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Introduction

Sclerotic thickening of subchondral bone is important in
the pathogenesis of arthrosis1,2 and changes in the sub-
chondral bone plate may be more important than those in
the underlying trabeculae3,4. Excessive loading and the
accumulation of microdamage are thought to be important
factors5. Changes in the type6 but not necessarily the quan-
tity of microdamage7 have been found in osteoarthritis. The
mechanisms by which this leads to bone failure is unclear.

It may involve altered cytokine expression8 and apoptosis
of osteocytes9 associated with stimulation of remodeling.
Devitalized bone is resistant to remodeling and this is
thought to allow the accumulation of microdamage5,10. Vas-
cular disturbances that cause subchondral bone necrosis
may also be involved11,12. The mechanisms probably vary
with the specific joint depending on the forces involved and
the pattern of loading2. Although there have been studies
on the quantitation of microdamage in arthritic joints,
there is little information on the progression of bone fail-
ure from microcracks to actual collapse of subchondral
bone.

Subchondral sclerosis and areas of bone devitalization are
common in the overload arthrosis of equine athletes13,14.
Actual subchondral bone failure occurs focally in the palmar
metacarpal condyle of the fetlock joint (Figure 1) where
indentation and collapse of the articular cartilage is seen.
This is referred to as ‘traumatic osteochondrosis’14,15. It is
primarily a disease of racehorses and is very common in the
US. It is often asymptomatic but more severe forms are asso-
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ciated with fetlock lameness13. The consistency of the site
makes it a useful model in which to study the bone changes
leading to failure. The objective of this work was to study
morphologic changes at the site in condyles with various
stages of disease using scanning electron microscopy (SEM).

Materials and methods

Twenty-five fetlock condyles collected at necropsy from
23 thoroughbred racehorses that were racing, training or
involved in accidents at the time of death or euthanasia were
used in the study. Twenty of the samples were from condyles
selected on the basis of radiographs for having mild, moder-
ate or severe subchondral sclerosis, and severe sclerosis with
focal radiographic rarefaction. In these samples, cartilage
collapse and osteochondrosis had not yet occurred at the
lesion site on the palmar condyle. There were five samples in
each group. These had been used to study strain patterns at
the site of failure16. An additional five condyles from three
horses with cartilage flattening, infolding or loss, indicating
more advanced lesion with subchondral bone failure typical
of ‘osteochondrosis’, were also studied.

A 4 mm parasagittal slice was cut through the lesion site
at midcondyle or just lateral to midcondyle where slices had
been taken for strain studies. Contact radiographs were
made of the slices to confirm the severity of sclerosis and
pattern of rarefaction, and look for gross microfractures and
bone collapse. Slices were digested in 7.5% bleach solution

for 24 hours to remove soft tissue. The palmar half of the
condyles were rinsed in water and ground with wettable
sandpaper followed by polishing with a cloth and powder.
Specimens were then sonicated, defatted in acetone for 24
hours and dried. Mounted specimens were sputter-coated
with gold and examined on a Phillips XL30 scanning elec-
tron microscope.

The entire sample was scanned at 30x for microcracks,
microfractures and other changes indicative of matrix fail-
ure. These were referred to as failure lesions. The palmar
injury site was identified at two thirds to three-fourths the
distance from the proximal articular margin to the apex of
the condyle. Representative fields were recorded at 30x,
100x and 800x. Additional images were collected of areas
with changes at the site. At 30x, the fields were approxi-
mately 3.5 mm in height and included the area in which
cracks and microfractures usually developed. The three adja-
cent fields above the cartilage surface were also recorded at
30x, 100x and (usually) 800x. This allowed identification of
failure lesions and comparison of matrix and lacunae in the
sclerotic lesion site and the overlying sclerotic and trabecu-
lar bone at a level as great as 14 mm. Microcracks were rec-
ognized as discrete linear cracks that were generally longer
than matrix cracks and extended across one or more osteons.
There was little or no separation but some irregularities
might be seen along the margins. Often, multiple microc-
racks were seen in a pattern that suggested stress effects.
Microfractures were longer linear defects in which a gap had
developed and fragmentation along the gap margin could be
seen. Larger microfractures could be seen radiographically.

Figure 1. Equine fetlock joint. The area on the palmar surface of
the condyle where overload arthrosis and subchondral bone failure
occurs is indicated with arrows.

Figure 2. Radiographs of 4 mm condylar slices used for SEM.
These show the spectrum of changes studied. A: Minimal/mild scle-
rosis. B: Severe sclerosis. C: Severe sclerosis with focal radiolucen-
cy/rarefaction. D: Advanced lesion with subchondral bone failure
consisting of collapse with microfracture in more dense bone
(arrow) and indentation of cartilage.
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Results

Radiographs

Radiographs confirmed that a spectrum of changes was
present in the samples examined (Figure 2). These ranged
from increasing severity of sclerosis to focal rarefaction in
the sclerotic zone and collapse of subchondral bone with car-
tilage flattening or infolding. In one of the more severely
affected samples there was a radiolucent microfracture par-
allel to the articular surface in more dense bone (Figure 2).

Matrix and osteocyte lacunae

Matrix changes were difficult to distinguish from possible
processing artifact but some observations were made. The
palmar site often had increased prominence of the lamellar
pattern in the bone just above the calcified cartilage layer in
the sclerotic zone. Milder change was seen at the same level
of the subchondral bone away from the lesion site. This
change was seen in all groups but considered to be more eas-
ily distinguishable with increasing severity of sclerosis. It was
not seen in the trabecular bone at higher levels. The change
was attributable to a more coarse appearance of the matrix
with fine transverse cracks separating collagen fibers within
the lamellae making the osteonal pattern more prominent.
Fine, spider-like cracks could also be found in the adjacent
matrix. This pattern suggested fine cracks developed from
drying and shrinkage, i.e., loss of water and/or other compo-
nents of the non-collagenous matrix. These fine cracks
sometimes involved the margins of osteocyte lacunae but did
not appear to be centered here. Generally, osteocyte lacunae

and canaliculi varied somewhat in appearance but no consis-
tent changes were appreciated in comparing lacunae in sub-
chondral bone from samples with varying severity of sclero-
sis and lesions. Nor were changes seen in comparing lacunae
in the subchondral bone to those in the overlying trabeculae.

Microcracks and microfractures

No failure lesions were seen in the groups with mild, mod-
erate or severe sclerosis (Figure 3). Lesions consisting of
sub-gross cracks, i.e., microcracks or microfractures were
seen in three of the five samples in the group with severe
sclerosis and rarefaction, but a distinct fracture gap was pres-
ent in only one of these. Sub-gross cracks were seen in all
five of the samples from the group of condyles with more
advanced lesions in which cartilage flattening, infolding, or
erosion had occurred. A microfracture with a distinct gap
was visible in four of the five.

The smallest and presumably earliest microcracks in the
subchondral bone were within 1-3 mm of the calcified carti-
lage layer. Developing cracks extended parallel to the surface
in irregular lines with minor branching. As the crack enlarged
to become a microfracture, fragmentation of the edges at the
sites of irregularity and development of gaps was seen (Fig-
ure 4). The mismatched edges of the microfracture indicated
where there had been loss as well as fragmentation of bone as
a gap developed. In some failure lesions, evidence of osteo-
clastic erosion was found (Figure 5) indicating there had been
activation of remodeling at the site. Generally, however, the
smaller, earlier cracks and microfractures found in the dense,
sclerotic bone just above the calcified cartilage layer had no
evidence of osteoclastic resorption.

Figure 3. Unaffected palmar subchondral bone site from a sample
in the group with mild sclerosis. Non-calcified articular cartilage is
present at the bottom (arrowheads). The interface of the calcified
cartilage and bone can be seen in places (arrows).

Figure 4. Subchondral bone with microfracture lines and early col-
lapse in a sample from the group with severe sclerosis and focal
rarefaction. Note multiple cracks and fragmentation of bone with
formation of gaps within fracture lines.
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In one incompletely ground sample, a cavity could be visu-
alized in the fracture gap in which bone fragments as well as
an entrapped vessel were present (Figure 6). The fragments
had rounded, smooth surfaces that appeared to be the result
of a chronic grinding action. The margins of the gap were
rounded and smooth as well (Figure 7). They were surround-
ed by enlarged vascular channels and osteoclast resorption
sites. This sample was from a horse that was killed because of
catastrophic injury to the contralateral front leg. This indicat-
ed that the animal had been active in racing or training and
there was little disability associated with the failure lesion.

The overlying cartilage was generally intact. Enfolding of
the cartilage occurred when there was loss of the subchon-
dral bone, apparently as a result of mechanical grinding or
compaction of fragments in the gap of a more extensive
microfracture. At one indented site, a perpendicular fracture
through the calcified cartilage layer was connected to the
microfracture and associated with further infolding (Figure
8). There were multiple fragmentation lines and a compact-
ed appearance in the overlying layer of bone (Figures 8,9).
There was little or no evidence of woven bone or other reac-
tive change at the failure site. However, evidence of osteo-
clastic enlargement of vascular canals was often seen in the
bone above the failure lesion site (Figure 10). These could
be recognized radiographically as a halo of radiating chan-
nels around the failure site (Figure 2).

Discussion

In this SEM study of subchondral bone failure, a spectrum
of changes was seen that suggested the sequence of changes

in the development of microfractures and collapse of bone.
The shortest and presumably earliest microcracks were seen
in the sclerotic bone within 1-3 mm of the cartilage cover.
This was in the center of the area in which there was a pro-
gressive increase in the radiographic density of trabeculae
and subchondral bone plate. There is often a zone of pallor
in the bone at this site and debris-plugged marrow vascular
channels and devitalized bone can be seen histologically14.

Figure 5. Higher magnification of area along the developing
microfracture in Figure 4. Note mismatched surfaces (arrows) and
fragmentation of margins indicating fracture gap has collapsed.
Osteoclastic erosion sites (arrowheads) were seen in larger devel-
oping cracks and indicated there had been remodeling at the site.

Figure 6. Incompletely ground sample from group with advanced
lesions shows gap in defect containing smoothly ground fragments
of subchondral bone. (Region of interest in block is magnified in
Figure 7). Enlarged vascular canals and resorption sites (arrows)
indicate there has been activated remodeling around the more
chronic defect.

Figure 7. Higher magnification of microfracture gap with
entrapped vessel from Figure 6. Note smooth edges on ground
fragments indicating chronic wear on the surfaces.
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Ischemia and poor perfusion through the sclerotic matrix
has been proposed as the cause of this devitalization14,15.
Although devitalized bone can be recognized histologically
by loss of osteocytes, no consistent changes in osteocyte lacu-
nae could be appreciated in the ground sections used for
scanning microscopy. Matrix change may make the site sus-
ceptible to microcracking. The only matrix variation seen in
this SEM study was the fine cracks seen within the lamellae
and interstitial matrix that were found in the zone above the
calcified cartilage and considered more distinguishable in
the samples with increasing sclerosis. This change suggested
a drying artifact that made the osteonal collagen/lamellar
patterns of the bone more prominent. Because drying was
involved in the preparation of these samples and no controls
were available, this was most likely an artifact of processing.
The greater prominence of the change in the bone above the
calcified cartilage may reflect increased grinding and polish-
ing required in the sclerotic bone. It is a possibility, however,
that the change itself, or the artifact of processing, is attrib-
utable to the loss of water and/or other non-collagenous
matrix components at this site in vivo. This would be com-
patible with decreased perfusion through thickened bone
that contains dead osteocytes and plugged canaliculi. Addi-
tional studies are needed to clarify this point.

Mechanical forces are no doubt responsible for the devel-
opment of microcracks at this site. It has been shown that
exercise in young horses leads to increased diffuse basic
fuchsin staining indicative of microdamage at the palmar site14

and there is evidence of stimulated remodeling at the cartilage
bone interface where sclerosis develops17. More dense bone is

seen clinically18. The forces at the site are probably complex.
When ex vivo slices of sclerotic condyles were subjected to
direct compression perpendicular to the articular surface,
there was a transfer of strains through the sclerotic zone to the
overlying trabeculae. No consistent change was seen at the
lesion site16. More complex force patterns must be involved

Figure 8. Subchondral bone microfracture at the site of collapse
and indentation of cartilage (arrowheads) in a sample from the
group with advanced lesions. A fracture line through the calcified
cartilage (lower left) is associated with further infolding.The layer
of bone above the microfracture has multiple fragmentation lines
and a compacted appearance (outlined by arrows).

Figure 9. Higher magnification of subchondral bone microfracture
with collapsed matrix from Figure 7. Bone matrix above the
microfracture line has multiple fine cracks (arrowheads) and a
compacted arrangement. Also note continued fragmentation of
fracture margins in the gap.

Figure 10. Larger vascular canals with osteoclastic resorption sites
(arrowheads) were often seen at higher levels in the subchondral
bone (from sample in the group with advanced lesions). The
enlarged vascular canals were recognizable radiographically.
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during joint motion that focus forces on this site.
The smallest microcracks appeared to perpetuate across

osteonal boundaries to become larger microfractures. These
developed gaps as fragmentation occurred along their mar-
gins. In some of these, evidence of osteoclastic resorption was
seen. This implies that there was access to this area by viable
adjacent tissue bearing such cells. Mismatched fracture mar-
gins at the sites of erosion indicate that erosion weakened the
matrix. Riggs et al.19 have studied this condylar lesion and
found sites of resorption at an interface between hypermin-
eralized bone and bone of normal mineral density about 2
mm above the calcified cartilage. They suggest this was
induced by microdamage from excessive shear at the inter-
face and weakens the site. This is compatible with the occur-
rence of Howships lacunae in the microfractures seen in the
present study. The original site of failure may vary. Perhaps
smaller microcracks originate in the sclerotic zone and gaps
develop when they extend to areas of resorption that has
weakened the bone. Alternatively, the resorption may be a
remodeling response to the microdamage itself and the
resulting bone loss has contributed to the progression of
these more long-standing lesions.

In the sample in which total collapse had not occurred, the
cavity of fragments with rounded edges indicated movement
and grinding had occurred over a period of time. The fact
that this sample came from a horse still racing suggests that
there was no significant lameness associated with such a
lesion or that there was anesthesia at the site that allowed
continued abuse mechanically. Along with the lack of reac-
tive change such as woven bone formation, these changes are
compatible with devitalized bone. In ex vivo compressive
loading of a condyle in which a crack had developed at the
site, it closed and opened freely on loading and unloading
with off-scale shear strains16. This opening and closing action
is presumably responsible for the grinding of fragments in
the gap. The development of a gap with fragmented matrix
probably corresponds to the stage at which focal radiolucen-
cy develops in the sclerotic zone. The osteoclastic erosion
seen in vascular channels above the sclerotic zone corre-
sponds to the enlargement of radially arranged vessels seen
radiographically. Such erosion increases porosity within the
sclerotic subchondral bone which is usually approximately
80% bone14. This allows for the compaction of the matrix as
collapse of bone occurs. The collapse of matrix appears to
occur primarily above the microfracture where multiple
microcracks and fragmentation lines could be found in the
compacted matrix. The compacted bone may account for the
increased radiodensity sometimes seen beneath the indented
surface at the lesion site. Additional cracks through the cal-
cified layer were associated with the infolding of cartilage.
These may have been contributory to the infolding or result-
ed from it. The indentation and infolding of cartilage lead to
the later fragmentation and loss typical of ‘traumatic osteo-
chondrosis’.

In summary, this SEM study of subchondral bone failure
in overload arthrosis suggests that small cracks develop into

larger fractures as cracks branch and fragmentation occurs
at the crack margins. The process is accompanied by activa-
tion of remodeling and osteoclastic resorption may con-
tribute to weakening of the site. Collapse of bone is attribut-
able to compaction of fragmented bone along the fracture
margins. This allows flattening, indentation and enfolding of
the superficial cartilage at the site.
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