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Abstract

An overload arthrosis occurs consistently in the palmar region of the metacarpal condyle of the equine fetlock
(metacarpophalangeal) joint characterized by subchondral bone sclerosis, devitalization and mechanical failure leading to
collapse of the overlying articular cartilage. Samples were selected of joints with mild, moderate, and severe subchondral
sclerosis, in which cartilage collapse had not yet occurred. An additional group that had severe sclerosis with focal rarefaction
suggesting impending collapse was also studied (n=5/group). Parasagittal slices were  milled to 2.0 mm thickness and subjected
to palmar forces 50 to 200% of those applied by the sesamoid bone at angles corresponding to early, mid and late stance
support phases of the gait cycle. From contact radiographs in the loaded and unloaded samples, strains were determined by
recognizing displacements in the trabecular patterns using texture correlation analysis. Failure did not occur in any of the
samples. Strains were generally proportional to the forces applied and greatest at midstance. Strain patterns varied between
samples and with the different loading positions. With increased subchondral bone sclerosis there was greater shear strain in
overlying trabeculae. Strain patterns were not consistently different within the sclerotic bone at the site of failure. Focally
higher strains at the surface were sometimes related to the edge of the platen which was molded to mimic the sesamoid bone
in vivo. These results indicate that sclerotic thickening of subchondral bone transmits stresses to overlying trabeculae. No
consistent strain pattern was recognized where devitalization and mechanical failure occurs. Focally higher strains related to
the edge of the opposing sesamoid bone may play a role.
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Introduction

Equine athletes are thought to develop unusually high
stresses on joints during training and racing as juveniles and
young adults1. In the palmar metacarpal condyle of the
fetlock joint, an overload arthrosis often occurs. The early or
mild lesion is very common and asymptomatic but the severe
changes are associated with fetlock lameness2. The lesion is
characterized by subchondral trabecular bone thickening
(sclerosis) and sometimes devitalization and mechanical
failure of the bone leading to collapse of the overlying
articular cartilage1,3. The lesion with cartilage infolding or
collapse has been referred to clinically as “traumatic

osteochondrosis”1. The failure occurs consistently in the
sclerotic bone beneath the palmar articular surface that
interfaces with the proximal sesamoid bones. There is
thinning of the calcified cartilage4, and trabecular micro-
fractures can be found histologically in the subjacent bone3.
Differences in apparent density relative to adjacent bone
could be responsible for the development of failure planes
and such differences have been demonstrated at the site5,6.
In addition, the more perpendicular arrangement of the
trabecular collagen suggested compressive forces from the
sesamoid bones during the gait cycle were important in the
adaptive response at the site3.

Recently, technology has become available to measure
strain patterns in trabecular bone7,8. The objective of the
present study was to apply this technology to slices of the
metacarpal condyle under compression to determine whether
strain patterns such as focally higher strains, explained the
predisposition of the site to failure.
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Materials and methods

Metacarpal condyles used in this study were from a
collection gathered in routine necropsies of Thoroughbred
racehorses that had been training, racing or were involved in
accidents at the time of death or euthanasia. Condyles
(without the first phalanx or proximal sesamoid bones) had
been stored in 70% alcohol. Contact radiographs of 2-3 mm
thick parasagittal slices taken through the middle of the
lateral condyle were available for selection of joints with
mild, moderate, and severe subchondral sclerosis, in which
cartilage collapse and “traumatic osteochondrosis” had not
yet occurred. Severity of sclerosis was based on the area and
radiodensity of bone in the palmar metacarpal region. An
additional group that had severe sclerosis, in which an area
of focal radiolucency or rarefaction suggested impending
collapse was also studied and designated severe+rarefaction.
There were five animals in each group. The total of 20
condyles were from horses ranging in age from two to six years.
Nine were from females and eleven from males, including
four geldings.

Parasagittal slices lateral to those used for radiographs
were cryomilled to 2.0 mm thickness, potted with poly-
methylmethacrylate (Coe TrayPlastic, GC America Inc.,
Alsip, IL 60803) in a tray and loaded in a customized jig
mounted within a contact radiography unit (Faxitron X-Ray
Corp., Buffalo Grove, IL) as previously described8. The samples
were loaded against a stationary polymethylmethacrylate
platen molded to the form of the articulating sesamoid bone
surface. The angles and position of the sesamoid bone-
shaped platens on the condylar surface were copied from
radiographs of the normal equine limb (Fig. 1) used to
determine range of motion9 for the construction of a three-
dimensional model of the musculoskeletal geometry10. 
A polymethylmethacrylate platen molded to the articular
surface had to be poured for each sample and for two of the
three gait phases. Samples were subjected to palmar forces
that were 50 to 200% of those applied by the sesamoid bone at
angles corresponding to early, mid and late stance support

phases of the gait cycle. The forces were calculated for an
average animal of 500 Kg body weight using forces at a
gallop from the literature and a model of stress vectors in the
fetlock joint11 to estimate load applied by the sesamoid bone.
The base load was normalized for size from measurements
of the diameter of the condyle. This was done by multiplying
the base load by the ratio of the diameter of the specific
condyle to the average condyle diameter for all samples. 
The total width of the weight-bearing surface of the condyles
was measured and the total force on that condyle multiplied
by the fraction of total condyle width represented by the 
2 mm thickness of the parasagittal slice being tested. 
For early stance, there was an angle of 110 degrees between
the shaft of the metacarpal bone and the sesamoid. 
At midstance, where forces are highest, there was an angle of
140 degrees and at late stance, there was an angle of 115
degrees. Forces used were 50% to 200% of calculated 
load and actual maximum loads were 320-370N at early
stance, 640-760N at midstance, and 580-645N at late stance.
Maximum loads at each stance phase were generally used in
statistical evaluation of the strain data. From contact
radiographs (Industrex M film, Eastman Kodak Company,
Rochester N.Y.) in the loaded and unloaded samples,
digitized images were compared and strains in the condyle
were determined using texture correlation analysis7. This is
done with a specialized computer program using a pattern
matching algorithm in overlain images to recognize
displacements in the trabecular patterns. Strains are
calculated from the measured displacement fields by a
numerical differentiation procedure. Since this method
depends on adequate contrast to outline bone structure and
works best in trabecular bone, readings were not consistently
obtained in areas of sclerosis where there was little
difference in gray scale. In a subsequent study with three
animals each from the mild, severe and severe+rarefaction
groups, speckling of the sclerotic zone with lead powder was
used to study this area specifically and compare it to the
trabecular bone in the rest of the condyle. This was
accomplished by applying a thin layer of cyanoacrylate glue
(Loctite 416, Loctite Corp., Rocky Hill, CT 06067) to the
sclerotic region and sprinkling it with fine lead powder
(Pb100-325 mesh, Atlantic Equipment Engineers, Bergenfield
NJ). This technique has been used successfully previously12.

Qualitative evaluation was done by comparing radiographic
images with strain patterns looking for consistencies in the
pattern at different loads and stance phases. Data were
generally evaluated as maximum shear strain, i.e., strain at
those sites where the interface of strains in all directions
produced the greatest shear. The texture correlation technique
generates the entire strain tensor, therefore any strain
invariant can be derived and analyzed. For this study we focused
on maximum shear strain, which is the highest magnitude
shear strain that exists at any particular location within the
sample, regardless of the principal strain directions. Failure in
many materials, including bone, is sensitive to shear strains8.

Consistent with previous studies on strains within
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Figure 1. Lateral radiographs of a normal equine limb (ex vivo)
during early (A), mid (B), and late (C) stance phases of the gait
cycle (Zarucco et al., 1997). These were used to determine the angle
and position of the sesamoid bone (S) during loading of the
metacarpal condyle (Co) to evaluate strain patterns.



trabecular bone samples13, this study found strain populations
that were highly non-normal. Means and standard deviations
calculated directly from these data sets do not accurately
reflect data central tendency and dispersion. More meaningful
measures were derived by using a nonparametric, percentile-
based approach. Low, mid and high range values were
calculated as the 17th, 50th, and 83rd percentiles, respectively,
of the ordered data. These values are comparable to the
mean +/- one standard deviation calculated from normally
distributed data13. Groups with various degrees of sclerosis
were compared statistically by analysis of variance using
these three range values as continuous variables.

In comparing strain in the sclerotic and trabecular regions
in the lead-speckled subgroups, the sclerotic area was
outlined in an image analysis program (NIH Image) and the
values were determined directly from gray scale values for
mean and maximum in the contour plots of maximum shear
strain. Analysis of variance, with these as continuous
variables, was used to look for an effect of sclerotic vs
trabecular location. Fisher’s least significant difference test
was used to look for significant differences in these variables
for each of the sclerotic and trabecular regions, between
mild, severe and severe+rarefaction groups.

Results

Obvious failure did not occur during mechanical testing in
any of the samples with the forces applied. However, in one
animal from the group with severe sclerosis and focal
rarefaction, a fracture line was already present in the area of
focal rarefaction (Fig. 2). In the radiographs of slices used
for loading there were some differences in the proportion of
sclerotic bone within the condyle as compared to the original
radiographs used for selection of the groups which were
more medial on the condyle. This was most apparent in the
mild and moderate groups where there was considerable
overlap and little distinction between the groups.

Strains were generally proportional to the forces applied
and greatest at mid stance. In qualitative observations, strains
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in the same condyle had similar contour patterns as strains
increased with higher loads (Fig. 3). There was considerable
variation, however, between samples and little consistency at
the palmar surface (see Figs. 3 and 5b,c). Strains were
generally lower throughout the sclerotic subchondral region
and higher in the overlying trabeculae in the middle and
proximal parts of the condyle (Fig. 5b,c). The trabeculae at
the proximal palmar subchondral area also had higher
strains. The latter was more pronounced with the more acute
angle of loading and slightly more proximal position of the
platen in the early and late stance loading positions. In the
subchondral area, variable localized areas of high strain were
not consistently correlated with radiographic bone patterns
within the limitations of resolution available. Some foci may
have represented edge effects at the margin of the platen
which had been shaped to mimic the sesamoid bone in vivo.
These were seen in only a small number of tests and not in
any specific group.

In the plots of shear strain, focal blank areas of off-scale
readings were seen in areas where there was inadequate
trabecular pattern (Fig. 3) and four samples were excluded
from the statistical evaluation because these areas were too
extensive (greater than 35-40%). Statistically, samples with
severe subchondral bone sclerosis  tended to develop greater
shear strain in the condyle. This was significant when the
mild and moderate groups were combined and compared to
the combined severe groups (Fig. 4). In the group with
severe sclerosis and focal rarefaction, there were somewhat
lower values (not significant) than in the severe group,
suggesting there had been partial reduction of the stresses.

In the lead-speckled subgroups used to better evaluate the
sclerotic area (Fig. 5), there were more complete plots of the
sclerotic area but patterns were generally similar to those in
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Figure 2. Radiograph of unloaded (left) and loaded (right)
metacarpal condyle from the group with severe sclerosis and focal
rarefaction. In this sample a linear fracture can be seen in the area
of focal rarefaction in the unloaded sample at left. It is closed upon
loading at right. This was the only fracture line seen.

Figure 3. Contour plot of maximum shear strain in a condyle loaded
with 300 (left) and 600 (right) Newtons in the midstance position.
Arrows at bottom show the direction of loading and strain values are
given in scale at right. There was general consistency in strain patterns
with greater strains at higher loads within the same samples. Areas of
higher strain in the subchondral sclerotic region (arrowhead at right)
were seen in some samples and sometimes could be related to the
edge of the sesamoid-like platen. Small dark areas (see asterisk at left)
usually represented off-scale gaps in the plots due to lack of
radiographic contrast in the more sclerotic (radiodense) areas.
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the whole condyle. There was often little or no strain seen in the
sclerotic area. No consistent change was seen in the rarefied
zones within the sclerotic area in the three samples studied.
In the sample that already had a trabecular fracture there
was an off scale gap in the region at the higher load levels.

On statistical evaluation of the lead-speckled subgroups
comparing the sclerotic zone with overlying trabeculae,
maximum values for shear strain were higher in the trabeculae
than in the sclerotic area and the difference was significant
at all stance phases (Fig. 6). Mean values for shear strain
were significantly different at the mid and late stance phase.
Within the lead-speckled subgroups, there was no difference
between the mild, severe, and severe+ rarefaction groups in
strain levels in either the sclerotic or trabecular zone.

Discussion

The purpose of this study was to determine strain patterns
under compression, in the condyles of racehorses that had
mild, moderate and severe subchondral bone sclerosis as a
result of presumed overload arthrosis. This was done to
determine whether there were consistent patterns, such as
focally higher strains, in the palmar subchondral bone that
explain mechanical failure at the site. Testing was done on
slices of the condyle which were presumed to be representative
of the intact condyle at that site. In addition, since only the
condyles were available for testing, a polymethylmethacrylate
platen molded to the form of the opposing sesamoid bone
had to be used in its place. Studies comparing this material
to natural bone and intervertebral joint found it produced
more homogeneous strains which were less like the
physiological state13. Within these constraints however, the
results are considered generally indicative of strains in the
condyle with increasing degrees of subchondral sclerosis.

The results indicate that surface forces are transmitted
throughout the condyle. There were generally higher strains
in the trabecular bone in the middle of the condyle than in
the more dense subchondral bone. Strain patterns were
generally consistent in the same sample at each loading
position and strains increased with increasing load. There
was however, variation between samples at each loading
position. There was also variation within samples as the
loading angle and contact surface were changed to mimic
different phases of the gait cycle. Generally, loading more
proximally on the palmar condyle to mimic early and late
phases resulted in higher strains in the proximal palmar
trabeculae where there is less dense subchondral bone. At
midstance, forces were applied more directly over the region
of subchondral sclerosis and strains were higher in the
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Figure 4. Plot of maximum shear strain (high range values) in the
condyles as a whole. When mild and moderate groups were
combined and compared to combined severe groups, higher values
were seen in the latter (P<0.05).

Figure 5. Lead speckling of more radiodense areas (A) was used to obtain more complete strain plots of the sclerotic zones as outlined in
two different samples in B and C. The generally lower strains in the sclerotic zones and variation in patterns between samples can be seen.

A B

C
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trabeculae in the middle and more proximal regions of the
condyle. Strains were not analyzed beyond a line drawn
across the proximal end of the condyle but presumably
continued into the metaphyseal trabeculae. This has been
found in other model systems14. In comparing shear strains
in animals with mild and moderate subchondral sclerosis to
those with severe sclerosis and severe sclerosis with focal
rarefaction, higher mean maximum shear strains were seen
in samples with severe sclerosis. This indicates that an
increasing amount of stiffer sclerotic subchondral bone
transmits greater strain to the overlying trabeculae.

In the subchondral bone itself, the lack of contrast in the
sclerotic zone frequently led to off-scale readings and gaps in
the strain plots. This was improved by speckling this region
with a lead powder. These readings were more complete but
the strain patterns throughout the condyle were generally
similar to those in the original unspeckled samples. No
consistent pattern was seen within the sclerotic region. By
outlining the sclerotic region and comparing strain values to
the rest of the condyle, significantly greater strains were
found in the overlying trabeculae. Values in the sclerotic
region were approximately 60-70% of those in the trabecular
region at the higher load levels. Some focal strain variations
could be seen in the sclerotic area adjacent to the palmar
surface, but these were not consistent, nor were they
frequent in the area where failure would be expected. In a
few cases, focally higher strains appeared to correspond to
the edge of the platen but this was not consistent. Such an
edge effect could also be important in vivo however, since
the site of failure often corresponds to the distal edge of the
proximal sesamoid bone3.

In the samples with severe sclerosis and focal rarefaction
there was no consistent change in the strain pattern that

corresponded to the focal rarefaction. If these foci are areas
of activated remodeling in which resorption has decreased
radiodensity of the sclerotic subchondral bone, greater
strains might be expected at the site. The sensitivity of our
methodology may not have been sufficient to detect these
strain differences. Fractures adjacent to areas of increased
density have been seen at the palmar site, both radiographically
and with scanning electron microscopy5,6. In the one sample
from this group in which a fracture line was seen in the
radiographs, there were off-scale readings at higher load
levels which indicate gross displacement at the site. The
closing of the fracture line upon loading could actually be
seen in the sequential radiographs (Fig. 2). This horse had a
sagittal fracture of the contralateral metacarpal condyle
which was no doubt responsible for its euthanasia. Whether
the transverse fracture line developed acutely or had been
subclinically present for a period of time is not known. An
association of longitudinal condylar fractures with defects in
the contralateral limb has been previously reported as
evidence for pre-existing microdamage6.

In summary, these studies have shown that compressive
forces applied at the articular surface produced strains
throughout the condyle. The pattern varied with the angle and
contact site corresponding to different phases of the gait cycle.
The strains were higher with increasing load and highest at mid
stance of the equine gait cycle. With increased severity of
subchondral bone sclerosis there tended to be greater transfer
of strains to the less stiff overlying trabeculae. There was
significantly greater strain in the trabecular region compared
to the sclerotic region of the condyle. Within the sclerotic
subchondral bone no consistent pattern was seen at the site
where bone failure is known to occur. Focally higher surface
strains were sometimes associated with the edges of the platen
which was molded to mimic the position of the sesamoid bone
in vivo. This may indicate that a more complex mixture of
forces than simple direct compression is important in
producing focal subchondral bone damage in arthrosis.
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