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ARTICLE INFO ABSTRACT

Keywords: Bone adaptation is in part driven by mechanical loading, and exercise during youth has been shown to have life-

Equine long benefits for bone health. However, the development of early exercise-based interventions that reduce the

]éoneth incidence of fractures in racing horses is limited by the lack of characterization of normal development in
TOW!

growing bone. Previous efforts to quantify bone development in the horse have relied on repeated radiographs or
peripheral quantitative computed tomography scans, which are limited in their assessment of the entire bone. In
this study, we acquired computed tomography scans of three Standardbred trotting colts longitudinally between
2 and 12 months of age. Finite-element models were constructed of the left forelimb proximal phalanx and used
to assess strain energy density during quiet standing. Growth related changes in mineral density and bone area
fraction in the distal epiphysis, mid-diaphysis, and proximal epiphysis were evaluated. Mineral density and bone
area fraction uniformly increased in the diaphysis and strain energy density was constant during growth, indi-
cating adaptation to quiet standing. Bone mineral density and bone area fraction increased in the medial
quadrant of the proximal epiphysis but not in the fracture-prone lateral quadrant. The data presented provides a
benchmark of normal growth trajectories that can be used to evaluate the effect of training regimens during
growth.

Finite element modeling
Strain energy density

1. Introduction analyses have shown that bone micro-cracks are concentrated in areas

of catastrophic fracture, and their prevalence increases with age and

Equine fractures that occur during a racing event are often highly
publicized, however, 48-78% of fractures have been reported to occur
during training (Ely et al., 2009; Verheyen and Wood, 2004). The ma-
jority of fatal musculoskeletal injuries in racing horses occur in the
metacarpophalangeal (MCP) joint (Parkin et al., 2004b), which experi-
ences the highest joint forces in the distal forelimb (Harrison et al.,
2010). The proximal phalanx (P1), a bone in the MCP joint, accounts for
approximately 25% of all distal forelimb fractures in racing Thorough-
breds (Verheyen and Wood, 2004) and Standardbreds (Bertuglia et al.,
2014). Risk factors for fracture include race length, age, number of
previous races/workouts, footing type and condition, and field size
(Georgopoulos and Parkin, 2017; Parkin et al., 2004a). Post-mortem

increased cyclic loading (Turley et al., 2014; Riggs, 2002). Fatigue
fractures, which are thought to be the primary etiology of long-bone
fractures in the horse, occur when micro-cracks coalesce and extend
(Riggs, 2002). The small length of micro-cracks (approximately
100-500 pm) impedes the diagnosis of horses at risk for fatigue fracture
using currently available in vivo imaging methods (Turley et al., 2014).

Computed tomography (CT) based finite-element analysis, using in
vivo data, has been used as a predictor of bone strength and strain in both
humans and animals (Harrison et al., 2014; Zysset et al., 2013; Kersh
et al., 2018). Finite element models of the P1 (Harrison et al., 2014;
O’Hare et al., 2013; McCarty et al., 2016) have shown increased stress
under galloping loads in locations that are prone to fracture in the

Abbreviations: BA/TA, bone area fraction; CT, computed tomography; FE, finite element; HU, Hounsfield unit; MC3, third metacarpal bone; MCP, meta-
carpophalangeal joint; P1, proximal phalanx bone; pQCT, peripheral quantitative computed tomography; SED, strain energy density.
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proximal epiphysis (O’Hare et al., 2013). However, this assessment was
performed on a model of an adult P1 bone using material properties
obtained from literature and these results may vary in younger horses
due to differences in material properties. Further, it is unknown if the
stress distribution at a specific gait is constant at different ages or if it
changes over time.

Bone fracture risk is a function of the type and orientation of loading
in the limbs, and the mechanical strength of the loaded bone (Biewener,
1982; Biewener and Bertram, 1993). Bone quality depends on material
properties as well as the structural organization of bone at multiple
length scales. During growth, the musculoskeletal system faces the
challenge of synergistically regulating muscle and bone properties to
accommodate the mechanical demands associated with increasing size
and speed. The change in fracture load relative to expected loads in
young horses has not been established because of the lack of data on
physiological loads. Understanding bone regulation during growth will
allow for the identification of critical time points during bone devel-
opment that may prime bone for modeling or conversely place it at risk
of fracture.

Bone functional adaptation is driven, in part, by the mechanical
environment (Ruff et al., 2006). Strain levels above the customary
threshold leads to bone remodeling and deposition of bone tissue, which
acts to reduce the strain to an acceptable level (Frost, 1987). Strain
energy density (SED), a measure of the energy required to cause defor-
mation, has been used as a predictor of bone adaptation (Prendergast
and Taylor, 1994). Therefore, constant SED during growth suggests
adaptation of bone to the increasing loads that accompany increased
mass. Exercise increases strain in the bone and may be a method for
directing bone remodeling. For example, a relatively short duration of
mechanical loading in rat ulnae was shown to enhance the structural
properties of bone, leading to increased resistance to fatigue loading
(Warden et al., 2005).

Exercise during youth, when bone is highly adaptive to mechanical
loads, has been shown to provide life-long improvements in mechanical
strength of bone in humans (Warden et al., 2014). Thoroughbred foals
exercised 5 days a week for 18 months resulted in increased diaphyseal
total cross-sectional area and resistance to bending and torsional
deformation in the P1 compared to pasture-exercised control foals (Firth
et al., 2011). Additionally, controlled exercise from a young age had
beneficial effects on articular chondrocyte viability (Dykgraaf et al.,
2008). A subset of the horses went on to train and race as 2- and 3-year--
olds. While the overall prevalence and type of orthopedic injuries did
not differ between exercised and control horses, the exercised group
tended to develop orthopedic injuries later than their control counter-
parts (Rogers et al., 2008). Thus, existing evidence suggests that early
exercise may be beneficial for equine athletes. However, before exercise
can be used as a targeted intervention to direct bone growth in a manner
that could prevent future injury, it is necessary to understand normal
growth and adaptation. Measurements of morphological and composi-
tional changes, and their link to the mechanical state of bone, have not
been developed for the fracture-prone P1.

The objective of this study was to characterize how the equine
proximal phalanx (P1) adapts to changing loads during growth through
the use of longitudinal CT scans throughout the first year of life. Pre-
vious work to characterize growth of the P1 in young horses has relied
on xeroradiographs (Smallwood et al., 1989) and radiographs (Strand
et al.,, 2007) to qualitatively assess bone shape and structure, and
quantitatively characterize closure of the proximal growth plate. Other
studies have used peripheral quantitative computed tomography
(PQCT) to measure growth, but these data were limited to 2 mm thick
scan slices in the diaphysis of the bone (Firth et al., 2011). To the best of
our knowledge, there is no longitudinal CT data of the P1 during growth.
Therefore, our aims were to (1) measure structure and composition
changes in the P1, and (2) calculate SED in the P1 under standing loads
to assess the degree of mechanical adaptation during growth.
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2. Materials and methods
2.1. Subjects

All protocols were approved by the Institutional Animal Care and
Use Committee at University of Illinois at Urbana-Champaign (UIUC).
Computed tomography (CT) scans of the distal forelimbs were obtained
for 3 male, trotting Standardbred foals that were free of lameness. All
foals were born at the UIUC Horse Farm and raised at pasture. Scans
were collected from 8 weeks to approximately 1 year of age: Foal 1 (F1)
at 11, 19, 28, 36, 47, and 57 weeks; Foal 2 (F2) at 9, 14, 17, 21, 25, 33,
41, and 53 weeks; Foal 3 (F3) at 7, 12, 16, 19, and 24 weeks (Fig. 1A).

2.2. Imaging

During all imaging sessions, subjects were anesthetized (sedation
with xylazine and butorphanol, induction with ketamine and mid-
azolam, maintenance on isofluorane or total intravenous anesthesia
[midazolam-ketamine-xylazine and/or propofol]) and monitored. Distal
forelimbs were scanned in the transverse plane at 120 kVp, 50 cm field
of view, and 512 x 512 matrix size on a LightSpeed-16 CT unit (GE
Medical Systems) (Fig. 1B). Nominal voxel dimensions were 0.76+0.15
mm in-plane with depths of 0.66+0.15 mm. Hydroxyapatite phantoms
(CIRS Inc) of density 0, 25, 100, 500, and 750 mg/cm® were included in
all scans.

2.3. Bone properties

The CT images were aligned such that the sagittal groove of the P1
was vertical in the image (Fiji, Schindelin et al. (2012)). For each
timepoint, Hounsfield units (HU) within the scan volume were con-
verted to mineral density using a linear calibration equation obtained
from the hydroxyapatite phantoms. Next, the left P1 was
semi-automatically segmented (Fig. 1C, Amira 5.6). Cortical and
trabecular bone compartments were separated using previously estab-
lished apparent density (p) thresholds (Firth et al., 2011):

cortical=p > 0.71 g/cm3 (¢}

trabecular =0.28 < p < 0.71 g/cm3 (2)

Three regions of interest along the bone were evaluated: the distal
and proximal epiphyses, and mid-diaphysis (gray boxes in Fig. 1E). The
proximal and distal cross-sections of interest were identified as the
section within the epiphysis with the largest total cross-sectional area.
The mid-diaphysis (henceforth referred to as “diaphysis”) was defined as
the location of minimum total cross-sectional area. Cortical and
trabecular bone area fraction (BA/TA) and the average apparent mineral
density within the cortical and trabecular compartments were calcu-
lated. These three regions of interest (proximal, diaphysis, and distal)
were further sectioned into functional quadrants (dorsal, medial, lateral,
palmar) by identifying the centroid of the cross-section and bisecting the
cross-section using lines oriented at 45° and 135° with respect to the
dorsal-palmar axis (Fig. 1D). Quadrant-specific values of apparent
mineral density and BA/TA were then analyzed. All analyses were per-
formed using custom code (Matlab R2018a, Mathworks, Natick, MA).

2.4. Finite element modeling

Subject-specific finite element (FE) models were constructed for each
time point (Fig. 1E). Surface models (STL) of the left P1 were smoothed
(Geomagic Design X, 3D Systems) and converted to solid models for
assembly in a finite element software (Abaqus 6.14, Simulia). Models
were seeded globally at a size of 1.2 mm and meshed using quadratic
tetrahedral elements (C3D10). Density (p) was converted to Young’s
modulus (E) using a relation (Equation (3)) for equine bone developed
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Fig. 1. Development of subject-specific finite-element models and CT scan analysis. (A) Data collected longitudinally for three foals; (B) CT scan of distal left
forelimb; (C) proximal phalanx segmented from the scan and Young’s modulus shown; (D) example of quadrant analysis, shown for the diaphysis, with a CT cross-
section image of the diaphysis shown above a diagram of the quadrants; (E) boundary conditions of the finite-element model, with the three regions of interest

(proximal epiphysis, diaphysis, and distal epiphysis) shown in gray boxes.

by Les et al. (1994) and used to assign individual elements modulus
values (Bonemat v3.2). All elements were assigned a Poisson’s ratio of
0.3.

E =9040p>% 3)

Based on prior observations by our group, Standardbred foals be-
tween the ages of 2 and 5 months spend more than 80% of their time
standing quietly (unpublished data), during which the forelimbs carry
approximately 60% of the body weight (Back and Clayton, 2013).
Therefore, a compressive load of 30% of body weight times the gravi-
tational constant was applied to the proximal articulating surface of the
model of the P1. The load was applied at 145° from the dorsal aspect of
the bone, to simulate standing posture (Weller et al., 2006). An equal
and opposite load was applied to the distal articulating surface of the
bone. Soft tissue constraints were imposed using linear springs applied
to the proximal and distal surfaces. Proximal springs had a stiffness of
200 N/mm and distal spring stiffness was 500 N/mm. Stiffness values
were chosen to approximate the constraining effects of the superficial
digital flexor tendon accessory ligament (Swanstrom et al., 2004), joint
congruency, and other soft tissues.

Strain energy density during quiet standing was calculated using a
linear implicit analysis. The mean strain energy density for cortical and
trabecular bone was calculated at the same cross-sectional regions of
interest used for bone property analysis, excluding elements with

Table 1

mineral density values below the bone threshold (i.e., elements within
the marrow cavity).

2.5. Statistical analysis

All statistical analyses were performed in RStudio (R v.3.5.3). Cor-
relations between mass and parameters of interest (strain energy, min-
eral density, and bone area fraction) were analyzed using linear
regressions. Statistical significance of the Pearson’s correlation coeffi-
cient was assessed at @ = 0.05. Reported values are given as mean +
standard deviation.

3. Results
3.1. Strain energy density, mineral density, and structure during growth

From seven to fifty-seven weeks of age, mass increased from 120 kg
to 382 kg (range of all foals). During this time frame, strain energy
density (SED) in cortical bone was highest in the proximal region. SED in
both the distal and proximal epiphyses increased with increasing mass
(Fig. 2A). Within the distal region, SED in the trabecular bone increased
at a rate almost three times that of the cortical bone (6 x 10~% and 2.3 x
10~* (uJ /mm?®)/kg, respectively, Table 1). In the proximal region, SED
increased at similar rates in the cortical (4.8 x 10~* (uJ /mm®) /kg) and

Slopes and intercept values for linear regressions used to characterize changes in strain energy density, mineral density, and bone area fraction of cortical and
trabecular bone with increasing mass (see Fig. 2). The units for strain energy density (SED) are uJ/mm®, units of apparent mineral density are mg HA/ cm®, and units of

bone area fraction are %.

Distal Diaphysis Proximal
cortical trabecular cortical trabecular cortical trabecular
Strain Energy Density slope 2.3e—4 6.0 e—4 1.7 e—4 3.1e-5 4.8 e—4 4.9e-4
intercept 0.015 0.021 0.03 0.011 0.019 0.0065
R () 0.47 (0.066) 0.7 (0.0016) 0.67 (0.0031) 0.37 (0.14) 0.59 (0.016) 0.58 (0.015)
Mineral Density slope 0.33 0.26 0.39 —0.078 0.41 0.36
intercept 760 390 1000 510 670 380
R () 0.48 (0.038) 0.59 (0.0079) 0.38 (0.11) —0.66 (0.002) 0.66 (0.0019) 0.6 (0.0071)
Bone Area Fraction slope 0.088 —0.079 0.059 -0.017 0.086 —0.061
intercept -12 110 44 21 -12 100
R 0.68 (0.0014) —0.65 (0.0024) 0.69 (0.0011) —0.36 (0.13) 0.59 (0.0085) —0.46 (0.047)
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trabecular (4.9 x 10~* (uJ /mm?®) /kg) compartments. SED in trabecular
bone of the diaphysis was low and nearly constant with increasing mass
(1.81 + 0.66 x 1072 uJ/mm®), while there was a minor increase in
cortical SED.

Cortical bone in the diaphysis was more dense (1091 + 83 mg HA/
cm®) than in the distal (821 + 67 mg HA/cm?®) and proximal epiphyses
(763 + 48 mg HA/cm®, Fig. 2B). Cortical mineral density increased at
similar rates in all three regions (0.33 distal, 0.39 diaphysis, and 0.41

proximal (mg HA /cm®)/kg, Table 1). The apparent mineral density of
trabecular bone increased in the distal and proximal regions (0.26 and
0.36 (mg HA /cm®) /kg, respectively) and decreased within the diaphysis
(—0.078 (mg HA /cm®) /kg).

Cortical area fraction in the diaphysis was higher (57.0 + 7.2%) than
cortical area fraction in the distal (7.87 + 10.0%) and proximal (7.57 +
11.1%) epiphyses (Fig. 2C)). Changes in bone area fraction with
increasing mass for cortical and trabecular bone in the distal and

A dista diaphysis proximal accrual rates
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Fig. 3. Apparent mineral density in quadrants of the proximal phalanx for (A) cortical and (B) trabecular bone. Density in mg HA/cm® is plotted on the radial axis of
the polar plots. Blue points represent cortical data, while orange points represent trabecular data. The lightly shaded lines indicate the data at 120 kg, while the
darker shaded lines indicate the data at 382 kg. Evaluating the gap between these lines gives one an idea of growth in specific quadrants. Bar plots represent the
accrual rates (change in density/change in mass) for each quadrant and region. Columns are (left to right): distal epiphysis, diaphysis, proximal epiphysis,
accrual rates.
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proximal epiphyses were similar. Cortical area fraction increased (0.088
and 0.086 %/kg, distal and proximal, respectively, Table 1) while
trabecular area fraction decreased (—0.079 and —0.061 %/ kg, distal and
proximal).

3.2. Changes in density and structure in anatomical quadrants

Cortical mineral density in the distal and proximal epiphyses
increased fastest in the medial quadrant, at 0.48 and 0.49 (mg HA /cm®)/
kg, respectively (Fig. 3A). The epiphyses had similar cortical mineral
density accrual rates in the dorsal quadrant, at 0.38 (distal) and 0.39
(proximal) (mg HA /cm®)/kg. The diaphysis had similar cortical mineral
density accrual rates in all quadrants, spanning 0.33-0.43
(mg HA /cm®) /kg. Trabecular mineral density decreased in all quadrants
of the diaphysis, and increased most rapidly in the medial quadrant of
the proximal epiphysis (0.42 (mgHA /cm®)/kg, Fig. 3B). Trabecular
density increased most in the lateral quadrant of the distal epiphysis
(0.37 (mg HA /cm®) /kg).

Cortical BA/TA accrued at a uniform rate in all quadrants of the
diaphysis (Fig. 4A), ranging from 0.056 - 0.066%/kg. Most changes in
cortical and trabecular BA/TA in the proximal epiphysis occurred in the
dorsal and medial quadrants. Cortical bone accrued at a rate of 0.11 and
0.15%/kg (dorsal and medial, respectively) while trabecular bone area
decreased by —0.11 and —0.12%/kg. Increases in distal epiphyseal
cortical bone area fraction were matched by equal decreases in trabec-
ular bone area fraction accrual (Fig. 4B). Within the distal epiphysis,
most change in both cortical and trabecular bone area fraction accrual
occurred in the medial quadrant.

4. Discussion

Using subject-specific models of the P1 during growth, we found that
the diaphysis of the P1 adapts to quiet standing as evidenced by the
relatively constant strain energy density with increasing mass. Addi-
tionally, increases in apparent mineral density and bone area fraction
are quadrant dependent in the proximal and distal epiphyses of the P1,
and variable between trabecular and cortical bone compartments.

At the cross-sectional level, our measurement of total bone area
growth rate in the diaphysis is the same as that reported by others in
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Thoroughbred horses (6.3 mm?/week, Fig. 5A), although our values of
bone area are almost double those reported (Firth et al., 2011). Simi-
larly, our measurements for bone mineral density in the mid-diaphysis
are comparable in value and have similar growth trends (Fig. 5B)
(Firth et al., 2011). While some interbreed differences are expected in
terms of absolute mass and size of the animal, the similarity in bone
development rates between Thoroughbreds and Standardbred horses
indicates a level of consistency in proximal phalanx development be-
tween breeds. This finding is supported by breed history, as the Thor-
oughbred is a foundation breed for the Standardbred, meaning all
Standardbreds share genetic background with Thoroughbreds (Stand-
ardbredCanada, 2019).

Studies in Thoroughbreds have shown that most simple fractures to
the proximal phalanx start on the lateral side of the sagittal groove (Ellis
et al., 1987), in the lateral quadrant of the proximal epiphysis. Impor-
tantly, we found that apparent mineral density and bone area fraction
accrual in Standardbreds are quadrant-dependent in the proximal and
distal epiphyses, with the medial quadrant experiencing the most
change during growth (Figs. 3, 4). Due to a short neck relative to limb
length, young foals typically spread their forelimbs out laterally in order
to reach the ground to eat. This posture causes the medial aspects of the
limbs to carry more load than the lateral aspects. Further, the medial
aspect of equine forelimbs have a larger articulating surface compared to
the lateral aspect, which may indicate increased load medially. During
quiet standing, we found that strain energy density in the medial aspect
of the proximal epiphysis was higher than the lateral aspect (data not
shown), perhaps inducing the bone changes observed within the medial
quadrant. Using strain gauges in vivo during trotting, Gross et al. (1992)
reported that diaphyseal strain energy density was non-uniform in dis-
tribution and higher in the medial quadrant compared to the lateral
quadrant. Together, these data suggest that the propensity to fracture on
the lateral aspect may be due to the relatively low cortical bone fraction
and decreased degree of mineralization compared to the medial aspect.

The strain energy density in the diaphysis was constant as mass
increased, indicating adaptation to the standing loading condition by
having more mineralized cortical bone and more cortical bone area
fraction than the distal or proximal epiphyses (Fig. 2). Changes in
mineral density and bone area fraction in the diaphysis were similar in
all quadrants, particularly in the cortical compartment. In contrast, the

proximal accrual rates
Y AN 0.15 1 M dorsal
M medial
palmar
0.10 1 [ lateral
(@]
<
o
= 0051 II
0.00 - I I:I

distal diaphysis proximal

0.00 4 I I- D =
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distal diaphysis proximal

Fig. 4. Bone area fraction percentages in quadrants of the proximal phalanx bone for (A) cortical and (B) trabecular bone. Bone area fraction in % is plotted on the
radial axis of the polar plots. Blue points represent cortical data, while orange points represent trabecular data. The lightly shaded lines indicate the data at 120 kg,
while the darker shaded lines indicate the data at 382 kg. Evaluating the gap between these lines gives one an idea of growth in specific quadrants. Bar plots represent
the accrual rates (change in bone area fraction/change in mass) for each quadrant. Columns are (left to right): distal epiphysis, diaphysis, proximal epiphysis,

accrual rates.
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Fig. 5. Comparison of data for the proximal phalanx diaphysis from the present study and Firth et al. (2011) for (a) bone area and (b) density.

SED in both the distal and proximal epiphyses increased during growth
indicating a lower level of adaptation to the quiet stance loading con-
dition. Of note is that while the epiphyseal strain energy increased
during growth, it is still likely below a fracture energy level. The in-
crease in strain energy may be due to decreased mineralization levels of
cortical bone in the epiphyses, but this remains to be determined as our
results may be affected by the partial volume effect of our computed
tomography data. Our data suggest that increased cortical mineraliza-
tion and bone area fraction lowers diaphyseal SED during quiet standing
condition. However, this hypothetical mechanism is not apparent in the
epiphyses where trabecular bone is needed to dissipate energy and
transfer joint loads to cortical bone in the diaphysis (Oftadeh et al.,
2015). Increasing the amount and/or density of cortical bone in the
epiphyses might stiffen the epiphyses and increase the likelihood of
fracture.

Our observations that foals spend little time moving faster than a
walk may mean that any exercise intervention could benefit equine bone
during post-natal development. It has been shown that mild exercise at
an early age in horses is beneficial for bone development (Firth et al.,
2011) and has no negative effects on subchondral bone (Dykgraaf et al.,
2008), articular cartilage (Dykgraaf et al., 2008; van Weeren et al.,
2008), or flexor tendon development (Moffat et al., 2008). Sagittal plane
running may not be sufficient since gait patterns tend to preferentially
load the medial aspect of the forelimb (Gross et al., 1992). Increasing the
speed of exercise generally increases the magnitude of the load on the
bone but does not greatly alter the loading direction (Biewener et al.,
1983).

The optimal exercise intervention for inducing adaptation in what
seems to be the weaker lateral aspect of the proximal phalanx would
require increased lateral mechanical stimulus. Lateral loading can be
induced by prescribing turning-based exercises. Tight turns, such as
figure-eights, performed at speed must be used with caution to prevent
soft tissue injury to the developing musculoskeletal system. To our
knowledge, the effects of turning-based exercise interventions on equine
bone and soft tissue development have not been studied. Firth et al.
(2011) used an exercise intervention that included running laps on an
oval track in alternating directions, but did not include analyses of the
proximal epiphysis of the P1. Our data suggests that bone growth and
adaptation in the P1 bone is spatially specific and best assessed on a
functional quadrant basis, as averaging results across an entire
cross-section can obscure important findings. Future exercise in-
terventions should take care to evaluate bone adaptation at multiple
locations of the P1 bone, including the proximal epiphysis.

While this study presents the first longitudinal assessment of equine
bone properties during growth, it is not without limitations. Our sample
size was limited to three subjects; however, all but four of the linear
regressions were significant lending confidence in our characterization
of normal development of the left proximal phalanx bone in Standard-
bred foals. Our analysis is bolstered by the use of mass as an independent
variable which minimizes age-related size differences. The use of clinical
quality CT data is an unavoidable limitation for a longitudinal in vivo

study in this species, and the in-plane voxel dimensions may lead to an
underestimate of cortical bone area in the epiphyses through partial
volume effect if cortical thickness is smaller than one voxel.

5. Conclusion

In summary, this work provides a baseline longitudinal character-
ization of normal modeling of the equine forelimb P1 during the first
year of life and its effect on strain energy density - a biomechanical
metric of potential bone remodeling. This information is an essential
prerequisite to making evidence-based recommendations for training
regimens that may encourage bone growth in areas prone to fracture
during development. A properly prepared musculoskeletal system may
lead to fewer fractures, thus reducing the unnecessary wastage of equine
athletes.
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