Prescale; Fuji,
Tokyo, Japan). After the diameter of the femoral head was mea-
sured, the film was prepared for each specimen in form of a rosette
with 12 petals to allow for a crinkle-free assessment (31). The film
was sealed with thin polyethylene sheets, and physiological load
magnitudes were applied at each position of the gait cycle corre-
sponding to the in vivo measurements of Bergmann et al. (7). The
stained films and a reference scale were digitized with an image
analyzing system, and the color intensity was converted to pressure
intervals of 1.5 MPa.

Cartilage thickness was measured with a previously validated
A-mode ulirasound system (Digital Biometric Ruler 300; Sono-
metric Systems, Liineburg, Germany) (2). To measure cast thick-
ness, the grid with 108 points was projccted on the acctabulum and
the thickness was measured perpendicular to the cartilage surface
at all points situated on the lunate surface. To determine the thick-
ness of the corresponding femoral cartilage, the femur was placed
in the acetabulum corresponding with its position at midstance and
the acetabular rim was marked on the [emoral head. From all
values measured on each surface, we determined the maximum
and mean thickness of the acetabular and femoral cartilage. In-
homogencity of cartilage thickness was quantified by calculating
the coefficient of variation (CV% = SD/mean) for all 108 thickness
values for each surface (2.4).

Quantitative differences between parameters were tested for
statistical significance with use of the Wilcoxon signed-rank test

bl
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midstance

toe-off
0.31-04 mm
0.41-0.5 mm
0.51-1.0 mm

'] >t.omm

for matched pairs (Statview 4.5; Abacus Concepts, Berkely, CA,
US.A.).

RESULTS

At minimal load, the width of the joint space always
increased from the acetabular margin toward the cen-
tral aspects of the acetabulum. In seven of the eight
joints, a bicentric contact pattern was recorded, with
contact areas at the ventro-superior and dorso-inferior
aspects of the lunate surface and no contact at major
parts of the acetabular roof (Fig. 2A). These bicentric
patterns generally varied only slightly between the four
phases of the walking cycle. In the acetabular roof of
these seven specimens (30 measuring points from —40
to 40°), the average maximum thickness of the cast was
1.32 £ 0.25 mm (mean * SD) at heel-strike, 1.46 =
0.40 mm at midstance (first maximum), 1.10 = 0.52
mm at heel-off (second maximum), and 1.11 = 0.4S
mm at toe-off, with no statistical differences between
these phases. The mean width of the joint space in the
acetabular roof was 0.63 + (.18 mm at heel-strike,
0.45 * 0.17 mm at midstance, 0.45 = 0.26 mm at hecl-
off, and 0.46 = (.29 mm at toe-off. Thec mean width of
the joint space in the acetabular roof was significantly
higher at heel-strike than at midstance or heel-off (p <
0.05),but there were no significant differences between
the other phases. In one specimen, almost the entire
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FIG. 3. Pressure distribution throughout the lunate surface of the specimen in Fig. 2 at physiological load magnitudes. Maximum pressure
is observed at the ventro-superior and dorso-inferior aspects. The gray areas indicate intervals of 1.5 MPa. D = dorsal. V = ventral, and

S = superior.

acetabular roof was in contact at minimal loads during
the four phases of gait (Table 1). The width of the joint
space in the anterior and posterior horns of the lunate
surface was substantially higher in that specimen than
in the other seven specimens.

At physiological load magnitudes, four joints had
contact throughout the lunate surface during mid-

<1.00 mm
1.01 - 1.50 mm
1.51 - 2.00 mm
2.01-250mm D
2.51 - 3.00 mm

> 3.00 mm

stance and heel-off but only partial contact during
heel-strike and toe-oft (Fig. 2B). In the other four
joints, the entire lunate surface was in contact with the
femoral head during the four phases of gait.

The maximum pressure recorded in the acetabulum
was 6.4 * 1.75 MPa at heel-strike, 7.7 = 1.95 MPa at
midstance, 6.4 = 1.33 MPa at heel-off, and 5.4 *+ 1.7

S -

FI1G. 4. Distribution of cartilage thickness throughout the lunate surface of the specimen in Fig. 2. The cartilage thickness was considerably
inhomogeneous. Maximum cartilage thickness was recorded at the ventro-superior aspect of the acetabulum. Cartilage thickness values
are depicted in intervals of 0.50 mm. D = dorsal, V = ventral and § = superior.
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HIP JOINT INCONGRUITY AND PRESSURE 537

MPa at toe-off. The highest value was 9.75 MPa and
occurred during midstance (Table 1). The values were
significantly higher at midstance than at heel-strike or
toe-off (p < 0.05), with no significant differences be-
tween the other phases. The high variation in the load-
ing forces during the four phases of the gait cycle was
not reflected by a proportional variation in the maxi-
mum pressure.

At lower magnitudes of load (heel-strike and toe-
off), the load-bearing areas were located at the ace-
tabular margin, whereas at higher loads (midstance
and heel-off) they shifted toward the more central
parts of the lunate surface (Fig. 3). All specimens had
a pressure peak in the ventro-superior part of the
lunate surface during the four phases. An additional
maximum was recorded in five joints in the dorso-
inferior aspect of the lunate surface during the four
phases, as well as in two specimens during one further
position of the gait cycle (heel-strike or heel-off). The
locations of the load-bearing areas at physiological
load magnitudes were generally in agreement with the
contact areas observed at minimal load (Figs. 2 and 3).

Maximum cartilage thickness was found ventro-
superiorly in the acetabulum (Fig. 4) and in the femo-
ral head. The location of maximum thickness agreed
with the ventro-superior location of maximum pres-
sure recorded during the four phases of the walking
cycle; the thickness ranged from 2.6 to 4.3 mm in the
acetabulum (average = 3.3 mm) and from 2.4 to 5.3
mm in the femoral head (average = 3.5 mm). In gen-
eral, cartilage thickness decreased with age (Table 1).
There was no statistical difference between the values
for maximum thickness on both surfaces, although the
mean thickness of the femoral cartilage (1.5-2.0 mm,
average: 1.7 mm) was higher (p < 0.01) than that of
the acetabulum (1.1-1.7 mm, average: 1.4 mm). The

coefficient of variation of the thickness distribution-

ranged from 24 to 48% (mean: 36%) in the femoral
head and from 31 to 49% {(mean: 38%) in the acetab-
ulum, suggesting an inhomogeneous cartilage thick-
ness in both surfaces.

DISCUSSION

This is the first study, to our knowledge, to provide
quantitative data on natural hip-joint incongruity and
pressure distribution during a simulated walking cycle
and on articular-cartilage thickness in the same spec-
imens. These data are required for the design and
validation of anatomically accurate computer mod-
els of the human hip joint that aim to calculate the
load-sharing between the interstitial fluid and solid
proteoglycan-collagen matrix of articular cartilage. At
minimal load, an important joint-space width was ob-
served in the acetabular roof, increasing from the ac-
etabular rim to the central aspects of the lunate surface.
Although the distribution of the width varied between

individuals, its distribution at four phases of the walk-
ing cycle was remarkably constant in each individual.
The pressure distribution was highly inhomogeneous,
and maximum contact stresses were recorded in the
ventro-superior aspect of the lunate surface during
midstance. The cartilage thickness was highly variable
in the acetabulum and femoral head, with maxima
greater than 3 mm located ventro-superiorly.

The loading configuration applied in this study was
based on in vivo measurement, with a telemetric en-
doprosthesis (7), of hip-joint forces at a walking speed
of 4 km/hour. These data were recorded from only one
patient, whose muscular coordination and walking
pattern may be different from that of a young healthy
person. However, the measurements were performed
30 months after surgery, so that the patient had re-
gained a relatively normal walking pattern (7). These
data do not rely on assumptions about neuromuscular
control mechanisms and therefore have the advan-
tage over theoretical calculations. For the experimen-
tal setup, the direction of the loading forces was
converted to a pelvic coordinate system on the basis
of kinematic gait analysis (34). The direction of the
reaction force of the joint with respect to the acetab-
ular entrance plane was relatively constant through-
out gait (34).

For modeling purposes, quantitative data on the ini-
tial incongruity of the hip (without deformation of the
cartilage) are required. We therefore used the minimal
load needed to displace the casting material and es-
tablish contact between the acetabulum and femoral
head. To avoid sealing of the cast in the acetabulum,
the fat pad below the transverse acetabular ligament
was removed so that the material could displace with
minimal resistance by way of the acetabular fossa. For
measurements at minimal load, we expected no defor-
mation in the pelvic bone; at physiologic load magni-
tudes, however, the pelvic ring was likely to deform.
The hemipelvis was fixed at the symphysis, sacrum,
and iliac crest; although the hemipelvis can deform in
this setup, the fixation did not entirely correspond
with the physiological situation in which the forces are
balanced by a multitude of muscle attachments. The
normal deformation of the acetabulum with simula-
tion of muscular attachment has been shown, how-
ever, to range from only 10 to 60 um during walking
(24). Because the incongruity recorded in our study is
at least one order of magnitude higher than the ace-
tabular deformation, we do not expect that this defor-
mation had a major effect on load transmission in the
hip-joint surfaces. This is confirmed by the agreement
of our results with those of Widmer et al. (33), who,
using an entire pelvis and simulating muscular attach-
ments without fixation of the pubic symphysis, mea-
sured pressure distribution during single-leg stance.

The use of pressure-sensitive film is a limitation of
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our study because the film thickness of 200 um can
cause potential distortions of the true shape of the
articular surfaces. The location of the load-bearing
areas recorded with the Fuji film was, however, very
similar to that of the contact areas, obtained with the
casting material, at which no such geometric distortion
occurred.

The current study extends our earlier findings on
hip-joint incongruity during the stance phase of gait
(16) by showing that the distribution of joint-space
width is relatively constant during the gait cycle. This
suggests that the parts of the femoral surface that
make contact during gait can be approximated by a
sphere, whereas the acetabulum deviates from a per-
fect fit with the femoral cartilage. This is in agreement
with the finding of Bullough et al. (10) of the relatively
high degree of asphericity of the acetabulum. In ac-
cordance with Afoke et al. (3), we observed some
differences in the width of the joint space between
individuals. Contrary to our previous study in which
older specimens were investigated, the predominant
contact pattern was bicentric, with contact taking
place ventro-superiorly and dorso-inferiorly in the
acetabulum. It should be noted that in our previous
study, a walking speed of 2 (rather than 4) km/hour
was simulated (16) (the reaction force of the joint
taking a more ventral course at the higher walking
speeds [7]) and only two fresh specimens were in-
vestigated (the others had been embalmed with 4%
formalin).

The location of the load-bearing areas recorded
with Fuji film was relatively constant throughout gait,
although the areas had a slightly more peripheral lo-
cation for lower load magnitudes (heel-strike and toe-
off) and shifted toward the central aspects of the
lunate surface at higher forces (midstance and heel-
off). This can be explained by the fact that the anterior
and posterior horns of the lunate surface spread apart
as the femoral head presses into the acetabulum. Us-
ing a hemispherical device with pressure instrumen-
tation, Rushfeldt et al. (28,29) reported a bicentric
distribution of contact stress and maximum pressures
of about 5.5 MPa for loads of 250% body weight. The
peak pressures in our study do not scale linearly with
the applied reaction forces of the joint. This may be
explained by the increase in load-bearing arcas at
higher forces. Although the pressure patterns are
clearly influenced by the individual joint incongruity,
we cannot rule out that the inhomogeneous support
of the subchondral acetabular bone (11,33) may also
play an important role in the distribution of acetabu-
lar contact stress.

The cartilage of the hip has been shown to yield
a highly inhomogeneous thickness distribution, the
inhomogeneity being in the same range as that of
the knee (1,4). The maximum cartilage thickness was
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always found in the periphery of the ventral aspect
of the acetabular roof, in agreement with previous
studies (1,25) and equivalent to the site of maximum
contact pressure found in our current analysis. This
supports the hypothesis that the distribution of car-
tilage thickness is related to the distribution of the
long-term stress acting on the joint surfaces (25). The
results, however, contrast somewhat with those of
Rushfeldt et al. (28,29), who described maximum
thickness in the peripheral part of the posterior horn
of the lunate surface. Compared with findings in older
individuals (1), the mean and, in particular, maximum
thickness values were higher in our study. Due to the
highly inhomogeneous thickness of both cartilage lay-
ers, the incongruity of the hip joint cannot be ac-
curately estimated from radiographs or computed
tomography scans. Calculations of the pressure distri-
bution in the hip joint that are based on these types
of imaging modalities (9,20,22) therefore suffer im-
portant limitations.

To design a finite-element model from these data,
the absolute shape of at least one surface must be
known. The uniform distribution of the contact areas
during different phases of the walking cycle suggest
that the femoral head may be approximated as a
sphere. Starting with this surface, the cartilage surface
of the acetabulum can be constructed from our data
on relative incongruity, and the shape of the bone-
cartilage interfaces of the femoral head and acetabu-
lum can be constructed from our results on cartilage
thickness. The relative difference in shape between the
acetabular and femoral surfaces (as measured in this
study) has a much more profound effect on the stress
acting on and within the cartilage than does a small
deviation of the femoral shape from a perfect sphere.
The contact areas and pressure distribution obtained
for physiological load magnitudes can then be used to
validate the results of a finite-element analysis.

If appropriate material properties are assigned to
the cartilage and bone, and if adequate nonlinear con-
tact algorithms for biphasic material are applied (12),
the geometric data from our study allow calculation
of the load-sharing between the interstitial fluid and
solid proteoglycan-collagen matrix of articular carti-
lage. Joint incongruity and cartilage thickness have
been shown to affect the load-sharing between the
fluid and solid cartilage phases in theoretical calcu-
lations and in idealized joint models (5,6,13,35,36);
therefore, numerical calculations based on accurate
anatomic relationships may provide important insight
into the mechanical pathogenesis of osteoarthritic
changes. With the advent of magnetic resonance imag-
ing, it should also become feasible to noninvasively
determine cartilage thickness (17) and asphericity in
the hip and to relate variations of joint incongruity
between individuals to the individual propensity to
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develop cartilage damage. Application of nonlinear
contact algorithms (12) and implementation of varia-
tions in joint incongruity and cartilage thickness may
thus bring about a closer agreement between the pre-
dictions of cartilage stresses in hip models and patient
outcome in clinical studies (9,22).
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