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ABSTRACT
CORRELATIONS OF STRESS AND STRAIN WITH ALTERATIONS IN
CARTILAGE AND UNDERLYING SUBCHONDRAL BONE FOLLOWING AN
IMPACT IN AN IN VIVO ANIMAL AND AN IN VITRO EXPLANT MODEL
By

Benjamin James Ewers III

Osteoarthritis (OA) is a degradative disease affecting both the articular cartilage
and the underlying bone, with the final stages being loss of cartilage leading to bone on
bone contact and pain. OA may cost society $54 billion annually in treatment and lost
workdays. Excessive or abnormal loading has been implicated in initiating this joint
degradation. Early signs of OA include fissuring, softening and increased permeability of
the articular cartilage, chondrocyte death, and increased thickening of the underlying
subchondral bone.

To better understand the mechanisms of mechanically induced changes to joint
tissues our laboratory has developed an in vivo animal model that involves impacting the
patellofemoral joint of Giant Flemish rabbits. At 12 months post-impact the retropatellar
cartilage is fissured and softened and the subchondral plate is thickened. A computational
model of the rabbit patella suggests that impact-induced shear stresses were associated
with acute fissuring and chronic softening of the cartilage and thickening of the
underlying bone. To better control mechanical loading, studies on cultured explanted
cartilage have shown that a single severe impact can result in acute matrix damage
(fissures) and chondrocyte death. Impact interfaces, impact orientation, and impact
duration are all important parameters that could influence the state of stress and strain in

joint tissues and therefore have an effect on both acute and chronic damages to the



tissues. Impact modeling of articular cartilage needs to take into account the well
documented non-linear stiffening and time-dependent effect of cartilage.

The overall aims of this dissertation were threefold. First, to use the established
animal model to examine the influence of impact interface, impact direction, and impact
duration on chronic alterations in joint tissues. Second, use a cartilage explant system to
examine the influence of impact duration on matrix damage and cell death, and attempt to
correlate the state of stress and strain in the tissue and cells with these damages. Third,
determine a method to estimate the non-linear viscoelastic material properties of cartilage
from in situ indentation testing for the modeling of impact experiments.

This study found that distributing the impact load resulted in shear stresses being
decreased in the bone, but not the cartilage. As predicted there were chronic alterations in
the cartilage, but no thickening of the bone. Impacting the joint centrally compared to
slightly medial resulted in shear stresses being increased in the bone and decreased in the
cartilage. As expected there were no chronic changes in the cartilage, however, there was
also no thickening of the bone. An increase in normal bone stresses in the central impacts
could have helped protect the bone. Impacting at a higher rate of loading resulted in more
damage compared to a lower rate of loading in both the animal and explant models.
Modeling of the explant suggested that depth-dependent material properties are needed
and matrix damage was associated with high shear stresses while cell death corresponded
to high cell strains. Finally, in situ indentation testing was used to estimate the hyper-
viscoelastic material properties of cartilage, which were able to predict experimental
unconfined compression tests on cartilage. Future studies will be able to use these

material properties of cartilage for more appropriate modeling of impact scenarios.
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INTRODUCTION

An articular joint, such as the knee, is a union of bones which are covered by a
thin layer of articular cartilage. Articular cartilage consists of a fluid phase composed of
water and a solid phase composed of chondrocytes and a dense network of collagen fibers
interspersed with proteoglycans. It is this ultrastructure that gives cartilage its unique
material properties. Cartilage is responsible for providing a near frictionless interface
between the bones and the transmission and distribution of large loads. Osteoarthritis
(OA) is a disease affecting both the articular cartilage and the underlying bone.
Clinically, OA is diagnosed radiograpically by joint space narrowing which is indicative
of the joint developing full thickness loss of cartilage. At this later stage of the disease,
there is bone on bone contact that leads to severe pain and little intervention is possible
apart from joint replacement. OA may cost society $54 billion annually in treatment and
lost workdays (Hamerman, 1989).

Excessive or abnormal loading has been known to cause chronic alterations in
cartilage and the underlying bone indicative of early stages of this disease. Early signs of
OA include fissuring, softening and increased permeability of the articular cartilage,
chondrocyte death, and increased thickening of the underlying subchondral bone plate
(Brandt et al., 1986; Kim et al., 2000). Chondrocyte death might play a significant role in
the development of OA (Blanco et al., 1998). In support of this Simon et al. (1976) using
an animal model documented that chondrocyte death leads to chronic degradation of
cartilage. Another proposed mechanism is that the thickening of the underlying bone
causes abnormally high stresses to develop in the overlying cartilage which leads to its

further softening and eventual loss (Radin et al.,, 1990). While the etiology is not well



understood, mechanical trauma has clinically been implicated in initiating this joint
degradation (Chapchal, 1978; Felson, 1990).

Joint trauma routinely occurs during automobile crashes, sporting activities, and
domestic and occupational accidents. To better understand the mechanisms of
mechanically induced changes to joint tissues our laboratory has developed an in vivo
animal model (Newberry et al, 1998a). Briefly, this involves impacting the right
patellofemoral joint of Giant Flemish rabbits using a rigid impact interface directed
slightly medial with a subfracture blunt impact. At 12 months post-impact the
retropatellar cartilage is fissured and softened compared to an unimpacted control
population (Newberry et al., 1998a). The impacted limb also has a thickened subchondral
plate compared to the unimpacted controls (Newberry et al, 1998a). Using a
computational model of the rabbit patella with boundary conditions obtained from
pressure sensitive film, high impact-induced shear stresses were associated with acute
fissuring and chronic softening of the retropatellar cartilage (Newberry et al.,, 1998b).
This is in support of a previous study that found high shear stress was the best predictor
of acute cartilage fissuring (Atkinson et al., 1998). Likewise, high shear and tensile
stresses in the underlying subchondral bone corresponded with the chronic thickening of
this tissue (Newberry et al., 1998b).

To better control loading and to examine possible mechanisms of cartilage
damage, studies have been performed on cultured explanted cartilage tissue. These
studies mechanically load the explanted tissue in simple loading configurations, such as

unconfined compression. Previous studies have shown that a single severe impact to the



cartilage can result in acute matrix damage (fissures and increased water content) and
chondrocyte death (Jeffrey et al., 1995; Repo and Finlay, 1977; Torzilli et al., 1999).

Impact interfaces, impact orientation, and impact duration are all important
parameters that could influence the state of stress and strain in joint tissues and therefore
have an effect on both acute and chronic damages to the tissues. Impact modeling of
articular cartilage needs to take into account the non-linear stiffening effect of cartilage
(Oloyede et al., 1992; Atkinson et al., 1998). We currently use an elastic modulus of 20
MPa for cartilage under impact loading (Newberry et al., 1998b). This elevated elastic
modulus was based on matching experimental displacements of cartilage under impact
loading (Atkinson et al., 1998). While there is no fluid flow in cartilage under one second
of loading (Donzelli et al., 1999), Ewers et al., (2000) has shown that rates of loading
under one second can affect the amount of deformation of cartilage. To fully model the
apparent fast relaxation characteristics of cartilage under an impact, a model that
incorporates viscoelasticity is needed (Suh and Bai, 1998).

The overall aims of the current study were threefold. First, to use the established
animal model to examine the influence of impact interface, impact direction, and impact
duration on chronic alterations in joint tissues, and to correlate impact-induced stresses
with these changes. Second, to use a cartilage explant system to examine the influence of
impact duration on matrix damage and cell death, and attempt to correlate the state of
stress and strain in the tissue and cells with these damages. Third, determine a method to
estimate the non-linear viscoelastic material properties of cartilage from in situ

indentation testing for the modeling of impact experiments. Future studies will be able to



use these material properties of cartilage for more appropriate modeling of impact

scenarios.

Chapter 1 documents chat;gs in retropatellar cartilage and subchondral bone in
our established animal model out to 36 months post-impact. This study shows that this
animal model does not develop an end-stage disease by 36 months, but that there are still
progressive alterations going on in the joint tissues, such as increased thickening of
subchondral bone, and a thinning of the articular cartilage.

Chapter 2 uses computational models to examine the influence of softened
articular cartilage on the state of stress in the underlying bone. This study also examines
the influence of the material properties of the subchondral bone on the state of stress in
the overlying cartilage. This study shows that in our animal model there does not seem to
be any mechanical interaction between retropatellar cartilage and underlying subchondral
bone.

Chapter 3 examines the effects of using a deformable impact interface to change
the load distribution on chronic alterations in joint tissues in our animal model. This
study finds that a deformable interface reduced the impact-induced stresses in the
underlying bone, mitigating any chronic thickening out to 12 months post-impact.
However, the impact-induced stresses in the cartilage are still elevated leading to a
chronic softening and fissuring of retropatellar cartilage.

Chapter 4 examines the effects of impacting the patellofemoral joint with a central
oriented impact load. This study documents that there were no chronic alterations in the

joint tissues out to 12 months post-impact. The impact-induced shear stresses are reduced



in the articular cartilage, but increased in the subchondral bone. However, there is also an
increase in the compressive mean stress, which likely protected the underlying
subchondral bone.

Chapter 5 examines the effect of impact duration on the acute injuries in cadaver
knee impacts and chronic alterations in our animal model. This study indicates that a
higher rate of loading results in more fracture and nonfracture injuries in the human
cadaver impacts than low rates of loading. In support of this, there is more chronic
damage to both the cartilage and underlying bone in our animal model with the high
versus low rate of loading.

Chapter 6 examines the influence of a possible chondroprotective drug
(polysulphated glycosaminoglycans) on joint tissues using our animal model. This study
suggests that the drug did not have any effect on thickening of the underlying
subchondral bone. However, the drug mitigated the usual decrease in cartilage moduli
post-impact, suggesting a possible chondroprotective effect.

Chapter 7 examines the influence of loading rate on matrix damage and
chondrocyte death using explanted cartilage plugs that were loaded in unconfined
compression. This study indicates that a high versus low rate of loading results in
significantly more matrix damage. In contrast, the low versus high rate of loading results
in significantly more chondrocyte death.

Chapter 8 examines different computational models of cartilage and attempted to
correlate high shear stresses with matrix damage and high cell strains with cell death.
This study suggests that the isotropic model with depth-dependent material properties

best associated areas of high stress with matrix damage and predicted the experimental



lateral expansion profiles documented in the recent literature. The study also suggestes
that the extent of cell strain, and thus cell death in each layer, was most influenced by the
shape of the cell, not the depth-dependent material properties of the matrix.

Chapter 9 describes a method to estimate the non-linear viscoelastic material
properties of cartilage using in situ indentation testing. This study indicates that the short-
time relaxation (less than 1 second) can be modeled by a linear viscoelastic response.
This study also shows that the four material constants of the strain energy function can be
approximated from the infinitesimal elastic constants, and the unrelaxed response of a
spherical indentor indenting down to 50 % of the cartilage thickness. The method was
validated using bovine cartilage in unconfined compression. The study suggests that the
material properties determined from the above procedure can predict the experimental

load within 17 %.
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CHAPTER1

LONG TERM CHANGES IN RABBIT RETROPATELLAR CARTILAGE AND
SUBCHONDRAL BONE AFTER BLUNT IMPACT LOADING OF THE
PATELLOFEMORAL JOINT

Benjamin J Ewers, Brian T Weaver, Eric T Sevensma, and Roger C Haut

ABSTRACT

Animal models of OA are useful for the study of early changes in the joint tissues
that may eventually lead to an end stage disease. Our laboratory has developed a joint
trauma model using a single blunt impact to the patellofemoral joint of rabbits and has
documented softening of retropatellar cartilage and thickening of underlying bone out to
12 months post-trauma. The objective of this study was to examine the changes in joint
tissues with this animal model out to 36 months post-impact. Forty-nine Flemish Giant
rabbits were impacted on the right patellofemoral joint and sacrificed at one of five times:
4.5, 7.5, 12, 24, and 36 months post-impact. The mechanical properties of cartilage and
thickness of subchondral bone were documented. At 36 months the animals had not
developed an end stage disease. A reduction in the compressive modulus of traumatized
retropatellar cartilage, based on indentation testing, occurred at 4.5 months and remained
constant to 36 months. The thickness of the cartilage, however, decreased from baseline
over time resulting in overall structural mechanical stiffening of the retropatellar
cartilage. Furthermore, the traumatized cartilage had a significant increase from baseline
in its fluid permeability over time based on data from mechanical tests. In addition, the

impacted patellae had progressive changes with a significant increase in thickness of the



subchondral bone over time from baseline. In conclusion, since there is a need to more
fully understand the mechanisms of a post-traumatic OA, or a process of trauma with
healing, this animal model may be of interest. While not developing into an end stage
disease by 36 months, progressive changes were still occurring, so the model may be
useful for the study of the mechanisms leading to a possible post-traumatic disease, early
diagnostic protocols, and disease mitigating interventions. On the other hand, the model
may also be one of trauma with a subsequent healing response over time.
INTRODUCTION

Osteoarthritis (OA) could cost society approximately 54 billion dollars a year
(Yelin, 1998). Epidemiology studies of human OA have advanced our understanding of
this disease; however, they do not provide much data on the mechanisms and temporal
progression of joint degeneration. This is particularly true in the early stages of the
disease. Experimentally, animal models provide a tool to study early changes in joint
tissues that may eventually lead to an end stage disease. Many animal models of OA have
been described using various species, various means of inducing joint degradation, and
resulting in varying degrees of end stage disease. These models have included
spontaneous disease (Okabe, 1989; Alexander, 1992), chemically induced disease models
(Coulais et al., 1984; Van der Kraan et al.,, 1989), and mechanical or surgical models
(Pond and Nuki, 1973; Ehrlich et al., 1975). Hallmark indicators of an end stage disease
are the total loss of cartilage and exposure of bone, sclerosis of the underlying
subchondral bone, and formation of osteophytes around the joint periphery (Brandt et al.,

1986).
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One surgical model, menisectomy in canines, has shown decreases in the tensile
modulus of femoral surface-zone articular cartilage 12 weeks post-surgery (Elliot et al.,
1999). This is significant because diseased human cartilage has decreased material
stiffness (or modulus) in compression, tension, shear loading, and enhanced swelling
(Akizuki et al., 1987; Armstrong et al., 1982; Maroudas and Venn, 1977; Setton et al.,
1999). A more widely used surgical model is transection of the anterior cruciate ligament
(ACL) in canines, which has been shown to result in a decreased compressive modulus,
an increased fluid permeability, and a slight thickening of articular cartilage on the
medial tibial plateau three months post-surgery compared to controls (Setton et al., 1994).
Along with these mechanical alterations observed in cartilage, ACL transection has been
shown to increase subchondral bone thickness on the medial tibial plateau over time
(Dedrick et al., 1993). While this model appears to be self-limiting at two years, it
develops an end-stage disease at 54 months (Brandt et al., 1991). A mechanical model
using repetitive impulse loading of the rabbit tibiofemoral joint has shown an increase in
tetracycline labeling and bone formation in the underlying subchondral plate before
cartilage degradation (Radin et al., 1984). Nine weeks of repetitive loading, followed by
24 weeks of cage rest, leads to a complete loss of cartilage on the weightbearing surface
of the tibia and the formation of osteophytes (Radin et al., 1990).

Previous knee injuries lead to an increased risk for the subsequent development of
OA (Felson, 1990). A recent énalysis of automobile accidents has shown that while safety
features significantly reduce fatalities, lower extremity injuries are now more frequent
(Otte, 1996; Pattimore et al., 1991). The current criterion for certifying new automobiles

is based on a bone fracture in human cadavers. For the knee-femur-hip complex the
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femoral loads cannot exceed 10 kN in a simulated crash. However, a majority of injuries
to the knee are non-fracture, such as contusions and lacerations (Atkinson et al., 1997).
Clinically, such non-fracture injuries can initiate diseases such as OA (Upadhyay et al.
1983; Chapchal, 1978). However, even major joint injuries with bone fracture take 2-5
years for development of disease symptoms. Less severe injuries may take 10 or more
years for degenerative changes to be diagnosed (Wright, 1990).

A number of research animal models have been developed to study the
pathogenesis of post-traumatic OA. An impact model using a single transarticular load to
the canine patellofemoral joint has shown surface lesions on retropatellar cartilage and
step-off fractures across underlying calcified cartilage (Thompson et al., 1991). One year
after impact these fractures heal, and the density of cartilage proteoglycans appears
normal (Thompson et al., 1993). The disease process looks to be self-limiting, but the
model may need to be carried out over a longer time frame as in the ACL transection
model. One difficulty, however, in such studies is the cost of maintaining these large
animals over long periods of time (Brandt et al., 1991).

Our laboratory has been developing a small animal model, Giant Flemish rabbits,
that involve less research costs than the canine model. A single blow to the
patellofemoral joint leads to histological changes and decreased stiffness of retropatellar
cartilage, along with thickening of the underlying subchondral bone (Newberry et al.,
1998). To date post-traumatic changes in the joint have been documented for only 12
months. The current study was conducted to document the more long-term effects of a
single blunt insult to the patellofemoral joint on retropatellar cartilage and its underlying

subchondral bone using this animal model.
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METHODS AND MATERIALS

Forty-nine mature Flemish Giant rabbits (4.8 £ 0.9 kg, 6-8 months) were used in
the study. Random checks in prior pilot studies displayed closed epiphysis for animals
weighing 5 kg at 6 — 8 months of age (Newberry et al., 1998). The blunt impact
experiments have been described in previous studies (Newberry et al., 1998). Briefly, a
1.33 kg mass with a flat 1 in. diameter aluminum impact interface was dropped from 0.46
m onto the right hind limb and impacting the medial aspect of the joint, which was flexed
approximately 120° (Figure 1). During the impact the animals were maintained at a
surgical plane of anesthesia using Isoflurane and oxygen (2% Isoflurane). The mass was
stopped electronically after the first impact, preventing multiple impacts. A load
transducer (Sensotec, Columbus OH: model 31/1432, 500 1b capacity) recorded the
impact load at a 10 kHz sampling rate.

After impact, all animals received one injection of Butorphenol for early post-
surgical pain. After a five-day period of rest, a daily exercise program was initiated for all
animals. This program consisted of ten minutes of exercise, five days a week, on a
treadmill running at 0.3 mph (Oyen-Tiesma et al., 1998). The exercise schedule lasted the
entire length of the study. A certified veterinary technician was devoted to this animal
colony throughout the duration of the study (JA). The animals were housed in individual
cages (48” x 24” x 19”") when not being exercised. This study was approved by the MSU
All-University Committee on Animal Use and Care.

Eight animals were sacrificed at each of the following timepoints: 0, 4.5, 7.5, 12,
and 36 months post-impact. Nine animals were sacrificed twenty-four months after

impact. Immediately after sacrifice the patellaec were excised for mechanical indentation
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tests on the retropatellar cartilage, as described previously (Ewers et al., 2000a). The
patellae were immersed in a room-temperature phosphate buffered saline bath during the
indentation tests. The tests were performed with a custom-built instrument that used a
computer controlled stepper motor (Physik Instruments, ‘Waldbronn, Germany : model
M-168.30) to indent the cartilage. A fixture, which held the patella with its retropatellar
surface facing the indenter, allowed X-Y-Z movement to position the site of indentation.
A camera mount (Bogen, Ramsey, NJ) attached to the base of the fixture allowed rotation
of the patella to insure that the indentation was performed normal to the cartilage surface.
A 1 mm diameter flat, non-porous probe was pressed into the cartilage 0.1 mm in 30 ms
and maintained for-150 seconds. The resistive loads were measured (Data Instruments,
Acton MA : model JP - 25, 25 1b capacity), amplified, and collected at 1000 Hz for the
first second and 20 Hz thereafter. After the tissue was allowed to recover for S minutes,
the test was repeated with a 1.5 mm diameter, flat non-porous probe in the same location.
The probe was then replaced with a needle that was slowly pressed into the cartilage to
determine the thickness of cartilage at that location. The above procedure was performed
at two sites adjacent to surface lesions that are typically produced on the lateral
retropatellar facet during blunt impact to the patellofemoral joint at this severity of
impact (Newberry et al., 1998).

Mechanical data was analyzed using a biphasic (poroelastic) model having a
transversely isotropic (TI) solid structure (Garcia, 1998). Briefly, the model assumed
isotropy in the plane of the cartilage and Poisson’s ratio in the plane (v,;) was set equal to
zero. The remaining four elastic parameters and the two permeability measures, namely:

a thickness direction modulus (E;3), an in-plane modulus (E,;), a shear modulus (G)3), a
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Poisson’s ratio (v;3), a thickness direction permeability (k3), and an in-plane permeability
(k,), were then computed using the Garcia curve fitting algorithm (Garcia, 1998).

After mechanical tests on each patella, they were stained with India ink to
highlight surface lesions and photographed for permanent documentation. The patellae
were then placed in 10% buffered formalin for a week, and decalcified in 20% formic
acid for another week. Tissue blocks were cut medial to lateral across the patellae in the
area known to produce high contact pressures during blunt impact to the patellofemoral
joint at this flexion angle (Haut et al., 1995). Tissue blocks were processed in paraffin
and six sequential sections, 8 p thick, were prepared for analysis. The sections were
stained with Safranin O-Fast Green and examined under light microscopy at 12-400
power. The thickness of the subchondral bone plate underlying retropatellar cartilage was
measured at 25x for all six sections with a calibrated eye-piece at the center of each facet
and the mid-line of the patella by three independent investigators, using established
methods (Newberry et al., 1998). To quantify the degree of cartilage matrix damage, the
gross photographic images were digitally scanned (ScanJet 6300C, Hewlett Packard,
Singapore) and the total length of the surface lesions was measured using image software
(Sigma Scan, SPSS Inc., Chicago, IL). The number and average depth of these surface
fissures were also measured at 40x with the calibrated eye-piece for three sections for
each patella by a single investigator (ES).

Signed Rank tests were used for comparisons between impacted and contralateral
unimpacted limbs for the number of surface lesions and the average lesion depth. Paired
t-tests were used to compare impacted to unimpacted contralateral limbs for all other

parameters. ANOVAs with SNK post-hoc tests were used to determine statistical
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differences in parameters between timepoints. ANOV As with SNK post-hoc tests were
a.ls.o used to determine differences in subchondral bone thickness at each location
between readers. A Spearman Rank Order correlation was performed to examine changes
over time for the number of fissures and their average depth. A Pearson Product Moment
correlation was used for the remaining parameters. Statistical significance was set at p <
0.05 for all tests.

RESULTS

Daily observations during treadmill exercise by the certified veterinary technician
indicated that the rabbits did not favor the impacted limb. The 24 and 36 months post-
impact groups had 4 and S animals, respectively, develop ulcerative pododermatitis (sore
hocks). Sore hocks, which is treated with disinfecting ointments, is a common condition
found in Giant Flemish rabbits associated with age, weight, and/or living quarter
conditions. The 24 and 36 months post-impact groups had 6 and 4 animals, respectively,
require antibiotics (Baytril, 5.0 mg/kg enrofloxacin) for an average of two weeks, for the
treatment of various complications caused from chronic pasteurellosis. This is common
for non-pathogen free animals.

Gross visual examination of the impacted joints revealed surface lesions on all
impacted patellae typically occurring along the center ridge of the patella on the lateral
facet (Figure 2A-B). Surface lesions on the contralateral unimpacted retropatellar
cartilage were documented for three, two, and two patellae at 12, 24, and 36 months,
respectively. At 36 months, three impacted patellae had osteophytes develop on the
medial or lateral sides, while osteophytes were not documented on any unimpacted

patellae (Figure 2C).
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The results of mechanical indentation tests revealed that there were no significant
differences between limbs in any mechanical parameter at time zero. Furthermore, there
were no time-dependent changes from baseline in any mechanical parameter for the
unimpacted sides. Significant reductions in the E,; and E3;; moduli were, however,
documented at all timepoints other than zero for the impacted retropatellar cartilage
compared to the contralateral, unimpacted side (Table 1). Interestingly, these reductions
occurred early (4.5 months) and remained constant at approximately 35 and 28% of
contralateral values for E,; and E;;, respectively. There was a significant reduction in E,
compared to baseline values at all timepoints except 7.5 months. The reduction in
cartilage moduli was accompanied by a significant increase in the k, and k;
permeabilities for the traumatized cartilage versus the contralateral unimpacted side at all
timepoints except zero. While the increase in the k; permeability remained constant over
time, approximately 88% of the contralateral values, the k, permeability significantly
increased with time at 0.18 m*Ns x 10"’ per month. The k; permeability was also
significantly increased at 36 months compared to baseline values.

An analysis of the histological sections revealed an average variance of 1.0% for
subchondral bone thickness between sections, so an average value was calculated at each
location for each patella for each observer. There was no significant differences between
the three independent observers in measured subchondral bone thickness at any location,
with an average variance of 2.3% between observers. Therefore, an average value was
calculated for each patellaec at each location (medial, central, lateral) from the three
independent readers and used in subsequent statistical analysis. At time zero and 4.5

months post-impact there were no significant differences in the thickness of the
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subchondral plate for the impacted patellae compared to the unimpacted limb under any
region (Table 2). At 7.5 months the thickness of the subchondral bone plate under the
central region and the medial facet were significantly greater on the impacted patellae
compared to those areas on the contralateral unimpacted limbs. At 12, 24, and 36 months
the thickness of the subchondral bone under the central, the medial, and the lateral
regions were significantly greater for the impacted patellae compared to those locations
on the contralateral unimpacted limbs. There were also significant increases in
subchondral plate thickness with time for the impacted patellae at all locations, and for
the contralateral unimpacted patella in the medial and lateral facets. For the unimpacted
patellae the thickness of the subchondral bone increased from 0.002 and 0.001 mm per
month for the lateral and medial regions, respectively. For the impacted patellae,
however, the thickness of the subchondral bone plate increased 0.013, 0.007, and 0.007
mm per month for the central, lateral, and medial regions, respectively. These differences
in the rate of the subchondral bone thickening were statistically significant at each
location. Finally, there was a significant increase in subchondral bone thickness at 36
months compared to baseline values at each location.

From the biomechanical testing protocol the thickness of retropatellar cartilage
could be recorded over time. The traumatized retropatellar cartilage on the lateral facet
was thicker than that of the contralateral unimpacted cartilage and baseline cartilage at
4.5 months post-trauma (Table 3). This thickening was followed by significant decreases
in thickness for the traumatized cartilage compared to the contralateral unimpacted sides
of 15 and 48% at 24 and 36 months, respectively. While there was no significant time-

dependent change over baseline in articular cartilage thickness for the unimpacted limb,
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the thickness of the traumatized retropatellar cartilage significantly decreased from the
baseline level with time. Cartilage thickness decreased at 36 months compared to the
baseline cartilage thickness.

Gross photographs of the retropatellar cartilage surface were studied and revealed
significantly greater fissure lengths on impacted patellae versus contralateral unimpacted
patellae at all timepoints post-trauma (Table 3). There was, however, no significant time-
dependent change over baseline in the total length of surface fissures on retropatellar
cartilage for impacted or unimpacted limbs.

Analysis of the histological sections revealed lesions in traumatized cartilage at
all timepoints (Figure 3). There was a significant increase in average surface fissure depth
and number of surface lesions for the impacted retropatellar cartilage compared to the
contralateral unimpacted cartilage at 4.5, 7.5, 12, 24, and 36 months post-impact (Table
3). The average fissure depth and number of fissures for the unimpacted patellae were not
significantly different than zero at any timepoint. There were no time-dependent changes
over baseline in the average depth of the surface lesions or the number of surface fissures
for either the impacted or unimpacted limb.

DISCUSSION

The current experimental study was undertaken to document the long-term effects
of a single blunt insult to the rabbit patellofemoral joint on retropatellar cartilage and its
underlying subchondral bone plate. While, the study showed no evidence of full thickness
loss of cartilage, except in one animal at 24 months, there was a significant thinning.
Furthermore, there was a progressive increase in the permeability of retropatellar

cartilage and the thickness of underlying subchondral bone plate with time post-trauma
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versus baseline. The elastic moduli of the cartilage, however, did not significantly
decrease over time. Since the cartilage was shown to thin, these effects indicate that the
cartilage became structurally stiffer with time post-trauma. This could have resulted in an
altered stress state in the underlying subchondral bone, leading to its observed
remodeling. This suggestion, however, would be in contrast to a recent mathematically
simplified analysis of the rabbit patellofemoral joint which showed that a change in
material properties of cartilage would not likely alter the state of stress in the underlying
bone, and vise versa (Ewers et al., 1998). Furthermore, recent studies with this animal
model suggest that damage to the retropatellar cartilage and the underlying subchondral
plate may be initiated by acute overstressing, and that chronic softening of the
retropatellar cartilage occurs independent of subchondral bone thickening (Ewers et al.,
2000b). That study, however, was limited to 12 months post-impact. Thickening of
subchondral bone underlying cartilage may be needed more for the progression to an end
stage disease (Dedrick et al., 1993).

Our results compare well to earlier studies with this animal model in which the
mechanical analysis of the cartilage was performed with an elastic versus a biphasic
model. Newberry et al. (1998) showed a 42 and 25% reduction in the instantaneous
modulus (Gy) and relaxed modulus (Gg), respectively, of traumatized cartilage compared
to its contralateral unimpacted limb at 3, 6, and 12 months post-trauma. In the TI biphasic
model analysis, changes in Gy and G are reflected largely by changes in E,;; and Ea;,
respectively (Garcia, 1998). In the current study E,; of the impacted cartilage was
reduced compared to the unimpacted side by approximately 35% at 4.5, 7.5, and 12

months, respectively. E;; was reduced by approximately 26% on the impacted versus
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contralateral sides at these same timepoints. Newberry et al. (1998) also documented a
37, 29 and 72% increase in the thickness of underlying subchondral bone on the impacted
patellae versus the contralateral unimpacted side at the center region for 3, 6, and 12
months post-trauma, respectively. This is similar to the current study which showed 15
and 46% increases in the thickness of subchondral bone underlying impacted cartilage
versus the unimpacted side at 7.5 and 12 months, respectively, at the center region of the
patella.

The mechanical results from the biphasic analysis of retropatellar cartilage in the
current study also compare well to other animal models of OA. Setton et al. (1994) using
a canine ACL-transection model, documented a 25% decrease in the aggregate and shear
moduli of tibial cartilage and a 48% increase in its permeability and a thickening of
cartilage at ‘“covered” sites three months post-surgery. In the current study we
documented: 28% reductions in the elastic moduli of traumatized retropatellar cartilage, a
77% increase in its permeability, and a 15% increase in its thickness versus the
contralateral unimpacted cartilage at 4.5 months post-trauma.

The reductions in the elastic moduli and increases in tissue permeability of
retropatellar cartilage with trauma may reflect changes in its microstructure. The
increased permeability of the tissue may reflect damage to the matrix that would likely
increase tissue hydration. In fact, Setton et al. (1994) has documented a positive
correlation between tissue permeability and its water content. This is significant since
swelling or tissue edema has been documented in osteoarthritic human cartilage
(Maroudas et al., 1977). In the current study, the E;; modulus is largely determined by

the equilibrium response of the tissue (Garcia, 1998). Studies have shown that the
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equilibrium response of cartilage is largely controlled by the content and integrity of
tissue proteoglycans (Jurvelin et al., 1988). The in-plane modulus (E,;) has been shown
to largely depend on the “instantaneous” response of cartilage. A study indicated that this
characterization of cartilage may be reflective of the integrity of collagen network in the
tissue (Mizrahi et al., 1986).

As previously stated above, the current impact model indicate early mechanical
changes in the retropatellar cartilage similar to those that have been documented in the
canine ACL-transection model (Setton et al., 1994). The increase in subchondral bone
thickness is also similar. Dedrick et al. (1993) documented a trend for an increased tibial
subchondral bone thickening on the ACL-transected side compared to the contralateral
side at 18 and 54 months post-surgery, along with a statistical increase in thickness from
three to 54 months post-surgery. At 24 to 36 months, the current study showed that in this
impact model the joints did not develop an end stage disease. This is similar, however, to
the ACL-transection model that showed only minimal degenerative changes in articular
cartilage at 23 months post-surgery (Marshall and Olsson, 1971). It took 54 months post-
surgery for this animal model to lead to a full loss of cartilage thickness (Brandt et al.,
1991). This may suggest that we have to take the animals out further post-impact to
develop an end stage disease. On the other hand, this model may be one of impact trauma
and a subsequent healing response without development of an end stage disease.

Mazieres et al. (1987) using a similar impact model with New Zealand rabbits,
have documented full thickness loss of cartilage at six months post-impact. A possible
explanation for a difference in that study versus the current study is the use of a different

breed of rabbit, and a higher impact energy (10 J versus 6 J in our model). Previous
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studies with our animal model have shown that a high severity energy impact leads to a
softening of the retropatellar cartilage and thickening of the underlying subchondral bone,
while lower energies (and loads) do not result in any changes in joint tissues (Newberry
et al,, 1998b). Therefore, while causing some changes to the patellofemoral joint tissues,
our impact energy (load) may not be as severe as the impacts in the Mazieres study so as
to cause rapid joint degradation. Future studies with our model would be needed to see if
an even more severe cases of blunt trauma, short of a gross fracture, would result in an
accelerated disease process. In an impact model using canines, Thompson et al. (1991)
documented multiple extensive fractures though the zone of calcified cartilage and the
subchondral bone. These fractures heal one year post-impact and the density of cartilage
proteoglycans appears normal. While the endpoint of the Thompson et al. (1991) level of
joint trauma is yet unknown, these data may suggest that rapid progression to an end
stage disease may only occur for a select range of joint impact intensities. If confirmed in
future studies, this might suggest that the time frame for progressive disease may
significantly depend on the intensity of acute trauma.

A limitation of the current study was the lack of a control population. Since for
the contralateral unimpacted limb no parameter except subchondral bone thickness
changed with time versus baseline, the chosen protocol may be justified given the
expense of maintaining these animals over such a long time frame. Furthermore, the
unimpacted side at time zero was not statistically different than the unimpacted limb at
any timepoint for any parameter, except subchondral bone thickness. At the current
severity of impact, primarily because of the life expectancy of the rabbits using the

current experimental protocol, this model may not be appropriate to study end OA. More
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severe insults to the patellofemoral joint need to be examined to determine if this would
lead to a more progressive disease model.

In conclusion, since there is the need to more fully study joint injury after a blunt
trauma, the current small animal model may be of interest. While the current model did
not develop an end stage disease at 36 months post-impact, progressive changes are still
occurring in the retropatellar cartilage and the underlying subchondral bone. This model
may then be quite useful for the study of some early diagnostic protocols and/or the
development of drugs to mitigate or limit early stages of disease post-trauma (Ewers and
Haut, 2000). On the other hand, these data may also be indicative of a trauma model with
subsequent healing o;/er time. The study of the mechanisms of acute damage to tissues
causing progressive degenerative changes, even with or without healing may also have
utility in the design of “safer” impact interfaces in automobiles.
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TABLES

Table 1: Mechanical data for the retropatellar articular cartilage were analyzed using a
biphasic model having a transversely isotropic solid structure, with isotropy in the plane
of cartilage (1) (Avg £ SD).

Time Limb En Es; Gis V3 k, ks
Point (MPa) (MPa) (MPa) (m*/Ns10  (m*/Ns10°
gm onths) -1 5) 1 5]

o* Imp 641t 121+ 0.19x 0.09 486+ 187

1.52 0.27 0.03 0.03 2.60 0.42
Unimp 6.67+ 116 021+ 0.10x 4.75% 209+

2.62 0.37 0.08 0.03 1.72 1.52
45* Imp 440+ 085+ 022+ 0.10x 745% 592+
2.32" 0.25" 0.05 0.03 3.43 3.75"
Unimp 630+ 115+ 0.16 0.10t 554+ 270+

1.83 0.30 0.08 0.02 4.79 1.86
75* Imp 493+ 095+ 020+ 0.10t 5.76% 343+
1.76* 0.28" 0.06 0.03 3.88" 1.86"
Unimp 649+ 134+ 0.18% 011+ 431% 1.77¢

1.61 0.50 0.05 0.05 2.86 0.91
12* Imp 293+ 078+ 025+ 0.10t 6.70% 420+
0.94"*  0.23* 0.14 0.03 2.62° 1.92*
Unimp 596+ 114+ 021+ 0.11% 443t 255+

2.42 0.25 0.14 0.03 2.49 1.93
24° Imp 421+ 100+ 0.17t 0.13+ 802z 3.19+
1.23* 0.30" 0.03 0.05 435" 1.39*
Unimp 681+ 141+ 0.19% 013+ 413+ 177+

1.59 0.20 0.03 0.04 2.15 0.79
36* Imp 397+ 096+ 020+ 010+ 1231z 257+
1.62"* 0.21" 0.07 0.02 5.11* 1.44*
Unimp 601+ 123+ 017+ 011+ 594+ 142+

1.83 0.22 0.05 0.03 2.67 0.32

Imp — impacted limb

Unimp — unimpacted limb

a-n=38

b-n=9

Significant increase in k; over time for the impacted cartilage (Pearson Product Moment
Correlation, p <0.05).

+ — significantly different from contralateral unimpacted limb (paired t-test, p < 0.05)
# - significantly different from baseline (time 0) (ANOV A, SNK post-hoc, p <0.05)
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Table 2: Subchondral bone thickness (mm) was measured at 25x with a calibrated eye-
piece at the central region of the patella and midline of the lateral and medial facets (Avg

1 SD).
" TimePoint  Limb  Lateral  Center  Medial
(months) e
Unimp 0.50+0.16 0.74+0.26 0.47+0.08
45" Imp 0.59 £ 0.08 0.77+0.13 0.49£0.10
Unimp 0.54 1 0.07 0.7310.11 0.51+0.07
7.5% Imp 0.59+0.10 0.81£0.18" 0.60 + 0.09*
Unimp 0.57£0.07 0.69£0.19 0.49 +0.06
12° Imp 0.74 +£0.15" 1.15+0.34" 0.69 +£0.18*
Unimp 0.60+0.12 0.79 £0.32 0.49 £0.11
24° Imp 0.7110.12" 1.16 £0.23" 0.67+0.13*
Unimp 0.59 + 0.09 0.68 £0.13 0.54 £ 0.07
36° Imp 0.82+0.17** 123+027°*  0.80+0.09"*
Unimp 0.59+0.11 0.67 £0.21 0.58 £0.14

Imp — impacted limb
Unimp - unimpacted limb

a-n=3§
b-n=9

Significant increase in thickness at all three locations over time for the impacted patellae

(Pearson Product Moment Correlation, p <0.05).
Significant increase in thickness at the medial and lateral locations over time for the

unimpacted patellae (Pearson Product Moment Correlation, p < 0.05).

+ — significantly different from contralateral unimpacted limb (paired t-test, p < 0.05)
# - significantly different from baseline (time 0) (ANOV A, SNK post-hoc, p <0.05)



Table 3: The cartilage thickness was measured at the sites of biomechanical testing on
the lateral facet (Avg + SD). Gross photographs of the patellae after staining with India
ink were used to determine total fissure length (Avg + SD). The histological sections
were used to determine average fissure depth (Avg + SD) and total number of fissures
(median (range)).

Time Limb Cartilage Total Fissure =~ Average =~ Number of
Point Thickness Length (mm) Fissure Fissures (#)
mm th (%
0* Imp 0.57 £0.07 7.5+£5.0" 22+18 1(1-2)
Unimp 0.57 £ 0.06 23+35 10 + 24 0 (0-1)
4.5* Imp 0.70+£0.07*"* 11.2£58% 33%£15°  4(2-5)*
Unimp 0.61 £ 0.06 3.1%£3.6 7+18 0 (0-1)
7.5° Imp 051+£0.07 13.1+63% 30+12° 4(1-5*
Unimp 0.55+0.07 40+3.8 12+15 0 (0-1)
12* Imp 0.56+0.09 257+88% 37+14% T(4-12)*
Unimp 0.54 +0.07 44+43 19+22 2(0-8)
24° Imp 0.52+0.10* 148+98* 31%10° 4 (0-8) *
Unimp 0.61 £ 0.06 3.2+2.7 6117 0 (0-3)
36° Imp 031+0.13™ 176+96"  41%8" 4(0-8)*
Unimp 0.60 £ 0.05 45+3.7 13+25 0 (0-5)

Imp — impacted limb

Unimp — unimpacted limb

a-n=8

b-n=9

Significant decrease in cartilage thickness over time for the impacted patellae (Pearson
Product Moment Correlation, P <0.05).

+ - significantly different from contralateral unimpacted limb (paired t-test, p < 0.05)

* — significantly different from contralateral unimpacted limb (Signed Rank test, p <0.05)
# - significantly different from baseline (time 0) (ANOV A, SNK post-hoc, p <0.05)
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FIGURES

Figure 1: Impact experiments were performed by dropping a rigid mass onto the
patellofemoral joint with 6.0 J of energy. The impacting mass was stopp lly
to prevent multiple impacts.

A) (B) ©

Figure 2: Gross visual ination of the impacted joints after application of India ink
revealed small surface fissures on all impacted patellae at time zero typically along the
center ridge of the patella on the lateral facet (A). By 12 months post-impact more lesions
had developed (B).At 36 months post-impact osteophytes (<) developed on the medial
or lateral sides of three impacted patellae (C).
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Figure 3: The histological sections revealed small acute surface fissures for the impacted
patellae at time zero (A). At 12 months post-impact the lesions were more severe (B). At
36 months the lesions were similar in histological appearance compared to those at 12
months (C).
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CHAPTER 2

ALTERATIONS IN THE MECHANICAL PROPERTIES OF BONE
UNDERLYING ARTICULAR CARTILAGE IN A TRAUMATIZED JOINT

Benjamin J Ewers, William W Newberry, Jose J Garcia, and Roger C Haut

INTRODUCTION

Studies of the pathogenesis of osteoarthrosis (OA) have suggested that changes
occur in both the underlying bone and articular cartilage. Changes in the mechanical
properties of the subchondral bone have been thought to contribute to altered stresses in
the overlying articular cartilage causing degradation of this soft material. Earlier studies
have indicated both increases (Radin et al., 1973) and decreases (Serink et al., 1977) in
subchondral bone stiffness. Our laboratory has been developing a small animal model of
post-traumatic osteoarthrosis (Haut et al., 1995; Newberry and Haut, 1996). The studies
indicate a decrease in the modulus of articular cartilage, and an increase in thickness of
the underlying bone post-impact. The objectives of this current study were to determine
the mechanical properties of the underlying bone as the disease progresses, and study the
role of potential mechanical-ba_sed interactions between bone and overlying articular
cartilage post-insult using mathematical analyses.
METHODS

The patello-femoral joints of 32 mature Flemish rabbits (4.7t 0.8 kg, 6-8 months
of age) were impacted by a rigid, gravity-dropped impactor as described previously (Haut

et al., 1995). The animals Were sacrificed at 1, 3, 6, and 12 months, and the patellae were
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excised. The integrity of the articular cartilage was examined along the lateral facet by
indentation stress relaxation tests in a room temperature PBS bath (pH 7.2). The test
consisted of indenting a 1 mm flat, non-porous probe 0.1 mm into the cartilage and
holding it for 150 seconds while recording the resulting load. The shear modulus of the
articular cartilage was determined based on load at 80 ms using an elastic analysis (Hayes
et al, 1972). Sixteen pairs of patellae were histologically processed to determine the
thickness of the underlying bone, using a calibrated eye-piece at 25x. The remaining
patellae were stored at -20° C. Before mechanical testing of the underlying bone, the
patellae were thawed and retro-patellar cartilage was removed under a dissecting
microscope. Using the same probe as for cartilage tests, the subchondral plate was
indented 0.04 mm and held for 150 seconds at six locations along the medial and lateral
facets. An elastic modulus was computed using load at SO ms based on the solution for an
indentor on an elastic half-space (Timoshenko and Goodier, 1970). Paired t-tests were
used to compare mechanical properties between impacted and non-impacted sides. The
mathematical model of the rabbit patello-femoral joint was based on a 2-D plane strain
contact analysis (ABAQUS). The geometry of the model was obtained by fixing in situ
and sectioning a representative rabbit patello-femoral joint. Poisson’s ratio for the
cartilage and bone were assumed to be 0.49 and 0.3, respectively. The elastic modulus for
the bone and articular cartilage was based upon the experimental data.
RESULTS

The elastic modulus for the unimpacted underlying bone was 230+ 30 MPa. No
change was recorded on the impacted side at 1 month. At 3 months the impacted side

significantly decreased to 77% of the unimpacted value (p<.05). The properties of the
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bone returned to contralateral levels at 6 and 12 months (Fig. 1). The elastic modulus of
the unimpacted articular cartilage was 3.30 +£0.36 MPa. At 1 month post-insult no
change from the unimpacted value was recorded. At 3 months the impacted side
significantly decreased to 66% of the unimpacted level (p<.05). Unlike the bone, 42 and
33% reduction was observed at 6 and 12 months respectively (Fig. 1). The thickness of
underlying bone on the impacted side was significantly greater, at all time points,
compared to. the contralateral unimpacted side. The mathematical model showed a 3%
decrease in maximum shear stress at the cartilage surface when the elastic modulus of the
bone was reduced by 23% at 3 months. The model also showed a 12% and 15% decrease
in maximum shear stress and maximum tensile stress, respectively, in the underlying
bone when the elastic modulus of the articular cartilage was reduced by 42%.
DISCUSSION

A current hypothesis for the progression of OA is that changes in the underlying
bone cause increased stress in the articular cartilage which leads to degradation of this
soft joint tissue (Radin et al, 1973). The degradation and subsequent softening of
cartilage, in turn, leads to additional increased stress in underlying bone causing sclerosis
and stiffening which further drives deterioration of the overlying cartilage. Our study
showed only a subtle change in bone underlying traumatized and degrading articular
cartilage 3 months after blunt impact, while the subchondral plate thickened significantly
at all time points. Our mathematical analyses suggested only a minor decrease would
occur in the stresses within articular cartilage with the documented decrease in modulus
of underlying bone. Such a decrease in stress is not likely to cause softening of articular

cartilage from disuse. Furthermore, the documented softening of overlying cartilage
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would, as suggested by the model, result in lowered stresses in the underlying bone. This
would not explain thickening of the subchondral plate. These data, and the corresponding
model analyses, suggest that degradation of articular cartilage in this traumatized joint
was independent of mechanical changes in the underlying bone. This implies that
degradation of cartilage was not likely due to increased stress as a result of stiffening in
the subchondral plate. The documented softening of cartilage was more likely due to
wear and tear of the compromised tissue, and the subchondral bone thickening was a
result of healing after microdamage produced by the initial insult. These conclusions are
supported by other studies in which cartilage degrades without thickening of the
subchondral plate (Dedrick et al., 1993). Our studies suggest that interventions in this
disease process; surgical repair, pharmacological treatments, or specific physical
therapies should focus on repair of the traumatized articular cartilage rather than
thickening of underlying subchondral plate.
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Figure 1: Ratios of mechanical data and subchondral bone thickness at each time point. n
= 4 for bone modulus and thickness, n = 8 for cartilage modulus. * indicates significant
difference between impacted and contralateral unimpacted sides using paired t-tests

(p<.05).
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CHAPTER 3

CHRONIC SOFTENING OF CARTILAGE WITHOUT THICKENING OF
UNDERLYING BONE IN A JOINT TRAUMA MODEL

Ewers BJ, Newberry WN, and Haut RC

ABSTRACT

We have recently developed a trauma model to study degradation of the rabbit
patello-femoral joint. Our current working hypothesis is that alterations in retropatellar
cartilage and underlying bone in our model are initiated independently by acute
overstresses developed in each tissue during blunt insult to the joint, and that the
processes of chronic degradation in each tissue are not related in a mechanical sense. The
current study was conducted in an attempt to help validate our hypothesis by impacting
the patello-femoral joint with a padded interface. Based upon earlier human cadaver
experiments, we believe this would reduce the acute overstresses in patellar bone while
the stresses developed in the overlying retropatellar cartilage would be sufficient enough
to initiate a chronic softening of the tissue. Twenty-four animals received an impact to
the patello-femoral joint and were sacrificed at either 0, 4.5, or 12 months post-insult.
Three acute animals were impacted to develop a simplified computational model to
estimate the stresses in joint tissues. The study showed there was a significant softening
of the retropatellar cartilage at 4.5 and 12 months post-trauma, compared to unimpacted

controls. However, no thickening of the underlying subchondral bone was documented at
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any timepoint. This was consistent with a reduction of stress in the bone compared to
earlier studies, which document thickened subchondral bone post-insult at the same
applied impact load. In conclusion, this study helped validate our hypothesis by
documenting chronic softening of cartilage without remodeling of the underlying
subchondral bone. Furthermore, this study, along with our earlier studies, suggest that
impact load alone, which is currently used by the automobile industry to certify new
automobiles, is not a good predictor of chronic injuries to a diarthrodial joint, and that
simply the addition of padding to impact interfaces may not be adequate to protect
occupants from chronic injuries.
INTRODUCTION

We have recently developed a trauma model to study degradation of the rabbit
patello-femoral joint following a single, blunt impact. In various studies we have
documented chronic alterations in retropatellar cartilage, as well as the underlying
subchondral bone, out to one year post insult (Newberry et al., 1997; Newberry et al.,
1998a). In one study with this joint trauma model we documented a significant decrease
in the modulus of retropatellar cartilage three months post-insult with a significant
increase in the thickness of underlying subchondral bone at 12 months (Newberry et al.,
1998a). These data suggest that alterations in retropatellar cartilage may have occurred
prior to alterations in the underlying bone. The results are in contrast to those suggested
by Radin et al. (1978) where significant changes have been documented in underlying
bone before histological alterations have been noted in the overlying cartilage using a
repetitive trauma protocol on the rabbit tibial-femoral joint. These studies and others

(Radin et al., 1990) have lead to the commonly accepted hypothesis that overloading a
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diarthrodial joint may firstly result in damage to bone underlying cartilage, followed by a
stiffening of the bone with a subsequent increase in the state of stress in the overlying
cartilage resulting in its degradation over time. Studies with other models of joint injury,
such as transection of the anterior cruciate ligament, have shown degradation of
overlying cartilage before significant alterations are noted in the histology of underlying
bone (Dedrick et al., 1993). Since bone changes are typically seen in the clinical setting,
Burr (1998) suggested that alterations of bone underlying cartilage may occur late and be
required to bring forth an end stage disease in the joint. Recently Ewers et al. (1998),
using a simplified mathematical model of the rabbit patello-femoral joint, suggested that
significant alterations in the mechanical properties of bone underlying cartilage in our
joint trauma model would not influence the state of stress in the overlying cartilage. Nor
will softening of the overlying cartilage, as a result of a severe blunt trauma, alter the
state of stress in the underlying bone and initiate a remodeling process. That study has
been used to establish the basis for our current working hypothesis that alterations in
retropatellar cartilage and underlying bone in our joint trauma model are initiated
independently by acute overstresses developed in each tissue during blunt insult to the
joint, and that the processes of chronic degradation in each tissue are not related in a
mechanical sense (Li et al., 1995; Newberry et al., 1998b).

The current study was conducted in an attempt to help partially validate the above
hypothesis by impacting the rabbit’s patello-femoral joint in such a way that acute
overstresses in patellar bone would be minimized, while the stresses developed in the
overlying retropatellar cartilage would be sufficient enough to initiate a chronic softening

of the tissue. The idea was based on a study by Atkinson et al. (1997) using the isolated
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human cadaver joint. That study suggests that by padding the impact interface loads can
be distributed over a large area on the anterior surface of the patella to keep stresses in
bone significantly low so as not to generate acute damage or initiate a chronic remodeling
process of bone underlying retropatellar cartilage. On the other hand, by using an impact
intensity sufficient enough to cause cartilage damage, the study further suggests that
acute stresses in the overlying retropatellar cartilage could still be sufficient to induce
injury and lead to a chronic degradation of this soft tissue.
METHODS AND MATERIALS

Thirty-five mature Flemish Giant rabbits (4.6 + 0.8 kg, 6-8 months of age) were
used in the study. The project was approved by the Michigan State University All-
University Committee on Animal Use and Care. Twenty-four animals received a single
impact to the right patello-femoral joint. Eight animals were sacrificed at each of three
times post-insult: zero months, 4.5 months, and twelve months. Earlier studies with this
animal model show no significant changes in the biomechanical properties of
retropatellar cartilage or the thickness of underlying bone over time in control animals
(Newberry et al. 1998a). Therefore a single, non-impacted control group of eight animals
was used in the study. Three animals (acute animals) were sacrificed prior to impact for
determination of the input boundary conditions for computational models.

These impact experiments have been described in an earlier study (Haut et al.,
1995). In this study, however, a deformable impact interface (Hexcel, 3.76 MPa crush
strength) was used to distribute the impacting load over the patella, versus a rigid
interface used in earlier studies by our laboratory. Briefly, with the animal supine and

maintained under anesthesia (2% isoflurane), the right hind limb was flexed 120° and a
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1.33 kg mass was dropped onto the patello-femoral joint from 0.51 m, yielding 6.6 J of
impact energy (Figure 1). The load-time history of the impact was recorded at 10 kHz.
The peak contact load, time to peak, and total contact duration were documented in each
experiment. Starting five days after impact the animals were regularly exercised, as
previously described (Oyen-Tiesma et al., 1998).

Immediately after sacrifice, patellae were excised and the cartilage surface wiped
with India ink to highlight defects on the retropatellar surface. Using previous
documented biomechanical tests (Newberry et al, 1998a), the stiffness of the
retropatellar cartilage was determined based on a sﬁear modulus calculation at 50 ms
(instantaneous shear modulus) and 150 s (relaxed shear modulus) using an elastic
analysis (Hayes et al., 1972). Following mechanical testing the patellae were
histologically processed and the thickness of the underlying subchondral plate was
measured at 25x with a calibrated eye-piece at the center of each facet and at the mid-line
of the patella (Newberry et al., 1998a).

To estimate the acute state of stress in the patella at impact, a tWo-dimensional,
plane-strain, finite element model of the patella has been developed (Newberry et al.,
1998b). Briefly, the geometry was taken from a slab cut of a representative patella, where
the subchondral bone plate was distinguished from the cancellous bone. The retropatellar
cartilage was treated as an incompressible elastic material with an elastic modulus and
Poisson’s ratio of 20 MPa and 0.49, respectively (Atkinson et al., 1998). Large
deformations were allowed in the analysis. Due to the characteristics of the rabbit patella,
with high-density cancellous bone, the patellar bone was assumed to have an equivalent

elastic modulus of 350 MPa and a Poisson’s ratio of 0.3, as previously computed for the
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entire patella (Ewers et al., 1998). The boundary conditions on the patella were derived
from pressure sensitive film (Prescale, single sheet, medium range, Fuji Film Ltd,,
Tokyo, Japan) inserted into the patello-femoral joint of the three acute animals, as
previously described (Newberry et al., 1998b). The anterior surface of the patella was
fixed in the area where the impact interface contacted the joint. The experimental
retropatellar contact pressure distribution, medial to lateral across the region of highest
contact pressure, was applied to the model of the patella (ANSYS 5.5). In the cartilage
layer maximum shear stresses at the surface and at the interface with subchondral bone
were reported. Maximum shear and peak principal stress distributions were also
documented in the underlying subchondral plate.

An analysis of variance with S-N-K post-hoc tests was used to evaluate
differences in moduli and subchondral bone thicknesses for unimpacted and impacted
limbs between groups (Glantz, 1996). Paired t-tests were used for comparisons between
the impacted and the contralateral, unimpacted limbs. Errors in the mean of data were
reported as one standard deviation. Statistical differences were indicated for p < 0.05.
RESULTS

Qualitative examination after impact loading and daily observations during
treadmill exercise by a veterinary technician (J.A.) indicated that the rabbits did not favor
the impacted limb. Gross visual examination of the impacted joints revealed surface
fissures typically along the center ridge of the patella on the lateral facet in 22 of 24
cases. No surface lesions were documented on the retropatellar cartilage of the
unimpacted joints or that of controls. Contact loads on the patella for the three acute

animals increased to a maximum of 636 £ 80 N in 5.4 + 0.8 ms with a total contact



duration of 13.4 £ 1.0 ms. This was not significantly different from the chronic animals
which increased to a maximum of 620 £ 50 N in 5.5 * 1.0 ms with a total contact
duration of 13.6 £ 0.9 ms (Figure 2).

The instantaneous and relaxed moduli of the retropatellar cartilage were
significantly less on the impacted side compared to the unimpacted limb and those of
control animals at 4.5 and 12 months post-impact (Table 1). The subchondral bone
underlying the retropatellar cartilage was thicker at the central site than at the medial and
lateral sites for each group. There was no statistical thickening of the subchondral bone
for the impacted limb compared to either the unimpacted, contralateral limb or control
animals at any time post-impact (Table 2).

The computational model showed a maximum shear stress in the retropatellar
cartilage of 6.1 £ 0.9 MPa and 8.6 + 2.0 MPa at the surface and interface, respectively
(Figure 3). These maximum shear stresses were located at the center of the lateral facet
near the impact-induced lesions. The maximum shear and tensile stress in the underlying
bone were 15.6 £ 2.9 MPa and 7.7 £ 1.9 MPa, respectively, and also located under the
lateral facet of the patella near the area of surface lesions.

DISCUSSION

The objective of the current study was to partially validate our working
hypothesis that alterations in retropatellar cartilage and underlying bone are initiated
independently by acute overstresses developed during blunt impact to the patello-femoral
joint in this animal model. Furthermore, that the documented softening of retropatellar
cartilage and thickening of the underlying subchondral bone occur independently post-

trauma. In support of our hypothesis, there was a significant softening of traumatized
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cartilage compared to controls at 4.5 and 12 months post-trauma, and with no thickening
of subchondral bone at any timepoint in this study.

The shear moduli and subchondral bone thicknesses of the control population
used in this study were statistically similar to previous control animals using this model
(Newberry et al., 1998a). The degree of chronic softening in the retropatellar cartilage
post-trauma was similar to other studies using this animal model. Newberry et al. (1998a)
document 40 % and 30 % decreases in Gy for traumatized cartilage compared to controls
at 6 and 12 months post-trauma, respectively. This was consistent with 41 % and 26 %
decreases observed at 4.5 and 12 months post-trauma in the current study. Furthermore,
Newberry et al. (1998a) document 19 % and 28 % decreases in Gr for impacted cartilage
compared to unimpacted contralateral patellae at 6 and 12 months post-trauma. The
current study documented 20 % and 32 % decreases in Ggr at 4.5 and 12 months,
respectively. In contrast to the current study, Newberry et al. (1998a) document a
thickening of the subchondral bone at one month post-trauma compared to the
unimpacted contralateral patella, and a significant thickening at 12 months compared to
unimpacted controls. No such thickening was observed with padded impact interfaces in
the current study.

The chronic observations of the current study could be explained by the acute
stresses generated in these joint tissues during blunt impact. The acute stresses generated
in the retropatellar cartilage of the current study were consistent with high severity
impacts which have previously resulted in chronic softening of traumatized cartilage
(Figure 2) (Newberry et al.,, 1998b). On the other hand, there was a 35 % and 52 %

decrease, respectively in maximum shear and tensile stress in the subchondral bone
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compared to the previous high severity impacts using a rigid impact interface, which
produced chronic subchondral bone thickening (Newberry et al., 1998b). Previous studies
have suggested that surface lesions on the retropatellar cartilage occur for impacts that
generate a shear stress of 5.5 MPa (Atkinson et al., 1998). This compared well with the
current study that documented surface lesions for an average maximum surface shear
stress of 6.1 MPa in computational models using padded impact interfaces.

Our trauma model suggests that damage and subsequent alteration of joint tissues
may be due to acute impact induced stresses that are generated during a single
overloading of the joint. Therefore, cartilage softening and underlying bone thickening
may occur independently, which would be in contrast to the currently accepted
hypothesis due to Radin et al. (1990). In contrary to the current study, Radin et al. (1978)
used low level repetitive overloadings that may have resulted in fatigue damage to the
bone with a secondary effect of cartilage degeneration. The differences between a single
overloading and repetitive overloadings may result in different pathways of joint
degeneration. Additional studies will be needed to support this suggestion.

There were some limitations in the computational model used for the current
study. It was assumed that the patella was a 2-D object, and that the retropatellar cartilage
was isotropic, homogeneous and linearly elastic. This allowed direct comparisons to be
made to previous published studies. In addition because of the large medial to lateral
variation of contact pressure versus the proximal to distal variation, a plane strain
analysis would likely be appropriate. It has also been suggested that the instantaneous
response of biphasic cartilage is equivalent to that of an incompressible elastic material

(Armstrong et al., 1984; Ateshian et al., 1994). It has been shown that the shear stress in a
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cartilage layer under impact loading are the same for an incompressible elastic and
biphasic material at time zero (Garcia et al., 1998). However since tensile stresses in the
solid phase of articular cartilage might be responsible for acute damage to the matrix,
there is the need for flltm"e biphasic analyses in order to decompose the stresses in the
impacted tissue.

In conclusion, the current study helped to validate our current working hypothesis
on the chronic alterations which have been documented in the patello-femoral joint of our
model following blunt trauma. In addition this study, along with a previous study
(Newberry et al,, 1998b), suggests that load alone is not a good predictor of chronic
injury to a diarthrodial joint. This is in contrast to a federally regulated lower extremity
injury criterion that states that axial loads in the patella-femur complex can not exceed 10
kN for certification of new automobiles using anthropomorphic dummies. Atkinson et al.
(1997), using isolated human cadavers, prevented microcracks in bone underlying
retropatellar cartilage when using a particular padded impact interface. That study,
however, did not address damage to articular cartilage. Assuming damage to articular
cartilage can be correlated with diseases such as post-traumatic osteoarthritis, there may
be a need to incorporate a method to better predict damage to joint cartilage in the
certification of new automobiles. The current investigation suggests that simply the
addition of padding to impact interfaces may not be adequate, and that optimized
interfaces may be required.
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TABLES

Table 1: Measured instantaneous (Gy) and relaxed (Gr) moduli of retropatellar cartilage
(MPa) from animals subjected to a single blunt impact with a padded interface and in the
unimpacted, control animals (mean + SD) (n = 8).

Time point Side Gy (MPa) Gr (MPa)
Control 1.00 £0.25 0.29 +0.06
Time-zero  Impacted 1.11 £ 0.46 0.29 + 0.08
Unimpacted 1.03 £ 0.48 0.27 £ 0.09
4.5months Impacted 0.59+0.10* 0.23+0.03*°
Unimpacted 0.88 +0.21 0.29 + 0.09
12 months  Impacted 0.74 £0.24* 0.23+£0.05*
Unimpacted 1.08 £ 0.29 0.34 £ 0.03

* Significantly different than unimpacted side by a paired students’ t-test.
® Significantly different than controls by an analysis of variance.

Table 2: Measured subchondral bone thickness (mm) in animals subjected to a single
impact with padded interface and in the unimpacted control animals (mean + SD) (n=8).
Subchondral bone thickness is greater in the center compared to the lateral or medial

locations.
Time point Side Location
Medial Central Lateral
Control 0.39 £ 0.04 0.59 £0.03 0.33+0.05
Time-zero Impacted 0.36 £0.09 0.55+0.10 0.34 £0.07
Unimpacted 0.39%0.11 0.56 £0.22 0.351+0.09
4.5 months Impacted 0.33+0.01 0.56 £0.07 0.39 £ 0.01
Unimpacted 0.3210.03 0.5510.09 0.39 £0.01
12 months  Impacted 0.4510.09 0.6710.15 04910.10
Unimpacted 0.45£0.08 0.6410.16 0.52%0.16
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FIGURES

Figure 1: Impact experiments were performed by dropping a mass with a padded impact
interface (A) (3.76 MPa crush strength — Hexcel) onto the patellofemoral joint with 6.6 J
of energy.

700 A — Rigid
600 - — Padded

0 1 ! T ] | 1
0 2 4 6 8 10 12 14 16
Time (ms)

Figure 2: Representative force time plots for experiments with a rigid and padded impact
interface. Notice the slightly longer time to peak with the padded interface but a similar
contact duration. This representative rigid impact data is taken from a previous study
(Newberry et al., 1998b).
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EB: 6.6 ~ 13.2MPa
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ED: 19.8 ~26.4MPa
BE: 26.4 MPa ~

(B)

Figure 3: A representative shear stress distribution for padded (A) and rigid (B) impact
interfaces. The cartilage is on the top with the subchondral plate underneath. Pressures
were applied to the retropatellar surface and the anterior surface of the patella was fixed
in the area of contact (A\). Notice that the shear stresses in the cartilage were similar for
the two impact interfaces, but that there was a significant reduction in shear stresses in
subchondral bone underlying the retropatellar cartilage for the padded interface
experiment. The representative shear stress distribution for the rigid impact interface is
based upon a previous study (Newberry et al., 1998b).
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CHAPTER 4

IMPACT SHEAR STRESSES IN AN ANIMAL JOINT PREDICTS CHRONIC
SOFTENING OF CARTILAGE BUT NOT THICKENING OF UNDERLYING
BONE

Benjamin J. Ewers, Brian T. Weaver, William N. Newberry, and Roger C. Haut

ABSTRACT

Our laboratory has recently developed a joint trauma model, using rabbits, which
exhibits chronic softening of retropatellar cartilage and thickening of underlying
subchondral bone. We hypothesize that these alterations are initiated by acute shear
stresses generated in each tissue during impact loading. With the use of a Finite Element
Method (FEM), an earlier analytical study suggests shear stresses in the cartilage can be
significantly reduced by reorientation of the impact load more centrally on the joint. The
current study suggested that these types of impacts indicated reduced shear stresses and
tensile strains in retropatellar cartilage with enhanced shear stresses in the underlying
bone. In contrast to earlier studies we documented no degradation of retropatellar
cartilage or remodeling of the underlying bone. The study supports our contention that
degradation of cartilage may be related to the intensity of generated shear stress, but

contradicts the role of shear stress alone in the remodeling of underlying bone.
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INTRODUCTION

We have recently developed a trauma model to study degradation of the rabbit
patellofemoral joint following a single, high severity blunt impact on the medial aspect of
the anterior patella. In various studies we have documented acute superficial lesions on
the retropatellar cartilage and chronic changes in cartilage, as well as the underlying
subchondral bone, out to one year post-insult (Newberry et al., 1997; Newberry et al.,
1998a). We document a significant decrease in stiffness of retropatellar cartilage
beginning at three months post-insult with a significant increase in the thickness of
underlying subchondral bone at 12 months (Newberry et al., 1998a). In a recent study
with this joint trauma model we lowered the severity of the medial-oriented blunt impact
and did not document any significant changes in these tissues post-insult (Newberry et
al., 1998b). We hypothesize that changes in cartilage and underlying bone are correlated
with the intensity of the blunt insult and the corresponding state of acute stress generated
in these tissues.

In contrast to the above, Radin et al. (1990) have hypothesized that repetitive
loading to a diarthrodial joint may first result in damage to bone underlying cartilage,
followed by a stiffening of the bone with a subsequent increase in the state of stress in the
overlying cartilage resulting in its degradation over time. Recently, however, Ewers et al.
(1998) using a simplified mathematical model of the rabbit patellofemoral joint, suggest
that significant alterations in the mechanical properties of bone underlying cartilage in
our joint trauma model would probably not influence the state of stress in the overlying
cartilage. Nor would a softening of the overlying cartilage, as a result of a severe blunt

trauma, alter the state of stress in the underlying bone and initiate its remodeling. That
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study has been used to establish the basis for our current working hypothesis that
alterations in retropatellar cartilage and underlying bone in our joint trauma model are
initiated independently by acute overstresses developed in each tissue during blunt insult
to the joint, and that the processes of chronic degradation in each tissue are not related in
a mechanical sense (Newberry et al., 1998b; Li et al., 1995). In a recent study supporting
this hypothesis, we used a padded impact interface. This allowed us to lower the stresses
in the subchondral bone, while keeping the same high level of stresses in the cartilage.
Interestingly, at one-year post-insult we still documented a softening of retropatellar
cartilage without a thickening of the underlying subchondral bone (Ewers et al., 2000).

The current study was conducted in an attempt to further validate our working
hypothesis by impacting the rabbit’s patellofemoral joint in such a way that acute
overstresses in retropatellar cartilage would be minimized, while the stresses developed
in the underlying subchondral bone would be sufficient enough to initiate its chronic
thickening. The idea was based on an earlier study by Li et al. (1995), using a
mathematical model of the rabbit patellofemoral joint. That study suggests that a single
central-oriented impact would result in reduced tensile strains in the retropatellar
cartilage, which might mitigate its acute damage. It also suggests that the shear stresses
in the underlying subchondral bone would be greater than that for a single medial-
oriented impact, so as to cause its chronic thickening. Our question was whether the
overlying cartilage would degrade within one year post-impact.
METHODS

A total of twenty-nine mature Flemish Giant rabbits (4.8 + 0.6 kg, 6-8 months of

age) was used in this investigation. The study was approved by the Michigan State

56



University All-University Committee on Animal Use and Care. Twenty-four animals
were randomly selected for the chronic aspect of the study (chronic animals). Eight
animals received a single blunt impact to the right patellofemoral joint with a medial-
oriented impact, while eight animals received a blunt impact to the patellofemoral joint
that was central-oriented. An additional eight animals were not impacted, and served as
controls. The chronic animals were all sacrificed at 12 months post-impact. Five
additional animals (acute animals) were sacrificed prior to impact for the determination
of boundary conditions in computational models.

The medial-oriented blunt impact protocol has been described in earlier studies
(Newberry et al., 1998a; Haut et al., 1995). Briefly, the animals to be subjected to a blunt
trauma were maintained under anesthesia (2% Isoflurane) with the right hind limb flexed
approximately 120° (Figure 1A) with the animal supine. The medial-oriented impact
required the femur to be positioned so that the impact load was aligned along the medial
side of the anterior patella and directed towards the lateral patellar facet (Figure 1B),
whereas the central-oriented impact was aligned along the medial-lateral center of the
patellofemoral joint (Figure 1C). These orientations were verified in pilot studies using
radiographic analyses. Impact was administered by dropping a rigid 1.33 kg mass onto
the patellofemoral joint from a height of 0.46 m (6.0 J) [2]. The impact mass was arrested
electronically to prevent multiple blows to the flexed limb. A load transducer (model
31/1432, 500 Ib. capacity, Sensotec, Columbus, OH) was attached behind a one-inch
diameter, flat aluminum interface to measure impact loads. The load-time history of the
impact was recorded at 10 kHz. The peak contact load, time to peak, and total contact

duration were documented for each experiment. The animals were given two weeks of
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pre-impact exercise consisting of ten minutes of daily exercise on a treadmill running at
0.3 mph (Oyen-Tiesma et al.,, 1998). Blunt impact loading was followed by a five-day
period of rest, and then the daily exercise program was resumed for the duration of the
study. When not exercising, the animals were housed individually in cages
(48"x24"x19").

Immediately after sacrifice, patellae from impacted and unimpacted limbs were
excised. The patellae were then placed in a bath of room temperature phosphate buffered
saline (pH 7.2) for mechanical tests in a servo-controlled hydraulic material testing
machine (model 1331, retrofitted 8500+ electronics, Instron, Canton, MA). Structural
integrity of the retropatellar cartilage was determined using indentation stress relaxation
tests at two sites on the lateral facet near the central ridge (Newberry et al., 1998a). The
stiffnesses of retropatellar cartilage from impacted, non-impacted, and control joints were
compared by a calculation of the shear modulus from an elastic layer (Hayes et al., 1972),
based on the load at 80 ms (instantaneous shear modulus - Gy) and at 150 s (relaxed shear
modulus - Gg). The retropatellar cartilage was wiped with India ink to highlight surface
lesions and then photographed.

Patellae were placed in 10% buffered formalin for seven days, and decalcified in
20% formic acid for another seven days. Only four of the central-oriented impacted
patellae were randomly selected and histologically processed. Tissue blocks were cut
transversely across the patella in the area of highest patellofemoral contact pressure,
based on the acute experiments described below. The blocks were then embedded with
paraffin according to an established protocol (Newberry et al., 1998a). Six sections, eight

microns thick, were stained with Safranin O-Fast Green and examined in light
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microscopy at 12-400 power. The thickness of the subchondral bone plate was measured
at 25x with a calibrated eye-piece at the center of each facet and near the mid-line of the
patella by a single investigator (BE), using an established protocol (Newberry et al,
1998a).

To estimate the impact-induced state of stress in the patella, a two-dimensional
non-contact finite element model of the patella was developed consisting of 1537 3-
noded plane strain elements (Figure 2A) (Ansys 5.5, SAS IP Inc., PA, USA). A
representative model of the patellae was taken from a 0.5 mm transverse slab cut of a
patellae. Briefly, the cross section of the patella was photographed and then used to form
a digital image of the geometry by tracing the boundary of the cartilage and subchondral
and trabecular bone. The layer of cartilage was assumed isotropic with an elastic
modulus and Poisson's ratio of 20 MPa and 0.49, respectively (Newberry et al., 1998b;
Atkinson et al, 1998). The instantaneous (impact) response of biphasic cartilage is
equivalent to that of an incompressible elastic material (Armstron et al., 1984; Ateshian
et al., 1994). Large deformations were allowed in the analysis. The bone had a Poisson's
ratio of 0.3 and an elastic modulus of 3750 MPa and 300 MPa for the subcﬁondral
(Mente and Lewis, 1994) and trabecular bone (Townsend et al., 1975), respectively.

The determination of boundary conditions on the patella for the computational
model has previously been described (Newberry et al., 1998b). Briefly, five acute animals
were sacrificed in order to document the posterior and anterior pressure distributions on
the patella during the impact experiments. Both a medial and central-oriented impact was
conducted on each animal. Prior to impact, medial and lateral incisions were made in the

joint capsule to insert pressure sensitive film (Prescale, single sheet, medium range, Fuji
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Film, Ltd., Tokyo, Japan) into the patellofemoral joint. The film was encased in a packet
of sterile polyethylene to protect it from joint fluids (Haut et al., 1995). In order t§ locate
the pressure distribution on the patella, two holes were drilled through the center of the
patella, anterior to posterior, at two locations away from the area of contact (one
proximal, one distal) (Newberry et al., 1998b). Prior to impact, small needles were
placed into these holes. The needles were cut so they extended approximately 1 mm
beyond the anterior and posterior surfaces. The film was placed in the joint and wrapped
around the anterior surface of the patella. The joint was impacted. The needles produced
marks (holes) that were easily visible on the film. The pressure film was dynamically
calibrated in a servohydraulic testing machine (Haut et al., 1995). The film was scanned
at 150 dpi (~59 pixels per mm) using a video scanner (Microtek, model MRS-1200ES6).
The stained imprints were converted to pressure and post-processed with PC-based image
analysis software (Image 1.6, NIH). The distributions of contact pressure and contact area
were documented from the patellofemoral pressure imprints for each acute animal
experiment. The anterior area of contact was located on the patella, and this area was
fixed in space in the computational model to prevent rigid body motion. Patellofemoral
pressure profiles were discretized in the area of the largest contact pressures, and located
on a single representative patellar cross sectional geometry for each experiment (Figure
2A). A pilot study conducted with multiple impacts documented that there was less than
an 8 % difference in contact area and average contact pressure, respectively.

The maximum shear stress and tensile strain were calculated along the
retropatellar articular cartilage surface on the lateral facet where lesions are historically

generated with this model (Figure 2B). Maximum shear stresses, principal stresses and



mean stresses were determined in the underlying subchondral bone in the center region of
the patella where chronic thickening is typically observed (Figure 2C).

An analysis of variance with Bonferroni post-hoc tests were used to evaluate
differences in the mechanical properties of retropatellar cartilage and the subchondral
bone thickness differences between controls and unimpacted joints and between controls
and impacted joints. Paired ¢-tests were used for comparisons of mechanical data from
cartilage and subchondral thickness data between impacted and unimpacted sides of each
animal. Experimental data in this manuscript has been reported as mean + one standard
deviation, and statistical significance was indicated for p<0.05.

RESULTS

Peak load, rise time, and duration of impact were similar for the acute and chronic
medial-oriented impacts and for the acute and chronic central-oriented impacts (Table 1).
The magnitude of the patellofemoral contact pressures varied across the area of contact,
typically with the most intense pressure located in the middle of the lateral and medial
facets (Figure 3A & 3B). Quantitative analysis of the pressure film from the acute
impacts indicated that there was no significant difference in mean or peak pressures
between the central-oriented and the medial-oriented impact groups (Table 1). The
patellofemoral contact area slightly increased in the central-oriented versus medial-
oriented acute groups, but again the result was not statistically different.

No surface lesions were documented on the retropatellar cartilage for the chronic
central-oriented impacted animals. On the other hand, there were surface lesions on the
retropatellar cartilage in all of the chronic medial-oriented impacted patellae. Thesé

lesions were typically on the lateral facet near the central ridge. Indentation tests on
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retropatellar cartilage of the chronic animals showed no statistical differences in Gy or Gg
between controls and the unimpacted limbs from the medial- or central-oriented groups
(Table 2). There was a significant increase in Gy from the unimpacted limb in the central-
oriented group compared to the unimpacted limb of the medial-oriented group. There was
no significant difference in the central-oriented group in either Gy or Gr between the
impacted and the contralateral unimpacted patellae. Conversely, there was a significant
decrease in Gy and Gy on the impacted compared to the contralateral unimpacted patellae
in the medial-oriented group. There was also a significant decrease in both Gy and Gg
from the impacted limb of the medial-oriented group compared to the impacted limb of
the central-oriented and the unimpacted control groups.
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