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Abstract

The repetitive large loads generated during high-speed training and racing
commonly cause subchondral bone injuries in the metacarpal condyles of
racehorses. Adaptive bone modelling leads to focal sclerosis at the site of highest
loading in thepalmar aspect of the metacarpal condyles. Information on whether and
how adaptive modelling of subchondral bone changes during a racehorse’s career is
sparse. sl hesaim:of this cross-sectional study was to describe the changes in
subchondralbene micromorphology in the area of highest loading in the palmar
aspect of the metacarpal condyle in thoroughbred racehorses as a function of age
and training. Bone morphology parameters derived from micro-CT images were
evaluatedusing principal component analysis and mixed-effects linear regression
models. Theslargest differences in micromorphology were observed in untrained
horses between'the age of 16 and 20 months. Age and duration of a training period
had no influence on tissue mineral density, bone volume fraction and number and
area of closed pores to a depth of 5.1 mm from the articular surface in 2 to 4-year-
old raceharses in training. Horses with subchondral bone injuries had more pores in
cross-section than horses without subchondral bone injuries. Differences in bone
volume fraction were due to the volume of less mineralised bone. Tissue mineral
density increased and bone volume fraction decreased with increasing distance from
the articular surface up to 5.1 mm from the articular surface. Further research is
required to-elucidate the biomechanical and pathophysiological consequences of
these gradients,of micromorphological parameters in the subchondral bone.

Introduction

Subchondral bone injuries (SCBI) are common in the metacarpal condyles of
racehorses. andmay result in articular surface damage and/or intra-articular fractures
(Pinchbeck=et-al:, 2013, Barr et al., 2009, Riggs et al., 1999a) (Muir et al., 2008,
Stepnik et:als:2004). As such they pose an animal welfare problem and cause
financial losses to the racing industry (Senat, 1991, Trope et al., 2011). These
injuries are fatigue injuries that develop as a consequence of the repeated
application of large loads generated in the fetlock (metacarpophalangeal) joint during
high speed training and racing (Riggs et al., 1999a, Radtke et al., 2003, Whitton et
al., 2010, Harrison et al., 2010). Adaptive bone modelling in response to these loads
leads to focal sclerosis at the site of highest loading in the palmar aspect of the
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metacarpal and metatarsal condyles (Firth et al., 2005, Bogers et al., 2014, Harrison
et al., 2010, Riggs and Boyde, 1999). The interaction between this focal sclerosis
and subchondral bone injuries is still debated (Norrdin et al., 1998, Riggs et al.,
1999a, Whitton et al., 2013, Boyde, 2003). It has been speculated that the gradient
of bone volumefraction between sclerotic and non-sclerotic bone may lead to focally
increased straing with subsequent damage accumulation (Riggs et al., 1999a).
However, sclerosis may be protective as higher bone volume fraction of trabecular
bone is associated with increased fatigue resistance (Fatihhi et al., 2015, Rapillard et
al., 2006).

In young racehorses bone adapts quickly to the loads of training. The majority of
metacarpal diaphyseal new bone in a group of Thoroughbred fillies was produced
within the firstsnine weeks of race training, which included cantering at approximately
8.9 ms™" butsnet'yet galloping at or near racing speed (Boyde and Firth, 2005). A
plateau period may be reached after this initial adjustment as subchondral bone
mineral density'was similar in horses undergoing 18 weeks or 18 months of treadmill
exercise but in both groups was higher than in untrained control horses (Firth et al.,
1999a, Firth et al., 1999b). The phenomenon of rapid early adaptation of bone to
loading followed by a plateau effect is further supported by laboratory experiments.
The majerity of new bone production in mouse tail vertebrae under cyclic loading
occurred within the first ten weeks of loading with little new bone production
thereafter, though care is required comparing rodent and equine bone due to the
absence ofsosteonal remodelling in rodents (Lambers et al., 2013).

The morphology of the equine metacarpal condyle has been described in detail but
information on how this morphology changes with age and training remains sparse
(Rubio-Martinezet al., 2008, Leahy et al., 2010, Riggs et al., 1999b, Boyde et al.,
1999). Focalincreased bone volume fraction (sclerosis) in the palmar aspect of the
metacarpakeondyles was associated with closure of smaller marrow spaces and
vascular canals (pores) in one study, and increased vascularisation associated with
sclerosis and less of marrow spaces in another study (Boyde and Firth, 2005,
Norrdin et al., 1998). Furthermore, the time from rapid early adaptation to training to
the plateau phase, and the load required to stimulate this adaptation, is still
unknown. Knowledge of these factors would allow safer training of horses at a level
where their bones adjust best to the demands of racing.
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The aim of this cross-sectional study was to describe the morphology of the palmar
aspect of the metacarpal condyle in Thoroughbred racehorses of different ages. We
included young untrained horses and trained 2 to 4-year-old horses. We
hypothesised that 1) the subchondral bone becomes increasingly sclerotic as a
racehorse’s'career progresses with age; 2) the most dramatic increase in sclerosis
occurs within a few weeks of commencing training in the 2 year old horses; 3) tissue
mineral density decreases with increasing sclerosis due to the slow process of
osteoid mineralisation; 4) the area of pores but not the number decreases with

increasing sclerosis due to infilling of existing marrow spaces.
Materials and Methods

Horses

Metacarpal condyles were collected from a convenience sample of Thoroughbred
racehorses from Victoria, Australia, that died or were euthanized for reasons
unrelated to this study between October 2009 and February 2013. Horses were
included if they.were 2 to 4-year-old, in race training, did not meet inclusion criteria
for other studies which required the metacarpi, and staff were available to collect
samples: Furthermore, a convenience sample of 1 and 2- year-old Thoroughbred
horses that were bred for racing, but had not yet commenced race training, and died
or were euthanized at the University of Melbourne Equine Centre for reasons
unrelated to this study, were included as a group of untrained horses.

Fifty horsesswere included in this study (1-year-old, n = 4; untrained 2-year-old, n =
5; trained 2-year-old, n = 14; 3-year-old, n = 16; 4-year-old, n = 11). There were 25
males (16/castrated), 24 females and one of unknown sex. Causes of death or
euthanasia were musculoskeletal stress injury [n = 14; fractured proximal sesamoid
bones, fractured humerus (n = 3 each); fractured metacarpal diaphysis, fractured
pelvis (n = 2 each); fractured tibia, fractured carpal bones, fractured lateral
metatarsal condyle and ipsilateral proximal phalanx and sesamoid bones, fractured
metacarpal condyle and contralateral metacarpal diaphysis (n = 1 each)]; trauma
related to fast work (n = 1); trauma unrelated to fast work (n = 4); sudden death,
exercise induced pulmonary haemorrhage (EIPH), or ruptured major blood vessel (n
= 18); anaphylactic reaction (n = 2); gastrointestinal or respiratory disease (n = 7);

and cervical vertebral malformation or stenosis (n = 4).
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The following information was recorded for each horse: time in training since most
recent rest (weeks), number of race starts, and cause of death (euthanasia due to
musculoskeletal fatigue injury or other). Subchondral bone injury (SCBI) was graded
at post mortem examination by one observer (SM) according to an adaptation of a
previously published scheme (Barr et al., 2009). The observer was aware of the
horse’s cause of death, age and sex at the time of grading. Grading was as follows:
0 (no lesions), 1 (subchondral bone discoloration, normal overlying cartilage), 2
(subchondral bone discoloration and overlaying cartilage lesion) or 3 (subchondral
bone and overlying cartilage defect).

Specimen collection

The metacarpi were dissected free from soft tissues. The palmar aspect of the distal
condyle wassremoved with a bandsaw (HT Barnes, BMSS Butchers Machinery,
North Coburgs=VIC, Australia) by cutting in a proximo-55 palmar-distodorsal oblique
plane through the centre of rotation of the condyle. The specimens were wrapped in
gauze soaked'in saline (0.9% sodium chloride, Baxter, Old Toongabbie, NSW,
Australia; or Compound Sodium Lactate [Hartmann’s], Fresenius Kabi, Friedberg,
Germany), enclosed in ziplock plastic bags, and stored in plastic containers at -
20°Celsius (€).until further use and between steps of preparation. Specimens
underwent'a total of three freeze-thaw cycles between collection and micro-CT

image acquisition.

Leg allocation

One leg per horse was selected for the study. For all but two 4-year-old horses only
one leg was available. In horses that suffered from a metacarpophalangeal joint
injury, the ‘opposite limb was used instead (n = 3). A random number table was used
to allocaterleft or right legs for all other horses as there is little evidence for side
predilectionsfor'SCBI (Barr et al., 2009, Pinchbeck et al., 2013, White et al., 1977).

Specimen preparation

The lateral condyle was used as it is less commonly and less severely affected by
SCBI than the medial condyle (Trope et al., 2011, Tull and Bramlage, 2011,
Pinchbeck et al., 2013). The hyaline cartilage was removed with a scalpel blade. A
cylindrical specimen with a diameter of approximately 6.7 mm was cut using a
diamond coated core drill bit (#102075, Starlite Industries Inc, Rosemont, PA, USA)
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mounted on a drill press (3/4 HD 16 Speed Bench Dirill Press, Carba-Tec Melbourne
Pty Ltd, Springvale, VIC, Australia). Bone cylinders were located 3-5 mm posterior to
the transverse ridge and centred in the middle third of the condyle with the cylinder’s
long axis perpendicular to the articular surface (Fig. 1). The cylinders were cut to a
length of*7-8'mm using a diamond coated wavering blade mounted on a low speed
saw (IsoMet, Buehler, Lake Bluff, lllinois, USA). Cold tap water was used at all times

for cooling and hydration during drilling and cutting.

The specimensof a 3-year-old horse was damaged during drilling, and therefore
excluded from analysis.

Micro computed tomography

Image acquisition

Specimens were thawed to room temperature and micro-CT scans were acquired
with an ex vivo micro-CT scanner (SkyScan 1172, Bruker-microCT N.V., Kontich,
Belgium). Specimens were scanned in air in a 5 ml polypropylene tube, held in place
with clay so.thatithe specimen long axis was aligned with the scanner axis of
rotation. The ‘articular surface was upper most and a drop of physiological saline
(Compound Sedium Lactate [Hartmann’s], Fresenius Kabi, Friedberg, Germany) was
placed onto it.to'ensure hydration during scanning. Specimen stage temperature
reached approximately 27 ° Celsius during image acquisition resulting in partial
evaporation of the saline. The ensuing high humidity in the polypropylene tube

maintained specimen hydration while allowing scanning in air.

Images were.acquired with a 4.87 um pixel size, a 2000 x 1333 matrix, 0.5 mm
aluminiumdfilter, set x-ray tube potential 70 kV, set tube current 140 A, rotation step
0.40°, image acquisition over 180 °and exposure time of 750 ms resulting in a scan
time of approximately 38 min per specimen. Frame averaging was set at 3, and
random movement to reduce ring artefact was set at 20. The imaged field of view of
approximately 6.mm in length was smaller than the specimen length and chosen to
include the entire articular surface and as much of the specimen as possible.

Image reconstruction
Projection images were reconstructed using software provided by the manufacturer
(Nrecon version 1.6.6.0, Bruker-microCT, Kontich, Belgium). The following settings

were used: dynamic image range min 0 to max 0.156911 attenuation coefficient, ring

This article is protected by copyright. All rights reserved



186
187
188

189
190
191
192
193

194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212

213
214
215
216
217

artefact reduction 10, beam-hardening correction 51%, and no smoothing. Pixel size
remained at 4.87 um after reconstruction. The software automatically determined

misalignment compensation for each specimen individually.

Phantoms.of 0.25 g cm™ and 0.75 g cm™ calcium hydroxyapatite (Bruker-microCT,
Kontich, Belgium) were scanned, and images reconstructed and filtered (see section
Image analyses) under the same conditions and software settings as the bone
specimens=images of the phantoms were used to calibrate the software (CTan

1.13.15.1+;Bruker-microCT, Kontich, Belgium) for mineral density calculations.

Image analyses

Multiplanarreconstructions of the images were viewed in three orthogonal planes in
custom software (DataViewer 64 bit, version 1.4.4.4, Skyscan, Kontich, Belgium).
Images were aligned so that the long axis of the specimen was parallel to the z-axis
and assessed for the presence of microcracks, high-density lines at the articular
surface, and concentrations of pores within dense bone or concentrations of pores of
different size.and shape than the surrounding pores. Microcracks were defined as
disruption'oef the normal anatomy by small lucent lines arising from the articular
surfacelat'anoblique, usually 45°, angle or a comminuted, saucer-type fracture
parallel to thejoint surface (Muir et al., 2008, Turley et al., 2014, Williamson et al.,
2017). Some of these cracks are filled with highly mineralised tissue and are
observed on micro-CT as high-density lines at the articular surface and have been
described in equine joints subjected to high loads (Laverty et al., 2015, Williamson et
al., 2017, Bani Hassan et al., 2016). These lines can be perpendicular or oblique to
the articular surface and may or may not protrude into the hyaline cartilage. Pores
consist of marrow spaces separating trabeculae and resorption cavities that are the
result of oSteoclast activity and of different size and shape than marrow spaces
separatingstracebulae (Boyde and Firth, 2008). The presence or absence of clusters
of the latterwas recorded.

Furtherlanalysis of the aligned images was performed with proprietary software
(CTan 64 bit, 1.13.15.1+, Bruker-microCT, Kontich, Belgium). Three volumes of
interest (VOI) were defined in each specimen. VOI diameter was 1092 pixels (5.3
mm) in the centre of the specimen. Volume of interest length was 350 slices (1.7
mm) and all VOIs were contiguous. The distal VOI was chosen to include the distal

This article is protected by copyright. All rights reserved



218
219
220
221

222
223
224
225
226
227
228
229
230
231
232
233

234
235
236
237

238
239
240
241
242
243

244
245
246
247
248
249

most slice that contained articular surface. The VOI diameter of the distal most slices
was individually adjusted to accommodate the curvature of the articular surface
resulting in slight variation of size of the distal VOI (mean 34.8 pm?®) while all middle

and proximal VOIs measured 37.8 um?® in size.

Prior to segmentation required for assessment of bone morphometric parameters
images were filtered with a median filter in the 3D space using a radius of three
pixels. Volumes:of interest were thresholded using a global thresholding method in
CTAN. The upper range of the thresholding area was set at 255 for all VOIs. The
lower end/of the range was set subjectively by the same operator (SM) for each
specimen and each VOI individually. Specimens were segmented in the same order
as for micro-CT image acquisition. For each specimen the distal VOI was segmented
first followedsby:the middle and proximal VOlIs. The value for the lower end of the
range wassehesen for the segmented image to visually best match the original
greyscale image. All pixels within the set range of greyscale values were assigned
as mineralized'bone and all pixels below the lower end of the range were set as

background (i.e.pores consisting of marrow spaces and vascular canals).

The following"8D structural parameters were determined with custom software
(CTAnN, InternalPlug-Ins, 3D analysis): bone volume fraction (BV/TV, in %), specific
bone surface (BS/BV in mm™), bone surface density (BS/TV in mm™) and tissue

mineral density (TMD, in g/cm?®).

The numberoficlosed pores (clporestra) and the area of closed pores (aclporestra in
mm?) in cross-section were determined as 2D parameters. A closed pore is an area
of background pixel values (i.e. non-mineralised marrow spaces and vascular
canals) thatiis'completely enclosed by mineralised bone. The average value of the
100 distal'most slices in each VOI was calculated for both parameters. The 100

distal most slices with maximum diameter were used in the distal VOI.

The original-greyscale images were then thresholded again, this time using the two-
level Otsu method in CTAN. The lower two-level Otsu thresholding value was
replaced with the above used manually determined lower thresholding value for
consistency. The upper range of the thresholding area was set at 255 as above. This
divided the mineralised bone into highly mineralised and less mineralised bone. The

tissue mineral density and volume fraction of the highly mineralised bone (hTMD and
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hBV/TV, respectively) and the less mineralised bone (ITMD and IBV/TV,

respectively) were determined as above.

Data analyses

The distribution of continuous variables was assessed by examining histograms.
Mean and standard deviation were calculated for all micro-CT parameters. Outliers
were defined as more than two standard deviations from the mean. To assess
whetherdinearrelationships were appropriate, we visually inspected scatter plots
between pairs.of continuous variables. Linear relationships were deemed
appropriate for all relationships between continuous variables without requiring
transformation. Box plots of the micro-CT parameters stratified by categorical

explanatory variables (e.g. sex) were also generated.

To assessseorrelations between variables, we performed a principal component
analysis (PCA) on the ten micro-CT parameters. The scree test, Kaiser criterion
(eigenvalues>T1) and proportion of variance were used to determine the number of
meaningful principal components. The first three components, accounting for 93.8%
of the total variance of the observed variables, were retained for further inspection
(Fig. 2). These,were component 1 —BV/TV, IBV/TV, BS/BV, and area of closed
pores (56:6% of variance); component 2 — TMD, hTMD, and ITMD (26.3%); and
component 3 — hBV/TV, BS/TV, and number of closed pores (10.9%). Normally, we
would use PCA to reduce the observed micro-CT parameters into a smaller number
of principalseomponents (artificial variables); however, this can result in difficulties
with interpreting such an artificial variable. Thus, we chose representative variables
from each/principal component for further analyses: BV/TV (component 1), TMD
(component 2),"and hBV/TV and number of closed pores (component 3).

The four selected micro-CT parameters (outcome variables) were assessed with
mixed effects linear regression models to investigate the effects of the explanatory
variables.- age, sex, weeks in training since last rest period (grouped into 1 to 9
weeks, 10 to 14 weeks, 15 to 20 weeks, and unknown), number of starts, presence
or absence of SCBI, and whether a horse was euthanized because of a
musculoskeletal stress injury. A random effects term was included in the model to
account for the repeated measures (VOIs) per specimen. Univariable linear
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regression was performed for each outcome variable with all explanatory variables.
Explanatory variables with P<0.25 were included in the initial multivariable model.
Variables were then excluded one by one in a step-wise backwards manner and
retained if P<0.05. Variables excluded during this final step were re-entered into the
model one bysone and retained in the final model as confounders if they changed the
coefficient'of a variable in the model by more than 20%. Biologically plausible
interactions of variables in the final model were tested one by one and retained in the
model if P<0.05. The standardised residuals of the final model were tested for
normality by, visual inspection of the histogram.

Scatterplots of the relationships between BV/TV and TMD as well as number and
area of closed pores in cross-section revealed clustering by VOI. Hence, to assess
the relationship between these variables linear regression models were fitted,
stratified by VOI. Statistical analyses were performed using Stata (Small Stata
version 14.2, StataCorp, College Station, TX, USA).

Results

Horses

The three"youngest 1-year-old horses in the study (16 to 20 months old) were
outliers for multiple parameters. Outliers had lower bone volume fraction and larger
pores than'the remaining horses (Fig. 3, Table 1). Bone micro-CT morphology
parameterssforthe untrained 2-year-old horses were closer to those of the trained 2-
year-old horses'than to those of the untrained 1-year-old horses (Table 1). Because
of the largée differences between untrained 1-year-old and untrained 2-year-old
horses and the low numbers of horses in these subgroups, untrained horses were
excluded from further statistical analyses.

Of the available.trained horses 20 were female, six entire males, 13 castrated males
and the'sex of one horse was unknown. Mean + standard deviation of weeks in
training was 11 * 4 (n = 32). Nineteen horses never started in a race and the number
of starts was unknown for two horses. Mean * standard deviation of number of starts
for the horses that had at least one start was 7 £ 4 (n = 19). Thirteen horses were
euthanized due to musculoskeletal stress injuries.
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Visual assessment of micro-CT images

Nine horses had grossly visible SCBI within the specimen (grade 1, n = 7; grade 2, n
= 2). On micro-CT, seven horses had observable microcracks (Fig. 4B), all of which
had SCBIgrades > 0. Microcracks consisted of a network of zigzagging cracks in a
plane approximately parallel to and 0.5 to 1.5 mm from the articular surface. Six
horses had high-density lines at the articular surface (Fig. 4A), five of which also had
microcracks. Eight horses had concentrations of pores within dense bone or
concentrations,of pores of different size and shape than the surrounding pores (Fig.
4C).

Mixed linear regression of representative variables

Table 2 presents results from the four multivariable mixed-effects linear regression
models of factors affecting total bone volume fraction, bone volume fraction of highly
mineralized bone, tissue mineral density and number of closed pores.

In the model predicting bone volume fraction, BV/TV was lower in each VOI with

increasing distance from the articular surface.

In the model predicting tissue mineral density, TMD increased in each VOI with
increasing. distance from the articular surface. Confounders retained in the final
model included whether a horse was euthanized due to a musculoskeletal stress

injury, and horses with unknown weeks in training.

In the model predicting volume fraction of highly mineralized bone, hBV/TV was
lower in the.distal VOI than in the middle and proximal VOlIs but was not different
between middle'and proximal VOIs (Fig. 5, Table 2). Specifically, hBV/TV was
between 45:7%'and 55.1% in all horses in the middle and proximal VOIs and in half
of the horses also in the distal VOI. The other half of the horses had hBV/TV
between 31.0%.and 45.1% in the distal VOI, and most of these horses (19 of 20)
also had the highest BV/TV (> 96.5%). None of the horses with volume fraction of
highly mineralized bone < 42% (n = 16) in the distal VOI had SCBI. When these 16
horses were removed, there was no difference in volume fraction of highly

mineralized bone between horses with and without SCBI (P = 0.8).
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In the model predicting number of closed pores in cross-section, horses with SCBI
had more pores in cross-section than horses without SCBI.

Relationship*between tissue mineral density and bone volume fraction

A positive correlation was found between bone volume fraction and tissue mineral
density in the"distal VOI (R? = 0.30, P < 0.001) (Fig. 6). This relationship was also
positive fon less mineralised bone (R? = 0.45, P < 0.001) but negative for highly
mineralised.bone (R? = 0.34, P < 0.001). No correlations were found in the remaining
VOls for tissue.mineral density (middle VOI: P = 0.17; proximal VOI: P = 0.7), less
mineralized'bone (both VOlIs: P = 0.08) and highly mineralized bone (middle VOI: P
= 0.9; proximal'VOI: P = 0.5).

Relationship between area and number of closed pores in cross-section
The relationship between number and area of closed pores in cross-section was
positive in the.distal (R = 0.61, P < 0.001), positive in the middle (R? = 0.10, P =
0.051) and:négative in the proximal (R? = 0.20, P = 0.004) VOI (Fig. 7).

Discussion

We found that in 2 to 4-year-old thoroughbred racehorses in training, age, duration of
training sinee the last period of rest, and the number of starts had no influence on
micromorphology of the subchondral bone up to a depth of 5.1 mm in the palmar
aspect of the lateral metacarpal condyle in the area subjected to the highest loading.
The largest difference in bone micromorphology was between untrained horses of 20
months'of'age or less and older untrained horses suggesting adaptation to loading
occurs earlier than expected. In horses in training, tissue mineral density increased
and bone volume fraction decreased with increasing distance from the articular
surface but there was only a weak correlation between these two parameters in the
distal VOLand none further away from the articular surface. The amount of highly
mineralised bone was similar in all horses in the middle and proximal VOI and half of
the horses in the distal VOI. A greater number of closed pores was associated with
a larger area of closed pores in the distal VOI, but with a smaller area of closed
pores in the proximal VOI. Furthermore, the number of pores remained constant with
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increasing distance from the articular surface but horses with SCBI had more pores
than horses without SCBI.

There was a lack of influence of age and training on the subchondral bone from the
palmar aspect of the mid condylar region of the third metacarpal bone. This is
consistent with.a previous study where age and cumulative racing activity had limited
influence on micromorphology of subchondral bone in Thoroughbred racehorses
(Muir et-al5=2008). Thoroughbreds at 16 to 20 months of age are still growing, but
they are alsedlikely to be transitioned from uncontrolled paddock exercise to the
breaker where they undergo limited controlled exercise with a rider as they are
educated and possible pre-training where the volume of controlled exercise is
gradually increased. We did not account for exposure to the breaker and pre-training
because ofitheslow number of horses in the untrained group. The effect of controlled
unridden andsfidden exercise including breaking-in and pre-training on the bones of
foals is controversial. Metacarpal subchondral bone histology and CT appearance
were similarin 8-month-old Thoroughbreds whether or not they underwent
controlled/unridden exercise from the age of three weeks, but age had an influence
on volumetric bone mineral density, again independently of whether or not horses
underwent controlled exercise (Kawcak et al., 2010, Dykgraaf et al., 2008, Firth et
al., 2011)In another study, horses never exposed to the breaker or any training had
a lower bone volume fraction in the metacarpal epiphysis than horses exposed to the
breaker and race training but it remains unclear at which stage during breaking-in
and early racettraining bone volume fraction increased (Boyde and Firth, 2005).
Further researeh is required to elucidate the natural development of the subchondral
bone as horses mature skeletally and how breaking-in and pre-training influences

this maturation.

The relationshipof increasing tissue mineral density and decreasing bone volume
fraction withsinereasing distance from the articular surface, observed in this study, is
similar in_hoerses at different stages of their career. This may not solely be a function
of new boneproduction with initial adaptation to the high loads of racing and training.
Periodic high bone turnover has been documented in the distal VOI when the
stresses of training are removed during rest periods (Holmes et al., 2014). Contrary
to our hypothesis, tissue mineral density was higher with greater bone volume
fraction in the distal VOI and there was no correlation between bone volume fraction

This article is protected by copyright. All rights reserved



416
417
418
419
420
421
422
423
424

425
426
427
428
429
430

431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447

and tissue mineral density in the middle and proximal VOlIs. The lack of correlation in
the middle and proximal VOIs may be due to the small range of values for these
parameters in horses in our study, perhaps because the investigated area of
subchondral bone had reached maximal adaptation in all study horses in training.
Alternativelythis absence of a correlation could reflect a lack of power of our study.
Well-adapted subchondral bone may reach a plateau of tissue mineral density that
no longer changes in relation to bone volume fraction. Further investigation is
required ta determine the highest biologically possible tissue mineral density in this
area of bone.

The bone volume fraction of highly mineralised bone was remarkably similar in the
middle and proximal VOI and in half of the horses also in the distal VOI as shown by
the lack ofshorse level effect. This is consistent with a previous study where
increasingsbene volume fraction was due to infilling of marrow spaces with immature,
less mineralised bone suggestive of modelling rather than remodelling of bone
(Boyde and Firth, 2005).

We did not.expect tissue mineral density to increase with bone volume fraction in the
distal VOLThisfinding suggests that with increasing bone volume fraction the
amount of more mature bone and hence tissue mineral density increases.
Interestingly, this increase in tissue mineral density was due to a combination of a
large amount of less mineralised bone with a small amount of highly mineralised
bone with the tissue mineral density of both less and highly mineralised bone being
at the higher end of their respective range found in this study. Increased bone
turnover including resorption of highly mineralised bone could explain the presence
of a large amount of immature, less mineralised bone (Holmes et al., 2014). This
increasedbone turnover may have occurred some time prior to sampling to allow
both the less¥and the highly mineralised bone to reach the higher tissue mineral
densities observed. Alternatively, other factors such as genetics or nutrition may
determine.arhorse’s maximal achievable tissue mineral density. It remains unclear
why horses'with subchondral bone injuries clustered within the group of horses with
more recent remodelling activity in the distal VOI (lower bone volume fraction and
tissue mineral density). Further research is required to determine whether this
clustering is the cause or the consequence of subchondral bone injuries and whether
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achieving a higher bone volume fraction in the distal VOI protects from subchondral

bone injuries.

The relationship between the number and area of closed pores in cross-section was
complex and different to what we hypothesised. The positive relationship in the distal
and middle VQIs may be due to different causes than the negative relationship in the
proximal VOI. Image noise, the curved articular surface and the lower tissue mineral
density in thexdistal VOI possibly affect the results of segmentation. Very small pores
could reflectimage noise rather than true pores. In the proximal VOI, the number of
closed pores increased with decreasing area of pores. This may be due to the
infilling of larger pores around branching vessels resulting in more but smaller pores
in cross-section. Alternatively or additionally, new vascular channels may develop in
highly mineralised, mature bone. Furthermore, small resorption spaces associated
with remodelling will merge into larger pores once they increase sufficiently in size.
In the distal VOI'a decrease in size of true very small pores will not lead to more
pores because they are already too small to harbour multiple or branching vessels,
and is likely to lead to some pores dropping below the spatial resolution of micro-CT

resulting in fewer pores.

Horses with SEGBI had more pores in the distal VOI than horses without SCBI.
Microdamage associated with SCBI may segment as pores and hence artifactually
increase the number of pores. Alternatively, targeted remodelling associated with

SCBI may result in an increased number of pores representing resorption spaces.

The number.oforses with high-density lines in our study is similar to that in a study
of thoroughbred racehorses from Hong Kong where the presence of high-density
materialinfillsfin“the subchondral bone and/or mineralised articular cartilage layer
was first reported (Boyde et al., 2011). We cannot determine whether the high-
density lines in qur horses were infills or protrusions as we removed the hyaline
cartilage with a_scalpel blade prior to micro-CT imaging, which may have fully or
partially'remaved high-density protrusions. Similar high-density material infills and
protrusions have also been documented in osteoarthritic third carpal bones in
standardbred racehorses, which also undergo high intensity training (Laverty et al.,
2015).
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Non-mineralised microcracks observed in our specimens were located parallel to the
articular surface and did not extend into the articular surface as previously described
in micro-CT and microscopic studies (Williamson et al., 2017, Muir et al., 2008,
Turley et al., 2014). Removal of the articular cartilage with a scalpel blade may have
resultedin removal of some calcified cartilage and hence removal of short oblique
fractures inthislocation. Alternatively, such oblique microcracks may not have been
present in‘our small specimens from the mid-condylar area. Arrangement and
location ofithe microcracks observed in our specimens is similar to the more severe
lesions described previously as saucer-type or comminuted fractures parallel to the
articular surface with cross-hatched cracks only present at the edge of those lesion
(Turley et al.,.22014, Muir et al., 2008).

We found no=relationship between clusters of pores and other forms of subchondral
bone damage=Clusters of pores in sclerotic bone are likely a sign of focal
remodelling and have been associated with articular surface defects in equine carpal
bones previously (Lacourt et al., 2012). It remains unclear why our finding differed,
but as mentioned above the spatial resolution of our micro-CT images could be a
limiting factor. Larger numbers of horses and higher resolution imaging are required
to further investigate the role of cluster of pores in the pathogenesis of SCBI.

Limitations of this study include the use of a convenience sample, which introduced
sampling bias. We believe that this bias was kept to a minimum as exclusion from
this study was predominantly due to factors unrelated to the horse. All horses that
die or are euthanized on Melbourne metropolitan racetracks are subject to
compulsory post mortem exam. Horses from Victorian country racetracks are subject
to post mortem exam at the discretion of the attending race steward or veterinarian
due to thercostsiof transport to our facilities. Allocation to other research projects
was predominantly based on demand of the project for specimen numbers but
occasionally=would include a horse of a particular age group. Researcher
unavailability for specimen collection was independent of horse death and was kept
to a minimum.in order to maximise the available number of specimens for this study.
The cross-sectional design is another limitation as it relies on different horses
providing information on time-varying parameters such as the effect of age and
training. A longitudinal study would allow accounting for individual horse level effects

when investigating changes over time. However, ex vivo micro-CT, with the
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advantage of high spatial resolution, would no longer be possible in a longitudinal
study and would have to be replaced with high-resolution peripheral quantitative CT
(HR-pQCT). The low number of untrained horses and the lack of control of exposure
to breaking in and pre-training are further limitations, especially as bone
micromorphology seems to change most around the age of 16 to 20 months.
Furthermore, the horses in this study came from a large number of different trainers
and were exposed to different training regimes and racetrack surfaces. All these
factors influence the risk of musculoskeletal injury (Parkin et al., 2004, 2005, Cogger
et al., 2006,,Verheyen et al., 2006), and have the potential to influence subchondral
bone microamorphology. Missing data for the explanatory variables, especially weeks
in trainingslikelysreduced the power of our study. The finding that horses with
unknown weeks in training since the last period of rest had lower tissue mineral
density in all VOIs compared to horses with known weeks in training suggests the
presence of bias in training data collection. Training data collection, if not performed
prospectively, is subject to uncertainties and may lead to imprecise information on a
horse’s actualktraining programme. It is difficult to overcome this challenge as long-
term longitudinal studies would be required and trainer motivation to stay in such
studies lis likely to reduce over time. Finally, we only analysed a small area of
subchondral.bone of the metacarpal condyles. The use of ex vivo micro-CT limits
specimen size. Small increases in specimen size increase scan time markedly and
further increases in specimen size require the use of an in vivo rodent micro-CT or
HR-pQCT machine, both of which provide a larger field of view but have the

disadvantage of using larger voxel sizes with associated loss of spatial resolution.

Conclusion

We found that age and duration of training had little influence on micromorphology of
highly adapted_subchondral bone to a depth of 5.1 mm in the area of highest loading
in the palmar aspect of the metacarpal condyle in 2 to 4-year-old thoroughbred
racehorses. We observed the largest changes in micromorphology in untrained
horses between the age of 16 and 20 months and further investigations are required
to identify the main drivers for these changes. We also demonstrated that tissue
mineral density and bone volume fraction of the seemingly homogeneously sclerotic
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544  subchondral bone changes significantly over 5.1 mm from the articular surface.
545  Further research is needed to elucidate the biomechanical and pathophysiological
546  consequences of these gradients of micromorphological parameters in the

547  subchondral bone.
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682  Table 1: Mean and standard deviation of micro-CT parameters of a subchondral bone sample from the palmar aspect of the lateral metacarpal

683 condyle in untrained and trained thoroughbred racehorses.

VOI BV/TV (%) IBV/TV (%) hBV/TV TMD [TMD hTMD clporestra aclporestra BS/TV BS/BV (mm™)
(%) (g/em’) (g/em’) (g/em’) (mm?) (mm”)
Untrained horses
All prox 76.4+£9.9 254 +9.3 50913 1.06 £0.03 092+0.04 1.13+0.04 289*58 410+1.81 7.76£0.76 10.30£2.26
untrained mid 82.3+104 32.1+10.8 50.2+2.0 1.01£0.03 0.89+0.04 1.08+0.04 355+93 297+196 7.60+1.14 9.53+2.68
(n=9) dist 87.4+9.9 38.0+11.3 493+25 090+0.08 0.78+0.05 0.99+0.05 41782 239+182 7.50+246 8.98+3.97

1-year-old _ prox 69.8 +9.7 19.0 +8.7 50.7 +1.2 1.05+0.02 0.90+0.04 1.11+0.04 268 *59 531+1.70 8.18+0.44 11.93+2.09
(n=4) mid 741+£101 23.1+94 50928 1.00+£0.03 0.86+0.05 1.06+0.04 283=*96 457+187 852+0.77 11.74+2.35
dist 78.4 £7.5 28.0+8.5 50.3+2.7 0.88+£0.08 0.75+0.04 0.96+0.05 424+75 4.04+£1.13 9.68+1.26 1253270

2-year-old ““prox 81.7+6.8 306+65 51.1+15 1.06+0.03 093+0.04 1.14+0.04 30756 3.14+1.32 7.27+0.73 8.99+1.45

(n=5) mid 88.9 4.6 392+49 496+12 1.01+0.03 0.91+0.03 1.10+0.03 413132 1.68+0.66 6.86+0.79 7.76+1.22
dist 94.5 + 3.1 46.0+45 486+22 0.91+0.03 0.81+£0.02 1.01+0.04 412196 1.08+0.87 5.76+155 6.15+1.86

Trained horses

2-year-old==prox @ 87.7+48 365+6.2 51.2+20 1.08+0.04 095+0.04 1.16+0.04 386+56 2.03+0.81 6.73+0.65 7.73+1.11

(n=14) mid 93.7+27 436+35 50.1+1.6 1.03+0.04 0.92+0.04 1.12+0.04 413155 0.92+0.38 5.86+0.86 6.29+1.09
dist 97.0+14 551+69 419+57 092+0.03 0.84+0.03 1.04+0.04 39967 0.56+0.38 4.79+0.85 4.95+0.95

3-year-old [ prox 88.3+73 37679 50714 1.06 £0.05 094+0.05 1.15+0.05 378+73 1.93+1.20 6.44+0.93 7.42+1.69
(n=15) mid 93.1+42 427+46 503138 1.02+0.05 091+0.05 1.11+£0.06 361+64 1.11+£0.69 573+£1.04 6.21+£1.40
dist 96.3+2.5 53.8+79 424+6.0 093+0.04 0.84+0.04 1.04+0.05 410+112 0.58+0.47 5.09+1.51 533+1.74

4-year-old " prox 91.8+49 40.3+6.0 51.5+2.1 1.08+0.03 096%x0.03 1.17+0.03 441 +118 1.41+£0.79 611122 6.72+1.60
(n=11) mid 94.1+£3.5 444 +43 49.7+1.4 1.02+£0.03 0.92+0.04 1.12+0.04 412+116 1.12+£069 569+147 6.11+£1.81
dist 96.0+1.8 50.3+6.3 457 +4.8 0.93+0.02 0.83+0.03 1.03+0.08 462 +106 0.71+0.33 539+1.13 5.64+1.29
684  VOI: volume! of interest (5.3 mm in diameter and 1.7 mm in height); prox: proximal; mid: middle; dist: distal (includes articular surface); BV/TV: bone volume

685 fraction; IBV/TV: volume fraction of less mineralised bone; hBV/TV: volume fraction of highly mineralised bone; TMD: tissue mineral density of all mineralised
686  tissue; ITMD: tissue mineral density of less mineralised tissue; hTMD: tissue mineral density of highly mineralised tissue; clporestra: number of closed pores
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687
688

689
690
691

on cross-section (average of 100 slices); aclporestra: area of closed pores in cross-section (average of 100 slices); BS/TV: bone surface density; BS/BV:

specific bone surface; yo: year-old.

Table 2: Estimated coefficients from multivariable mixed-effects linear regression models of factors affecting total bone volume fraction, bone

volume fraction-of highly mineralized bone, tissue mineral density and number of closed pores in cross-section in the palmar aspect of the

lateral metacarpal condyle in forty 2, 3 and 4 year-old thoroughbred racehorses in training.

Variable BV/TV hBV/TV TMD clporestra
Coef (95% CI) p-value  Coef (95% ClI) p-value  Coef (95% ClI) p- Coef (95% CI) p-
value value
intercept 96.4 (95.2to <0.001 42.0 (40.8 to <0.001 0.93 (0.91 to 0.95) <0.001 387 (36510 408) <0.001
97.7) 43.2)
VOI:
distal reference reference reference
middle -29(-44t0-14) <0.001 8.1 (6.4 10 9.8)° <0.001 0.10 (0.09 to 0.10) <0.001
proximal -7.4 (-891t0-5.9) <0.001 9.2(7.5t010.9) <0.001 0.15(0.14 t0 0.15) <0.001
weeks in training:
known reference
unknown -0.04 (-0.07 to -0.02)  0.001
euthanasia 0.02 (-0.001 to 0.04)  0.051
SCBI 5.2(2.7107.7) <0.001 77 (31 to 123) <0.001
SCBI#VOI
SCBI distal reference
SCBI middle -5.3(-89t0-1.8)  0.003
SCBI proximal -55(-9.0t0-2.0)  0.002

random effects®
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horse 2.4 (1.6 10 3.5) <0.001 0.03 (0.0210 0.04)  <0.001 47 (32to 70) <0.001

# Denotes interaction between SCB and VOI. ® Variance of the random effect term. There was no horse level (random) effect for bone volume
fraction efthighly mineralized bone (P = 1.0). ® The estimated bone volume fraction of highly mineralized bone in the middle VOl is 8.1 % higher
(95% confidence interval 6.4 to 9.8) than in the distal VOI if all other variables are kept unchanged. VOI: volume of interest (5.3 mm in
diameter and 1.7 mm in height, distal VOI slightly smaller as includes curved articular surface); BV/TV: bone volume fraction; hBV/TV: volume
fraction of;highly mineralised bone; TMD: average tissue mineral density of all mineralised tissue; clporestra: number of closed pores on cross-
section (average of 100 slices); SCBI: subchondral bone injury; euthanasia: euthanized because of musculoskeletal stress injury.
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Figure legends

Fig. 1: Surface rendering of clinical computed tomography images of the palmar aspect of the distal
metacarpal condyles of the right limb of a 5-year-old Thoroughbred racehorse demonstrating
sampling location of the bone cores used for this study. (a) long axis of metacarpal bone, (b) line of
cut to collect'palmar aspect of the metacarpal condyles, the angle alpha between lines (a) and (b) is
55°. The blacksoval indicates the location of the extracted bone core with the long axis of the bone

core being at approximately 90°to line (b).

Fig. 2: Biplot of micro-CT parameters of equine subchondral bone assessed in three consecutive
volumes of interests(VOI, 5.3 mm in diameter, 1.7 mm in length). The directed arrows represent the
variables and how closely they are correlated with each other. The points represent each observation,
stratified by VOI=Their location is approximated using the scores of the observations on the first two
principal components. Two of the measures of the amount of bone volume fraction (bvtv: bone
volume fraction, Ibvtv: bone volume fraction of less mineralized bone) are positively correlated with
each other and negatively correlated with measures of bone surface (aclporestra: area of closed
pores in cross=section, bsdens: bone surface density, sbs: specific bone surface) and form
component 17of PCA. Measures of tissue mineral density cluster together in the biplot and form
component 2:in,PCA (tmd: tissue mineral density, htmd: mineral density of highly mineralized tissue,
[tmd: mineral.density of less mineralized tissue). Itmd and htmd are superimposed with each other
indicating they are colinear. Component 3 from PCA consists of the remaining bone volume fraction
measure (hbvivi-bone volume fraction of highly mineralized bone), as well as number of closed pores
in cross-section’(elporestra) and bsdens (which loads stronger in component 3 than in component 1).
Note the clustering of VOIs indicating changing micromorphology with increasing distance from the

articular surface.

Fig. 3: Unfiltered.dorsal plane single slice micro-CT images (4.7 um nominal pixel size) of
subchondral bone,from the palmar aspect of the lateral metacarpal condyle from thoroughbred
racehorses. The images have been rotated to align the long axis of the specimen vertically. The
articular surface. is at the top. A: untrained 1-year-old, B: untrained 2-year-old, C: trained 2-year-old,
D: trained 3-year-old, E: trained 4-year-old. The bar is 1 mm long.

Fig. 4: Unfiltered'dorsal (top) and transverse plane (bottom) micro-CT images (4.7 pm nominal pixel
size) of the subchandral bone in the palmar aspect of lateral metacarpal condyle from thoroughbred
racehorses i training. In dorsal plane images the articular surface is at the top. A: high-density line at
the articular surface in a 2-year-old without subchondral bone injury; the uneven shape of the
transverseiimage is due to the curved articular surface, B: microcracks in a 3-year-old with
subchondral bone'injury, C: a cluster of large pores is present in a band parallel to the articular
surface in a 3-year-old without subchondral bone injury.

Fig. 5: Predicted margins of bone volume fraction of highly mineralized bone with 95% confidence
intervals as a function of subchondral bone injury (SCBI). Horses with SCBI had a higher amount of
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highly mineralised bone in the distal volume of interest than horses without SCBI (interaction effect P
= 0.003). No differences were observed in the middle and proximal volumes of interest. Volume of

interest (5.3 mm in diameter, 1.7 mm in length): 1: distal; 2: middle; 3: proximal.

Fig. 6: Scatter plot of tissue mineral density as a function of bone volume fraction with linear
regression line for each volume of interest (VOI, 5.3 mm in diameter, 1.7 mm in length). The linear
correlation wasronly statistically significant in the distal VOI (circles, dashed line): tissue mineral
density = 0.12 + 0.008 x bone volume fraction, R?=0.30, P < 0.001, 95% Cl -0.29 to 0.52 (intercept)
and 0.004 to 0.013 (coefficient) but not in the middle (P = 0.17, triangles, solid line) and proximal VOls
(P = 0.8, squares, dotted line).

Fig. 7: Scatter plot of number of closed pores in cross-section (clporestra) as a function of area of
closed pores inseross-section (aclporestra) with regression lines for each volume of interest (VOI, 5.3
mm in diameter/ 1.7 mm in length). Distal VOI (circles, dashed line): clporestra = 304 + 192 x
aclporestra, R¥= 0.61, P < 0.001, 95% CI 267 to 340 (intercept) and 141 to 242 (coefficient). Proximal
VOI (squares, dotted line): clporestra = 469 - 39 x aclporestra, R? 0.20, P = 0.004, 95% Cl 416 to 522
(intercept) and=6510 -13 (coefficient). The linear relationship between number and area of closed
pores in crogs-section was not statistically significant in the middle VOI (P = 0.051, triangles, solid

line).
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