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Abstract

Stress-fractures of bone are similar to fatigue fractures in engineering materials as both are
caused by microdamage accumulation under repetitive loading. However, stress-fractures have a biologic
component, since bone tissue is capable of repairing damage and/or adding mass in response to damaging
loading. The cellular damage repair processes cause transient porosities to develop in bone tissue, which
temporarily reduce modulus and increase the damage accumulation rate if damaging loading is continued.
Consequently, the stress fracture process is an interaction between bone’s mechanical response to high-
levels of loading (damage accumulation), and the biological responses of repair and hypertrophy that

change tissue modulus.

This work focuses on stress-reactions, bone tissue changes that precede a stress-fracture, in
athletes. Specifically, racehorse proximal sesamoid bone (PSB) fracture is used as a naturally occurring
model of an osteochondral stress fracture. The PSBs are a pair of bones in the metacarpophalangeal
(fetlock) joint of the distal forelimb and PSB fracture is one of the most common fatal musculoskeletal
injuries associated with race training. In this work, morphologic tissue properties between PSB from
racehorses with (Case) and without (Control) a unilateral biaxial PSB are compared. Both Case and Control
horses were in race-training at the time of death and their training histories were known. The observed
tissue properties are related to exercise. In addition, a compartment model of bone’s turnover cycle is
introduced and used to explain the associations among morphologic variables and exercise. The collected
morphologic data is used to solve for the model’s steady-state rate constants. Finally, the relationship

between PSB kinematics and how PSB motion may impact PSB fracture risk is explored.

Our primary finding was that horses in higher intensity training develop a subchondral stress-
reaction (lesion). A subchondral bone lesion was consistently found in the abaxial aspect of medial PSB

from both Case fractured and Case intact contralateral PSB. This lesion was not found in Control PSBs.



The lesion was characterized by low bone volume fraction, low tissue mineral density, and higher
microdamage compared to surrounding tissue. The bilaterally of this lesion in Case horses coupled with
the observed tissue properties make the lesion consistent with stress-reactions in subchondral tissue that
develop before a complete stress-fracture. Within the subchondral lesion, bone volume fraction was
negatively associated with exercise intensity and microcrack areal density was positively associated with
exercise intensity. These findings imply the lesion was more severe in horses with more intense training.
Generally, Controls had a less intense training program compared to Cases. Additionally, the bone volume
fraction was higher in the internal trabecular bone of Case proximal sesamoid bones compared to
Controls. At this internal site, microdamage was not observed and bone volume fraction increased with
exercise intensity. Steady-state model rate constants were determined based on the observed
morphologic tissue properties at these two locations. Modeling results suggest that the different
relationships between exercise and tissue properties within the subchondral and internal sites will occur
if model rate constants depend on exercise intensity in a location-specific manner. We hypothesize that
the different relationships are due to a strain difference between the two regions that causes a damage-
repair response in the subchondral region and an adaptive-response in the internal region. In vitro axial
limb loading indicated that the PSBs may experience an articular incongruity at high-speed gallop loads.
Further, kinematic analysis indicated that the medial PSB experienced external rotation at high-speed

gallop loads, which may cause the stress-reaction to form on the abaxial surface of the medial PSB.

The presented work is clinically relevant because the identified abaxial subchondral site can be
examined for a lesion in vivo to test whether a horse has or is developing a stress reaction that puts it at
risk of fracture. Also, the lesion was found to develop 1- 8 months after an increase in exercise intensity,
making this time-frame an important period for clinical examinations. Finally, the calibrated compartment
model could be incorporated into a predictive dynamic simulation to predict the effects of exercise on

PSB morphology and lesion development.
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Chapter 1: Introduction

1.1 Motivation and Research Aims

The etiology and prediction of non-traumatic bone fractures, especially those seen frequently in
a patient population (e.g., vertebral collapse in post-menopausal women), has been a topic of interest in
the medical field for decades. One subset of non-traumatic fractures are stress fractures in athletes, which
are generally believed to result from accumulation of microscopic tissue defects (microdamage) incurred
with repetitive physiologic loads. In bone, microdamage refers to tissue damage, often appearing as small
(< Imm) cracks, that cause mechanical property degradation. Stress fractures are like engineering fatigue
fractures, as both are dependent on loading and microdamage accumulation. However, in bones, the
stress fracture process is complicated by biology. Bone cells respond to mechanical loads, microdamage,
and nutrition and can repair damage, modify bone mass density and shape as a result of their response.
The biological responses to load, damage and nutrition present practical difficulties when computationally
modeling stress fractures, as they change material properties separate from the changes directly resulting
from the accumulation of fatigue damage. Additionally, while bone’s damage response to the narrow
stress states in laboratory fatigue testing is fairly well established, the dependence of fatigue damage on

the combined stresses that occur during real-world training activities is not.

This dissertation focuses on the etiology of stress fractures in the Proximal Sesamoid Bones (PSBs)
of California Thoroughbred racehorses. PSB fractures are the most common fatal musculoskeletal injury
in the California racehorse population.! Currently, there are few reliable screening methods to predict
which horses are at risk for a PSB fracture. The primary goal of this work is to link observable pathologic
changes of the PSBs to training and specific loading conditions. Additionally, a compartment model of

bone’s tissue turnover cycle that can be directly correlated, through histomorphometric measures, to



specific training activities is introduced. We plan to use this compartment model within a predictive finite

element modeling framework for PSB fractures.

The research presented in this dissertation is related to understanding 1) densitometric and
histomorphologic features associated with subchondral bone stress-reactions (tissue changes) that
precede stress fractures; 2) unique features of a stress-reactions that promote a complete stress fracture;
3) loading circumstances associated with stress-reactions and complete fracture development; and 4) the
interaction of bone’s biological turnover and repair processes with microdamage accumulation involved
in stress fracture development. The Thoroughbred racehorse provides an opportunity to investigate these
aims, specifically in the proximal sesamoid bones (PSBs) of the distal forelimb, which are commonly
injured and available for study. Racehorse PSBs provide exercise-induced in vivo model for osteochondral
(joint surface) stress fractures; this type of fracture is very difficult to model in vitro. The following sections
provide a brief introduction of bone structure, function, biological response to damage and loading within
the context of stress fractures. Additionally, because this work uses racehorse PSBs, equine anatomy and

racehorse fractures are also briefly reviewed.

1.2 Bone Structure and Function

The main roles of the skeletal system are to transmit forces, protect organs from damage, and
help maintain mineral homeostasis.? To meet these demands, bone has evolved a highly organized,
hierarchical, composite of organic and inorganic materials. Distinct structural units are observed at
different length scales; the organization and composition of these structural units contribute to bone’s
continuum-level mechanical properties. In most mammalian bone, four length scales are defined for

bone’s structural levels: the macroscale, mesoscale, microscale, and nanoscale.

At the macroscale, bone tissue is classified as compact or cancellous based on its porosity.

Compact bone is very dense, with a porosity between 5-10%, and generally forms the outer “shell” (i.e.,
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cortex) of bones.? Cancellous bone, or trabecular bone, has a porosity between 75-95%. It is found inside
the ends of long bones (e.g., femoral head), inside flat bones (e.g., pelvis), and inside cuboidal bones (e.g.,
wrist).3> Macroscale mechanical properties are highly dependent on organ geometry and substructure
(e.g., volume-average density, cancellous bone connectivity, collagen-crosslinking, etc.).* At the
mesoscale, structural differences can be observed between compact and cancellous bone. Additionally,
both types can be identified as lamellar or woven depending on collagen fibril organization. Lamellar bone
is organized, consisting of mineralized collagen fibrils (lamellae) arranged in layers; in woven bone, the
fibers are less organized.® However, woven bone can be rapidly formed, an advantage during rapid growth
and repair circumstances. In adults, lamellar bone is found in cortices in either circumferential lamellae
or in osteons embedded within an interstitial matrix. Osteons are approximately cylindrical structures
composed of concentric lamellae surrounding a central cavity that contains a blood vessel (Haversian
canal); osteons are 1-10mm long with a diameter of about 0.2 mm and generally are parallel with the long
axis of the bone.? (Osteons often branch and rejoin in a complex network, but this detail of structure is
not important in this discussion.) Secondary osteons (i.e., osteons formed through remodeling of pre-
existing bone tissue) have a lower elastic modulus than the interstitial matrix and are separated from the
interstitial matrix by a low-shear strength interface called a cement line.® These interfaces help extend
bone’s fatigue life by resisting crack growth.” There are numerous holes in the mineralized tissue that
create tissue porosity. These include lacunae, small pores that contain osteocytes (a type of bone cell),
and canaliculi, small <1 um diameter tunnels that form an interconnected network that allows for
osteocyte communication. While these pores are small, accounting for ~1.45% of the bone tissue volume,
they are numerous; there are an estimated 15,000-35,000 lacunae/mm3.2 Remodeled cancellous bone is
a network of bony struts called trabeculae with a surrounding and connected marrow and vascular space.

Trabeculae of remodeled cancellous bone are often described as struts (0.1-0.3 mm diameter) or plates



(of similar thickness) composed of trabecular packets separated from the interstitial matrix by cement

lines.

At the microscale, lamellae are the primary structural units and many macroscale material
properties of bone depend on the direction of the collagen fibers within the lamellae and the relative
orientation between layers of lamellae.> At the nanoscale, mineralized collagen fibrils are the basic
structural units. Hydroxyapatite mineral crystals, small amounts of non-collagenous organic proteins, and
water are embedded within the collagen fibrils and also contribute to mechanical properties (e.g., bone

strength, hardness, brittleness, fracture toughness).>>0

1.2.1 Bone as a Composite Material

Due to its structural organization, bone is analogous to a composite material and is often modeled
as such by engineers. Using this analogy, compact bone is like a fiber-reinforced composite with osteons
as the fibers. Strength is determined by multiple factors, including the organization of lamellae within
osteons, degree of mineralization, and porosity.!! Since osteons are generally alighed with the long axis
of a bone, strength is highest longitudinally (in the direction of the osteons) and lower in the radial and
circumferential directions. Most studies report a 3:1:1 tensile and compressive longitudinal to radial to
circumferential strength ratio.'* (Note also that, mineralized bone tissue is stronger in compression than
in tension, caused by the weakness of the mineral in tension as compared to compression.) Because of
this structure, the moduli of compact bone are often approximately transversely isotropic. Apparent
density (i.e., the mass of hydrated mineralized bone tissue within a given volume) and bone volume
fraction (i.e., the volume of mineralized tissue in a given volume) have been experimentally related both
to modulus and strength following power laws.*®12714 Mineralization (i.e., the amount of mineral in a
specific mineralized tissue volume) affects fracture toughness, strength, and modulus.®*> Less mineralized

bone has lower modulus and strength, but highly mineralized bone usually has lower initiation and



propagation fracture toughnesses.'® Adding mineralization to volume fraction in empirical fits to predict

mechanical properties can improve the power-law relationship for modulus.?®

Cancellous bone is similar to an open celled porous foam; it behaves similarly to a porous foam
when deformed — there is an initial region of elastic behavior, followed by a collapse plateau, and then a
rapid increase in modulus as the pores compact (densification).'”'° Strength of cancellous bone is related
to the total mass of the tissue, mineralization of trabeculae, porosity, trabecular orientation, history of
mechanical loading (as it affects hard tissue damage) and various histomorphometric measures, where
many of these are not fully independent.!! Experimentally, trabecular orientation greatly influences the
strength anisotropy.?® Empirically, both modulus and strength are dependent on several structural

measures, most importantly, the apparent density.?%?2

1.2.2 Bone Cell Types

An overview of bone structure and function is incomplete without describing the bone cells, as
they are the main effectors responsible for maintenance, damage repair, and bone’s loading response.
The four main types of bone cells are: osteocytes, osteoblasts, osteoclasts, and bone lining cells.
Osteocytes are the most numerous cell type and are found inside small pores called lacunae in the bone
matrix. Osteocytes form an interconnected network (syncytium) within micro-channels called canaliculi
and are the primary mechanosensory bone cell. They are responsible for mechanotransduction, initiating
structural changes and repair processes, and mineral transport.?®?* Not all of the mechanisms of
mechanotransduction are known — but strain-induced fluid flow around osteocyte processes within
canaliculi is considered one of the major contributors.??® Osteoblasts are mononuclear, cuboidal cells
that produce the organic portion of the bone matrix (i.e., osteoid). Osteoclasts are large, multinucleated

cells that resorb (remove) mineralized bone. Bone lining cells connect osteocytes to the outer surface of



bone, help osteocytes signal osteoclasts, receive systemically circulating chemical signals, and play a role

in mineral transport.2

1.3 Bone Modeling and Remodeling

In healthy bone, cells modify the quantity of bone and turnover rate in response to the load
environment, damage, mineral homeostasis and other stimuli.?®> Bone reacts to these stimuli through two
primary processes: modeling and remodeling. The cellular processes of modeling and remodeling are
similar, except for their spatial and temporal coupling. During remodeling the actions of osteoclasts (bone
removal) and osteoblasts (bone formation) are spatially and temporally linked: resorption, then
formation, occurs at a location. During modeling, the processes are not coupled. In healthy adults,
remodeling is approximately balanced and results in no net bone loss.?® However, unbalanced remodeling
can cause net changes in the amount of bone tissue at a location. Often the balance is negative (e.g., the
formation of Haversian canals during compact bone remodeling), but a positive balance is also possible
(e.g., in cancellous bone a positive remodeling balance can be induced with parathyroid hormone).?”-2®
Remodeling is estimated to turnover (i.e., replace) ~3% of compact bone and 25-30% of cancellous bone
per year in adult humans; however, the turnover rate varies with skeletal location, age, species and other
factors.?® Modeling is associated with a change in shape of the tissue with or without a net change in bone
mass. Modeling can be internal (e.g., an increase in trabecular width or location) or external (e.g., altering
bone curvature or width). Both modeling and remodeling can occur throughout an individual’s life,

however, modeling of the external shape of a bone primarily occurs during growth.?

Both modeling and remodeling are controlled by many local, systemic, and exogeneous factors.
The exact nature of the cell signaling, biochemical reactions, and biomineralization processes that occur
during these processes are an active area of bone research. While the specifics are still being investigated,

remodeling is sometimes defined as a five-step process consisting of: activation, resorption, reversal,



formation, and mineralization.?>?° Teams of osteoblasts and osteoclasts called basic multicellular units
(BMUs) follow these steps in a coupled way during remodeling; during modeling, only some of the steps
take place as formation and resorption are not coupled. During activation, osteocytes signal osteoclasts
to resorb bone.?>* During resorption, osteoclasts carve out resorption bays in the form of a cylindrical
canal the size of an osteon in compact bone or a trench the size of a hemi-osteon in cancellous bone.
Cellular activity is switched between osteoclasts and osteoblasts during the reversal phase. During
formation, osteoblasts radially fill the resorbed region with organic matrix (i.e., osteoid).? After osteoid is
deposited, it first matures and then undergoes mineralization.?* The osteoid maturation time (i.e., the
average time between deposition of osteoid and mineralization at a bone-forming site)3! is between 15-
20 days in humans.®? In humans, the total time for one BMU to complete is 4-6 months.>?° Most
mineralization occurs within days of osteoid maturation; however, full mineralization takes months to
years.3*3* Because newly formed tissue has a lower mineral density than older tissue, tissue mineral
density is often used as an indicator of relative tissue age.?® The end result of remodeling is a new

secondary osteon in compact bone or a new hemi-osteon in trabecular bone.

Generally the mineralization process is defined as occurring in two stages, a rapid primary
mineralization stage where 70% of maximum mineral density is reached within a few days and a slower
secondary mineralization stage where 70-95% of maximum possible mineral density accumulates over
months to years.3® Primary mineralization is assumed to occur rapidly (i.e., over several days) because
many more high mineral density osteons are observed than low density osteons,*®3” mineralization rate
studies observe newly mineralized tissue at early time points,*® and newly formed bone has been found
to mineralize faster than quiescent (older tissue, where cells are not acting) bone by a factor of two.*
Bone mineral is not purely hydroxyapatite (Caio(PO4)s(OH)2), but instead contains a wide variety of anionic

(e.g. COs%) and cationic (e.g. Na*) substitutions in the hydroxyapatite lattice.?® The mineralization rate of



chemical species occurs at different rates in bone tissue.*! Therefore, while bone mineralization occurs in

a rapid primary and slower secondary phase, an exact mineralization time profile is unknown.

1.3.1 Bone’s Response to Damage

Physiological loads can cause fatigue damage to bone tissue;*? simply, this means that bones can
accumulate damage at loads an organism experiences during daily living.** Damage is material changes
that result in a modulus decrease; in bone, damage is normally referred to as microdamage because of
the small size of the discrete tissue failures visible after histological staining (Figure 1.1). Microdamage
includes linear microcracks, diffuse microcracks, and complete microfracture of trabeculae, but which
microdamage is present depends on the loading direction and the lamellar patterning. Linear microcracks
preferentially form in areas of compressive stress and diffuse microdamage forms preferentially in areas
of tensile stress.%*3** Linear microcracks are between 40 — 100 um long when viewed in transverse cross-
sections of long bones and are usually found between osteons in the interstitial tissue of compact bone
tissue (Figure 1.1).*° Diffuse cracks are less than 10 um across and occur in clusters in both compact and
trabecular bone. Microfractures of trabeculae result in complete collapse of individual trabecular struts;?
however, this damage type appears to be less common than either diffuse or linear microcracking.'® In
both cortical and cancellous bone, the accumulation of more instances of microdamage (i.e., their
number), not microdamage size, is associated with decreases in tissue modulus, strength, and fracture
initiation toughness. %% Microdamage formation allows for energy absorption without causing
catastrophic failure (i.e., full bone fracture) and bone tissue has many inherent toughening mechanisms
that prevent progression of microcracks (e.g., cement lines around osteons). However, even with these
toughening mechanisms, accumulation of too much microdamage will cause complete failure.®

Medically, this type of fracture is called a stress fracture when one also includes the medically important

effects of the cell response to tissue damage.



Figure 1.1: Linear microcracks shown in the subchondral tissue of an equine proximal sesamoid bone
that has fractured. The microcracks are stained with basic fuchsin, a common histology stain.

Microdamage causes a local remodeling response (i.e., targeted remodeling)?%4°*° that appears
to target the repair of linear microcracks, but not diffuse damage.?®*° The remodeling process has a role
in stress fracture development since it can remove cracks and prevent their accumulation. However, the
remodeling process is believed also to play a further role in stress fractures because it temporarily
increases porosity and reduces tissue mineralization at the location where damage is occurring (i.e., it
causes a stress-reaction). These transient changes can accelerate the progression to a stress fracture when
high levels of loading are continued, since the new porosities and reduced modulus can elevate strain and
promote the formation of more microdamage. The hypothesis that resorption porosity causes an increase
in damage rate is supported by the observation of the formation of microdamage near resorption bays in
remodeling cancellous bone and from computational-modeling evidence that resorption bays are stress
risers.>>®2 If these regions of high-microdamage low-density tissue are sufficiently mechanically

compromised, a stress fracture can occur through these locations.2>3-%



1.3.2 Bone’s Response to Mechanical Loads

There have been many experiments to determine which aspects of mechanical loading cause
changes in the amount of bone tissue; three main empirical observations, or rules, governing bone’s
response to loads are generally considered.?>?>> First, dynamic loads are required to initiate an anabolic
response (i.e., bone formation). Strain rate accounts for nearly 70% of the variation in bone adaptation to
applied load.>” Under physiologic strain magnitudes, more bone formation is observed under higher
strain rates;>® however, non-physiologic vibrations (e.g., standing on a vibrating plate) does not

consistently alter bone formation.>%

Significant dynamic loads are required to maintain normal appendicular bone mass in adult
mammals. In one classic disuse study in dogs, 40 weeks of forelimb immobilization resulted in a loss of
nearly half the limb’s bone mass; however, in limbs immobilized for 32 weeks and then reloaded, nearly
70% of the bone mass was recovered after 28 weeks.?%? Second, bone has a memory of its loading history;
however, this memory effect is not fully understood. As previously mentioned, the stimulus sensed by
osteocytes to trigger bone formation (or resorption) is unknown but appears to be related to strain.
Experimental evidence indicates a strain threshold may be required to initiate bone formation; this
threshold is location-specific and depends, at least, on the bone’s past routine loading conditions.>” For
example, when the same strains were applied to rat ulnas, more bone formation was found in regions
with lower physiologic strain-levels compared to regions with high-physiologic strains.®® Therefore, the
mechanical loading (or lack of loading) required to induce bone formation (or removal) is site specific.
Third, only a short duration of loading is required to initiate an anabolic response. In studies performed
on turkeys and rats, only a small number of load cycles were needed to induce bone remodeling, and
continued load application did not cause further increase in the amount of bone formation.5*®> Further,

bone cells appear to have a refractory period and, therefore, loading bouts must be separated in time to
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maximize bone formation.® These three rules also imply that a change in routine could be more influential

in starting an anabolic or catabolic event than is the bone’s long-term load history.

1.3.3 Stress Fractures

Both modeling and remodeling play a role in stress fracture development. As discussed, both
damage accumulation and the transient porosities that develop during damage removal can alter tissue
modulus and (are believed) to interact in a vicious cycle when high levels of loading are continued.
However, since bone can respond to damaging (high) strains by adding mass, the stress fracture process
is often considered a “competition” between bone’s response to high-levels of loading and the
biologically distinct repair process. In medical literature, there is a fuzzy boundary between the tissue
changes preceding a stress-fracture and the stress fracture itself. However, the tissue changes that
precede a stress fracture are often called a stress-reaction. We will distinguish the two from an
engineering standpoint, rather than using clinical symptoms, and define a stress fracture as a fracture
occurring from single load to failure after the bone was weakened due to a localized stress-reaction.
The stress-reaction forms due to the interaction of repetitive physiologic loads (exercise), modeling,

remodeling, and other factors (e.g., health status).

A classic morphometric indicator of a stress reaction is accumulated microdamage and transient
porosities (a bone lesion) caused by a local repair response. Lesions can be detected clinically,
depending on the equipment used (i.e., computed tomography resolution). Other clinically observable
indicators of a stress-reaction include co-localized bone formation on the periosteal (outside) or
endosteal (inside) surface, bone pain (which can result in abnormal movement/lameness), overlying skin
reddening or warmth, external swelling, and/or bone marrow edema.>>*®” In some cases, a fracture line
will occur through one cortex of a long bone with a coincident periosteal bone formation.>® Generally, it

is hypothesized that the periosteal or endosteal bone formation occurs to mechanically stabilize the
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low-density lesion. If the stress-reaction occurs below a joint surface (i.e., in subchondral bone),
periosteal bone formation cannot occur. However, in the subchondral cancellous bone, compacted bone
is often found surrounding a focal lesion.®®® It is unknown if this region of dense tissue forms prior to
the lesion (likely due to the same high-load intensity that cause the lesion) or after the lesion (in an

attempt to buttress the local weakness).

Stress fractures can be prevented if the stress reaction is identified early and activity levels are
reduced. In racehorses, both forelimbs are similarly loaded, and a stress fracture in one forelimb is often
associated with a stress-reaction in the same location in the other, non-fractured limb.”° One of the
goals of this work is to relate exercise programs with the tissue changes that occur within a stress-
reaction location. Other factors besides mechanical loading, such as nutrition and hormone balance,
affect stress fracture risk and the development of stress-reactions. ” Note that these factors also affect

bone modeling and remodeling.”*

The interaction effects between these bone modeling and remodeling, their time-scales, and
other factors make it difficult to bridge the gap between in vitro and in vivo laboratory fatigue testing,
which are tightly controlled, and “real-world” training practices. For example, in racehorses, there appears
to be a balance between low-speed and high-speed exercise that must be maintained to prevent stress
fractures. High intensity training is linked to both stress fractures and soft tissue injuries;* when non-fatal,
these injuries result in the horse being temporarily removed from work (a layup). In the racing industry,
layups are considered 60 or more days without intensive training. Unfortunately, the first 2 months during
which a racehorse returns to high-speed work following a layup is one of the times these animals are at
the highest risk for a complete stress fracture.! Likely, there are specific training practices that are
protective against a stress-fracture — that allow for bone mass to be maintained (i.e., no resorption of
tissue due to disuse) while preventing excessive damage (i.e., that do not cause a damage-repair feedback

cycle) — one goal of this research is to begin to find them. It has been shown that easing the physical
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demands on military recruits, while still maintaining a sufficiently rigorous exercise schedule for training,
reduces stress fracture rates.”? Similarly, in both humans and horses, a stress fracture often occurs after
an abrupt change in exercise intensity."*> Epidemiological studies on racehorses support the idea of
training programs that are protective against stress fractures, but have been unable to parse specifics
(e.g., miles/day). Case-control studies of stress fracture are impractically expensive in horses since they
would require the animals to be euthanized. However, computational modeling has been used in humans
(e.g., marathon runners)’® to predict which exercise programs may be more likely to increase fracture risk

and could be applied for use in horses.

1.4 Finite Element Methods (FEM) for Modeling Bone

Finite element methods (FEM) are frequently used to calculate the stress and strain in the tissue
that are assumed to determine bone tissue’s response to damage and applied loads. Three main
assumptions are made when modeling bone with FEM: material symmetry, degree of material

homogeneity, and the equations governing material evolution.
1.4.1 Symmetry Assumptions

As previously discussed, bone tissue has anisotropic material properties that can evolve as loading
conditions change and different bone tissue types have different properties for equivalent loading
conditions. Multiphase material models for bone, require porosity (p) and, minimally, some indication of
anisotropy such as a fabric tensor (H) to define the material properties.”® Porosity is the lowest complexity
measure of local microstructure (it is a scalar) and measures the void fraction. The fabric tensor is a higher
order measure (second order tensor) characterizing the arrangement of the material surface
distribution.”®” Fabric tensors are experimentally determined via stereological measurement; for bone,
ellipsoids fitted to the 3D measurement of the mean intercept lengths between bone and marrow

interfaces are used to define a fabric tensor.”>7®
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Porosity (p) and the second order fabric tensor (H) can be related to the elastic stiffness tensor
(C) used for stress-strain calculations. When the modulus tensor C is expressed as a function of p and H,
full anisotropy (e.g., triclinic symmetry) cannot be represented because the assumption of a second order
fabric restricts the model. The least material symmetry represented using p and H is orthotropy.”
However, experiments determining the fabric tensor to predict volume-averaged moduli lead to the
conclusion that trabecular bone is often orthotropic, and compact bone is often transversely isotropic;
therefore, bone’s anisotropy can often be well represented using H and p.”*’” Despite this, isotropic
models of bone are the most common due to the difficulty of measuring H and the lack of experimental

information on the relationship between changes of H and changes in loading direction.”®

Isotropic models are used for three main reasons: 1) Bone’s natural tendency to align material
symmetry axes with the most common loading direction reduces shear coupling, so isotropic symmetry
can be assumed in models using physiological loading conditions. When no shear coupling exists, reducing
material symmetry from aligned orthotropic to isotropic does not change the form of the stiffness
matrix.”® So, under physiological loading conditions increasing material symmetry past isotropic may not
improve a model’s predictive capability.®’ 2) Isotropic models are computationally simpler than
orthotropic models. 3) Existing publications on bone mechanical properties do not fully define the
connection between porosity, the fabric tensor, and material properties. However, there is good data for
the isotropic relationship between Young’s modulus and porosity that appears valid for most species.
There are few validated models for orthotropic properties, and none are available for equine bones.
Therefore, significantly more experimental work would be needed to use orthotropic material properties.
Considering (1) with (2) and (3), isotropic constitutive models are an appropriate initial choice for

modeling physiologic loads in bone.
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1.4.2 Homogeneity Assumptions

Continuum mechanics is the mathematical basis underlying finite element methods (FEM). Bone
tissue, which is filled with numerous pores, is clearly not a continuum. To avoid violating continuum
assumptions, most FEM models bone use one of three approaches.®® First, methods to include
microstructural effects (e.g., homogenization theory or representative volume elements) can be used.
Second, bone can be modeled at the substructure level to avoid discontinuities in the tissue. In this
method, hard tissue and porous spaces are individually modeled. Third, one can ignore the fact that bone
is not a continuum. In this latter method, apparent material properties are used for tissue volumes that
are large enough to contain several pores —averaging out the effect of individual pores in the volume. This
approach does not require the material to be homogeneous at the continuum level, as the apparent
characteristics can be different for different volume elements. The third method is (arguably) the most
practical when predicting changes within an entire bone and is historically the most common. Both sub-
structural and microstructural effect models are more computationally intense and not easily performed
in commercial software. Additionally, the detail provided by sub-structural models is not needed for most

clinical applications (e.g., modeling whole bones).

Using the apparent property method, an assumption about material symmetry must be made
before the stiffness matrix is constructed. Assuming isotropy, apparent mass density (pa, Eqn. 1.1) is

sufficient to determine the apparent modulus for cancellous and compact bone (E., Egn. 1.2).21213.2181

- l A with p = true hard tissue mass density Egn. 1.1
Pa p .
VV V = volume of interest
E, =Cpl with C = experimentally determined constant Eqn. 1.2

n = experimentally determined constant

Apparent density is a suitable substitute to porosity when defining a scalar measure of material

structure.” The averaging volume (V) depends on the size of the microstructure and limits the maximum
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spatial derivative of apparent density, apparent stress, apparent strain and apparent moduli. A
conservative estimate for the upper limit of the spatial derivative of p, (dpa/dx) is 2.0 g*cm3*mm??, 381
When E, is used in finite element computations, the computed stress (and strain) values are expected

(averaged) values within the volume (V) — rather than true values at a material point.

1.4.3 Material Evolution Equations

As discussed earlier, bone modeling and remodeling occur on multiple structural and temporal
levels. Since both modeling and remodeling can alter structure and density at a timescale that is relevant
for computer modeling problems of interest to orthopedic researchers, these changes should be
accounted for in mathematical models. Few research groups have attempted to simulate external bone
modeling (i.e., shape changes) with finite element methods, as it requires movement of element nodes
or addition of elements mid-simulation to allow for changes to the external model geometry.8? External
modeling occurs in small amounts in adult humans, so the simplification to only allow for internal
modeling (e.g., density/internal structure changes) and remodeling (e.g., damage repair) is still useful for

many clinical applications.

Models governing the evolution of bone tissue in response to loading and/or damage can be
considered mechanistic, phenomenological, or mixed. Phenomenological models do not directly simulate
physiological mechanisms and instead focus on observed empirical relationships between mechanical and
morphologic properties. Examples include those proposed by Carter, Fyhrie, Schaffler, Weinans, Huiskes,
and others.”?81838% Mechanistic models include detailed mathematical descriptions of physiological
pathways (e.g., the effect of RANK-RANKL-OPG pathways®). As more is learned about the cellular signaling
pathways in bone tissue, mechanistic models are becoming more popular. However, at this time not
enough detail is known about bone biology to develop a complete mechanistic model of bone. Therefore,
most mechanistic models must also include phenomenological components and can be consider mixed or

semi-mechanistic; examples of mixed models include those by Hazelwood, Mullender, van Oers, and many
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others.8°° Regardless of the algorithm type, mathematical models of bone modeling and remodeling
need to be developed in terms of variables that can be measured in real bones that have known
relationships to mechanical properties in order for the model to be useful to test hypotheses related to

bone adaptation.’?

Most phenomenological and mixed models assume the biological processes that change bone’s
structure are driven by error signals. These error signals are functions of the local structure and stress. If
an error signal exists and causes structural changes, an objective function (F) can be formulated to drive
models to an equilibrium state. In current formulations for bone’s response to loading and/or damage, F

is designed to be minimal at equilibrium 8183848692

Finite element formulations using apparent properties generally simulate internal modeling and
remodeling via changes in element apparent mass density (p.). This is done by defining dp./dt as the
objective function to minimize (Eqn. 1.3). Frequently, dp./dt is formulated as a first order differential
equation where some function, ¢, measures how close bone is to a goal state G (Eqn. 1.4); ¢ and G are
arbitrary (since the exact biological stimulus remains unknown) and many different formulations for ¢
and G have been implemented in FEM models.®! Examples include strain energy density, change in
accumulated damage, and effective stress.818387.9193 Often, F is non-linear in p, resulting in numerical and
spatial instabilities in the solutions that do not reproduce “real world” responses of bone to mechanical
load.®! This is unfortunate, as the instabilities severely limit the use of these models in clinical settings.
Often, post-hoc modifications have been made to impose stability criteria.®” In Chapters 3 & 4 of this
dissertation, we propose a compartment model of bone’s turnover cycle that could easily be linked to an
objective function (F) that is linear in terms of apparent density. Development of validated linear
differential equations with known numerical stability properties will improve the quality of solutions and

make it possible to predict damage quantitatively for the equine proximal sesamoid bones.
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dpa with o = stress field Egn. 1.3

=F(o,¢, & p,,d,...) where 0 < p; < pamax

de € = strain field

pa= apparent density

d = damage variable

Pa, max = empirical max pa
dpa _ px . with B = Curve-Fitted Constant ~ Eqn. 1.4
dt B*(¢(0,¢, & pa d, ... )-G) G = Proposed Goal State

1.5 Racehorse Anatomy and Musculoskeletal Injuries

Musculoskeletal injuries (MSI) are a significant welfare issue in horse racing. Many of these MSls
are considered catastrophic injuries, meaning an injured horse is euthanized or permanently removed
from racing due to the injury. Nearly one horse dies from an injury during racing and training for every 24
Thoroughbreds and every 44 Quarter Horses that start in a race.®* Although the incidence of deaths from
MSI per race is low, MSIs occur often enough to seriously affect horse welfare, jockey welfare, racing
economics, and public perception.! Worldwide, MSls are the leading cause of racehorse deaths directly
associated with racing or training.>*®¢ MSls are also the leading cause of jockey falls- often injuring both
the jockey riding the injured horse and others who fall when their mount collides with the injured
horse.9”8 Jockeys are 162 times more likely to fall and 171 times more likely to be injured when riding a

horse that died during a race than otherwise.®

Among MSls, bone fractures are the most common fatal injury type in racehorses.>*>*° The most
common site of fatal MSI is in the metacarpophalangeal joint (i.e., the fetlock joint).1%92 The most
common fatal fetlock injury is fracture of the proximal sesamoid bones (PSBs).%>1°1"104 The population of
horses studied in this dissertation are from California, so some specific facts about fetlock and PSB
fractures in California follow. Between 1992-2018 in California, fetlock failure caused 50% of fatal injuries,
affecting 2,384 racehorses. In this time-period, PSB fracture accounted for 82% of fatal fetlock injuries and

48% of all fatal MSls — totaling nearly 1,924 fatal injuries.%

18



1.5.1 The Equine Fetlock Joint: Anatomy and Function

The fetlock joint of the distal equine forelimb consists of four bones: the medial PSB, lateral PSB,
the third metacarpal bone (MC3), and the proximal phalanx (P1). The MC3 and P1 are long bones and the
PSBs are a pair of pyramidal-shaped bones intercalated in the ligaments of the fetlock’s suspensory
apparatus (Figure 1.2 and Figure 1.3).1% The medial PSB is typically shorter (proximodistally) and wider
(mediolaterally) than the lateral PSB.2%”1% The PSBs and P1 articulate with the MC3, but not with one
another. The articular surface of the distal condyle of the MC3 has two distinct curvatures to allow for
articulation with both the PSBs and P1. The palmar surface of MC3 is congruent with the PSBs, and the
dorsal surface of MC3 is congruent with the P1. The curvature of the dorsal articular surface is higher than
the palmar surface and the transverse ridge delineates the change in curvature.'1!! Additionally, the
sagittal ridge of the MC3 interdigitates within a sagittal groove on the proximal condyle of the P1 and

between the two PSBs (Figure 1.3).

Figure 1.2 The fetlock region of the equine forelimb. A) Anatomical position of bones of the equine forelimb with
the fetlock region indicated by the box. B) Lateral view of equine forelimb bones, location of PSBs indicated with
dashed circle. C) Dorsal view of suspensory apparatus with intercalated PSBs indicated by dashed circle. D) 3-D
model of PSB created from microcomputed tomography images, illustrating the pyramidal shape. PSBs have an
average height (z-axis) of 37mm, width (y-axis) of 32mm, and depth (x-axis) of 25mm.12
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The suspensory apparatus supports the fetlock joint during locomotion and contains three
structures in series: the suspensory ligament, the PSBs, and distal ligaments of the PSBs (alternately
known as the distal sesamoidean ligaments; Figure 1.3). If any of these structures rupture or fracture, the
suspensory apparatus is not able to sustain loads. The suspensory ligament originates at the
proximopalmar aspect of the MC3 and inserts into the apex of the PSBs. The bases of the PSBs are bound
tightly to the proximal and middle phalanges (P1 and P2, respectively) by four sets of distal sesamoidean
ligaments. Of the four sets of distal sesamoidean ligaments, the straight and oblique distal sesamoidean
ligaments are the most substantive. The PSBs are bound to each other along their axial borders, on their

respective sides of the sagittal ridge, by the intersesamoidean ligament.

Dorsal Palmar

SL
Body

MCPJ MG

SOy

Extensor £ | ©
Branch PSBs —f—ngittcl
N Ridge

mmmme e - - - - - - - e - - - - S - . - - - - - - €--%-- :\- ---
e "/ Mediol AR~ Lateral
\ :\(\Stlr;:é%ht PSB T

Straight \ / \ \\ Sagittal
DSL ' 2+ ~4 Groove

Figure 1.3: Soft tissue structures and geometry of the bones of the metacarpophalangeal joint (MCPJ
or fetlock joint) help confine fetlock motion to flexion-extension in the sagittal plane. Soft tissue
components include the suspensory ligament (SL) and its medial, lateral, and extensor branches, the
intersesamoidean ligament (ISL), and the distal sesamoidean ligaments (DSLs, distal ligaments of the
proximal sesamoid bones (PSBs). Bones of the MCPJ include the third metacarpal bone (MC3), proximal
phalanx (P1), and medial and lateral PSBs. The sagittal ridge of the MC3 condyle interdigitates with both
the sagittal groove on the proximal articular surface of P1 and the ISL between the two PSBs.

The sagittal ridge of the third metacarpal bone, the suspensory apparatus, and other soft tissue
structures (i.e. collateral sesamoidean ligaments, extensor branches of suspensory ligament) help confine
fetlock movement to flexion-extension in the sagittal plane (Figure 1.3). At the gallop (~25mph), each
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forelimb supports loads in excess of 170% of equine body weight — this can exceed 10 kN.''* The
suspensory apparatus is the primary structure that supports this load during stride and prevents the
fetlock from hyperextending. Many consider the extreme fetlock extension observed at the gallop to be
hyperextension, as the P1 can contact the dorsal surface of the MC3 causing chip fractures at racing-
speeds. Regardless, without the suspensory apparatus, the fetlock joint would drop to the ground when
the forelimb is loaded.'® During locomotion and stance, compressive loads are applied to the articular
surface of each PSB as they impact the third metacarpal bone and tensile loads are applied proximally and

distally by the ligaments of the suspensory apparatus to resist fetlock extension.'4

1.5.2 Fetlock Joint Kinematics

In nearly all existing literature, the kinematics described for the fetlock joint only describe the
articulation of the third metacarpal bone (MC3) relative to the proximal phalanx (P1; i.e., MC3-P1 joint
angles). There is a significant body of work describing the 3D kinematics of the MC3-P1 articulation both
in vivo and in vitro. The primary motion of the MC3-P1 articulation is flexion and extension in the sagittal
plane. Maximum extension occurs during the support phase of stance (i.e., mid-stance) when the peak
vertical ground reaction force occurs.’*® In a majority of in vivo studies, a small amount of non-sagittal
plane motion is reported. Specifically, up to 5° MC3-P1 external rotation and 10-12° MC3 or MC3-P1
abduction occur during MC3-P1 extension.!'®!” The direction of the axial rotation (i.e., internal or
external rotation) appears to vary both among and within horses. The non-sagittal plane movements
reported by in vitro studies performed at a neutral hoof position (e.g., flat hoof position) are smaller than
those recorded in vivo.'*® However, larger non-sagittal plane motions can be induced in vitro using wedges
inserted beneath the medial or lateral aspect of the hoof; this may mimic the effect of uneven or banked
racetracks on in vivo motion.!*® Despite the high prevalence of PSB fractures, PSB kinematics have not

been explored in vivo.
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Generally, motion outside of the sagittal plane (i.e., any movement that is not flexion/extension)
could contribute to fetlock injury — since the joint is designed to move within the sagittal plane. Shoeing,
uneven footing, turning a corner, and landing a jump affect the non-sagittal plane movement of MC3-P1
articulation.’®12! Wearing shoes has been shown to increase the abduction/adduction range of the MC3

119 Uneven footing alters both the abduction/adduction direction and the

during locomotion.
internal/external rotation direction of the MC3.'*® Turning a corner also changes the abduction or
adduction of the forelimb compared to straight line movement.!® Landing a jump also increases
abduction and external rotation.?! Currently, it is unknown how these non-sagittal plane motions of the

MC3-P1 interaction affect PSB kinematics. Changes in PSB kinematics are expected to alter the loading

pattern of the MC3-PSB interaction; this may alter the strain distribution and affect PSB fracture risk.

1.5.3 Proximal Sesamoid Bones Fracture Characteristics

Clinically, PSB fractures are classified by location, fracture orientation, and the number of
fragments (Figure 1.4). There are four main fracture locations: basilar (i.e., within the distal portion), mid-
body (i.e., through center), apical (i.e., through proximal portion), and axial avulsion (i.e., longitudinal
fracture along the adjacent bone margins). Mid-body and basilar fractures are the most common.1® At
these locations, the fracture orientation is most often transverse or oblique. Simple fractures (i.e., those
with only 2 fragments) are more common than comminuted fractures (i.e., > 3 fragments).1® PSB fracture
occurs equally in both forelimbs or is more frequently found in left limbs, depending on the racing

population, 108
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Figure 1.4: Proximal Sesamoid Bone fracture configurations. A) Articular surface of intact PSBs is shown, PSBs are
embedded in suspensory apparatus ligaments. B) PSBs with a biaxial fracture; lateral bone (left) shows a simple
oblique fracture and medial bone (right) shows simple transverse basilar fracture. C) PSBs with a biaxial
transverse midbody fracture of both bones; medial bone (left) has a simple midbody fracture and lateral bone
(right) has a comminuted fracture.

In 55% - 80% of fatal cases, the medial and lateral PSBs fracture at the same time; this is
considered a biaxial fracture.'® In cases involving only one PSB, medial PSB fractures occur more often
(15.9%) compared to lateral PSB fractures (4.1%).1% Biaxial PSB fractures are especially damaging because
the integrity of the suspensory apparatus is disrupted — this prevents the horse from bearing weight on
the affected limb. The prognosis for surgical repair of biaxial PSB fracture is bleak.?? Therefore, horses

who sustain biaxial PSB fractures are usually humanely euthanized.

1.5.4 Stress Fractures in Racehorses

Most catastrophic musculoskeletal injuries (MSIs) in racehorses, including PSB fractures, are
believed to be stress-fractures resulting from the repetitive loads that occur during racing and
training.12*12*  This idea is supported by the following observations: 1) fractures occur in specific
anatomic sites, 2) the fractures have typical patterns, 3) incomplete fractures are often found in the
contralateral intact limb , 4) pre-existing pathology (i.e., a periosteal callus, focal remodeling) often
precedes a catastrophic fracture, 5) these fractures have been associated with specific trends in training
program (i.e., more intensive training is associated with fracture) and 6) these fracture types do not occur

in horses without habitual training and performance at high-speeds.

Pre-existing abnormalities in bone tissue have been observed in fractured PSBs. For example,

bone volume fraction and trabecular thickness are greater in PSBs that have fractured than in those from
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control horses.'?>126 Regional changes in bone volume fraction, with greater changes in bone volume
fraction between case and control bones along the flexor (palmar) surface have been observed.’?® These
differences likely reflect local bone responses to high loads and/or microdamage. Additionally,
radiolucent bone lesions have been observed in the trabecular bone adjacent to the palmar surface.031?7
These lesions are thought to be signs of stress remodeling that facilitate fracture initiation.”012>128129
These lesions have also been found in the contralateral limb of horses that sustain unilateral biaxial PSB
fracture. Since both forelimbs experience nearly equivalent loading patterns, pathological changes in both
forelimbs are expected in horses that experienced a stress fracture in one limb. However, specific loading
conditions that cause the pathologic changes are unknown. If the fracture had been the result of a
traumatic incident, these changes would not be seen in the opposite forelimb’s non-fractured PSBs.
Anecdotally, subchondral bone abnormalities have been observed at necropsy in medial transverse
midbody or basilar PSB fractures; these observations are described in detail in Chapters 2 and 5. Finally,
epidemiologic studies indicate that horses with more intensive training are at higher risk for PSB

130-132

fracture. However, the specific nature of the exercise programs that lead to PSB fractures are

unknown.

1.5.5 Prediction & Prevention of Proximal Sesamoid Bone Fractures

While pathological evidence (e.g., periosteal callus) allows for clinical methods to screen many
skeletal sites (i.e., scapula) at risk for a bone fracture prior to an exercise event, no reliable methods exist
to pre-screen horses for PSBs fracture risk. The main reason no clinical methods exist is the location of the
PSBs within the fetlock joint and the lack of understanding of the specific etiology of PSB fracture. The
anatomy of the fetlock joint makes clinical radiographs isolating the PSBs difficult to obtain and the small
density changes that precede a stress fracture cannot be identified in radiographic views where multiple
bones overlap. Additionally, the anatomy of the fetlock joint makes it difficult to palpate the PSBs (e.g.,

they are embedded within a thick ligament). Recently, positron emission tomography (PET) scanning was

24



introduced at the Santa Anita racetrack in California to identify the subchondral lesion described in
Chapters 2 and 5.132 This method may prove a useful tool in identifying horses at risk for PSB fracture in
the future. However, PET scanning is not widely available for clinical use, is expensive, and would have to

be repeated at regular intervals to identify at risk horses.

While opportunities exist to enhance screening methods for horses at risk for PSB fracture,
especially if etiology of PSB fracture were improved, these screening methods do not address the
underlying relationship between racehorse exercise and PSB fracture. Assuming PSB fractures are stress
fractures (which is supported by significant clinical evidence), there are likely training programs that put
horses at a low-risk for PSB fractures. Epidemiological studies imply ‘high-intensity training’ puts horses
at risk for PSB fracture, however, the complex interactions between exercise, race-surface properties, and
bone remodeling have prevented recommendation of specific training programs to reduce fracture
risk.5>130131A case-control study with live racehorses to determine the effect of specific training programs
on PSB fracture-risk is impractical; the requirement that animals be euthanized to collect research
endpoints is prohibitively expensive and inhumane. Therefore, computer modeling is the most accessible
method to determine how the complex interactions between exercise history, training- and race-surface

properties, and bone’s innate repair process affect PSB fracture-risk.

1.6 Research Aims & Hypothesis

Racehorse proximal sesamoid bones provide a naturally occurring model of osteochondral stress
fractures. The research that follows has three Aims, all related to the etiology of Thoroughbred racehorse
proximal sesamoid bone stress fractures. Most of this work has been published, or submitted for

publication, as indicated.

Aim One: To compare microstructural and macrostructural features of PSBs from Thoroughbred

racehorses with and without unilateral biaxial PSB fractures to identify bone abnormalities that precede

25



fracture. This work is novel in that it characterizes changes associated with PSB fracture within the

subchondral tissue of racehorse PSBs. This work was published as:

Shaffer, SK., To, C., Garcia, TC., Fyhrie, DP., Stover, SM. Subchondral focal osteopenia associated
with proximal sesamoid bone fracture in Thoroughbred racehorses. Equine Veterinary Journal.

2021. doi: 10.1111/evj.13291

Aim Two: To determine if the structural measures identified in Aim 1 are linked to horse exercise and to
determine if a novel compartmental model of bone remodeling can be used to explain and predict the
observed changes. The compartment model introduced for this Aim is novel. Additionally, the
relationships found in this Aim between histomorphological measures and exercise add to the body of
evidence indicating that PSB fractures in racehorses are stress fractures. This work has not been published,

but a portion has been submitted for publication.

Aim Three: To determine the motion of the proximal sesamoid bones at racing-speed load conditions and
if their motions may contribute to the formation of the abnormalities observed in Aim 1. This work is
novel in that the three-dimensional movement of the PSBs have not been previously described. This work

was published or accepted for publication pending revisions as:

Shaffer, SK., Sachs, N., Garcia, TC., Fyhrie, DP., Stover, SM. In vitro assessment of the motion of
equine proximal sesamoid bones relative to the third metacarpal bone under physiologic

midstance loads. American Journal of Veterinary Research. 2021. doi: 10.2460/ajvr.82.3.198

Shaffer, SK., Shelley, K., Garcia, TC., Samol, MA., Hill, AE., Fyhrie, DP., Stover, SM. In Vitro Motions
of the Medial and Lateral Proximal Sesamoid Bones under Mid-Stance Load Conditions are
Consistent with Racehorse Fracture Configurations. Accepted pending revisions to the Journal of

Biomechanics.
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Chapter 2: Subchondral Focal Osteopenia Associated with Proximal Sesamoid

Bone Fracture in Thoroughbred Racehorses

This chapter has been published as:
Shaffer, S.K., To, C., Garcia, T.C., Fyhrie, D.P., Uzal, F.A., Stover, S.M., 2021. Subchondral focal osteopenia
associated with proximal sesamoid bone fracture in Thoroughbred racehorses. Equine Veterinary

Journal, 53, 294-305. https://doi.org/10.1111/evj.13291

2.1 Abstract

Background: Proximal sesamoid bone (PSB) fracture is the most common fatal injury in Thoroughbred
(TB) racehorses in the United States. Epidemiological and pathological evidence indicate PSB fracture is
likely the acute culmination of a chronic stress-related process. However, the etiopathogenesis of PSB

fracture is poorly understood.

Objective: To characterize bone abnormalities that precede PSB fracture.

Study design: Two retrospective case-control groups of PSBs from TB racehorses with, and without,

unilateral biaxial PSB fracture.

Methods: Proximal sesamoid bones were harvested postmortem from TB racehorses euthanized for
unilateral biaxial PSB fracture (cases) or causes unrelated to PSB fracture (controls) while racing or
training. The fractured medial PSB (FX-PSB) and contralateral intact medial PSB (CLI-PSB) from racehorses
that sustained PSB fracture, and an intact medial PSB (CTRL-PSB) from racehorses that did not have a PSB
fracture were collected as case and control specimens. Study 1) distributions of morphologic features
were compared among case and control groups using visual examination, photographs, radiographs, and

histology of whole PSBs and serial sagittal sections (10 FX-PSB, 10 CLI-PSB, 10 CTRL-PSB). Study 2) local
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bone volume fraction and mineral densities were compared among case and control PSBs using

microcomputed tomography (9 FX-PSB, 9 CLI-PSB, 9 CTRL-PSB).

Results: A focal subchondral lesion characterized by co-localized focal discoloration, radiolucency,
osteopenia, low tissue mineral density, and a surrounding region of dense cancellous bone was identified
in most case horses but not in controls. This subchondral lesion was found in a slightly abaxial mid-body

location and was bilaterally present in most case horses.

Main limitations: The postmortem samples may not represent the spectrum of abnormalities that occur
throughout the development of the subchondral lesion. Lateral PSBs were not examined, so their

contribution to biaxial PSB fracture pathogenesis is unknown.

Conclusion: Abaxial subchondral lesions are consistent with pre-existing injury and likely associated with

PSB fracture.

2.2 Introduction

Musculoskeletal injuries have an adverse effect on the racing industry, often resulting in
racehorse death or permanent removal from racing and in jockey injury. Musculoskeletal injuries are the
most common cause of racehorse death associated with racing or training.> The most common fatal
injury in the United States is fracture of the proximal sesamoid bones (PSBs) — accounting for 45-50% and

37-40% of fatal injuries to Thoroughbred and Quarter Horse racehorses, respectively.>**

Epidemiological evidence supports the premise that PSB fractures are the acute manifestation of
chronic repetitive loading.> Racehorses in intensive training are at higher risk for PSB fracture.® Racehorses
that spend more time in active training and racing, compete in more events, have higher high speed

exercise intensities in the 6-12 months before death, and greater cumulative distances in their career than
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their cohort are at a higher risk for PSB fracture.®® Therefore, common recommendations to prevent PSB

fracture include limitations on exercise intensity and the amount of continual time racing. ®

Understanding the mechanism of PSB fracture is necessary to reduce fracture risk and determine
links between risk factors and fracture prevention. Two theories have been proposed to explain PSB
fracture: 1) disproportionate rates of bone and ligament strengthening in response to training cause the
PSBs to be the weakest link in the suspensory apparatus and 2) transient changes in PSBs due to an
imbalance in the rates of damage accumulation and repair create a focal site for fracture initiation.*>°
Racehorse third metacarpal, scapular, and cervical spine fractures are associated with preexisting focal
bone changes that degrade material properties and predispose the bone to fracture.'*!? These preexisting
changes are often observed in the contralateral, non-fractured limb, due to the bilateral nature of

repetitive overuse injuries; clinical fracture occurs in the more severely affected limb.13°

Proximal sesamoid bones were examined to determine if pre-existing abnormalities are
associated with PSB fracture. It was hypothesized that horses with unilateral biaxial PSB fracture will have
bilateral evidence of focal stress remodeling associated with PSB fracture and that fractured PSBs will

have more severe changes than contralateral intact PSBs.

2.3 Materials and Methods

Two independent studies were performed that each compared findings among different sets of 3
groups of PSBs: fractured medial PSBs from case racehorses that sustained PSB fracture (FX-PSB), the
contralateral intact medial PSB from case racehorses that sustained PSB fracture (CLI-PSB), and intact
medial PSBs from control racehorses that died from a cause unrelated to PSB fracture (CTRL-PSB). Study
1 examined morphologic findings from whole PSBs and serial sagittal sections. Study 2 compared tissue

morphometric properties from microcomputed tomography (UCT) scans. Bones were harvested from
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Thoroughbred racehorses that died during racing or training and were necropsied for the California Horse
Racing Board from 2000-2017. The suspensory apparatus was excised from the forelimb during necropsy,
within 1-4 days of death after storage at 4C, and excised PSBs were stored in saline soaked towels in

watertight bags at -20C until studied.

2.3.1 Study 1 - Morphologic study

Ten case (1 female, 5 gelding, 4 stallion; 2-8 years old, median age 3 years old) and 10 control (3
female, 5 gelding, 2 stallion; 2-7 years old, median age 3 years old) horses were selected from a set of 96
Thoroughbred racehorses (39 case horses, 2-14 years old, median age 4 years old; 57 control horses, 2-8
years old, median age 3 years old) that were euthanized because of an injury that occurred during racing
or training. Study horses were selected to span different exercise intensity training histories because PSB
fracture has been associated with high intensity training and racing.®® Therefore, the study sample of 10
case and 10 control horses was selected using a multivariable stepwise logistic regression of exercise
history variables reduced from races and official timed work-outs from official records [Jockey Club
Information Systems]* to predict case status, similar to previous studies.'® The regression (max-rescaled
r2 = 0.35, area under ROC = 0.80) was used to predict the probability that a horse was a case
(Supplementary Item 1) [SAS 9.4]8. From this model, stratified sampling was used to select 10 case and 10
control horses, distributed among the full range of probabilities. This selection of 10 case and 10 control
horses provided 10 FX-PSB, 10 CLI-PSB, and 10-CTRL-PSBs. Case horses were euthanized due to unilateral
forelimb (8 left, 2 right) biaxial PSB fracture; control horses were euthanized due to fracture to the carpus

(2), humerus (2), third metacarpal bone (2), proximal phalanx (2), pelvis (1), or radius (1).

All PSBs were excised from the suspensory apparatus. Fracture surfaces and dorsal, palmar, axial,
and abaxial surfaces of whole PSBs and reconstructed FX-PSBs were photographed and scanned using uCT
[UCT 35CS; 18.5um3 voxels, 7 kVP, 114 pA, 2.5s integration time; calibrated with ScanCo phantom].
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Subsequently PSBs were embedded in polymethyl-methacrylate (PMMA) and cut into 3mm thick
serial sagittal sections using a circular saw [IsoMet 1000 Precision Cutter]®. Axial and abaxial sides of each
section were photographed and high-detail contact radiographs were obtained with the abaxial side in
contact with the radiography film [43855N X_Ray System Faxitron Seriest, 35 kVP, 40 kVp, 2 minute

exposures; Oncology Portal Pack for Localizationf].

Photographs and high detail contact radiographic images were respectively evaluated for
discoloration (presence, location, severity, distribution), focal radiolucency, density pattern, fracture
pattern, and fracture surface incongruities (Supplementary ltem 2). Areas of focal radiolucency observed
on high-detail radiographs of the sagittal sections were confirmed using the uCT images. Photographs,
high detail radiographs, and puCT images were evaluated twice by one observer (SKS) with a Kappa
agreement statistic (0.8 median, range 0.54-1; evaluation over three week time period) for features that
could be correlated with adaptive and/or pathologic processes [SAS 9.4]%. Categorical variables with
discrepancies between the two attempts were re-evaluated a third time by the same observer and all

three attempts were compared to choose final classification.

Differences in the distributions for variables among FX-PSB, CLI-PSB, and CTRL-PSB groups were
assessed using Fisher’s Exact Tests [SAS 9.4]%. Correlations among variables were assessed using

Spearman’s correlation coefficient (r) [SAS 9.4]%. A p<0.05 was considered statistically significant.

Sagittal sections for histology were selected based on the presence of gross discoloration; if no
discoloration was present in a PSB’s sections, a section was selected from a similar location as those with
discoloration. Sections were fixed in buffered formalin, decalcified, embedded in paraffin, cut into 4 um
thick sections, stained with Hematoxylin & Eosin (H&E), and examined using brightfield microscopy
(Olympus VS120 Virtual Slide Microscope, 20x objective; Olympus Soft Imaging Solutions VC50 camera).

Histologic findings are described.
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2.3.2 Study 2 - Tissue morphometric study

Nine case (5 female, 2 gelding, 2 stallions; 3-4 years old, median age 4) and 9 Control
Thoroughbred racehorses (6 female, 1 gelding, 2 stallions; 2-4 years old, median age 3) provided 9 medial
FX-PSBs, 9 medial CLI-PSBs, and 18 bilateral medial CTRL-PSBs. Case horses were euthanized due to
unilateral biaxial PSB fracture and had focal semi-circular subchondral discoloration on the fracture
surface. Control horses were euthanized due to carpal bone fracture (1), hindlimb PSB fracture (1),
laminitis (1), pneumonia (3), radius fracture (1), humeral fracture (1), and sudden death of unknown cause

(1). Bones from 2 control horses were also used in Study 1.

Bones were imaged with a high-resolution uCT specimen scanner [Siemens Inveon CT® 80 kVP,
315 uA, 1650 ms exposure time, 35.7 um?> voxels, 1081 projections per 360 degrees]. Bone volume fraction
(BVF), apparent mineral density (AMD), tissue mineral density (TMD), trabecular number (Tb.N), and
trabecular thickness (Tb.Th) were determined for two half-cylindrical regions of interest (ROI) [ScanCO
UCT Evaluation Software v6.5-3]¢. The first ROI (ROI-1) was drawn surrounding the focal region that was
co-located with subchondral discoloration (Fig 2.1). A second ROI (ROI-2), a within bone control region,
was centered at one-third of the maximum width of ROI-1 away from the most axial point of ROI-1 (this
region was not obtainable on all FX-PSBs). In PSBs without focal radiolucency (CTRL-PSBs), ROIs were
drawn at locations that corresponded to locations of focal radiolucency in other PSBs (Fig 2.1). Bone

tissues in the reconstructed images were segregated from soft tissues using a standard threshold.

The effects of PSB group on tissue morphometric variables were assessed using a mixed model
ANOVA and post-hoc pairwise comparisons [SAS 9.4]8. Group (FX-PSB, CLI-PSB, CTRL-PSB) and ROI (ROI-1,
ROI-2) were treated as fixed effects, horse was treated as a random effect, and repeated measures within
horse were accounted for. A p<0.05 was considered statistically significant. Normality of the ANOVA
residuals were checked using the Shapiro-Wilks statistic[SAS 9.4]8. Post hoc power was assessed for non-
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statistically significant comparisons [SAS 9.4] B. Exercise histories from horses selected in Study 2 were

compared to those selected in Study 1 (Supplementary Item 1).

Axial

Figure 2.1: Standardized regions of interest for
analysis of tissue properties. Level of analysis
shown on whole proximal sesamoid bones (PSB;
top), and ROIs shown on microcomputed
tomography transverse slice (center) and on
fracture surface (bottom). In PSBs with focal
subchondral radiolucencies (top image, red circle),
the proximal-distal center of radiolucency was
located and the distance from the bone apex was
located as a proportion of full bone height. The
transverse section at the center of the focal
radiolucency was used to center ROI-1 and ROI-2.
ROI-1 was drawn to surround the lesion (solid red
crescent). The caliper-width of PSB (dashed
yellow box, width illustrated by line 1), maximum
lesion width (line 4), maximum lesion depth (line
3), and the abaxial-to-axial distance to lesion
center (line 2) were determined at this transverse
section. ROI-2 (red dashed line in middle image)
was drawn one-third of ROI-1 width away from
most axial point of ROI-1. In PSBs without lesions,
ROI-1 and ROI-2 were drawn at the median values
for the given proportions and standardized to PSB
size. In bottom image, a solid ROl surrounds
subchondral discoloration (ROI-1) and dashed ROI
indicates control subchondral region (ROI-2).

Articular
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2.4 Results

Abnormal findings were observed in two specific locations within the PSB: one in subchondral
bone on the abaxial half of the PSB, and a second along the palmar surface. Most abnormal findings were
in a subchondral region within the abaxial half of the bone at a proximodistal level that corresponded to
complete transverse PSB fracture (Figs. 2.1, 2.2, & 2.3). The palmar location was less common and

corresponded to the location of the lesion previously reported by Anthenill.?

Figure 2.2: Typical location of subchondral surface abnormality was to the abaxial side of the mid-sagittal plane.
Example shown (right) on opposing fracture faces.
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Figure 2.3: Microcomputed tomography porosity maps highlighting focal subchondral osteopenic abnormality.
Porosity maps (shown in aguamarine) of case contralateral intact proximal sesamoid bone illustrating, in 3D, the
subchondral (top row) and palmar (bottom row) abnormal osteopenic foci (red). These visualizations were
created from pCT scans, porosities were identified using a standard threshold. Osteopenia foci (red) were
visually identified on uCT slices and then a region growing tool was used to determine their extent.

2.4.1 Study 1 - Morphological findings

A well-demarcated, focal, semicircular-shaped subchondral discoloration, that was contiguous
with the fracture plane of FX-PSBs and present at a corresponding level in CLI-PSBs, was frequently
observed grossly on fracture surfaces and sagittal sections (Table 1; Figs 2.2 and 2.4). Subchondral
discoloration was bilateral in 70% of case horses and occurred more frequently in FX-PSBs and CLI-PSBs
than in CTRL-PSBs (p < 0.001). The distributions of discoloration between FX-PSBs and CLI-PSBs were not
statistically different (p=0.629). Two case horses had no subchondral discoloration and one case had
discoloration only in the FX-PSB. The only CTRL-PSB with subchondral discoloration had a diffuse

discoloration (see Supplementary Item 2). The most frequently found subchondral discoloration pattern
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was: well-demarcated, focal, and crescent-shaped; this pattern was found in 80% of FX-PSBs, 60% of CLI-

PSBs, and none of the CTRL-PSBs.

Table 2.1: Contingency table for presence of focal radiolucencies observed on
high-detail radiographs of sagittal sections. Statistically significant differences

(p<0.05) in distributions among groups are indicated by *

Discz(l):raaltion Focal Radiolucency
Group Bone Subchondral* Subchondral* Palmar Any*
No Yes No Yes No Yes No Yes
Case FX-PSB 2 8 4 6 6 4 2 8
CLI-PSB 4 6 5 5 9 1 5 5
Control CTRL-PSB 10 0 10 0 8 2 8 2

(FX-PSB, fractured proximal sesamoid bone; CLI-PSB, contralateral intact proximal sesamoid bone; CTRL-PSB, control

intact proximal sesamoid bone; Subchondral, only subchondral focal radiolucency;
radiolucency; Any, subchondral and/or palmar radiolucency)
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Figure 2.4: Focal subchondral discoloration surrounded by sclerosis in Case proximal sesamoid bones .Focal
subchondral discoloration (red arrows) surrounded by sclerosis (yellow arrows) on fracture surfaces of fractured
proximal sesamoid bones (FX-PSB) and on abaxially located sagittal section of FX-PSB and contralateral limb
proximal sesamoid bones (CLI-PSB) from the same case horse (red box, slice taken at level of section indicated by
white dashed lines); but not on the control proximal sesamoid bones (CTRL-PSB). Focal osteopenia (red boxes) on
high detail radiographs and microcomputed tomography of case bones co-localized with focal discoloration.
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Focal subchondral discoloration was more severe for FX-PSBs than CLI-PSBs (p = 0.006).
Specifically, this discoloration was graded severe in 2 FX-PSBs, moderate in 4 FX-PSBs and 2 CLI-PSBs, and
mild in 2 FX-PSBs and 5 CLI-PSBs. Additionally, focal subchondral discoloration on sagittal sections
correlated with the presence of subchondral fracture surface discoloration (r =0.66). Most FX-PSBs (90%)
had visible discoloration on the fracture surface; most commonly in a crescent pattern in 70% FX-PSBs (Fig

2.4).

Subchondral radiolucency found on high detail radiographic images of sagittal sections, confirmed
via sagittal uCT images, was focal and predominantly bilateral in case horses and not apparent in control
horses (p = 0.012) (Figs 2.4 and 2.5, Table 1). These focal subchondral radiolucencies were found in 70%
of case horses (4 bilateral, 2 unilateral in FX-PSB, 1 unilateral in CLI-PSB). Subchondral radiolucency
occurred more frequently in FX-PSBs and CLI-PSBs than in CTRL-PSBs (p= 0.012 comparing all groups, p =
0.033 comparing CLI-PSBs and CTRL-PSBs, p = 0.012 comparing FX-PSBs and CTRL-PSBs). The distributions
of subchondral radiolucency between FX-PSBs and CLI-PSBs were not statistically different (p=1.0).
Retrospective review of uCT images revealed subchondral radiolucencies in two additional case horses
and showed small radiolucencies in additional CLI-PSBs; a total of 6 bilateral subchondral radiolucencies
and 3 unilateral subchondral radiolucencies in FX-PSBs were found. The focal subchondral radiolucencies
were co-located with focal subchondral discoloration and contiguous with the fracture line (Fig 2.4).
Presence of a focal subchondral radiolucency correlated with the presence of focal subchondral
discoloration on sagittal sections (r = 0.66, p < 0.001), and the pattern of subchondral sclerosis (r = 0.33,
p = 0.01; Table 2). All PSBs had some degree of subchondral sclerosis; case horses (FX-PSB & CLI-PSBs)

tended to have more severe subchondral sclerosis than controls (p = 0.09).
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Table 2.2: Relationship of subchondral focal radiolucency with subchondral discoloration and sclerosis for all PSBs. Spearman’s Correlation Coefficient (r) and
Fisher’s Exact p-value are listed

Subchondral Discoloration

Subchondral Sclerosis

h |
Sub:o::ldra Presence Pattern Severity Presence Pattern
Radiolucency
No | Yes | None | Focal | Diffuse [ None | Mild | Moderate | Severe | No | Yes | Edge Thin Wide Full
Crescent Crescent
No 14 5 14 4 14 3 1 1 0 19 2 2 12 3
Yes 0 11 0 10 0 5 5 1 0 | 11 0 0 3 8
p < 0.001 p < 0.001 p < 0.001 p=0.01
N/A
r=0.71 r=0.66 r=0.55 r=0.33
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Figure 2.5: Subchondral sites of focal osteopenia illustrated on uCT sagittal images. Regions of focal osteopenia
(red circles) are shown on bilateral (fractured proximal sesamoid bone (FX-PSB) & contralateral intact PSB (CLI-
PSB) limbs of a case horse with unilateral biaxial PSB fracture.

Palmar discoloration did not differ among groups (presence, pattern, and severity; p = 0.6; p =
0.2, p=0.6); 19 of 30 horses had mild discoloration along the palmar border in the sagittal sections, either
well-demarcated along the entire border (n=8) ,diffuse along part of the border (n=3), or focal (n=8).
Presence of palmar discoloration in sagittal sections was not correlated to presence of a palmar
radiolucency (r = 0.03). The pattern of palmar discoloration on the fracture face did not correlate to

presence of a palmar radiolucency (r = 0.16).

Palmar focal radiolucencies were less prevalent in our sample set than subchondral focal
radiolucencies (Table 1), and not statistically different among groups (p = 0.4). The only focal
radiolucencies found in CTRL-PSBs were palmar (2 CTRL-PSBs). Four case horses had palmar focal

radiolucencies (1 bilateral, 3 unilateral in FX-PSB), three of the four case horses with palmar focal
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radiolucencies also had subchondral focal radiolucencies. Palmar radiolucencies were contiguous with the

fracture line in FX-PSBs were they were present.

Any radiolucency (subchondral or palmar) occurred more frequently in FX-PSBs than in CTRL-PSBs
(p =0.023). The distributions of any radiolucency between CLI-PSBs with FX-PSBs and with CTRL-PSBs were

not statistically different (p=0.350, p=0.350, respectively).

All FX-PSBs had incongruent fracture lines or were missing pieces of bone on the high-detailed
radiographs and images of sagittal sections — either on the palmar aspect, subchondral aspect, or both.
No significant associations between fracture type (comminuted (n=6) or simple (n=4)) and other variables

were found.

Histological sections stained with H&E were examined for differences between case and control
PSBs along the subchondral surface. Subchondral bone tears (STs) were found in both case and control
PSBs; however, STs were tightly clustered in a crescent shape at the level of the focal radiolucency in case
horses (present in 9/10 CLI-PSBs, 10/10 FX-PSBs; Fig 2.6). Subchondral bone tears were observed in 7
CTRL-PSBs, but were much less numerous and only tightly clustered in 2 CTRL-PSBs. Calcified cartilage
tears (CCTs) were often found clustered adjacent to STs in case horses (present in 5/10 CLI-PSBs, 8/10 FX-
PSBs; Fig 2.6). The two CTRL-PSBs with CCTs had clustered STs (Fig 2.6). In case FX-PSBs, STs and CCTs were
tightly clustered in a half-crescent shaped region on proximal and distal sides of the fracture line (Fig 2.6).
In both Case and Control bones, bone matrix tears were more prevalent along the subchondral (dorsal)
surface than the palmar surface. Sample cellularity was poor and presence of resorption bays could not
be confirmed; however, porosities with scalloped edges were frequently found near SMT clusters in the
subchondral region. In addition, islands of calcified cartilage were found within subchondral matrix of
most PSBs; they tended to be deeper beneath the subchondral surface in CTRL-PSBs. Islands of

subchondral bone were found within the calcified cartilage matrix of most PSBs.
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Figure 2.6: Representative histology of case and control PSBs stained with Hematoxylin & Eosin. A) Case fractured proximal sesamoid bones (FX-PSB) with
severe subchondral bone matrix tears (arrowhead) clustered in crescent-shape (black-arrows) near fracture line with some tearing in calcified cartilage
matrix (diamonds). B) Case FX-PSB with typical subchondral matrix tears (arrowheads) and calcified cartilage matrix tears (diamonds) in crescent-shaped
region around fracture line (arrowheads). C) Case contralateral limb proximal sesamoid bones (CLI-PSB) with typical subchondral matrix tears (arrowheads)
and calcified cartilage matrix tears (diamonds) in crescent-shaped region at the corresponding location to fracture in the contralateral FX-PSB (arrowheads).
D) Typical control PSB with no subchondral or calcified cartilage matrix tears. E) Control PSB with the most tears, still occur in the corresponding, but
smaller, area as in typical case CLI-PSBs and FX-PSBs.
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2.4.2 Study 2 — Tissue morphometric findings

At the subchondral focal radiolucent site (ROI-1), BVF, AMD, TMD and Th.Th were statistically
lower and Th.N was statistically higher in FX-PSBs than CLI-PSBs and CTRL-PSBs (p<0.05; Table 3). Tissue
properties in CLI-PSBs were intermediate between those of FX-PSBs and CTRL-PSBs, but not statistically
different from CTRL-PSBs (Table 3). P-values comparing CLI-PSBs to CTRL-PSBs ranged from 0.16 to 0.91;
post hoc power ranged from 0.14-0.39. Within ROI-1, BVF was 12% lower (p = 0.03), AMD was 9% lower
(p =0.02), TMD was 5% lower (p = 0.004), Tb.Th was 54% lower (p = 0.008), and Th.N was 47% higher (p
=0.003) in FX-PSBs compared to CTRL-PSBs. Tissue properties in ROI-1 could not accurately be measured
in 3 of 9 FX-PSBs due to fracture plane interference with construction of ROIs. The mean cross-sectional

area of ROI-1 was 8.19 mm? for CLI-PSBs and 7.93 mm? for FX-PSBs.

Tissue morphometric properties at the intra-bone control site were not different between case
and control horses (CLI-PSBs and CTRL-PSBs) (ROI-2, Table 3). P-values ranged from 0.19 to 0.66; post hoc
power ranged from 0.10 to 0.65. Due to interference from the fracture line, tissue properties at ROI-2

were not measured in FX-PSBs.
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Table 2.3: Tissue properties (mean (95% Cls)) in the subchondral lesion (ROI-1) and control (ROI-2) sites
in FX-PSBs, CLI-PSBs, and CTRL-PSBs. Within site for each variable, values that do not share a superscript

are statistically different at p<0.05

Subchondral Discoloration Site Intra-Bone Control Site
(ROI-1) (ROI-2)
FX-PSB CLI-PSB CTRL-PSB CLI-PSB CTRL-PSB
n=6 n=9 n=9 n=9 n=9
Bone Volume Fraction 824 928 94°® 99 98"
(%) (67,97) (81,100) (91, 97) (99, 100) (98, 99)
Apparent Mineral Density 685" 7278 7508 293" 801
(mgHA/cc) (632,737) | (684,771) | (733,766) | (777,809) | (785, 817)
Tissue Mineral Density 730% 7568 7718 208" 809
(mgHA/cc) (705,754) | (738,773) | (760,781) | (782,813) | (795, 823)
Trabecular Thickness 0.5% 0.98 1.08 14° 13"
(mm) (0.3,0.6) (0.6,1.1) (0.8,1.1) (1.1, 1.6) (1.1, 1.4)
Trabecular Number 3.0 2.28 2.18 1.6(1 1.7 *
(#/mm?) (2.6,36) | (1.6,2.8) | (1.9,2.3) (1.3,1.9) | (1.5,1.9)

(FX-PSB, fractured proximal sesamoid bone; CLI-PSB, contralateral intact proximal sesamoid bone;
CTRL-PSB, control intact proximal sesamoid bone)

2.5 Discussion

Proximal sesamoid bones were examined from Thoroughbred racehorses that died from either
PSB fracture (cases) or a non-PSB fracture cause (controls) to determine if pre-existing abnormalities are
associated with PSB fracture. Case horses had evidence of pre-existing abnormalities on the subchondral
surface characterized by co-localized focal surface discoloration, focal osteopenia, subchondral bone
sclerosis, and focal fragmentation of subchondral bone and calcified cartilage matrix. All subchondral
pathologic changes were more numerous in case horses than control horses and more severe in affected
(fractured) limbs than contralateral intact limbs. A focal palmar radiolucency (lesion) was found
infrequently in both case and control horses; it was not associated with a particular pattern of

discoloration on sagittal sections.
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Our laboratory previously reported linear palmar defects (lesions) in PSBs from horses with simple
transverse mid-body PSB fractures °. However, only 2 of 8 case horses in that study (1 fracture, 2
contralateral intact PSBs) were reported to have palmar lesions.’®’ In the current study, focal radiolucent
regions on the palmar surface were found in both case and control PSBs (4 Case-FX, 1 Case-CLIl, and 2
Controls) and the distributions among groups were not significantly different. While not measured, it is
likely these palmar radiolucent regions were osteopenic. Palmar discoloration pattern (i.e. focal
discoloration) was weakly correlated with presence of a palmar focal radiolucent lesion. Few bone matrix

tears were noted along the palmar surface of case or controls.

In the current study, focal subchondral lesions defined by co-localized subchondral discoloration,
osteopenia, low tissue mineral density, and subchondral bone and calcified cartilage tears on decalcified
histology sections were associated with fracture in case horses. These subchondral lesions occurred in a
consistent, focal, mid-body, slightly abaxial location in case horses. Subchondral lesions were found in 7
of 10 case horses (6/10 FX-PSB, and 5/10 CLI PSBs; these lesions were biaxial in 4 Case horses.
Retrospective review of microcomputed tomography scans showed additional radiolucent lesions in two
additional case horses; resulting in 9 of 10 case horses with subchondral lesions (biaxial in 6 case horses,
unilateral in 3 FX-PSBs). Proximal sesamoid bones with the subchondral lesion always had advanced
densification of the perilesional subchondral bone. Histology could not confirm the presence of resorption
bays at the lesion site, due to poor cellularity; however, scalloped porosities (similar in morphology to
resorption bays) were present at the level of the subchondral lesion. Crescent-shaped clusters of
subchondral bone tears and calcified cartilage tears were more frequently found in the decalcified H&E
sections of Case horses than Control horses; these tears were co-localized with the focal osteopenia and
focal discoloration. While these tears may be processing artifacts, they likely represent pre-existing
microdamage or matrix fragility at this focal site.’®'® Case FX-PSBs had more advanced pathological
changes at the subchondral lesion site than Case CLI-PSBs. Specifically, FX-PSBs had a statistically lower
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bone volume fraction and tissue mineral density (p<0.05) within the lesion site than a comparable location
in CLI-PSBs and Controls. The lack of statistical differences in bone volume fraction and mineral densities
at the lesion site between CLI-PSBs and CTRL-PSBs are likely related to the relatively small observed effect
size and the small sample size. There were also no statistically significant differences for tissue properties
between CLI-PSBs and CTRL-PSBs at the intra-bone control site that was distant to the lesion. Mean
differences and confidence intervals at the intra-bone control site were smallest of all comparisons,
providing evidence that bones from case and control horses were less different in respects other than the
presence of a lesion. Fractured PSBs also had more severe focal subchondral discoloration than CLI-PSBs.
Subchondral cracks in FX-PSBs and small subchondral intertrabecular spaces resembling resorption
cavities have been reported in horses that sustained PSB fractures, these may be precursors to the

subchondral lesions found in this study.®

The role of microdamage and tissue remodeling in the formation of these subchondral lesions is
supported by co-localization of focal osteopenia, discoloration, and matrix tearing; bilateral lesions among
Case-FX and Case-CLI PSBs; and the lack of pathologic changes in Control horses. The left and right
forelimbs experience similar stresses that induce damage and remodeling and bilateral changes were seen
in Case horses, so it is likely that observed subchondral changes are the result of loading conditions
causing damage with insufficient time for full recovery and repair. Presence of advanced subchondral
sclerosis in Case horses and compaction of trabecular bone tissue within the Case PSBs indicates an
adaptive response to increased mechanical loading in Case horses. The observed tearing of subchondral
bone and calcified cartilage on decalcified histology sections likely represents microdamage, which
induces bone turnover and repair.?® A previous study indicated fracture does not appear to be associated
with trabecular bone microfractures in the central area of the PSBs;?° however, more focused analysis

along the subchondral regions may yield evidence of microdamage consistent with the tearing seen in our

56



histology samples. Additionally, the focal osteopenia and low tissue mineral density at the lesion location

is consistent with the transient effect damage resorption and repair has on bone tissue.

The tissue changes observed within this subchondral lesion are like those observed in stress
fractures in compact, cortical bone with the exception of periosteal callus. Long bone stress fractures are
a result of focal intracortical remodeling to high bone strains due to exercise and exercise-induced
microdamage; these focal sites develop transient porosities, compromising bone material properties and
leading to fracture.>?! Bilateral periosteal callus is commonly found in racehorses that unilateral complete
fracture of the humerus, scapula, and metacarpus.*'** However, periosteal callus cannot be formed on
the subchondral surface of the PSB due to overlying articular cartilage. As an alternative to a periosteal
callus, the peri-lesional sclerotic change surrounding the focal osteopenia in the subchondral bone may
be an attempt to buttress the underlying osteopenic weakness, like the endosteal callus that also
accompanies cortical stress fractures. Similar peri-lesional changes are observed in palmar osteochondral
disease of the third metacarpal bone (MC3), which occurs in an anatomic location where periosteal callus
cannot form.2%2 |n the current study, the peri-lesional sclerosis is superimposed on more generalized
subchondral sclerosis that is an adaptive response to increased loading with increasing training and racing

intensity.

Loading conditions experienced by the PSBs during equine locomotion support the development
of both subchondral and palmar lesions. The PSBs are part of the fetlock’s suspensory apparatus. With
fetlock extension, the PSBs experience both proximodistal tension, from the suspensory ligament and
distal sesamoidean ligaments, and dorsopalmar compression, from the MC3. Compressive forces from
the MC3 act on the articular PSB surface during equine locomotion and the contact area of the PSBs on
the MC3 condyle increases with load;?* these compressive forces may cause focal microdamage on the

subchondral surface. Tensile forces from the suspensory ligament and distal sesamoidean ligaments act
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on the palmar region of the PSB during locomotion and may be high enough to cause microdamage in a
focal region on the palmar surface. Since bone volume fraction is highly correlated to Young’s Modulus of
trabecular bone, the osteopenic lesion at either location could act as a stress-riser and play a role in

fracture initiation.?

Proximal sesamoid bone subchondral lesions may share a similar pathogenesis to palmar
osteochondral disease (POD) lesions reported in the MC3 of horses that experienced MC3 condylar
fracture. The PSBs articulate with the palmar aspect of the metacarpal condyle in a similar location that
POD lesions occur. Horses that sustained PSB fractures often have the degenerative lesions of the
metacarpal condyle associated with POD.* Additionally, PSB and POD lesions are associated with changes
to subchondral bone and bluish discoloration of the subchondral bone visible through grossly normal
articular cartilage 2. Similar subchondral matrix fragility tears are associated with POD lesions and
microdamage has been reported in the same location.*>*® Finally, POD lesions occur in a similar crescent-
shape as those observed in this study.'®2° The POD lesions and the reported subchondral PSB lesions occur
in opposing joint surfaces. Palmar osteochondral disease scores in the MC3 condyles were not evaluated
in the current study; however, determining the relationship between the degree of POD and presence of
these subchondral lesions may help explain the biomechanical pathogenesis of fetlock breakdown in

racehorses.

One limitation of the study is inclusion of only medial PSBs. Biaxial PSB fractures are more
common than uniaxial fractures and it is unknown which PSB fails first in catastrophic biaxial PSB fracture.!
The medial PSB was selected because it fractures more commonly in unilateral fracture and the medial
aspect of the fetlock joint is thought to bear more load during locomotion.? It is unknown whether similar
abnormalities associated with catastrophic biaxial PSB fracture would be found in the lateral PSB. Another

potential limitation of this study is the inclusion of control horses that died due to non-PSB
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musculoskeletal injuries (MSls). By using horses with fractures in bones other than the PSB as Controls,
this study highlights changes in the PSBs specifically associated with PSB-fracture in a population of
actively performing racehorses. Determining differences between the PSBs of horses who died from PSB-
fracture and other MSIs is useful for determining horses at higher risk for PSB fracture; potentially
differentiating insufficiency fractures of long bones from overuse fracture of the PSBs. Typically, horses
with humeral or scapular fractures experience insufficiency fractures early in their career or after a lay-up
due to insufficient adaptation to increasing stresses associated with increases in training intensity’?%,
However, PSB fractures occur in older horses associated with long-periods of intense exercise without
opportunity for recovery.®® Notably, no control PSBs in this study had a subchondral lesion — regardless
of whether the control horse died from other MSIs or not (e.g., pneumonia, laminitis, sudden death).
Another limitation of this study is the examination of PSBs from only 36 racehorses from one geographic
population (California). Although similar lesions are likely to occur in racehorses in other racing
jurisdictions that train and race under similar circumstances as in California, it is unknown if the results of

this study apply to racehorses in other racing jurisdictions. A larger sample size may also have elucidated

differences between CLI-PSBs and CTRL-PSBs.

The subchondral focal discoloration could be used at necropsy to identify bones with subchondral
lesions, since presence of a lesion was highly correlated to focal discoloration on the fracture faces;
highlighting the importance of systematic examination and documentation when reporting racehorse
injuries 1. However, the lesions are small relative to the resolution of clinical densitometric techniques
(e.g., radiographs) that could be used for lesion detection. The recent introduction of positron emission
tomography (PET scan) to the veterinary clinic may allow detection of high bone turnover in the slightly
abaxial location of the subchondral lesion.? It is possible that PET scanning may be made sufficiently

accurate to identify horses at risk for a catastrophic fracture of the PSBs.
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In conclusion, subchondral lesions observed in the medial PSBs of racehorses may have
predisposed racehorses to catastrophic biaxial mid-body PSB fracture. In this study, subchondral lesions

were found more frequently than palmar lesions in horses that died from mid-body PSB fracture.
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2.7 Supplementary Information A: Selection of Study Horses

Table SA — 2.7.1: Descriptive values (mean (95% Cl)) for the exercise variable selected from a

multivariable stepwise logistic regression (LR) used to select the subset of Case and Control Horses for
Study 1 (Section 2.3.1); model max-rescaled r? value is 0.35 and the area under (AUC) the receiver-
operator characteristic curve (ROC) is 0.80. The logistic regression odds ratio (OR; OR (95% Cl)) is given,
as well as the risk increase for being a case horse when the variable is increased by the difference in

group means.

. . Case Control . LR Odds Odds Of Being
Exercise History Difference Ratio for Case for IR
Variabl i
a”?b € Mean in Group being Case Difference in p-value
(Units) (95% CI) Means (95% Cl) Group Means
Number of High-
Speed Furlongs 6 80.0 42.3 1.04
37.7 4.39 0.001
Months Before | (71.0,89.0) | (33.6, 51.0) (1.02, 1.06) <
Death
(furlongs)
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o |
@ |
o
w
z 2
=
2
@
w o |
o
o
o
o | AUC =0.8016
o
[ [ [ [ [ [
10 08 06 0.4 02 00
Specificity

Figure 2.7.1: Receiver-operator characteristic curve for the regression shown in Table SA-2.7.1

Probability of a horse being a Case, as determined by the LR, is given in the Figure 2.7.2.

Stratified random sampling was used to select 9-10 horses from each decile, plus an additional horse
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from the extreme high end of the probability prediction. Within each decile, at least three horses from

the minority subset were selected to ensure Case and Controls animals were captured from the entire

range of exercise histories present.
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Figure 2.7.2: Probability of a horse being a Case, determined by the Logistic Regression shown in Table SA 2.7.1

When the same LR was run over the 18 horses selected for Study 2 (where Cases were chosen

based on fracture face discoloration and Controls were randomly selected), the max re-scaled r? value

was 0.61 and ROC AUC was 0.88. Results indicate that the selected exercise history variable (cumulative

number of high-speed furlongs 6 months before death) was sufficient to separate horses into Case and

Control groups. These are shown in Table SA-2.7.2.

Table SA-2.7.2: Descriptive values (mean (95% Cl)) for the exercise variable selected from a
multivariable stepwise logistic regression (LR) used to select the subset of Case and Control Horses for
Study 1 (Section 2.3.1) when applied to Study 2 horses (Section 2.3.4)

Case Control Odds Of
Exercise History Difference LR OR for BelnfirCase IR
Variable Mean in Group being Case Difference value
(Units) (95% Cl) Means (95% Cl) . P
in Group
Means
Number of High-
Speed Furlongs 6 83.5 31.1 1.06
2. 21.2 .021
Months Before (68.8,98.2) (4.9,57.2) 224 (1.01, 1.12) 0.0
Death
(furlongs)
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2.8 Supplementary Information B: Qualitative Variable Definition and Classification Levels.

For variables assessed on sagittal sections— all sectioned pieces were analyzed as a group (i.e. “yes” discoloration on one section put the bone in
the “yes” category). For variables captured from the opposing transversely oriented fracture surfaces — the proximal and distal fragments were
considered together for analysis. Figure 2.8.1 defines the regions identified on the PSBs (Palmar vs Subchondral) on the fracture faces (left) and

sagittal sections (right).

Figure SB-2.8.1: Regions examined in Study 1 (Section 2.3.1) shown on a sagittal section and fracture faces of a proximal sesamoid bone
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Table SB-2.8.1: Description of variables classified in Study 1 (Section 2.3.1)

Category/ Levels and Images Specimen Method
g. Y Variable Definition P Or
Location Type
Source
Presence (Y r Ph raph
. Presence of esence (Yes) o otograp
Articular . . absence (No) of
Axial Articular . . Whole
Surface discoloration along
Surface . Bone
. . axial aspect of the
Discoloration -
articular surface
Presence (Yes) or
absence (no) of
discoloration on
. Photograph
subchondral side of Whole erap
Presence of open fracture surface Bone
Fracture Subchondral P !
Surface Discoloration Fracture
* Note this ‘No’ Face

illustration has a focal
palmar discoloration
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Fracture
Surface

Severity of
Subchondral
Discoloration

Severity of

mild (yellow/light
red/light brown),

or severe (dark
red/brown)

* Note this ‘None’
illustration has a focal
palmar discoloration

Discoloration, ranked
none (nothing present),

moderate (red/brown), Bone,

Whole

Fracture
Face

Photograph

Fracture
Pattern

Comminuted

Biaxial Comminuted,

PSB fracture into 2
pieces, with fracture
through midline),
Simple Mid-body &
Oblique (both PSBs in
two pieces, one with
fracture line through
mid-body, other with
fracture line at oblique

angle)

Simple Biaxial Mid-body
(both medial and lateral

Whole
Bone

Photograph

Fracture
Incongruity

Location (if present)
where fracture line

appeared to be
incongruent between
two pieces of bone; this
could be on the
subchondral surface,
palmar surface, or none
(no incongruity).

Sagittal
Sections

High-detail
Radiograph
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Subchondral
Surface

Presence of
Discoloration

Presence (Yes) or
absence (No) of
subchondral
discoloration, dorsal
aspect of the bone
slices beneath the
articular cartilage

Sagittal
Sections

Photograph

Severity of
Discoloration

Moderate

Severity of
Discoloration, ranked
based on color. Mild
(yellow/light red/light

brown), moderate
(red/brown), or severe
(dark red/brown)

Bones were rinsed prior
to analysis, so should
not be due to residual

blood on surface

Sagittal
Sections

Photograph
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Morphologic pattern of
discoloration on
subchondral aspect of
the section.

Pattern of Discoloration can be Sagittal Photogranh
Discoloration more than 20% of bone | Sections grap
length (Diffuse) or less
than 20% of bone
length (Focal)
Presence (yes) or
HD-
Presence of absence (no) of focal . .
. Sagittal Radiograph,
Subchondral radiolucency on . .
. Sections Confirmed
Lesion subchondral aspect of .
with uCT

sagittal sections
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Subchondral
Sclerosis

Thin Proximal Full Dorsal Deep
Half Edge Dorsal

Levels of Subchondral
Sclerosis, based on
amount and location of
opaque subchondral
tissue. Ranked Thin
(articular edge opaque),
Proximal Half (articular
edge and proximal
subchondral tissue
opaque), Full dorsal
edge (proximal and
distal subchondral
tissue opaque), deep
dorsal (subchondral
tissue and internal
tissue past dorsal shelf
opaque)

Sagittal
Sections

HD-
radiographs

Palmar
Surface

Presence of
Discoloration

Presence (Yes) or
absence (No) of
discoloration on sliced
palmar sections.
Normal sections appear
white/pale yellow

Sagittal
Sections

Photograph
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Severity of
Discoloration

Eo;erate Ievere

Severity of
Discoloration, ranked
mild (yellow/light
red/light brown),
moderate (red/brown),
or severe (dark
red/brown)

Sagittal
Sections

Photograph

Pattern of
Discoloration

one

None Foca
Well Diffuse

Demarcated

Morphologic pattern of
discoloration on palmar
aspect of the bone
section. Discoloration
can be along more than
20% of bone length but
with high density (Well-
Demarcated), more
than 20% of bone
length with low density
(Diffuse) or less than
20% of bone length
(Focal)

Sagittal
Sections

Photograph
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Presence (yes) or

HD-
absence (no) of focal . .
Presence of radiolucency on palmar Sagittal Radiograph,
Palmar Lesion aspect o?‘lsa iF’ztaI Sections Confirmed
P g with uCT

sections

No Yes

(FX-PSB, fractured proximal sesamoid bone; CLI-PSB, contralateral intact proximal sesamoid bone; CTRL-PSB, control intact proximal sesamoid

bone)
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Chapter 3: Exercise History Predicts Focal Differences in Bone Volume Fraction,

Mineral Density, and Microdamage in the Proximal Sesamoid Bones of

Thoroughbred Racehorses

3.1 Abstract

Medial proximal sesamoid bones from Thoroughbred racehorses that did (Case) or did not (Control)
experience unilateral biaxial proximal sesamoid bone fracture were evaluated for bone volume fraction,
apparent mineral density, tissue mineral density, and microdamage in Case Fractured, Case Contralateral
Limb Intact, and Control bones. Case bones had a subchondral lesion with high microdamage density, and
low bone volume fraction, apparent mineral density, and tissue mineral density. Lesion microdamage and
densitometric measures were associated with training history by robust linear regression. Exercise
intensity was negatively related to bone volume fraction (0.07 < R? < 0.12) and positively related to
microcrack areal density (0.21 < R < 0.29) in the lesion; however, in an undamaged site, the relationships
were opposite in direction. Regardless of location, tissue mineral density decreased with event frequency
for both Case and Control, suggesting increased bone remodeling with exercise. Measures of how often
animals were removed from active training (layups) predicted a decrease in tissue mineral density,
apparent mineral density, bone volume fraction, and microdamage at regions away from the lesion site.
A steady-state compartment model was used to organize the differences in the correlations between
variables within the data set. The overall conclusions are that at the osteopenic lesion site, repair of
microdamage by remodeling was not successful (e.g., lower bone mass, increased damage, lower
mineralization) but that in regions away from the lesion remodeling successfully controlled damage (e.g.,

higher bone mass, less microdamage, lower mineralization).
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3.2 Introduction

Proximal sesamoid bone (PSB) fracture is a common fatal injury among Thoroughbred racehorses.'

A subchondral bone lesion has been observed in medial PSBs from both forelimbs of racehorses that
sustain unilateral biaxial PSB fracture.>™ Bilateral bone lesions, consistent fracture configurations, and

association with high-speed exercise support that PSB fractures are stress fractures.*”’

Stress fractures are similar to fatigue fractures of non-living materials. However, unlike in non-
living materials, bone reacts to damage, mechanical loads, and environmental factors.®™1° In healthy bone,
cells modulate the quantity of bone and turnover rate in response to the load environment and to repair
damaged tissue.! Bone reacts to these stimuli through two processes: modeling and remodeling. During
remodeling the cellular processes of bone resorption and formation are coupled, but they are uncoupled
during modeling. Microdamaged tissue is removed and replaced with undamaged tissue by remodeling.
The newly formed tissue mineralizes, with the time and rate of mineralization partially controlled by bone
cells.’? Resorption reduces the apparent elastic modulus by forming pores that can be stress risers at the
site of damage repair.® Consequently, damage formation and porosity may increase at the repair site in
a vicious cycle if training is not reduced.»®%* |n healthy adults, the amount of tissue removed and
formed during remodeling are approximately the same (i.e., balanced). However, both negative (e.g., the
formation of Haversian canals during remodeling of primary cortical bone) and positive (e.g., in cancellous
bone a positive remodeling balance can be induced with parathyroid hormone)®!’” remodeling balances

are possible.

A compartment model for the “bone tissue turnover cycle” is proposed (Figure 3.1). It separates
bone tissue into four volumes: undamaged mineralized bone (BVyp), damaged mineralized bone (BVp),
osteoid (OV), and marrow or vascular space (MV). These tissue types are defined histologically*® and

completely fill the tissue volume (TV = BVp + BVyp + MV + OV). Tissue types can transform along designated
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paths at the corresponding rates (ki — ks; Figure 3.1; Supplementary Material C). The rates are known to
vary with mechanical loading (e.g., strain frequency, magnitude, etc.), age, and other biological factors.
Each compartment is a volumetric average within the tissue volume. Volume averaging of tissue types is
analogous to many morphometric measures, which define properties relative to a set referent (i.e.,
measure per volume).® The four tissue types are related to histological measures, including
microcomputed tomography measured mineralized bone volume fraction (BVF = BVy/TV = (BVp +

BVup)/TV) and void space (1 - BVw/TV).

Figure 3.1:
Compartment model of
Damaged bone’s tissue turnover
k Mineralized Bone k cycle that assumes a
4 5 .
(BVD) volume of bone tissue

can be classified into
four volume types:
Undamaged
Mineralized Bone,
k1 Marrow Damaged Mineralized
Bone, Osteoid, and
(BVUD) (M¥) Marrow. The arrows
indicate the path a
tissue volume can
follow to transform into
the different tissue

ks Osteoid ko types and ki are the
(oV) transformation rates.

Undamaged
Mineralized Bone

A 4

The tissue turnover cycle (Figure 3.1) represents both bone modeling and remodeling. However,
changes to any volume fraction cannot be directly attributed to either process. When bone is
mathematically characterized using volume fractions, the internal surfaces are lost and, therefore, the
distinction between bone remodeling and pure internal (i.e., trabecular surface) modeling is also lost. For
example, an increase in mineralized bone volume fraction could occur by unbalanced positive remodeling,
modeling to widen trabeculae, and/or other additive changes, but the model cannot distinguish the

processes used to increase mineralized tissue volume fraction. This model retains the concept of modeling
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on anatomical bone surfaces since exterior surfaces remain after volume averaging. However, in the
current study, we are only considering internal changes in tissue fractions below the joint surface,

therefore the model represents changes in volume fractions due to internal modeling and remodeling.

Objectives were to 1) compare densitometric and microdamage measures in the medial PSBs of
racehorses that did (Case) and did not (Control) sustain unilateral biaxial PSB fracture, 2) determine
relationships between measures and high-speed exercise, and 3) assess the model as a mechanism to

understand the results.

3.3 Materials & Methods

Densitometric and microdamage parameters were measured in 10 fractured medial PSBs (FX-PSB)
from Case racehorses euthanized due to unilateral biaxial PSB fracture (1 female, 5 castrated males, 4
males; 2-8 years old), 10 contralateral limb intact medial PSBs (CLI-PSBs) from the same Case racehorses,
and 10 medial PSBs from Control racehorses (CTRL-PSBs) euthanized for injuries unrelated to PSB fracture
(3 female, 5 castrated males, 2 males; 2-7 years old). Specimens were collected at necropsy and stored
until studied, as previously reported.* This study was exempt from Institutional Animal Care and Use

Committee approval.

3.3.1 Subject specific exercise history

The date and distance for all official lifetime gallop-speed activities were acquired (Jockey Club
Information Systems). Individual Events were classified as a Race (i.e., a competition) or Work (i.e., a
training activity). Sixty-seven derived variables represented four categories: lifetime exercise, exercise
intensity, layup (> 60 days without an Event), and exercise intensity in the year before death (Table SA-

3.7.1).7
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3.3.2 Specimen preparation

PSBs were imaged using microcomputed tomography (UCT; uCT 35, ScanCo Medical; 18.5 um3
cubic voxels at 7kVP, 114 uA, 2.5s integration time) calibrated to a phantom and segmented at the same
threshold. A global threshold of 540 mgHA/ccm was determined by examining candidate thresholds and
choosing that which best segregated the tissue into solid and void at the trabecular level as determined

by one observer (SKS).

PSBs were previously assessed for focal discoloration, presence of a radiolucent bone lesion, and
sectioned into 3mm thick serial sagittal sections. The section with the greatest focal subchondral
4

discoloration was selected for microdamage measurement since it correlated with lesion presence.

Similarly located sections were selected for PSBs without focal discoloration.

Sections were stored in 70% ethanol for 8 days then en bloc stained in 1% basic fuchsin (F98-10,
Fischer Chemical) in ascending grades of ethanol (80%, 90%, 100%; 6 days/grade) under vacuum?®®2,
Stained samples were infused in glycol methacrylate resin (Technovit 7200, Exakt Technologies Inc/Kulzer)
in descending grades of ethanol (70%, 30%, 0%; 7 days/grade) under vacuum, placed in a mold, and cured
for 8 hours of white then blue light (Histolux, Exakt Technologies Inc.). Hardened blocks were mounted
(Technovit 4000 and 7210) on plastic slides, sectioned to 400 um, then ground and polished to 70 pm
thickness (Exakt 400 CS grinder, Exakt Apparateau GmH & Co., Germany; Buehler MicroPolish 1 micron,

Lake Bluff, IL). Brightfield digital microscopy images (Olympus VS120; Olympus OlyVia) were manually

stitched (Adobe Photoshop) for microdamage quantification.

3.3.3 Densitometric Assessment

Bone volume fraction (BVF), apparent mineral density (AMD), and tissue mineral density (TMD)

were quantified in four, 166.5 um wide, regions of interest (LROIs) on UCT reconstructions (Figure 3.2A;
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ScanCo uCT Evaluation Software v6.5-3; ScanCo Medical) by one observer. In bones with a lesion, uROls
were created on the sagittal uCT slice with maximum lesion area. In PSBs without a lesion, the uROIs were
created on the sagittal uCT slice at 34.5% of the axial-abaxial width from the most abaxial slice, the mean
location of maximum lesion sagittal area in CLI-PSBs. The four uROIs were: Central Subchondral (CS),

Central Subchondral Border (CSB), Proximal Subchondral (PS), and Trabecular (TB) uROI (Figure 3.2A).

3.3.4 Microdamage Quantification

Microdamage was quantified for six histology ROIs (hROIs) by one observer, blinded to group (CLI and
CTRL, but not FX) and horse (Imagel).?> Three 1.5 mm deep quadrilateral regions equally divided the
articular surface and formed the Proximal Subchondral (PS), Central Subchondral (CS), and Distal
Subchondral (DS) hROIs. The Proximal Deep (PD), Central Deep (CD), and Distal Deep (DD) hROIs were
duplicated palmarly (Figure 3.2B). Microdamage was not assessed for 2 CTRL-PSBs = as the tissue was

inadvertently destroyed during grinding.
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Figure 3.2: A) Sagittal-plane microcomputed tomography (UCT) from a Case Contralateral Intact (CLI) proximal
sesamoid bone (PSB). Microcomputed tomography regions of interest (uROI) are: Central Subchondral (CS),
Central Subchondral Border (CSB), Proximal Subchondral uROI (PS), and Trabecular uROI (TB). The CS pROI
surrounded the lesion, if present, or was a 0.09 cm? semi-circle at 39% of the proximodistal height (i.e. average
lesion size and location in CLI-PSBs). The CSB uROI was a 1 mm thick border around the CS uROI. The PS uROI was
a 0.06 cm? semi-circle whose distal edge was 0.5 mm from the proximal edge of the CS uROI. The TB uROIl was a
0.60 cm? square drawn 5 mm from the subchondral bone surface and the proximal PSB border. B) Basic fuchsin
stained section from a CLI-PSB showing histology regions of interest (hROI) in a CLI-PSB. The six hROls are: Proximal
Subchondral hROI (PS), Central Subchondral hROI (CS), Distal Subchondral hROI (DS), Proximal Deep hROI (PD),
Central Deep hROI (CD), and Distal Deep (DD) hROIs. Mean hROI area was 7.9mm? in FX-PSB, 8.7 mm?Zin CLI-PSBs,
and 8.8 mm? in CTRL-PSBs; in FX-PSBs, tissue gaps were excluded from hROI and pROI areas.

Subchondral bone microcracks (Cr) were defined as deeply stained linear features with a
surrounding halo of basic fuchsin.? Calcified cartilage microcracks (Md.Cg.Cr) were defined as linear
features extending from the tidemark with a surrounding halo of dark staining in subchondral hROIs.®
The number of microcracks (N.Cr, N.Md.Cg.Cr), length of individual microcracks (Cr.Le, Md.Cg.Cr.Le),
microcrack length sum (2Cr.Le, 3Md.Cg.Cr.Le where summation is zero in the absence of cracks), proximal
angle between articular surface and calcified cartilage microcrack, hROI area (B.Ar), and articular surface
length (Cg.Bd) were quantified. The microcrack areal density (N.Cr/B.Ar; number/mm?), microcrack length
per area (2Cr.Le/B.Ar; mm/mm?2), average microcrack length (2Cr.Le/N.Cr; mm), calcified cartilage crack

number per articular surface length (N.Md.Cg.Cr/Cg.Bd; number/mm?), average calcified cartilage crack
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length (£Md.Cg.Cr.Le/N.Md.Cg.Cr; mm), average proximal angle (degrees), and calcified cartilage crack
length per articular surface length (:Md.Cg.Cr.Le/Cg.Bd; mm/mm) were derived. Whole bone microcrack

variables were estimated by combining data from all hROls.

Measurement repeatability for N.Md.Cg.Cr and N.Cr was tested by interrater reliability (IRR;
Shrout-Fleiss fixed set reliability statistic), t-tests, and Bland-Altman plots. N.Cr IRR was 0.65 —0.92 among
hROIs and 0.92 for whole bone; N.Md.Cg.Cr IRR was 0.79-0.96 among hROIs and 0.95 for whole bone. No

significant differences (p < 0.05) or biases were observed.

3.3.5 Statistical Analysis

Exercise history variables were compared between Groups (Case, Control) using a two-sided t-test
or Wilcoxon test depending on data normality (Shapiro-Wilks statistic, W > 0.9). The effects of Group (CLI,
CTRL, and FX-PSB) and pROI or hROI on densitometric and microcrack variables were assessed using
ANOVA or ranked ANOVA depending on ANOVA residual normality (SAS 9.4)." Group, ROI, and their
interaction were fixed effects and horse was a random effect. The effects of a lesion (Present, Absent) and
ROI on densitometric and microcrack variables were assessed similarly. Linear regression was used to
assess the relationships between microdamage and densitometric measures in the following (LROI, hROI)
pairs: (CS, CS), (PS, PS), (Whole Bone, CS), (Whole Bone, TB). The relationships between densitometric
and microcrack variables with exercise history variables were determined using robust linear regressions
(SAS 9.4)%* using data from CLI and CTRL-PSBs in all pROIs and the CS, PS, PD, and whole bone hROIs. The
relationships between the presence of calcified cartilage cracks and exercise history were assessed using
univariate logistic regressions since 60% of samples had N.Md.Cg.Cr = 0. For all analyses, p < 0.05 was

considered statistically significant.
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3.4 Results

Averaged over uROIs, mean TMD was lower in FX-PSBs than CLI-PSBs. Averaged over Groups, AMD,
TMD, and BVF differed among pROIs (Table SB-3.8.1). The interaction between Group and puROI was

significant for AMD and BVF (Table 3.1).

Table 3.1: Least Square Means + Standard Error from ANOVA or Raw Means * Standard Deviation from ranked
ANOVAT for tissue properties in each region of interest in all three study groups. Significant ANOVA effects
indicated by variable superscripts: '(ROI), $(Group), *(Group*ROlI). Pairwise comparisons of ROIs within a group
(down column) are indicated by superscripts (A,B,C). Pairwise comparisons of Groups for each ROl (across row),
are indicated by subscripts (a,B). For all comparisons, significant comparisons are indicated by * and variables that
do not share a superscript are significantly different at p < 0.05.

Region of Interest BVF""#
(ROI) CTRL" cu’ FX"
Central Subchondral * 0.98 (0.04)," 0.96 (0.04) op" 0.90 (0.09)"
Central Subchondral Border |  0.97 (0.05)" 0.98 (0.05),° 0.99 (0.01).°

Trabecular
Proximal Subchondral

0.90 (0.09)®
0.97 (0.04)

0.97 (0.03),*
0.96 (0.07),*®
AMD™*
(mg HA/cc)

CTRL cLr

0.96 (0.03),*®
0.96 (0.07),°

*

FX

Central Subchondral *

796.06 (13.40)

782.19 (13.40)*

733.08 (13.40)"

Central Subchondral Border

814.90 (13.40)

822.67 (13.40) 8

817.05 (13.40),°

Trabecular

782.41 (13.40)

827.57 (13.40)°

816.65 (13.40),,¢°

Proximal Subchondral

791.75 (13.40)

795.41 (13.40)*8

786.66 (14.70),°

TMD"®
(mg HA/cc)

CTRL’

cLI

*

FX

Central Subchondral *

812.37 (5.79)*

809.15 (5.79)

790.55 (5.79)g"

Central Subchondral Border

837.61(5.79).°

838.84 (5.79).°

830.26 (5.79).*¢

Trabecular

843.47 (5.79).°

852.94 (5.79).°

842.63 (5.79).°

Proximal Subchondral

811.62 (5.79)

819.54 (5.79)

812.77 (6.32),°

Note: AMD (apparent mineral density), BVF (Bone volume fraction), CLI (Case Contralateral Intact Group),
CTRL (Control Group), FX (Case Fractured Group), TMD (Tissue mineral density)
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Group densitometric differences were observed in the CSand TB uROls (Table 3.1; Table SB-3.8.1).
BVF, TMD, and AMD in the CS uROI were 9%, 8% and 3% lower in the FX-PSB compared to CTRL-PSBs.
However, BVF, AMD, and TMD in the CS uROI of CLI-PSBs had intermediate values similar to CTRL-PSBs.

In contrast, AMD in the TB uROI was 6% lower in CTRL-PSBs than in CLI-PSBs.

Regional densitometric differences within Groups were most apparent in FX-PSBs and CLI-PSBs
(Table 3.1). BVF, AMD, and TMD were lowest in the CS uROI of FX-PSBs and CLI-PSBs. In FX-PSBs the CS
UROI BVF was 10.1% lower than in the CSB uROI and 6.8% lower than in the PS uROI. In contrast, CTRL-
PSBs TB uROI BVF was nearly 8% lower than all other CTRL puROIs and no differences were apparent for

AMD among all CTRL pROls.

All PSBs contained subchondral bone microcracks. The fracture line passed through the CD hROI
in all FX-PSBs, the CS in 9/10 FX-PSBs, the PD in 2/10 FX-PSBs, and the PS in 1/10 FX-PSBs. Regardless of
Group, microdamage was greatest in the CS, PS, and CD hROlIs and least in PD and DD hROls (Table 3.2;
Figure 3.3; Table SB-3.8.2 & SB-3.8.3). The CS and PS hROI N.Cr and N.Cr/B.Ar were not significantly
different among Groups; however, the Cr.Le/N.Cr in FX-PSB CS hROI was 41% higher compared to CTRL

or CLI-PSBs, and FX-PSB CD hROI N.Cr/B.Ar was 65% higher than in CTRL-PSBs.

Calcified cartilage microcracks were more numerous and larger in Case PSBs (CLI and FX-PSB) than
in CTRL-PSBs (Table SB-3.8.2 & SB-3.8.3); they were found in 10/10 FX-PSBs, 9/10 CLI-PSBs, and 2/10 CTRL-
PSBs. Case PSBs CS hROI had higher N.Md.Cg.Cr, N.Md.Cg.Cr/Cg.Bd, 3Md.Cg.Cr.Le/N.Md.Cg.Cr, and
YMd.Cg.Cr.Le/Cg.Bd than the CTRL-PSBs (Table 3.3). In the PS and DS hROls, calcified cartilage variables
were not different among Groups (Table 3.3). While not statistically different, the mean proximal angle

changed from being >100° in the PS and CS hROIs to ~56° in the DS hROI (Table SB-3.8.2).
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Figure 3.3: Basic Fuchsin stained histology sections showing internal and calcified cartilage microcracks on Control
(CTRL; Left), Case Contralateral Intact (CLI; Center), and Case Fractured (FX; Right) proximal sesamoid bones (PSBs).
The top row shows the entire stained sagittal section, where the blue box encompasses the Central Subchondral and
Central Deep histology regions of interest (hROIl). The bottom row shows the Central Deep hROI and Central
Subchondral hROI from the CTRL, CLI, and FX PSB in more detail. The yellow arrows indicate calcified cartilage
microcracks.
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Table 3.2: Raw Means (Standard Deviation) of microdamage variables for Group and Region of Interest (ROI).
Significant ANOVA effects indicated by variable superscripts: T(ROIl), $(Group), *(Group*ROl). Pairwise comparisons
of ROIs within a group (down column) are indicated by letters (A,B,C,D). Pairwise comparisons of Groups for each
ROI (across row), are indicated by Greek letters (a,). For all comparisons, significance is indicated by * and variables
that do not share a superscript are significantly different at p < 0.05.

N.Cr'
(#)
CTRL" cur’ FX*
Proximal Subchondral 11.0 (11.3)*® 29.1 (33.7)cM8 13.7 (15.0)a®¢
Central Subchondral 19.8 (22.0)«* 52.0 (39.0)* 60.9 (40.5)."
Distal Subchondral 6.1 (9.7)a®¢ 11.6 (13.4)3¢ 9.4(7.3)s>¢
Proximal Deep 4.3 (4.9)«"P 4.9 (5.8)a%¢ 3.0 (3.0)«"¢
Central Deep 6.9 (9.7)g"® 14.5(10.8)q,"8C 15.6(9.4)™®
Distal Deep 2.2 (3.2)° 1.5 (3.3)s¢ 2.0 (2.4)°
N.Cr/B.Ar'
(#/mm?)
CTRL" cur’ FX*
Proximal Subchondral 1.1(1.0) 8 3.1 (3.4)M® 1.6 (1.5)®¢
Central Subchondral 2.1(2.1)A 6.0 (4.1)" 7.6 (5.1)"
Distal Subchondral 0.6 (1.0).¢ 1.3 (1.4)5¢ 1.3 (1.1)o®¢
Proximal Deep 0.4 (0.5).%¢ 0.5(0.6)a"P 0.4 (0.5)c"¢
Central Deep* 0.7(0.9)g"BC 1.6 (1.0)q,g"® 2.0(1.2)>8
Distal Deep 0.2 (0.3)a¢ 0.2 (0.4)° 0.3 (0.4)o°
2Cr.Le/N.Cr"®
(mm)
CTRL cu” FX*
Proximal Subchondral 0.07(0.02) oA 0.07 (0.04),* 0.06(0.03)4>¢
Central Subchondral* 0.07 (0.02) * 0.07 (0.03) &* 0.12(0.05)g"
Distal Subchondral 0.04 (0.04) * 0.05 (0.03) B 0.04(0.03).¢
Proximal Deep 0.05 (0.04) * 0.03(0.03),*® 0.07 (0.06)s3¢
Central Deep 0.07 (0.05) «* 0.07 (0.04).*® 0.10(0.06)*®
Distal Deep 0.05(0.07) * 0.02(0.03) o® 0.05(0.056) «°
2Cr.Le/B.Ar"
(mm/mm?)
CTRL" cL’ FX*
Proximal Subchondral 0.09(0.10),*B 0.27 (0.34)B 0.12(0.14)45¢

Central Subchondral*

0.17 (0.22)g"

0.50(0.36)q,"

0.91(0.54)s"

Distal Subchondral

0.06 (0.11)

0.08(0.08)3¢

0.08 (0.08),2P

Proximal Deep

0.03 (0.03)

0.03 (0.03),°¢

0.05 (0.08)s"P

Central Deep*

0.06 (0.09)g"®

0.11 (0.07)q,"B

0.19(0.14) 8

Distal Deep

0.02 (0.03)

0.01(0.02)s°

0.02(0.03).°

Note: CLI (Case Contralateral Intact Group), CTRL (Control Group), FX (Case Fractured Group), N.Cr (microcrack
number), N.Cr/B.Ar (microcrack density), ZCr.Le/B.Ar (microcrack length per area), £Cr.Le/N.Cr (Average microcrack

length)
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Table 3.3: Raw Means (Standard Deviation) of calcified cartilage microcrack variables for Group and Region of
Interest (ROI). Significant ANOVA effects indicated by variable superscripts: '(ROI), $(Group), ¥(Group*ROl).
Pairwise comparisons of ROIs within a group (down column) are indicated by letters (A,B,C,D). Pairwise
comparisons of Groups for each ROI (across row), are indicated by Greek letters (a,). For all comparisons,
significance is indicated by * and variables that do not share a superscript are significantly different at p < 0.05.

N.Md.Cg.Cr'
(#)
CTRL cLr FX"
Proximal Subchondral 0.8 (1.5)«" 2.0(2.7) M8 1.5(1.5) M8
Central Subchondral* 0.1(0.4)c" 2.6(2.4)g" 5.1(4.1) "
Distal Subchondral 0.0(0.0)«* 0.3(0.7)s8 1.7 (2.6)s8
N.Md.Cg.Cr/Cg.Bd"*
(#/mm)
CTRL cL’ FX*
Proximal Subchondral 0.1 (0.2)«* 0.3(0.4)«™B 0.3 (0.2)M®
Central Subchondral* 0.0(0.1)c* 0.5 (0.5)g" 0.9 (0.6)g*
Distal Subchondral 0.0 (0.0)* 0.1(0.1)® 0.3(0.5)q®
IMd.Cg.Cr.Le/N.Md.Cg.Cr"
(mm)
CTRL cL’ FX
Proximal Subchondral 0.07(0.15)* 0.12 (0.13)*® 0.08(0.08).*
Central Subchondral* 0.01(0.04)* 0.18 (0.16)g" 0.18 (0.11)g"
Distal Subchondral 0(0)* 0.06 (0.13).° 0.09 (0.15)*
IMd.Cg.Cr.Le/Cg.Bd™$
(mm/mm)
CTRL cL’ FX*
Proximal Subchondral 0.03 (0.08) * 0.08 (0.11) B 0.03(0.03)s®
Central Subchondral* 0.00(0.01)” 0.12 (0.13)¢* 0.17(0.13)g"
Distal Subchondral 0(0)o» 0.01(0.03).® 0.09(0.16).®

Note: N.Md.Cg.Cr (calcified cartilage crack number), N.Md.Cg.Cr/Cg.Bd (number of calcified cartilage cracks per
articular surface length), 2Md.Cg.Cr.Le/Cg.Bd (calcified cartilage crack length per articular surface length),
2Md.Cg.Cr.Le/N.Md.Cg.Cr (average calcified cartilage crack length).
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3.4.1 Densitometric and Microdamage Results by Presence of Subchondral Bone Lesion

Densitometric and microdamage observations in PSBs with or without a lesion largely paralleled

Group differences. Bilateral lesions were observed in 7/10 Case PSBs and unilateral lesions in 2/10 FX-

PSBs; one Case PSBs contained no lesion.* Lesions were not observed in CTRL-PSBs.*

The greatest differences between PSBs with, and without, a lesion occurred in the CS and TB ROlIs

(Table SB-3.8.4 & SB-3.8.5). The CS uROI of PSBs with a lesion had 7.5% lower BVF, 7.8% lower AMD, and

2.8% lower TMD than PSBs without a lesion. The TB BVF in PSBs with a lesion were significantly higher

than those without. In PSBs with a lesion, N.Cr and N.Cr/B.Ar were highest in the CS hROI; however, N.Cr

and N.Cr/B.Ar were not different in the three subchondral hROIs of PSBs without a lesion. Calcified

cartilage cracks were found in 16/16 PSBs with a lesion and 5/14 PSBs without a lesion. Additionally, BVF

in the PS and CSB uROIs were higher in PSBs with a lesion than those without.

3.4.2 Relationship between Microcracks and Densitometric Measures

Variance in whole bone N.Md.Cg.Cr/Cg.Bd explained the largest amount of variance for BVF, AMD,

and TMD in the CS pROI (Table 3.4). Whole bone and CS hROI N.Md.Cg.Cr and N.Md.Cg.Cr/Cg.Bd were

negatively related to CS uROI TMD, AMD, and BVF.

Table 3.4: Linear regression slope (R?) between microdamage and densitometric measures in the CS uROI with the
CD hROI and whole bone hROIs. Reported regressions are significant at p < 0.05, non-significant regressions are

indicated by NS.

Central Subchondral hROI

Whole Bone Microdamage

N.Md.Cg.Cr | N.Md.Cg.Cr/ | N.Cr N.Cr/ | N.Md.Cg.Cr | N.Md.Cg.Cr/ | N.Cr | N.Cr/
Cg.Bd B.Ar Cg.Bd B.Ar
(#) (#/mm) # | (#/mm?) (#) (#/mm) (#) | (#/mm?)
e AMD 7.55 46.33 6.2 113.79
(0] =/. = . -0. - .
= (mg NS NS NS NS
©
g HA/CO) (0.29) (0.31) (0.40) (0.45)
ey
S5 | TMD
§ % (mg -2.86 -17.39 -0.19 -1.76 -2.06 -37.51 NS NS
j:f HA/CO) (0.31) (0.33) (0.17) | (0.21) (0.34) (0.37)
c
3 -0.01 -0.06 -0.01 -0.15
(@]
BVF (0.23) (0.25) NS NS (0.36) ©040) | N M
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3.4.3 Differences in Exercise History among Case & Control Racehorses

Case horses participated in over twice as many lifetime Works and Events, accumulated nearly
twice the lifetime Work and Event distance, had over twice as much time in training since last layup, and
performed nearly twice the distance, Events, and Works each month 1 to 12 months before death (Table
3.5). Average Event distances and Race variables were not different between Case and Control horses;
other exercise intensity variables were not different or marginally insignificant (0.10 < p < 0.05; Table SA-
3.7.2).

Table 3.5: Median (Minimum, Maximum) and Mean (Standard Deviation) of selected exercise history variables for
Case (n=10) and Control (n=10) horses. Within a row, Group means that share a superscript are not significantly

different at p < 0.05 (* indicates marginal significance at p < 0.10). Variables with non-normal distributions
(Shapiro-Wilks W > 0.90) are indicated by t. Variable definitions and full results are given in Supplement A.

Variable Variable .. Median . Mean .
Type (Unit) (Minimum, Maximum) (Standard Deviation)
Case Control Case Control
Age' 3.54 3.38 3.954 3.814
(Years) (2.34, 7.84) (2.61,7.37) (1.58) (1.53)
Number of Events' 28.0 15.50 43.60" 24.608
Lifetime (events) (14.00, 153.00) (4.00, 78.00) (41.19) (23.68)
Exercise Number of Races’ 8.00 5.00 10.70% 7.00%
(races) (0.00, 32.00) (0.00, 26.00) (9.92) (8.38)
Number of Works' 19.50 10.50 32.904 17.608
(works) (12.00, 121.00) (4.00, 52.00) (32.76) (15.83)
Days Between Events 11.95 17.54 12.52% 19.90**
(days) (7.83, 20.61) (8.08, 41.85) (4.09) (10.20)
Days Betweer;rI;\ils?r;c;Durmg Active 3.96 11.34 10.014 10.87A
Exercise (days) (7.83, 16.5) (7.85, 13.78) (2.67) (2.34)
intensity Furlongs per Month 8.96 4.57 8.81A 5.89%
(furlong/mo) (2.99, 16.18) (2.76, 10.69) (3.57) (2.78)
Furlongs p‘;:a'\i"n‘?:;h of Active 11.15 9.05 10.68" 9.76*
(furlong/mo) (2.99, 16.18) (4.54, 15.51) (3.49) (4.112)
Layup Time' 87.5 62.00 136.6% 2344
(days) (0.00, 698.00) (0.00, 927.00) (211.02) (330.02)
Average Layup Length® 87.50 55.25 84.25% 106.75"
(days) (0.00, 201.00) (0, 323) (81.39) (130.74)
Layup Percent Career in Layup’ 19.43 24.36 16.994 30.92%
(%) (0.00, 42.41) (0.00, 81.25) (16.05) (33.86)
Time Since End of Last Layup 256.00 94.00 259.904 104.708
(days) (61, 461) (0.00, 237.00) | (139.86) | (81.04)
Events Since Last Layup 28.00 10.00 27.60% 10.408
(Events) (8.00, 49.00) (0.00, 26.00) (13.48) (8.64)
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Variable Variable Median Mean

Type (Unit) (Minimum, Maximum) (Standard Deviation)
Case Control Case Control

Events 2 Months Before Death 6.00 4.00 5.90* 3.508

(events) (3.00, 9.00) (0.00, 7.00) (1.91) (2.32)

Events 4 Months Before Death 12.50 8.00 12.00* 7.208

(events) (8.00, 17.00) (0.00, 14.00) (3.20) (5.12)

Exercise Events 6 Months Before Death 18.00 10.00 17.40* 9.908
Before (events) (11.00, 23.00) (0.00, 22.00) (4.06) (6.67)
Death Events 8 Months Before Death® 22.00 10.50 21.40% 11.608
(events) (14.00, 29.00) (1.00, 26.00) (6.33) (7.68)

Events 10 Months Before Death’ 24.00 11.00 24.70% 11.808

(events) (14.00, 35.00) (2.00, 26) (8.21) (7.51)

Events 1 Year Before Death’ 24.50 11.00 27.10% 12.208

(events) (14.00, 41.00) (4.00, 26) (10.40) (7.02)

3.3.4 Relationships between Exercise History, Microcracks and Densitometry

The directions of the regressions between BVF and AMD with exercise intensity, layup, and
exercise intensity in the year prior to death in the CS ROIs differed from other regions and was most
apparent between the CS and TB puROls (Figure 3.4). In the CS uROI, BVF and AMD decreased with exercise
intensity (e.g. increasing with days between activities; 0.07 < R? < 0.12), BVF decreased with Events and
Works 2-12 months Before Death (0.09 < R?< 0.12) and AMD increased with time in layup (R? = 0.10).
Conversely, in the TB uROI, BVF increased with exercise intensity (R? = 0.17), BVF decreased with time in
layup (0.10 < R? < 0.15), and BVF and AMD decreased with time elapsed between death and the previous
event (R? = 0.34, 0.39). When significant, BVF decreased with lifetime measures in both the CS and TB
MROIs (Table SA-3.7.3). CS uROI AMD had no significant relationships to lifetime summary measures; AMD
increased with horse age in the PS and CSB pROIs (R? = 0.18, 0.13) and with age at start of training in the

TB pROI (R? = 0.20).

In the CS and TB puROIs, TMD decreased with exercise intensity (0.14 < R2< 0.27). TMD increased
with lifetime summary variables in the CS, CSB, and PS uROls (Table SA-3.7.4). TMD was not associated

with exercise in the year before death.
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Figure 3.4: Selected exercise robust linear regressions for bone volume fraction (BVF) and number of
subchondral microcracks (N.Cr). In all panels, the arrow below the x-axis title shows the direction of increasing
exercise intensity. Data from Case Contralateral Limb Intact (CLI) PSBs are shown with the black filled circle,
Case Fractured (FX) PSBs with the red filled circle, and Control with the open diamond; only CLI-PSB and CTRL-
PSB data were used to build the robust linear regressions. In the Central Subchondral region of interest, BVF
decreased with an increase in exercise intensity (or with fewer days between Works; R? =0.10) and N.Cr
increased with exercise intensity (R? = 0.18). In the trabecular uROI, BVF decreased with a decrease in exercise
intensity (or with more days between Events; R? =0.17). In the proximal deep hROI, N.Cr increased with the
exercise intensity (R?=0.17)

The relationships between microdamage and exercise in the CS hROI were different from those
in the PS and PD hROIs, which had low, but detectable, amounts of microdamage. In the CS hROI, N.Cr,
N.Cr/B.Ar and 3Cr.Le/B.Ar increased with exercise frequency 2-4 months before death (0.19 < R* < 0.29);
opposite of the relationships observed between BVF, AMD, and exercise intensity in the overlapping CS
UROIL. In the CS hROI, 3Cr.Le/B.Ar increased with time spent in layup (R? = 0.18). Events 1-2 months before

death were the only predictors of presence of calcified cartilage cracks (Table SA-3.7.5).
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Damage was not observed within the TB region; however, in the low damage PS and PD hROls, N.Cr and
N.Cr/B.Ar decreased with exercise intensity (0.15 < R><0.36) and in the PD hROI 5Cr.Le/B.Ar or 3Cr.Le/N.Cr
decreased with exercise intensity 1-10 months before death (0.15 < R? < 0.32). In the PS and PD hROls,
N.Cr, N.Cr/B.Ar increased with time in layup (0.14 < R < 0.28). A summary of all regressions is in Tables

SA-3.7.3 to SA-3.7.5.

3.5 Discussion

Medial PSBs from Thoroughbred racehorses that did (Case) and did not (Control) have a unilateral biaxial
PSB fracture were evaluated for differences in tissue densitometric and microdamage measures at
multiple locations, including the site of a radiolucent subchondral bone lesion.* In Case PSBs, the lesion
site had higher N.Cr/B.Ar and lower bone volume fraction (BVF), apparent mineral density (AMD), and
tissue mineral density (TMD) compared to surrounding tissue. The lesion observed in Case PSBs is believed
to precede PSB fracture and tended to be bilaterally present, these findings are consistent with previous

reports.*

We hypothesize that the calcified cartilage cracks developed after the osteopenic lesion. Likely,
the lesion reduced tissue stiffness, allowing greater deformation of and cracking in the calcified cartilage.
Three observations support this hypothesis. First, calcified cartilage cracks were primarily observed in
PSBs with a lesion. Second, reduced bone volume fraction was associated with more calcified cartilage
cracks at the lesion site. Third, the probability of calcified cartilage cracks increased with exercise 1-2
months prior to death while subchondral microcrack number and areal density increased with exercise 2-
4 months prior to death. Similar observations have been associated with articular surface collapse of

horses with palmar osteochondral disease.?®
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3.5.1 Relationship of Exercise to Densitometric & Microdamage Variables

The relationships between BVF, N.Cr, N.Cr/B.Ar and exercise intensity variables were different for
the central subchondral and other ROIs. However, the relationships between tissue mineralization (TMD)
and exercise intensity variables were similar among regions, providing an opportunity to infer how the
rate terms in the conceptual model of bone remodeling (Figure 3.1) were related to exercise. Previous
research indicates that osteoid formation rate (k,), damage formation rate (ks), undamaged mineralized
bone resorption rate (ki), and damaged bone resorption rate (ks) likely depend on mechanical loading (i.e.
strain magnitude and frequency) and, potentially, microdamage-induced inflammation.'®?’-3 Primary
mineralization rate (k3) may be independent of mechanical loading.33? The exact dependencies of the
rate constants on mechanical parameters are unknown. However, inferences about how rate terms were

affected by mechanical loadings (i.e., exercise) can be made from the regression findings.

Two location-specific contradictory relationships were observed between exercise intensity
variables and bone volume fraction (BVF). In the central subchondral region, BVF decreased with exercise
intensity and in the trabecular region BVF increased with lifetime exercise intensity (Figure 3.4). In the
model, BVF is mineralized bone tissue per tissue volume (TV) (BVF=BVym /TV= (BVp + BVuyp)/TV).
Additionally, N.Cr/B.Ar (related to BVp/TV) was positively correlated to exercise intensity before death in
the central subchondral region, but in the trabecular region no microdamage was observed. Also, in the
examined low damage regions N.Cr/B.Ar was negatively correlated to exercise intensity (Figure 3.4). These

contradictory relationships are explained if the rate constants depend on exercise intensity in a location-

specific manner. Location dependence could result from differences in strain magnitude or rate among

the sites.

We hypothesize that the contradictory relationships observed are caused by the central
subchondral site unsuccessfully responding to microdamage induced by exercise in Case horses. Damage
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and damage induced bone resorption resulted in increases in damaged bone (BVp) and marrow space
(MV) and decrease of undamaged mineralized bone (BVyp). Other locations successfully responded to
exercise by increasing/maintaining BVyp and maintaining a “low-enough” BVp to prevent a damage
feedback loop. In Control PSBs, which had no lesions, all locations successfully adapted to exercise levels.
The model predicts solutions consistent with this hypothesis if rate constants are allowed to vary among
sites. Damage formation rate (ks) can be used to arrive at a consistent solution. The partial derivative of
BVp/TV with respect to damage formation rate (ki) is positive and the partial derivative of BVu/TV with
respect to ks is negative if the damaged bone resorption rate (ks) is higher than the turnover rate (ki), a
condition expected during normal targeted bone remodeling (Supplementary Material C).%! At steady-
state, the model predicts a site with a higher damage formation rate (k4) would have a higher BVp/TV and
lower BVw/TV than a site with a lower ki. That is, the model correctly predicts observed morphological
differences in the central subchondral and trabecular sites if the mechanical damage rate is higher in the

former compared to the latter site.

In the trabecular region bone damage was not detected, but the bone volume fraction (BVF) in
horses with a lesion was higher than those without a lesion. In the model, BVp/TV=0 is predicted if the
damage formation rate (k) is zero and non-zero BVyp/TV is predicted if the other rate constants are non-
zero. Damage formation rate (k) increases with tissue stress, and, therefore, would be different at the
subchondral and trabecular tissue sites if respective stresses are different. In support of this hypothesis,
previous research indicates that subchondral tissues experience a localized higher stress magnitude than
deeper tissues, that shear stresses resulting from the contact stress cause linear microcracks like those
observed in the central subchondral site®*, and that Young’s Modulus increases with BVF* and decreases
with N.Cr/B.Ar.3® So, there is likely a stress difference between the two regions that is exacerbated when
the BVF at the central subchondral site is low. This low BVF central subchondral site may act as a stress
riser, causing a further increase in the damage formation rate (ks). Regional dependencies on the other
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rate constants may exist, but a full analysis is beyond the scope of this paper. To fully test this set of

hypotheses a stress analysis model coupled with the proposed turnover model is needed.

Unlike bone volume fraction, tissue mineral density (TMD) decreased with event frequency
regardless of location. TMD is the extent of mineralization of the mineralized bone (BVwm) volume. In this
model, ks represents the rate of primary mineralization of bone, so BV is bone that had reached primary
mineralization. Secondary mineralization is not explicitly included in the model but depends on elapsed
time between initial mineralization and resorption of the mineralized tissue. In a steady-state model (as
presented here) the rate at which tissue "cycles" through a compartment depends on the magnitudes of
the rate constants, but not upon their ratios. The negative correlation of TMD with event frequency,
therefore, suggests that at all sites the "cycle rate" is increased by event frequency. At a high cycle rate
tissue remains in a mineralizing compartment (i.e., BVp or BVyp) for less time, so mineralization has less
time to proceed, and TMD is reduced. The reduced TMD observed at the lesion site, compared to other
regions, suggests a higher turnover rate at the lesion site. This hypothesis is consistent with the

observation that TMD increases with tissue age and decreases with tissue turnover rate.3”-3

Exercise intensity variables and layup variables were the best predictors of densitometric and
microdamage measures. Rate of loading and the difference between applied and habitual loads affect
bone formation, bone turnover, damage formation, and damage repair rates.?’-2°32 Exercise intensity
variables reflect load application rate, whereas, layup variables reflect changes in load magnitude from a
habitual condition; so, the observed relationships between these variable types and measured

densitometric and microdamage variables are consistent with previous research.?

Exercise intensity variables were expressed as either activities per time or distance per time.
These somewhat correlated measures may have different effects on bone biology and thus the rate

constants. The response of bone cells to mechanical loading saturates rapidly after loading begins.?

94



Therefore, if saturation occurs early in an exercise event, event frequency variables may be better suited
to drive osteoid formation rate (kz) than distance frequency. However, fatigue damage is related to the
total number of applied load cycles. When combined with average stride length, distance frequency
variables indicate number of load cycles, so distance frequency variables may be better suited to drive
damage formation rate (k4). Study results neither support nor refute this hypothesis, as both event and

distance frequency variables were strongly related to densitometric and microcrack data.

Limitations of this study include examination of only medial PSBs from a small sample of
racehorses in one geographic population. Medial PSBs were selected because unilateral PSB fracture is
more common in medial than lateral PSBs and subchondral lesions have previously been reported in
medial PSBs.*#* Examination of PSBs from only California Thoroughbred racehorses limits the extent to
which results can be generalized to other racehorses. However, similar changes have been reported or

clinically observed (Figure 3.5) in other racing populations.®

Figure 3.5: Magnetic Resonance Image (MRI) of the left fetlock joint of a living racehorse from a
different racing population (outside USA) showing a bone bruise in the same location (yellow
arrow) as the density lesions identified in this study. Increased signal indicates active bone
remodeling at the lesion site. This horse suffered low-level intermittent lameness, but no other
clinical symptoms. This image is used with permission of Drs. Weir, Riggs, and Stewart.
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An abaxial region of focal osteopenia and high microdamage was observed in racehorses that
were euthanized after incurring unilateral biaxial PSB fracture; these focal changes were not observed in
racehorses euthanized during training from other injuries. The densitometric properties and
microdamage measures within this bone lesion site had different relationships to exercise compared to
other sites within the bone. A compartmental model of bone’s tissue turnover cycle was introduced and
used to understand the site-specific differences in densitometric and microdamage measures and in the

relationships of those measures to exercise.
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3.7 Supplemental Material A: Exercise history and relationship to densitometric

and microdamage measures

Exercise history data from a commercial database included the date and distance of each race or
official timed-work for all horses (InCompass, Jockey Club Information System). Sixty-seven racing-speed
exercise variables were derived for each horse (Table SA-3.7.1) using previously reported methods
(Anthenill, 2007). As described in Shaffer 2020, stratified sampling was used to select Case and Control
horses based on a multivariate linear regression that contained a subset of these variables. A definition

of all variables is given in Table SA-3.7.1.

Table SA-3.7.1: Exercise history variable definitions. Events include all official timed workouts (works)
and races. Layup is defined as 60 or more days when a horse had no official events.®® Furlongs are 1/8
mile (220 yards) and are a standard measurement unit used in horse racing.

Variable Variable Definition
Type (Unit)
Total number of days the horse was in race-training,
Active Days starting from the first timed event and ending at death,
(days) excluding layup days. It includes date of death and date of
first training event day
A . .
&e Horse age in years, not rounded to the Jan 1st birthday
(years)
Career Days Total number of career days for horse; number of days
(days) between the horse's first timed event and date of death
Age At Start of Training Days between date of birth and the first event in the horse's
(days) training history
Number of Events Events in horse's career. Events include all races & timed
(events) works
L|fet|me Number of Races Number of races during horse's lifetime
Exercise (races)
Number of Works Number of timed-works during horse's lifetime
(works)
Furlongs in Events
Total number of event furlongs
(furlongs)
Furlongs in Races Total number of race furlongs
(furlongs)
Furlongs in Works Total number of work furlongs
(furlongs)
Furl Event
urlongs pertven Furlongs in Events divided by Number of Events
(furlongs)
Furl R
urlongs per race Furlongs in Races divided by Number of Races
(furlongs)
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Variable Variable Definition
Type (Unit)
Furlongs per Work . -
Furlongs in Works divided by Number of Works
(furlongs)
Days Between Events Career Days divided by Number of Events — 1. Not
(days) calculated if horse had less than 2 events.
Days ch\,:iiznTE:ii?r:s During Active Days divided by Number of Events — 1.
& Not calculated if horse had less than 2 events.
(days)
Events per Year Number of Events divided by Career Days; converted to
(events/yr) events per year
Events per Year during Active . .
Training Number of Events divided by Active Days; converted to
t
(events/yr) events per year
Furlongs per Month Furlongs in Races divided by Career Days; converted to
Exercise (furlong/mo) furlongs per Month
Intensity Furlong per Month of Active . . .
Training Furlongs in Events divided by Active Days; converted to
(furlong/mo) furlongs per Month
Days Between Races Career Days divided by (Number of Races — 1).
(days) Not calculated if horse had less than 2 events.
D B R During Acti . .
ays Between z'ac.es uring Active Active Days divided by (Number of Races— 1).
Training .
Not calculated if horse had less than 2 events.
(days)
Races per year Number of Events divided by Career Days; converted to
(races/yr) races per year
Races per year of Active Training Number of Races divided by Active Days; converted to races
(races/yr) per year
Furlongs Raced per Month Furlongs in Races divided by Career Days; converted to
(furlong/mo) furlongs per Month
Furl R Month of
uriongs a.1ced per ontho Furlongs in Races divided by Active Days; converted to
active raining furlongs per Month
(furlong/mo) &P
Days Between Works Career Days divided by (Number of Works — 1).
(days) Not calculated if horse had less than 2 events.
Days Between Works During . .
. o Active Days divided by (Number of Works — 1).
Active Training N lculated if h had | han 2
Exercise (days) ot calculated if horse had less than 2 events.
Intensity Works Per Year Number of Works divided by Career Days; converted to
(works/yr) works per year
Works Per Year of Active Training Number of Works divided by Active Days; converted to
(works/yr) works per year
Furlongs Worked per Month Furlongs in Works divided by Career Days; converted to
(furlong/mo) furlongs per Month
Furl Worked Month of
uriongs .or e F.)e.r ontho Furlongs in Works divided by Active Days; converted to
active Training furlongs per Month
(furlong/mo) &P
Total number of Number of Layups from start of training
Number of Layups . . . .
until death, where a layup is defined as 60+ days without an
(layup) £
vent.
Layup Total Time in Layup

(days)

Total number of days the horse was in a layup
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Variable Variable Definition
Type (Unit)
Average Layup Length Average number of days within individual layup periods;
(days) Total Time in Layup divided by Number of Layups
Percent Career in Layup . .
(%) Percentage of horse's career spent in layup.
Number of days elapsed between when the horse died and
Days Start of Last Layup . . . .
the start of its previous layup period; if no layups occurred,
(Days) )
this is Career Days — 1.
Number of days elapsed between when the horse died and
Layup Days End of Last Layup the end of its previous layup period; If no layups occurred,
(days) this is Career Days — 1. If horse died during a layup, this
value is 0.
Number of events that horse has participated in since the
Events Since Last Layup last layup period. If the horse died during a layup, this is 0. If
(events) the horse had no layups, this is the total number of events
in the horse’s lifetime.
E
vents 1 Month Before Death Number events 1 month before death
(events)
Events 2 Months Before Death Cumulative number events 2 months before death
(events)
Events 4 Months Before Death .
vents onths before Dea Cumulative number events 4 months before death
(events)
Events 6 Months Before Death .
vents onths before Dea Cumulative number events 6 months before death
(events)
Events 8 Months Before Death .
vents onths before Dea Cumulative number events 8 months before death
(events)
E 10 Months Bef Death
vents 10 Months Before Deat Cumulative number events 10 months before death
(events)
E 1Y Bef Death
vents 1 vear Before Deat Cumulative number of events 1 year before death
(events)
Furlongs 1 Month Before Death Number Furlongs 1 month before death
(furlongs)
Furl 2 Months Bef Death .
uriongs onths Betore Lea Cumulative number furlongs 2 months before death
(furlongs)
Furl 4 Months Bef Death .
uriongs onths Betore Lea Cumulative number furlongs 4 months before death
(furlongs)
Exercise Furl Months Before Death
. urlongs & Months Before Deat Cumulative number furlongs 6 months before death
Intensity (furlongs)
Before Furl Months Before Death
urlongs 8 Months Before Deat Cumulative number furlongs 8 months before death
Death (furlongs)
1 B D
Furlongs 10 Months Before Death Cumulative number furlongs 10 months before death
(furlongs)
Furl 1Y Bef Death
uriongs - Year Betore Dea Cumulative number of furlongs 1 year before death
(furlongs)
R 1 Month Bef Death
aces on etore Lea Number races 1 month before death
(races)
Races 2 Months Before Death Cumulative number races 2 months before death
(races)
Races 4 Mo?r’;hcse?)efore Death Cumulative number races 4 months before death

Races 6 Months Before Death

Cumulative number races 6 months before death
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Variable Variable Definition
Type (Unit)
(races)
Races 8 Months Before Death Cumulative number races 8 months before death
(races)
Races 10 Months Before Death Cumulative number races 10 months before death
(races)
Races 1 Year Before Death Cumulative number of races 1 year before death
(races)
Works 1 Month Before Death Number works 1 month before death
(works)
Works 2 Months Before Death Cumulative number works 2 months before death
(works)
Exercise Works 4 Months Before Death
Intensity orKs cz\r:vorsks)e ore Lea Cumulative number works 4 months before death
Before Works 6 Months Before Death
Death orxs onths betore Lea Cumulative number works 6 months before death
(works)
Works & Months Before Death Cumulative number works 8 months before death
(works)
Works 10 Months Before Death Cumulative number works 10 months before death
(works)
Works 1Y Bef Death
orks 1 Year Before Deat Cumulative number of works 1 year before death
(works)
Days between Death and Previous
Event Days between date of death and the previous event
(days)

The distributions of all exercise history variables were checked for normality using the Shapiro-
Wilks statistic (W) and Group means were compared with a t-test (W > 0.90) or Wilcoxon test (W < 0.90).

A summary of exercise history variables is given in Table SA-3.7.2.

Table SA-3.7.2: Median (Minimum, Maximum) and Mean (Standard Deviation) of exercise history
variables. Within each row, variables that share a superscript are not statistically different (p < 0.05);
Variables with a superscript * were statistically different at p < 0.10. Variables with a non-normal
distribution (Shapiro-Wilks Score > 0.90) are indicated with superscript t.

Variable . . Median (Minimum, Maximum) Mean (.St:fmdard
Type Variable (Unit) Deviation)

Case Control Case Control
Active Days' 282.00 150.00 419.50% 263.50*
(days) (102.00, 1479.00) | (40.00, 899.00) (398.55) (288.14)

Age’ 3.54 3.38 3.954 3.814

(Years) (2.34,7.84) (2.61,7.37) (1.58) (1.53)
Career Days' 443.50 225.50 556.10" 497.50
(days) (102.00, 2177.00) | (40.00, 1826.00) (599.42) (594.98)
I;):?c?: Age when starting training” 830.5 (giigg' 885.80* 894.70*
(days) (684.00, 1451.00) 1135.00) (220.21) (147.20)
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Mean (Standard

V?rriable Variable (Unit) Median (Minimum, Maximum) Deviation)
ype Case Control Case Control
Number of Events' 28.0 15.50 43.60" 24.60°8
(events) (14.00, 153.00) | (4.00, 78.00) (41.19) (23.68)
Number of Races’ 8.00 5.00 10.70% 7.00%
(races) (0.00, 32.00) (0.00, 26.00) (9.92) (8.38)
Number of Works' 19.50 10.50 32.90% 17.608
(works) (12.00,121.00) | (4.00,52.00) (32.76) (15.83)
Furlongs in Events’ 136.50 67.25 209.85% 120.408
(furlongs) (55.00, 743.00) | (13.00,427.50) | (204.78) | (129.90)
Furlongs in Races’ 53.75 26.25 67.55% 49.20%
(furlongs) (0.00,210.00) | (0.00,204.50) (64.17) (65.23)
Lifetime Furlongs in Works" 84.50 47.50 142.30* 71.208
Exercise (furlongs) (46.00,533.00) | (13.00,223.00) | (147.07) | (67.55)
Furlongs per Event 4,74 4.50 4.647 4.49°
(furlongs/event) (3.84, 5.45) (3.25, 5.89) (0.52) (0.84)
Furlongs per Race 6.38 6.29 6.224 6.26*
(furlongs/race) (4.75, 7.65) (4.5,7.87) (0.92) (1.18)
Furlong per Work' 4.21 4.03 4,194 3.92A
(furlongs/work) (3.60, 4.80) (3.17, 4.6) (0.34) (0.50)
Days Between Events 11.95 17.54 12.52A 19.90%*
(days) (7.83, 20.61) (8.08, 41.85) (4.09) (10.20)
Days Betwequsr:;')u”ng Active 8.96 11.34 10.014 10.87
(days) (7.83, 16.5) (7.85, 13.78) (2.67) (2.34)
Events per Year 31.33 23.99 33.28* 25.06"
Exercise (events/yr) (18.48, 50.1) (9.39, 46.98) (11.03) (12.20)
Intensity | Events perTT:fnri:;”ng Active 41.84 35.88 39,755 38,155
(events/yr) (22.91,50.10) | (29.14,50.10) (8.4) (8.35)
Furlongs per Month 8.96 4,57 8.81* 5.89*
(furlong/mo) (2.99, 16.18) (2.76, 10.69) (3.57) (2.78)
Furlongs per Month of Active 11.15 9.05 10.68* 9.76*
Training (furlong/mo) (2.99, 16.18) (4.54, 15.51) (3.49) (4.12)
Days Between Races’ 49.79 40.87 54.84A 50.80"
(days) (24.78,94.80) | (26.44,88.40) (26.09) (24.26)
Days Betweer_lm_rF;?r(]:iensgDurmg Active 43.21 33.18 41.20° 37.45A
(24.78,58.20) | (26.44,45.33) (12.63) (6.55)
(days)
Races per year' 6.44 4.80 7.37% 6.30%
(races/yr) (0.00, 16.37) (0.00, 15.34) (5.42) (5.78)
Races per year of Active Training 9.03 9.57 8.69* 7.79*
(races/yr) (0.00, 16.37) (0.00, 15.34) (5.38) (5.37)
Furlongs Raced per Month 3.47 2.91 3.714 3.28%
(furlong/mo) (0.00, 9.22) (0.00, 9.58) (2.77) (3.17)
Furlongs Race_drr:;ar:irl:/glonth of Active 419 457 4498 4118
(furlong/mo) (0.00, 9.22) (0.00, 9.58) (2.83) (3.12)
Days Between Works' 14.93 27.28 18.14* 26.327%
(days) (7.85, 42.00) (10.63, 41.85) (9.94) (10.17)
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Mean (Standard

V?rriable Variable (Unit) Median (Minimum, Maximum) Deviation)
ype Case Control Case Control
Days BEtweerT'évigir:;Du”ng Active 11.86 15.38 14.92° 15.84
(days) (7.85, 42.00) (7.85, 29.75) (9.80) (7.12)
Works Per Year" 25.18 15.47 25914 18.76*"
(works/yr) (9.48, 50.10) (9.39, 36.50) (11.65) (10.08)
Works Per Year of Active Training 31.74 29.48 31.06% 30.35%
(works/yr) (9.48, 50.10) (13.80, 50.10) (10.61) (12.42)
Exercise Furlongs Worked per Month 12.21 8.07 12.52A 9.17A%
Intensity (furlong/mo) (7.50, 18.63) (2.76, 16.56) (3.68) (4.49)
Furlongsa\:i?vr:‘:fa?nﬁ;gﬂonth of 15.64 14.25 15.10° 13.86"
(furlong/mo) (8.73, 19.69) (8.95, 17.19) (3.26) (2.86)
Number of Layups' 1.00 0.50 0.90* 1.10%
(layup) (0.00, 4.00) (0.00, 4.00) (1.2) (1.45)
Layup Time' 87.5 62.00 136.6" 234A
(days) (0.00, 698.00) (0.00, 927.00) (211.02) (330.02)
Average Layup Length’ 87.50 55.25 84.254 106.75%
(days) (0.00, 201.00) (0, 323) (81.39) (130.74)
Layup Percent Career in Layup’ 19.43 24.36 16.994 30.92%
(%) (0.00, 42.41) (0.00, 81.25) (16.05) (33.86)
Time Since Start of Last Layup® 400.00 217.50 343.304 242.80
(days) (101.00, 571.00) | (39.00,601.00) | (180.71) | (161.5)
Time Since End of Last Layup 256.00 94.00 259.904 104.708
(days) (61, 461) (0.00, 237.00) | (139.86) | (81.04)
Events Since Last Layup 28.00 10.00 27.60" 10.408
(Events) (8.00, 49.00) (0.00, 26.00) (13.48) (8.64)
Events 1 Month Before Death 3.00 2.00 3.30% 1.908
(events) (2.00, 5.00) (0.00, 4.00) (0.95) (1.29)
Events 2 Months Before Death 6.00 4.00 5.90% 3.508
(events) (3.00, 9.00) (0.00, 7.00) (1.91) (2.32)
Events 4 Months Before Death 12.50 8.00 12.004 7.208
(events) (8.00, 17.00) (0.00, 14.00) (3.20) (5.12)
Exercise Events 6 Months Before Death 18.00 10.00 17.40° 9.908
Intensity (events) (11.00, 23.00) (0.00, 22.00) (4.06) (6.67)
Before Events 8 Months Before Death’ 22.00 10.50 21.40% 11.608
Death (events) (14.00, 29.00) (1.00, 26.00) (6.33) (7.68)
Events 10 Months Before Death’ 24.00 11.00 24.70% 11.808
(events) (14.00, 35.00) (2.00, 26) (8.21) (7.51)
Events 1 Year Before Death’ 24.50 11.00 27.10% 12.208
(events) (14.00, 41.00) (4.00, 26) (10.40) (7.02)
Furlongs 1 Month Before Death 19.00 9.75 17.65% 10.208
(furlongs) (8.00, 28.00) (0.00, 21.00) (5.79) (7.49)
Furlongs 2 Months Before Death 30.75 17.25 30.35* 18.754*
(furlongs) (13.50, 54.00) (0.00, 39.00) (11.04) (13.85)
Furlongs 4 Months Before Death 58.25 39.00 60.00" 36.708
(furlongs) (36.00, 100.5) (0.00, 77.00) (19.03) (28.51)
Furlongs 6 Months Before Death 81.50 40.50 85.45% 48.708
(furlongs) (49.50, 139.00) (0.00, 101.50) (28.57) (35.33)
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Variable
Type

Exercise
Intensity
Before
Death

Mean (Standard

Variable (Unit) Median (Minimum, Maximum) Deviation)

Case Control Case Control

Furlongs 8 Months Before Death’ 100.50 47.50 105.65% 54.88
(furlongs) (55.00, 176.00) | (3.00, 112.00) (40.87) (39.70)

Furlongs 10 Months Before Death 115.00 49.50 120.55% 55.508
(furlongs) (55.00, 208.50) | (6.00, 112.00) (49.94) (39.17)

Furlongs 1 Year Before Death 123.5 49.50 132.20% 57.108
(furlongs) (55.00, 238.50) | (13.00,112.00) | (61.39) (37.20)

Races 1 Month Before Death’ 1.00 1.00 1.20% 1.17
(races) (0.00, 3.00) (0.00, 2.00) (1.14) (0.88)

Races 2 Months Before Death’ 2.00 2.5 1.90% 1.90*
(races) (0.00, 4.00) (0.00, 4.00) (1.29) (1.52)

Races 4 Months Before Death’ 4.50 3.00 4.40" 3.10*
(races) (0.00, 8.00) (0.00, 7.00) (2.76) (2.81)

Races 6 Months Before Death 6.00 3.00 5.60* 3.50*
(races) (0.00, 11.00) (0.00, 10.00) (3.63) (3.27)

Races 8 Months Before Death 7.00 3.00 6.60* 3.50%"
(races) (0.00, 14.00) (0.00, 10.00) (4.40) (3.27)

Races 10 Months Before Death 8.00 3.00 7.40% 3.50""
(races) (0.00, 16.00) (0.00, 10.00) (5.15) (3.27)

Races 1 Year Before Death 8.00 3.00 8.00* 358
(races) (0.00, 17.00) (0.00, 10.00) (5.73) (3.27)

Works 1 Month Before Death 2.00 0.00 2.10% 0.80%
(works) (0.00, 4.00) (0.00, 3.00) (1.6) (1.14)

Works 2 Months Before Death’ 4.00 0.50 4.00% 1.608
(works) (0.00, 8.00) (0.00, 6.00) (2.54) (2.12)

Works 4 Months Before Death 8.00 4.00 7.60% 4.10%
(works) (0.00, 14.00) (0.00, 9.00) (4.40) (3.63)

Works 6 Months Before Death’ 13.50 5.50 11.80* 6.40°
(works) (0.00, 16) (0.00, 16.00) (4.71) (4.88)

Works 8 Months Before Death’ 16.00 9.00 14.80* 8.10°
(works) (1.00, 22.00) (1.00, 20.00) (6.00) (5.43)

Works 10 Months Before Death® 18.50 9.00 17.30% 8.30°
(works) (2.00, 28.00) (2.00, 20.00) (7.69) (5.31)

Works 1 Year Before Death® 19.00 9.00 19.10* 8.70°
(works) (5.00, 28.00) (2.00, 20.00) (8.40) (4.92)

Days between deatf: and previous 12.50 21.00 11.90% 51 400
‘(a;’::st) (4.00,22.00) | (5.00, 234.00) (5.76) (73.28)

Univariate robust linear regressions (mm method) were performed using Case Contralateral Intact
PSB (CLI-PSB) and Control PSB (CTRL-PSB) data in microcomputed tomography regions of interest (uUROI)
and histology regions of interest (hROI) to determine the relationship between each exercise history
variable to measured parameters. Robust linear regressions were performed for morphometry variables

in all four uROIs (Table SA-3.7.3) and microdamage data in Central Subchondral, Proximal Subchondral,
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Proximal Deep, and Whole Bone hROIs. For all regressions, exercise variable was the predictor. Robust
linear regressions were used as an alternative to linear regressions because there were many leverage

points in the data set.

Table SA-3.7.3: Robust univariate linear regressions between densitometric and exercise history variables
[Model Slope (R?)]; reported regressions are significant at p < 0.05. Models were constructed in SAS 9.4

using Proc RobustReg, mm method.

ucT Exercise Central Sulto::::::ilral Proximal Trabecular
Variable Exercise Variable Subchondral Subchondral HROI
Parameter Category 4RO Border LROI
HROI
Active Days 0.033
(days) (0.11)
Age 7.576 9.258
Lifetime (years) (0.18) (0.13)
Summary Number of Races 0.994
(races) (0.1)
Age When Starting Training 0.126
(days) (0.2)
Furlongs Per Event 16.200
(furs/event) (0.13)
Days Between Events -4.671
(days) (0.29)
Events Per Year -0.648
AMD (events/year) (0.08)
(mgHA/cc) Days Between Works 1.134 0.764
(works) (0.11) (0.12)
Exercise Days Between Works
. . . L 2.348
Intensity During Active Training
(0.16)
(days)
Furlongs Work.ed Per 6.761
Month Active (0.14)
(days) '
Works Per Year -0.737 -2.316
(works) (0.08) (0.1)
Total Time in Layup 0.042 -14.384
Layup (days) (0.10) (0.09)
Percent Career In Layup -1.539
(%) (0.3)
Ii)'(cee:sliste;/ Days BetV\./een Death and -0.724
Previous Event
Before (days) (0.35)
Death
Active Days -0.00004 -0.001
(days) (0.05) (0.13)
Lifetime
Summary Career Days -0.00003
BVF (days) (0.12)
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Central

ucT Exercise Central Subchondral Proximal Trabecular
Variable Exercise Variable Subchondral Subchondral KROI
Parameter Category 4RO Border LROI
MHROI
Number of Events -0.001 -0.001
(events) (0.08) (0.14)
Number of Works -0.001 -0.001
(works) (0.11) (0.16)
Furlongs in Events -0.0001 -0.0001
(furlongs) (0.05) (0.13)
Furlongs in Works -0.0001 -0.0001
(furlongs) (0.11) (0.15)
Days Between Events -0.007
(days) (0.17)
Events Per Year -0.001
(events/year) (0.11)
Furlongs Per Month -0.002
(furlongs/month) (0.07)
. Days Between Works 0.001
Exercise
) (works) (0.10)
Intensity
Works Per Year -0.001
(works) (0.11)
Furlongs Worked Per -0.003
Month (0.12)
(furlongs/month) '
Number of Layups -0.017
(layups) (0.15)
Total Time in Layup -0.0001
BVE (days) (0.10)
Percent Career In Layup -0.001
Layup - (%) (0.13)
Days Since End of Last -0.0001
Layup (0.18)
(days)
Events Since End of Last
oo
(events) (0.12)
Events 2 Months Before
Death _%'2%4
(events) (0.10)
Events 4 Months Befor
ents D:at';]s efore -0.002
. (0.09)
Exercise (events)
Intensity | Events 10 Months Before -0.001
Before Death (0.11)
Death (events) ’
Events 1 Year Before Death -0.001
(events) (0.10)
Works 4 Months Before
Death _%'232
(works) (0.12)
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uCT
Parameter

Exercise
Variable
Category

Exercise Variable

Central
Subchondral
HROI

Central
Subchondral
Border
HROI

Proximal
Subchondral
HROI

Trabecular
HROI

BVF

Works 6 Months Before
Death
(works)

-0.002
(0.12)

Works 8 Months Before
Death
(works)

-0.002
(0.10)

Works 10 Months Before
Death
(works)

-0.002
(0.12)

Works 1 Year Before Death
(works)

-0.002
(0.10)

Days Between Death and
Previous Event
(days)

-0.001
(0.39)

TMD
(mgHA/cc)

Lifetime
Summary

Active Days
(days)

0.03
(0)

0.041
(0.07)

Age
(years)

7.979
(0.11)

Number of Races
(races)

0.78
(0.08)

1.266
(0.09)

Furlongs in Events
(furlongs)

0.316
(0)

Furlongs in Races
(furlongs)

0.175
(0.1)

Furlongs in Events
(furlongs)

0.060
(0)

Exercise
Intensity

Furlongs Per Event
(furlongs/event)

15.768
(0.22)

Days Between Races During
Active Training
(days)

-0.677
(0.26)

Days Between Works
(days)

0.591
(0.14)

0.661
(0.16)

Days Between Works
During Active Training
(days)

1.672
(0.27)

Furlongs Worked Per
Month of Active Training
(furlongs/month)

-2.346
(0.17)

Works Per Year During
Active Training
(works/year)

-0.692
(0.14)

Works Per Year
(works)

Layup

Percent Career In Layup
(%)

-0.239
(0.15)
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Table SA-3.7.4: Robust univariate linear regressions between microdamage and exercise history variables
for selected regions of interest [Model Slope (R?)]; reported parameters are significant at p < 0.05. Models
were constructed in SAS using Proc RobustReg, mm method.

Damage Exercise Central Proximal Proximal Whole
Parameter Variable Exercise Variable Subchondral | Subchondral Deep Bone
Category hROI hROI hROI
Career Days 0.010 0.112
(days) (0) (0.04)
Number of Events 0.819
Lifetime (events) (0)
Summary Number of Works 1.378 2.689
(works) (0.01) (0)
Furlongs in Works 0.296 0.566
(furlongs) (0.01) (0)
Days Between Events 0.273
(days) (0.17)
N.Cr Events Per Year -0.219
(#) Exercise (days) (0.15)
Intensity Days Between Races 0.677 0.146 1.751
(days) (0.36) (0.32) (0.32)
Days Between Re.ac.es During 1.475
Active Training (0.27)
(days)
Total Time in Layup 0.019
(days) (0.21)
Layup Average Layup Length 0.082 0.038 0.389
(days) (0.14) (0.28) (0.26)
Percent of Career In Layup 0.106
(%) (0.23)
Exercise Works 4 Months Before Death 4.007
Intensity (works) (0.18)
Death (days) (0.13)
Active Days 0.003
(days) (0)
Career Days 0.001 0.002
(days) (0) (0)
Number of Events 0.034
Lifetime (events) (0)
Summary Furlongs in Events 0.006
(furlongs) (0)
N.Cr/ B.Ar Number of Works 0.172 0.055
(#/mm?2) (works) (0.03) (0.09)
Furlongs in Works 0.039 0.012
(furlongs) (0.06) (0)
Days Between Races 0.068 0.014 0.029
Exercise (days) . (0.32) (0.33) (0.25)
. Days Between Races During
Intensity . . 0.169
Active Training (0.32)
(days)
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Exercise

Central

Proximal

Proximal

P::an:naizr Variable Exercise Variable Subchondral | Subchondral Deep \I;I::Le
Category hROI hROI hROI
Total Time in Layup 0.001
(days) (0.12)
Average Layup Length 0.008 0.004 0.006
Layup (days) (0.12) (0.27) (0.23)
Percent of Career In Layup 0.01
(%) (0.22)
N.Cr/ B.Ar Days Since Start of Last Layup 0.003
(#/mm?) (days) (0.14)
Events 2 Months Before 0.742
Death (0.19)
(events) ’
Events 4 Months Before 0.401
. Death
Exercise (0.22)
Intensity (events)
Before Furlongs 2Dl\::tr;1ths Before 013
Death (furlongs) (0.19)
Works 2 Months Before Death 0.681
(works) (0.19)
Works 4 Months Before Death 0.541
(works) (0.29)
Career Days 0.00003 0.00003
(days) (0.17) (0.03)
Number of Events 0.001
(events) (0.19)
Lifetime Number of Works 0.001 0.002 0.001
Summary (works) (0.26) (0) (0.11)
Furlongs in Works 0.0002 0.0003 0.0002
(furlongs) (0.21) (0) (0.03)
Furlongs Per Race -0.022
(furlongs/race) (0.33)
Number of Layups 0.009
(layups) (0.20)
Layup Total Time in Layup 0.0001
(days) (0.18)
Average Layup Length 0.0002 0.0001
(days) (0.22) (0.19)
Events 1 Month Before Death -0.017
(events) (0.31)
:Cr.Le/N.Cr Events 2 Months Before 0.009
(mm) Death
. (0.32)
Exercise (events)
Intensity Furlongs 1 Month Before -0.003
Before Death (0.28)
Death (furlongs) '
Furlongs 2 Months Before -0.002
Death 0.32)
(furlongs) )
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Exercise

Central

Proximal

Proximal

P::an:naiir Variable Exercise Variable Subchondral | Subchondral Deep \I;I::Le
Category hROI hROI hROI
Furlongs 4 Months Before -0.001
Death (0.21)
(furlongs) )
Races 6 Months Before Death -0.005
(races) (0.17)
Races 8 Months Before Death -0.006
(races) (0.26)
' Races 10 Months Before -0.005
Exercise Death
Intensity (races) (024)
Before Races 1 Year Before Death -0.004
3Cr.Le/N.Cr Death (races) (0.23)
(mm) Works 2 Months Before Death -0.007
(works) (0.16)
Days Since End of Last Layup -0.0002 -0.0002
(days) (0.19) (0.33)
Events Since End of Last Layup -0.001
(events) (0.26)
Days Betvyeen Death and 0.001
Previous Event (0.08)
(days)
Career Days 0.0001 | 0.0002
(days) (0) (0.11)
Number of Events 0.01 0.0035
(events) (0) (0.01)
Lifetime Number of Works 0.017 0.006 0.006
Summary (works) (0.14) (0) (0.14)
Furlongs in Events 0.002 0.001
(furlongs) (0) (0)
Furlongs in Works 0.004 0.001 0.001
(furlongs) (0.15) (0) (0.12)
Events Per Year -0.002
Exercise (days) (0.20)
3Cr.Le/B.Ar Intensity Furlongs in Events Per Month -0.004
(mm/mm? (furlongs/month) (0.20)
Total Time in Layup 0.0003 300(1)(2))1
(days) (0.08) )
Average Layup Length 0.001 0.0002 0.001
(days) (0.32) (0.27) (0.24)
Layup Percent of Career In Layup 0.002 ?602071)
(%) (0.12) '
Days Since End of Last Layup -0.0001
(days) (0.21)
Days Since Start of Last Layup 0.0003 0.0003
(days) (0.12) (0.15)
Exercise Events 4 Months Before 0.034
Death (0.18)
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Damage Exercise Central Proximal Proximal Whole
Parameter Variable Exercise Variable Subchondral | Subchondral Deep Bone
Category hROI hROI hROI
Intensity (events)
Before Races 8 Months Before Death -0.004
Death (races) (0.2)
Works 4 Months Before Death 0.045
(works) (0.25)

Univariate logistic regressions were performed against each exercise history variable and the

presence of calcified cartilage cracks in the Central Subchondral hROI and for the whole sample. Univariate

logistic regressions, rather than robust linear regressions, were performed because 38% of CLI and CTRL-

PSBs had no calcified cartilage cracks anywhere in the sample and 56% had no calcified cartilage cracks in

the Central Subchondral ROI. All significant logistic regressions are reported in Table SA-3.5.7.

Table SA-3.7.5: Univariate logistic regressions (LR) predicting presence of calcified cartilage cracks in the
Central Subchondral histology ROl based on exercise history variables. P-values before and after outlier
removal are given, odds ratios [OR (95% Confidence Interval)] are given after outlier removal.

Odds of
Univariate | Univariate | Odds Ratio | Difference ::I‘(,: Ii:ige da
LR P-Value | LR P-Value After in Group cartilage
Exercise History Variable prior to after Outlier Means g
. . crack, based
outlier outlier Removal (Case - on difference
removal removal (95% ClI) Control) .
in Group
means
Events 2 Months Before 2.8 (1.1,
Death 0.103 0.036 17 2.4
7.4)
(events)
Furlongs 1 Month Before
142 . 1.3 (1, 1. 17 7.
Death (furlongs) 0 0.050 3(1,1.6) >
Furlongs 2 Months Before 1.2 (0.99,
Death 0.132 0.058 17 5.9
1.4)
(furlongs)
Works 2 Months Before
Death 0.082 0.048 1.7 (1.0, 3.0) 17 2.4
(Works)
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3.8 Supplemental Material B: Densitometric and Microdamage Data

This contains the main effects of the ANOVAs presented in the body of the paper; all interaction
effects are given in the main paper. It also contains results of ANOVA comparing apparent mineral density
(AMD), tissue mineral density (TMD), and bone volume fraction (BVF) within the microcomputed
tomography regions of interest (LROI) for PSBs with and without a radiolucent subchondral bone lesion
(BL) and ANOVA comparing microdamage variables for selected histology regions of interest (hROI) for

PSBs with and without a radiolucent BL.

Region of interest had a significant effect on AMD, TMD, and BVF (Table SB-3.8.1). Apparent
mineral density (AMD) was lowest in the Central Subchondral (CS) and Proximal Subchondral (PS) uROls,
intermediate in the Trabecular (TB) ROI, and highest in the Central Subchondral Border (CSB) uROls (Table
SB-3.8.1); BVF was lowest in the CS and TB puROlIs, and highest in the CSB uROIs. There was no difference
in AMD and BVF between the PS and CS ROl among all PSBs. Tissue mineral density (TMD) was lowest in
the CS ROI, followed by the PS, CSB, and TB uROIs; TMD in the CS ROl was significantly lower than all other

ROIs among all PSBs (Table SB-3.8.1).

Table SB-3.8.1 Least Square Means (Standard Error) from ANOVA or Raw Means (Standard Deviation) from ranked
ANOVATYfor Bone Volume Fraction (BVF), Apparent Mineral Density (AMD), and Tissue Mineral Density (TMD) for all
Groups and the four Regions of Interest (ROIl). Within each column, for each effect (separated by dark lines),
variables that do not share a superscript are significantly different (p<0.05). Results are from an ANOVA with Group
(Control Group (CTRL), Case Contralateral Limb Intact (CLI), and Case Fractured (FX)), ROI, and Group*ROI as fixed
effects and horse as a random effect. Significant effects indicated by variable superscripts: "(ROIl), $(Group),
¥(Group*ROlI).

Trabecular

808.87 (8.37)3C

846.35 (3.66)C

Proximal Subchondral

(
0.944 (0.06)*
0.963 (0.06)®¢

791.27 (8.61)78

Effect Level BVFT"# AMD"# TMD"#
(Group or Region of Interest)
CTRL 0.953 (0.07)* 796.28 (8.90) 826.27 (4.00)*B
cLI 0.965 (0.05)* 806.96 (8.90)A 830.12 (4.00)A
FX 0.95 (0.07)* 788.36 (9.01) 819.05 (4.05)®
Central Subchondral 0.943 (0.07)*B 770.44 (8.37)A 804.03 (3.66)"
Central Subchondral Border 0.977 (0.04)¢ 818.21 (8.37)¢ 835.57 (3.66)8
( (
( (

814.64 (3.76)°
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Group was a significant effect for TMD (Table SB-3.8.1), but not BVF or AMD. Mean FX-PSB TMD was

significantly lower than in CLI-PSBs, but TMD in CTRL-PSBs was not different from either Case group.

Group and ROI had significant effects on calcified cartilage crack (Md.Cg.Cr) variables (Table SB-
3.8.2). N.Md.Cg.Cr, N.Md.Cg.Cr/Cg.Bd, :Md.Cg.Cr.Le/N.Md.Cg.Cr, and 3Md.Cg.Cr.Le/Cg.Bd were
significantly higher in Case PSBs than in CTRLs; and they were all highest in FX-PSB, and intermediate in
CLI-PSBs and lowest in CTRL-PSBs which were not statistically different from one another (Table SB-3.8.2).
N.Md.Cg.Cr, N.Md.Cg.Cr/Cg.Bd, Md.Cg.Cr.Le/N.Md.Cg.Cr, and *Md.Cg.Cr.Le/Cg.Bd were significantly
higher in the Central Subchondral ROI than the Distal Subchondral ROI, with non-statistically different

intermediate mean values in the Proximal Subchondral ROl (Table SB-3.8.2).

Region of Interest was a significant effect for N.Cr, N.Cr/B.Ar, and Cr.Le/B.Ar; both ROl and Group
were significant effects for 2Cr.Le/N.Cr (Table SB-3.8.2). 3Cr.Le/N.Cr was significantly higher in FX-PSBs,
compared to the CTRL and CLI-PSBs, and was significantly higher in the Central Subchondral and Deep
ROIs than in the Distal Subchondral and Deep ROIs(Table SB-3.8.2). X Cr.Le/N.Cr was highest in the two
Central ROls, intermediate in the two Proximal ROIs, and lowest in the two Distal ROIs (Table SB-3.8.2).
No differences in N.Cr, N.Cr/B.Ar, and 3Cr.Le/B.Ar were present between Groups; however, these
variables were significantly highest in the Central Subchondral ROl compared to all other ROIs(Table SB-
3.8.2). N.Cr, N.Cr/B.Ar, and 3Cr.Le/B.Ar were highest in the Central Subchondral ROI, followed by the
Proximal Subchondral, Central Deep, Distal Subchondral, Proximal Deep, and Distal Deep ROIs (Table SB-

5.8.2).
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Table SB-3.8.2: Raw Means (Standard Deviation) of microdamage variables for Group and Region of Interest (ROI). Significant effects indicated by variable
superscripts: "(ROI), $(Group), *(Group*ROI). Within a column, for each main effect, variables that do not share a superscript are significantly different (p<0.05)
based on an ANOVA with Group and ROI as fixed effects and horse as a random effect. Superscript NE indicates that pairwise comparisons could not be estimated.
NA is not applicable.

Effect Level N NCr/BAr | ZCrie/ scr.le/ | N.Md.Cg.Cr | N.Md.Cg.Cr/ ;I':l":/'lﬁgécrts $Md.Cg.Cr.Le “:3;5'?
(Group or ROI) ’ ’ ' N.Cr"$ B.Ar' 8 Cg.Bd *$ T g /Cg.Bd™$ g,,
’ Angle
0.874 8.38A 0.0594 R 0.294 0.044 0.034 0.0124 "
CTRL (1.24) (12.59) (0.042) 0.07%(0.12) | 5 99 (0.13) (0.09) (0.05) 109.9™ (6.3)
A A A B B B B A
o 2.13 18.93 0.052 017 (026) | 163 0.29 0.12 0.07 104.1
(2.96) (27.51) (0.039) (2.27) (0.40) (0.14) (0.11) (25.2)
A A B B B B B A
ex 221 17.41 0.076 023 (039) | 273 0.49 0.12 0.10 93.4
(3.34) (26.81) (0.056) (3.29) (0.55) (0.12) (0.13) (27.6)
Proximal 18.41° 2.028 0.068"" 0.175¢ 1.45%8 0.2448 0.0948 0.0548 112.0M
Subchondral | (23.52) (2.37) (0.031) (0.23) (1.98) (0.32) (0.12) (0.08) (10.7)
Central 45.98 5.46 0.0914 0.554 2.794 0.504 0.134 0.104 102.7M¢
Subchondral | (38.44) (4.53) (0.044) (0.49) (3.42) (0.58) (0.14) (0.13) (23.9)
Distal 9.238¢ 1.128¢ 0.0458 0.075P 0.70° 0.13° 0.05° 0.04° 56.9% (8.3)
Subchondral | (10.32) (1.19) (0.032) (0.08) (1.70) (0.33) (0.12) (0.10) ' '
Proximal 4.018%P 0.47¢P 0.052A8B 0.04PF
Deep (4.58) (0.52) (0.049) (0.05) NA NA NA NA NA
Central 12.708 1.498 0.0824 0.128
Deep (10.33) (1.18) (0.05) (0.12) NA NA NA NA NA
Distal 1.88° 0.23° 0.038° 0.02¢
Deep (2.88) (0.35) (0.053) (0.02) NA NA NA NA NA
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Total damage measures in each PSB (pooling all 6 hROIs) are summarized in Table SB-3.8.3. Case
PSBs had higher N.Cr and N.Cr/B.Ar than Controls, however these differences were not significant. Case
FX-PSBs had higher 2Cr.Le/N.Cr and 2Cr.Le/B.Ar than Controls. Case FX-PSBs had significantly higher
N.Md.Cg.Cr and N.Md.Cg.Cr/Cg.Bd than Controls; Case CLI-PSBs had intermediate N.Md.Cg.Cr and

N.Md.Cg.Cr/Cg.Bd levels that were not different from either the Case FX or Control PSBs.

Table SB-3.8.3: Least Square Means (Standard Error) of total damage found in Case fracture (FX), Case contralateral
intact (CLI), and control (CTRL) proximal sesamoid bones. Within a column, variables that do not share a superscript
are significantly different (pairwise comparisons, p< 0.05 with tukey-kramer adjustment).

Grou N.Cr N.Cr/B. | 2Cr.Le/ | Cr.Le/ | N.Md. | N.Md.Cg.Cr | £ Md.Cg.Cr.Le/ | £Md.Cg.Cr.
P : Ar N.Cr B.Ar | Cg.Cr /Cg.Bd N.Md.Cg.Cr | Le/Cg.Bd
el | 5025* | o87* | 007t | 007t | 088" 0.04* 0.07 0.01°
(25.51) | (0.45) | (0.01) | (0.04) | (1.44) (0.08) (0.04) (0.02)
U 13351 2140 | 008 | 017 | 4902 | 028 0.20" 0.07
2282 | ©4 | ©o1) | (004) | (129) (0.07) (0.03) (0.02)
X 104451 2030 | 011 | 023 | 8.20° 0.49° 0.18* 0.09*
2282) | 040 | ©01) | (004) | (1.29) (0.07) (0.03) (0.02)

ANOVA comparing tissue properties for PSBs with and without a subchondral lesion indicated that
BVF, AMD, and TMD were significantly lower at the Central Subchondral uROI in PSBs with a subchondral
lesion (Table SB-3.8.4). In the Central Subchondral uROI of PSBs with a subchondral lesion, BVF is 7.5%
lower, AMD is 7.8% lower, and TMD is 2.8% lower compared to PSBs with no subchondral lesion. When
FX-PSB results were excluded, BVF in the Central Subchondral pROI of PSBs with a subchondral lesion
remained significantly lower than in the same pROI of those with no lesion. Proximal subchondral and
internal trabecular BVF and AMD were higher for bones with a subchondral lesion than those without,

and proximal subchondral was higher for TMD for a PSBs with a subchondral lesion than those without.
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Table SB-3.8.4: Raw Means (Standard Deviation) of tissue morphometry variables for region of interest (ROI) and
presence or absence of a subchondral lesion on the microcomputed tomography scan; using data from all PSBs and
from just non-fractured PSBs (Case CLI and CTRL). Significant ranked ANOVA effects indicated by variable
superscripts: T(ROI), $(subchondral Lesion), *(Subchondral Lesion*ROl). Pairwise comparisons of ROIls for PSBs
with/without a subchondral lesion are indicated by letter superscripts (down column; A,B,C,D). Pairwise comparisons
within each ROl are indicated by subscripts (across row;a,). For all comparisons, significant differences are indicated

by * and variables that do not share a superscript are significantly different at p < 0.05.

ANOVA Results using Case FX, Case CLI, and Control

ANOVA Results using Case CLI and Control Data

Data
BVF BVF
No Lesion” Lesion” No Lesion” Lesion”
Central A c Central A c
Subchondral’ 0.97 (0.0)« 0.91 (0.1)p subchondral’ 0.97 (0.0)« 0.96 (0.0)p
Central Central
Subchondral 0.96 (0.1).*8 0.99 (0.0)c" Subchondral 0.96 (0.1)" 0.99 (0.0)p"
Border Border®
Proximal B AB Proximal A AB
Subchondral® 0.94 (0.1)a 0.98 (0.0)s Subchondral’ 0.95 (0.1)q 0.99 (0.0)g
Internal c B Internal B BC
Trabecular® 0.91 (0.1)a 0.97 (0.0)s Trabecular® 0.91 (0.1)q 0.98 (0.0)p
AMD AMD
No Lesion” Lesion” No Lesion” Lesion”
Central AB A Central B A
Subchondral® 797.14 (37.2)a 747.08 (48.1)p Subchondral 795.22 (38.0)« 777.8 (22.3)d
Central Central
Subchondral | 815.42 (41.5)* | 820.65 (16.7)a® Subchondral 812.07 (41.1)* | 831.26 (17.5)s°
Border Border
Proximal 8 8 Proximal B B
Subchondral | 773-81(56:4)° | 808.55 (213)e Subchondral’ 781.16 (51.2)a 816.64 (20)s
Internal AB 8 Internal 8 B
Trabecular | 789-62(55.7)*%| 825.72 (31.0) Trabecular” 786.62 (56.8).® | 839.1(28.7)s
TMD TMD
No Lesion” Lesion” No Lesion” Lesion”
Central 8 c Central B c
Subchondral® 814.01 (16.7)a 795.29 (16.1)p Subchondral 813.04 (17.0)d 806.53 (13.4)q
Central Central
Subchondral | 839.94 (13.2)* | 831.75 (14.1)s*8 Subchondral 837.97 (11.4)* | 838.7 (16.6)."
Border” Border
Proximal B B Proximal B B
Subchondral 808.18 (20.5)a 821.52 (19.9)a Subchondral® 810.03 (20.1)« 825.88 (20.0)
T:;’L‘Zc”j'ar 847.89 (17.6)* | 845(22.6)® |Internal Trabecular| 844.63 (13.1)s" | 854.85 (24.8)s*
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ANOVA comparing microdamage among bones with and without a lesion indicates that there was
more microdamage and calcified cartilage cracks in the Central Subchondral hROI of PSBs with a lesion,
compared to those without a lesion (Tables SB-5.8.5 & SB-5.8.6). This trend held when the ANOVA was
run excluding data from FX-PSBs, indicating that the greater damage in the Central Subchondral hROIs of
was not exclusively due to the fracture event (Tables SB-5.8.5 & SB-5.8.6). N.Cr, N.Cr/B.Ar, and XCr.Le/B.Ar
were higher in the Central Deep hROI of PSBs with a subchondral lesion; this finding only held for N.Cr/B.Ar
when FX-PSB data was removed, so the increased damage levels in this region of PSBs with a subchondral
lesion may or may not have been due to the fracture event. When comparing hROIs among PSBs without
a lesion, the Central Subchondral hROI did not have more damage than other regions. When comparing
hROIs among all PSBs with a subchondral lesion, the Central Subchondral hROI had significantly more

internal microdamage and calcified cartilage microdamage than other subchondral regions.
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Table SB-3.8.5: Raw Means (Standard Deviation) of microdamage variables for region of interest (ROI) depending
on lesion presence (Yes, No) on the microcomputed tomography scan; using data from all PSBs and from only non-
fractured PSBs (Case CLI and CTRL). Significant ranked ANOVA effects indicated by variable superscripts: "(ROI),
$(Subchondral Lesion), ¥(Subchondral Lesion*ROI). Pairwise comparisons of ROls for PSBs with or without a

subchondral lesion are indicated by letter superscripts (down column; #8¢P), Pairwise comparisons within each ROI
are indicated by Greek letter subscripts (across row;q,s). For all comparisons, significance is indicated by * and

variables that do not share a super- or sub-script are significantly different at p < 0.05 down the column or across

the row, respectively.

ANOVA Results using Case CLI, Case FX, and Control PSB Data

ANOVA Results using Case CLI and Control Data

(n =28 PSBs) (n =18 PSBs)
N.Cr'* N.Cr'#
No Lesion* Lesion* No Lesion Lesion®
Proximal Proximal
AB B A,B B
Subchondral 13.917 (17.973)4 21.781 (27.028), Subchondral 15.182 (18.282)4 30.286 (37.047),
Central Central
A A A A
Subchondral 19.458 (19.102) 65.875 (37.517)g Subchondral 19.5 (20.034)q 66.286 (37.173)g
Distal 5.375 (7.929).8¢ 12.125(11.177).® || Distal Subchondral| 5.591 (8.279)2€ | 14.714 (15.055)48¢
Subchondral

Proximal Deep

4.75 (5.298) ¢

3.469 (4.052)4¢

Proximal Deep

5 (5.482),5C0

3.929 (5.279),5P

Central Deep”

7.583 (9.197), 8

16.531 (9.674)g?

Central Deep

7.909 (9.573),ABC

16.143 (11.213)B

Subchondral®

0.573 (0.816)C

1.529 (1.278)g8

Subchondral*

0.595 (0.852),8¢

Distal Deep 1.542 (2.742)s¢ 2.125 (3.047),C Distal Deep 1.682 (2.831),° 2.071 (3.878)°
N.Cr/B.Ar"s* N.Cr/B.Ar"*
No Lesion* Lesion” No Lesion Lesion”
Proximal Proximal
AB B AB AB
Subchondral 1.423 (1.787)q 2.474(2.693)d subchondral | 1252 (1:814) 3.328 (3.679)«
Central Central
A A A A
Subchondral’ 2.059 (1.864)y 8.013 (4.268)p Subchondral 2.06 (1.955)4 7.706 (3.544)p
Distal Distal

1.699 (1.506)g8

Proximal Deep

0.488 (0.516)45<

0.456 (0.538)oC

Proximal Deep

0.513 (0.533)45¢

0.436 (0.532)oC

Central Deep”

0.788 (0.906),~®

2.009 (1.114)g®

Central Deep”

0.823 (0.942)A8

1.845 (1.029)4"®

0.238 (0.462)oC

Distal Deep 0.162 (0.29)¢ 0.273 (0.395).¢ Distal Deep 0.176 (0.299).¢
ICr.Le/N.Cr'* ICr.Le/N.Cr'*
No Lesion Lesion” No Lesion Lesion”
Proximal Proximal
A AB,C A AB
Subchondral 0.066 (0.029) 0.07 (0.034)4 subchondral 0.072 (0.021) 0.07 (0.046)4
Central Central
A A AB A
Subchondral 0.067 (0.028)4 0.108 (0.046)p Subchondral 0.067 (0.03) 0.082 (0.014)4
Distal
A C : AB B,C
Subchondral 0.046 (0.037) 0.044 (0.029)4 Distal Subchondral| 0.047 (0.039) 0.045 (0.027),

Proximal Deep 0.057 (0.05)A 0.049 (0.049),C || Proximal Deep | 0.047 (0.036)c*® | 0.031 (0.034)2¢
Central Deep 0.076 (0.052),* 0.086 (0.05)*® Central Deep 0.077 (0.054),~B 0.059 (0.015),~B
Distal Deep 0.039 (0.06)* 0.037 (0.049),¢ Distal Deep 0.043 (0.061)8 0.013 (0.023).¢
3Cr.Le/B.Ar's* 3Cr.Le/B.Ar'*
No Lesion” Lesion® No Lesion Lesion”
Proximal Proximal
AB B A B
subchondral 0.106 (0.128)4 0.212 (0.285)4 subchondral 0.116 (0.13)q 0.309 (0.395),
Central Central
A A A A
Subchondral" 0.163 (0.183)y 0.842 (0.45)p Subchondral 0.166 (0.192)y 0.644 (0.318)p
Distal 0.049 (0.093)o3< 0.089 (0.085)< |IDistal Subchondral| 0.052 (0.097).3¢ | 0.094 (0.094)o3¢
Subchondral

Proximal Deep

0.033 (0.031)45€

0.041 (0.065)5P

Proximal Deep

0.032 (0.032)45¢

0.026 (0.036),50

Central Deep”

0.066 (0.082),*B

0.168 (0.121)®

Central Deep

0.07 (0.084),A8

0.112 (0.073),®

Distal Deep

0.014 (0.025),¢

0.017 (0.024),°

Distal Deep

0.015 (0.026),°

0.01 (0.019).P
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Table SB-3.8.6: Raw Means (Standard Deviation) of calcified cartilage microdamage variables for region of interest
(ROI) depending on lesion presence (Yes, No) on the micrcomputed tomography scan; using data from all PSBs and
from just non-fractured PSBs (Case CLI and CTRL). Significant ranked ANOVA effects indicated by variable
superscripts: "(ROI), $(Subchondral Lesion), ¥*(Subchondral Lesion*ROl). Pairwise comparisons of ROIls for PSBs
with/without a subchondral lesion are indicated by letters (down column; A,B,C,D). Pairwise comparisons within
each ROI are indicated by greek letters (across row;q,p). For all comparisons, significance is indicated by * and
variables that do not share a super- or sub-script are significantly different at p < 0.05 down the column or across
the row, respectively.

ANOVA Results using Case CLI, Case FX, and Control ANOVA Results using Case CLI and Control Data
PSB Data (54 hROI fields)
(84 hROI fields)
N.Md.Cg.Cr's* N.Md.Cg.Cr's*
No Lesion Lesion” No Lesion” Lesion”
Proximal A 1.781 Proximal 1.091 A
Subchondral 1(1:537)a (2.243)e Subchondral (1.578)a 2(3-109)
Central 0.333 4.625 Central 0.091 B
Subchondral® (0.888)" (3.467)g® Subchondral” (0.302)M8 3.714(1.976)s
Distal 0 (0)e 1.219 Distal 0(0)e? 0.429
Subchondral’ “ (2.121)6* Subchondral * (0.787)
N.Md.Cg.Cr/Cg.Bd ¢ N.Md.Cg.Cr/Cg.Bd™**
No Lesion Lesion” No Lesion” Lesion”
Proximal 0.147 0.313 Proximal 0.161 0.331
Subchondral (0.227)* (0.365)* Subchondral (0.233)A (0.508)s*
Central 0.052 0.827 Central 0.013 B
Subchondral” (0.143)" (0.553)8 Subchondral” (0.042)c* 0.681(0.388)s
Distal N N Distal N 0.078
Subchondral” 0(0)a 0.23 (0.416)s Subchondral 0(0)a (0.142)"
IMd.Cg.Cr.Le/N.Cr's* IMd.Cg.Cr.Le/N.Cr's*
No Lesion Lesion” No Lesion” Lesion”
Proximal A 0.055 Proximal A 0.109
Subchondral 0.04(0.072)q (0.086)" Subchondral 0.091 (0.14)a (0.136)*
Central 0.009 0.174 Central 0.009 B
Subchondral’ (0.029) (0.125)6° Subchondral” (0.031) 0-252(0.117)s
Distal 0 (0)s 0.062 Distal 0 (0) 0.081
Subchondral ¢ (0.128)p* Subchondral ¢ (0.152)*
IMd.Cg.Cr.Le/Cg.Bd"** IMd.Cg.Cr.Le/Cg.Bd"™**
No Lesion Lesion® No Lesion” Lesion”
Proximal 0.084 0.098 Proximal 0.044 0.082
Subchondral (0.136)* (0.104)* Subchondral (0.075)* (0.125)*
Central 0.025 B Central 0.001 B
Subchondral® (0.063)* 0.209 (0.12)e Subchondral” (0.004)*B 0.17(0.125)s
Distal A 0.094 Distal B A
Subchondral’ 0(0)e (0.147)¢" Subchondral 0 (0 0.020.034)
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3.9 Supplemental Material C: Equilibrium Solution for Bone Compartment

Model

This supplemental presents the equations for the compartment model of bone remodeling given in
Figure 3.1. In this model, the 4 tissue types are: undamaged mineralized bone (BVyp), damaged
mineralized bone (BVp), osteoid (OV), and marrow (MV). The time derivatives of these 4 tissue types can

be expressed using the rate constants (ki) and are given in Equations 3.9.1-4. The summation of the 4

tissue types is equal to the total tissue volume (TV).

‘“%twﬂ = k30V — (ky + k4)BVp
”“i_‘t’D) = k4BVyp — ksBV),
aov) _ k,MV — k;0V
dt
‘“stV) = ksDV + kyBVyp — k,0V

At steady-state, the summation of the 4 tissue types is constant within a given tissue volume;

therefore, the time derivatives are all equal to zero. While the rate terms cannot be determined from this

(Egn. 3.9.1)

(Egn. 3.9.2)

(Egn. 3.9.3)

(Egn. 3.9.4)

set of equations, the steady-state solution for the 4 volume fractions are Equations 3.9.5-8.

BVUD _ ko k3 ks

TV kykyks+kqksks+koksky +hoksks +kokaks +hgkaks
BVp ky kg ky

TV kykoks+kiksks+koksky +koksks +kokaks +kskgks
ov ky ks (ky+kq)

TV kykpkst+kiksks+hkoksks +hoksks +kokaks +hkskaks

MV k ks (ky+ky)
TV kykpks+kiksks+koksky +kyksks +kokgks +ksksks
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(Egn. 3.9.7)

(Egn. 3.9.8)



The partial derivatives of the equilibrium volume fractions with respect to damage formation rate

(ks) are given in Equations 3.9.9-12.

BVyp
(2 _ kg ks ks (kg ka+kz ks+ks ks) (Eqn. 3.9.9)
Sk (kakzks+kiksks+koksks +koksks +kokaks +kskaks)? Co
MV
5(zv) _ ka ks ks (k1 —ks) (Egn. 3.9.10)
5k (kikzks+kiksks+koksks +kzksks +kokaks +kskaks)? Co
ov
5(7%) _ ko® ks ks (ka—ks) (Egn. 3.9.11)
5k (kikoks+kiksks+koksks +kaoksks +kakaks +ksksks)? T
BVp
G _ k k3 ks (k1 kp+kq k3+k; k3) (Eqn. 3.9.12)
5k (kikzks+kiksks+koksks +koksks +kokaks +kskaks)? Co
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Chapter 4: Training Drives Turnover Rates in Racehorse Proximal Sesamoid

Bones

4.1 Abstract

Stress-reactions develop in bone tissue before a full stress fracture. In subchondral bone, stress-reactions
are characterized as focal regions of low bone volume fraction, low mineral density, and high levels of
microdamage and are hypothesized to develop when bone tissue is unable to adapt to damaging loading.
However, in athletes it is difficult to determine how training drives the formation of stress reactions
because bone biologically responds to both mechanical loading and damage. In this study, we derive
steady-state rate constants for a compartment model of bone’s tissue turnover cycle using morphometric
data from Case and Control racehorse proximal sesamoid bones (PSBs) and then relate the rate constants
to exercise data. The Case bones had a naturally occurring subchondral stress-reaction. We determined
steady-state model rate constants in the stress-reaction region (Damaged ROI) and in an internal region
with no microdamage (Non-Damaged ROI). Steady-state rate constants were determined using bone
volume fraction, tissue mineral density, and microdamage area fraction measurements from the PSBs.
These rate constants were then related to training history. We found the derived undamaged bone
resorption rate, damage formation rate, and osteoid formation rate had significant robust regression
relationships to exercise intensity (rate) variables, layup (time out of exercise), and exercise 2-10 months
before death. However, the direction of these relationships varied between the Damaged and Non-
Damaged region, indicating that some aspect of the mechanical loading (likely strain) is different between

the two regions.
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4.2 Introduction

Physiologic strain rates and magnitudes are known to cause fatigue damage in bone tissue. The
number of loading cycles at physiologic strain magnitudes required to cause fatigue (stress) fracture
during mechanical testing are much higher those that cause fractures in vivo. Generally, the lower cycle
number required to cause a stress fracture in vivo is attributed to bone’s innate damage repair process.*
During damage repair, osteoclasts remove damaged tissue and form a porosity, called a resorption bay,
then osteoblasts deposit unmineralized tissue, called osteoid, to refill the resorption bay. The osteoid
mineralizes in a two-stage process that is, at least partially, controlled by osteocytes.>™ First, a rapid
primary mineralization period brings the osteoid to 45-80% of the interstitial mineral content; this initial
rapid mineralization completes within a few days.?™ Second, a slow secondary mineralization period
brings the tissue to a mineral density comparable to the surrounding tissue; secondary mineralization
occurs at a decreasing rate for several years.>™ Consequently, damage repair temporarily increases
porosity and reduces tissue mineralization at the location where damage occurred; these tissue changes
transiently reduce tissue stiffness. These transient changes are believed to accelerate the progression to
a stress fracture when damaging loading is continued since the reduced modulus can elevate strain and
promote the formation of more microdamage, leading to more damage repair in a vicious cycle.
Supporting this idea, microdamage preferentially forms near resorption bays and computer modeling
indicates that resorption bays are stress risers.®’ Additionally, stress fractures occur through sites with
evidence of damage repair and occur in consistent configurations.®*! Further, stress fracture risk

increases with exercise intensity.1012

Further complicating the link between exercise and stress fractures in vivo is bone’s response to
mechanical loading. Generally, two cellular processes are used by bone tissue to respond to damage and
load: modeling and remodeling. These processes are distinguished based on the spatial and temporal

coupling of cellular activity. During modeling, bone formation by osteoclasts and bone resorption by
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osteoblasts are not spatially or temporally linked. Therefore, modeling is associated with shape changes
(e.g., altering trabecular width or bone curvature) and may or may not be associated with a change in
bone density. During remodeling, bone resorption is followed, at the same location, by bone formation.
In healthy adults, the amount of tissue removed is approximately equal to the amount added and
remodeling is considered balanced. However, unbalanced remodeling does occur and will change the
amount of bone tissue at a specific site. Unbalanced remodeling can be caused by disease states,
endocrine changes, and many other factors. For example, osteopetrosis can cause positive balance
remodeling by making osteoclasts less effective at resorbing bone and vitamin-D deficiency causes a
negative remodeling balance by inhibiting osteoid mineralization.?* Loading history, strain rate and
magnitude, general health status, anatomic location within the bone, and many other factors affect bone
formation or resorption in response to loading (or lack of loading) through both modeling and

remodeling.'*

Racehorses, like many high-performance athletes, are subject to repetitive high-strain, high-cycle
number, training activities. At racing speeds, strains of up to nearly 5000 pe have been reported in
racehorse third metacarpal bones (a long bone in the distal forelimb); this peak strain is much higher than
peak periosteal strains typically observed in other species (2000-3000 pe).*>® Stress fractures are the
most common cause of fatalities associated with horse racing and stress fracture risk is associated with
exercise (training).1>!? Focal differences in bone tissue, compared to surrounding regions, called stress-
reactions are often found at the stress fracture site in a fractured bone and at the same anatomic location
in the contralateral (opposite) side of the body. Stress-reactions are believed to precede a complete stress
fracture and have characteristics of a focal region undergoing damage repair. Stress-reactions are
characterized by osteopenia, low mineral density, microdamage, and (if location permits) a periosteal or
endosteal bone callus.’®2° One method commonly used to determine if an athlete is at risk of a stress

fracture (regardless of species) is to look for a stress-reaction.'®2° Many stress fracture configurations and
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focal stress reactions observed in racehorses are not found in horses that do not habitually train at gallop-
speeds; this further implies a link between training and stress fractures.” However, the interactions
between bone formation (or resorption) due to exercise and the repair of tissue damage makes it difficult
to determine specific exercise patterns that cause (or protect against) stress fractures. For example,
horses that have a higher-rate of training 2-12 months prior to death and those in training for longer
periods without a rest (colloquially called a layup) have an increased stress-fracture risk.’>?> However, the
1-2 months after returning to work from a rest period are also a period of high stress-fracture risk.°
Therefore, it would be advantageous to determine what specific aspects of a training program are

protective against stress-reactions and stress-fractures.

Previously, we introduced a compartment model of bone’s “tissue turnover cycle” (Figure 4.1)%
and used the model to organize observed relationships between racehorse proximal sesamoid bone (PSB)
morphometric data and training data. PSBs were used because PSB fracture is the most common fatal
injury in many racing populations.?*?’ Consistent fracture configurations, a subchondral stress-reaction,
and association with training indicates that PSB fractures are stress fractures.’>'%2 \We reported a focal
subchondral osteopenic and microdamaged stress-reaction (lesion) in fractured and contralateral limb
intact PSBs of Thoroughbred racehorses; this lesion was not found in racehorses that did not experience
PSB fracture.’® The observed differences from Control PSB bone volume fraction, tissue mineral density,
and microdamage were site-specific and correlated with training history. Figure 4.1 shows the
compartment model we developed to relate changes in bone tissue histological measures to rates of bone
turnover. This model accounts for changes in bone volume fractions caused by both modeling and
remodeling. The aims of this manuscript are to: 1) calculate the steady-state rate constants for the
compartmental model (Figure 4.1) based on previously collected histological and microcomputed
tomography (UCT) data from racehorse PSBs and 2) determine the relationships between model rate

constants and lifetime exercise data.
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Figure 4.1: Compartment model of the bone “tissue turnover cycle.” There are four tissue volumes: damaged
mineralized bone, undamaged mineralized bone, marrow, and osteoid. Tissue volumes can transform following
the paths indicated by the arrows at the specified rates (ki). Tissue mineral density (TMD) is defined for the
undamaged and damaged mineralized bone volumes.

4.3 Methods

4.3.1 Study Design

The compartment model (Figure 4.1) was designed to allow the tissue types to be defined either
histologically or using x-ray imaging. We will derive the relationships between observable morphometric
data and the compartment model values in the following sections. Then, we will calculate steady-state
rate constants using morphometric data collected in two regions of interest (ROIs) from racehorse PSBs.
Data were measured within 10 fractured medial PSBs (FX-PSB) from Case racehorses euthanized due to
unilateral biaxial PSB fracture, 10 contralateral limb intact medial PSBs (CLI-PSBs) from the same Case
racehorses, and 10 medial PSBs from Control racehorses (CTRL-PSBs) euthanized for injuries unrelated to
PSB fracture.®®The steady-state rate constants were determined in a Damaged ROl and in a Non-
Damaged ROl in all PSBs (Figure 4.2). The Damaged ROI contains the identified subchondral bone stress-
reaction (lesion) or was constructed at a comparable location in samples without a lesion. The Damaged

ROI was previously identified as “central subchondral ROI” in Chapter 3.22 The Non-damaged ROl was
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constructed in a standardized internal trabecular region and was previously identified as the “trabecular
ROI” in Chapter 3.2 The steady-state rate constants in each ROl were then compared among the three
Groups. Additionally, the steady-state rate constants for the CTRL and CLI PSBs were related to Case and
Control exercise history. Case FX and Case CLI PSBs are from the same horses and, therefore, have the
same exercise history. The model, relationships to morphometric data, and solving procedures are

expanded upon in the following sections.

Figure 4.2: Flowchart of study methods. Data
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4.3.2 Model Description

A compartment model for the “bone tissue turnover cycle” is presented in Figure 4.1. This model
separates bone tissue into four types that fill a tissue volume (TV): undamaged mineralized bone (BVup),
damaged mineralized bone (BVp), osteoid (OV), and marrow or void space (MV; Figure 4.1). Each tissue
type is a portion of the tissue volume (TV) and is defined using histological features. The summation of
the four volume compartments (TV) is constant, as this compartment model is closed and has no inflows
or outflows (Eqn. 4.1a). The tissue types can transform between compartments in the directions indicated
by the arrows at the given transfer rates (ki — ks; Figure 4.1). As is typical of compartment models, we
require the transfer rates to be non-negative.?>3® This convention prevents negative compartment
volumes, which would be physiologically nonsensical. Further, non-negative transfer rates bound the total
volume flow out of a compartment within a time increment by the volume added to the compartment
during that time increment plus the original volume present.

BVyp + BVp + 0V + MV =TV Egn. 4.1a

The model is constructed based on well-known aspects of bone modeling and remodeling. Each
compartment histologically defines a tissue volume within the TV, therefore, internal surfaces are not
defined and volume changes due to modeling and remodeling cannot be distinguished. For example, in
this model it cannot be determined whether a reduction in BVyp was due to internal modeling (e.g.,
reducing trabecular width), negatively balanced remodeling (e.g., incomplete refilling of a resorption bay),
or some combination of the processes. The model can quantify the net reduction in BVyp, but not attribute
the change as being due to a specific cell process. Regardless, the tissue “transformations” between
compartments that occur during modeling and remodeling have the same volume-averaged effect on the
TV.

The tissue transformations are captured by the compartment model. Removal of mineralized

bone by osteoclasts creates a resorption cavity (e.g., a void space with no osteoid or mineralized tissue).
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In this model, resorption is represented by the transition of a volume of damaged mineralized bone (BVp)
or undamaged mineralized bone (BVyp) into the marrow (MV) compartment. These processes occur at the
resorption rate (ki) and damage removal rate (ks). Formation of new bone tissue occurs through
deposition of osteoid by osteoblasts; bone formation is represented by the transition of marrow volume
(MV) into osteoid volume (OV) at the osteoid formation rate (k;). After deposition, osteoid then undergoes
a period of maturation, followed by rapid primary, and a slower secondary mineralization. We will assume
that tissue within the osteoid compartment (OV) is undergoing osteoid maturation or primary
mineralization. Therefore, tissue in the mineralized bone compartments (BVyp & BVp) is undergoing
secondary mineralization and has a mineral density that changes with time. Tissue mineral density (TMD)
is another observable quantity of bone separate from the histological division of the tissue into four types.
TMD changes with time (i.e., bone mineralization is time dependent) and is often considered an index for
tissue age.>®! In this study, we will represent TMD as the volumetric average of the TMD within the two
mineralized compartments (BVp & BVup). An auxiliary relationship (presented later) governs how
secondary mineralization proceeds while tissue resides in the mineralized bone compartments. The
transition of osteoid volume (OV) to undamaged mineralized bone (BVyp) occurs at the primary
mineralization rate (ks). Damage in bone tissue occurs within mineralized bone tissue; this transition is
represented by the conversion of undamaged mineralized bone volume (BVyp) to damaged mineralized
bone (BVp) at the damage formation rate (ka).

The main aim of this manuscript is to solve for the steady-state rate constants based on
experimental morphometric data from Case racehorses with PSB stress fracture and Controls without.
The time derivatives of the four tissue types can be expressed as a function of the rate constants (Section
4.7; Equation 4.7.1-4). At steady-state, these time derivatives are equal to zero. The general steady-state
volume solutions (i.e., solutions not considering TMD) are underdetermined to a constant (derivation in

Section 4.7; Eqns. 4.7.1 — 7). This is consistent with the solutions of outflow closed compartment systems
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which inherently have a singular rate transfer matrix (coefficient matrix).2>3° However, the constant can
be eliminated if the system is written in terms of volume fractions (Section 4.7; Eqns. 4.7.8-11).

For the rest of this manuscript, the steady-state volume fractions equations (Eqns. 4.7.8-11) will
be used instead of the steady-state volumes. Note that when Eqgn. 4.1a is written in terms of the volume

fractions, the summation of the volume fraction is always equal to one (Eqn. 4.1b). However, without the

addition of the TMD to the compartment model, the system is underdetermined when solving for the five

rate constants in terms of 4 volume fractions. The addition of TMD will allow us to solve the system for

the five rate constants using observed morphometric data. Note that the steady-state volume fractions
depend on the ratios of the rate constants (Eqns. 4.7.8-11) and TMD depends on the magnitude of the

rate constants (derivation below).

BVyp | BVp | OV MV _
v + p— +TV+ p— 1 (Egn. 4.1b)

4.3.3 Derivation of the Dependence of TMD on Remodeling Rates

Tissue mineral density (TMD), as defined by microcomputed tomography (uCT), is the equivalent
density of hydroxyapatite within a volume of mineralized tissue and TMD is known to change with tissue
age.31™¥ Therefore, an expression can be developed for TMD using population statistics and the model
rate constants if a formula expresses mineralization as a function of tissue age.** In stochastic
compartment models, the reciprocal sum of outflow coefficients (1/2kiout) is the average retention time
of a "particle" in the compartment during a single visit to that compartment.®®> Additionally, the expected
(average) value of a continuous variable, m(t), is determined as the integral of m(t) multiplied by the
probability distribution function of the population that has the property m(t).3* Equation 4.2 defines the
expected value of TMD (or average TMD) where m(t) is a continuous function defining TMD during
secondary mineralization and P(t) is the probability distribution function describing the chances of
mineralized bone resorption at time t.

TMD = [ m(t)P(t)dt (Eqn. 4.2)
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4.3.4 Mineralization Law

To use Eqgn. 4.2, we require a mineralization law, m(t), for the two mineralized bone
compartments. We only require an m(t) for secondary mineralization, and not also primary mineralization,
because we use primary mineralization to define the difference between osteoid (OV) and mineralized

undamaged bone (BVyp).

For simplicity, we will model m(t) as bounded exponential growth (Eqn. 4.3), and demonstrate below that
this is a reasonable form. In Egn. 4.3, TMDmaxand TMD, are the maximum and minimum bounds for TMD,
respectively. To relate Egn. 4.3 to collected x-ray measurements, TMD, is the mineralization threshold
used by uCT to distinguish mineralized bone from non-mineralized tissue. Due to the assumption that
mineralized bone tissue (BVm) has completed primary mineralization, TMD, is also the cut-off value
distinguishing primary and secondary mineralization. Similarly, TMDnmax is the peak empirically observed

mineral density.
m(t) = (TMD,-TMD )€ ¥mt + TMD ¢ (Eqn. 4.3)

The secondary mineralization rate constant (km) may vary among species (Figure 4.3).%%>3%
However, the differences in mineralization rates among species are not well established and, to our
knowledge, mineralization rate studies have not been performed in horses. Consequently, we cannot
directly estimate kn, for our horses from equine data. Limited evidence suggests exercise increases the
mineralization rate, however this dependence is also not well described.3” Therefore, we will assume a
constant kn, that is unaffected by exercise. The value we select (km = 0.00505 days™ Table 4.1) is the
average km from cortical and cancellous data from ewes estimated via root-mean-square error curve-
fitting to data from Bala, et. al, 2010 to Eqn. 4.3.2 We also assume that the same mineralization law (Egn.

4.3) holds in both the damaged and undamaged volume compartments. There is evidence that damaged
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tissue can reach a higher peak mineral density than undamaged tissue;* however, the relationship

between mineral peaks in damaged and undamaged tissue is not well established.

Previous work indicates that using the sum of two exponentials to define m(t), rather than a single
exponential better reproduces the calcium concentration distribution (BMDD) observed in bone tissue.®
However, since we are only using Eqn. 4.3 to determine average TMD, and not BMDD, we will use the

simpler, single-exponential model. Additionally, when fitting mineralization time course data (Figure 4.3),

we found a single exponential for m(t) has comparable r? values to the sum of two exponentials.
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Figure 4.3: RMSE curve-fits of Equation 4.3 from rabbit and sheep bones. Data used for curve fits were digitized
from Fuchs, et. al., 2008 (rabbit) and Bala, et. al., 2010 (sheep). Mineral content data was normalized to peak
measured mineralization to create this figure; TMD, was the normalized measurement at the first time point

and TMDmax was the normalized peak measurement (i.e., 100%). When data was not normalized, the r? values
were similar and < 0.93. Curve-fits were performed in MATLAB’s non-linear least-square’s solver using the
Levenberg-Marquardt option.
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4.3.5 Average Mineralization

To use Eqn. 4.2, the probability of resorption at a given time must be determined to create the

probability distribution function, P(t). We assume that resorption of mineralized bone is independent of

the amount of time spent in its compartment. Physically, this models resorption as independent of the

mineral content accumulated during secondary mineralization (i.e., the only requirement for resorption
is for TMD > TMD,). An exponential probability distribution (Eqn. 4.4) is the unique solution for a
probability distribution with these properties as it is a memoryless distribution.?® The average time to an
event governed by an exponential probability distribution is 1/A.** Therefore, in Eqn. 4.4, 1/A is the
average time to resorption. This is convenient, because the average residence time in a compartment is
the reciprocal of the sum of all outflow rates (1/2kiou).>®> Therefore, we will define A = k;. For undamaged
mineralized bone, A = k1 + ks (which represents tissue leaving the compartment due to resorption (ki) or
by being damaged (ki)) and for damaged mineralized bone A = ks. Notice if ks > ki, resorption of BVp/TV
occurs (on average) faster than BVyp/TV bone. This means that ks > k; is targeted remodeling, which is
important to note because targeted remodeling of damaged tissue is well established in bone turnover.*?

P(t) = AeM (Eqn. 4.4)

The average TMD within a mineralized compartment can now be defined using Eqn. 4.2, using
m(t) and P(t) defined by Eqns. 4.3 and 4.4. Equation 4.5 defines the average TMD within the undamaged
mineralized bone volume fraction (BVup/TV) and Equation 4.6 describes the average TMD within the
damaged mineralized bone volume fraction (BVp/TV). In Equation. 4.6, the m(t) profile starts at t = 1/kq
rather than at t = 0; 1/ks is the average time tissue spends in the undamaged compartment before
transferring to the damaged compartment. This time shift sets the starting TMD of tissue in the damaged

compartment to the average TMD accumulated after 1/ksdays in the undamaged compartment.

ki+ky
ki +ky+ kyy

Km

TMDBVUD = fO m(t)(k; + k4)e'(k1+k4)tdt = ot ket ko

TMD,, + TMDy.x (Eqn. 4.5)
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Km

kse K4 (TMDo-TMDppax)
ks+km

TMDgy, = f0°°m(t+ki4) kee*stdt = TMD ., + (Eqn. 4.6)

Microcomputed tomography measurements of TMD do not distinguish between damaged and
undamaged mineralized bone TMD values. Therefore, we need an equation to represent the average TMD
within the total mineralized bone volume (BVm/TV; Eqn. 4.7). We calculate the average TMD of BVy/TV

as the weighted average of the TMD in the two mineralizing compartments (Eqn. 4.8; TMDgym).

BVym _ BVyp , BVp

TV TV TV (Egn. 4.7)
BVyp BVp

TMDgy,, = 595 TMDgy,, + 505 TMDgy, (Eqn. 4.8)
TV TV

4.3.6 Relating Morphometric Data to Volume Fractions and Tissue Mineral Density

In this study, bone volume fraction (BVF), void volume fraction (1 — BVF), and tissue mineral
density (TMD) were measured via uCT. Bone volume fraction (BVF) defined by uCT distinguishes
mineralized bone from void using a set mineralization threshold. The threshold selected for our data was
540 mgHA/ccm. We will assume that mineralized bone volume fraction (BVm/TV; Eqn. 4.7) is equal to the
measured BVF (i.e., BVm/TV = BVF) and that the unmineralized bone volume fraction (BVum/TV; Eqn. 4.9)
is the measured void volume fraction (i.e., BVum/TV = 1 —BVF). Note thatin the Non-Damaged ROI, BVp/TV
= 0, so BVF = BVyp/TV. The steady-state expressions for BVyw/TV and BVn/TV, in terms of the rate

constants are given in Section 4.7 (Eqns. 4.7.11-12).

BVym _ MV , OV
™v oTv Ty (Eqn. 4.9)

The tissue mineral density (TMD) measured via uCT also defines TMD,, TMDnmax and each ROI’s
TMDgym. The mineralization threshold sets TMD, = 540 mgHA/ccm (Table 4.1) and indicates that we will

consider primary mineralization complete once TMD reaches 540 mgHA/ccm. The maximum TMD
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achieved during secondary mineralization (TMDmax) was defined as the average peak mineralization
measured in all samples (Figure 4.2). The peak TMD of each PSB was determined from the TMD histogram
for the entire PSB sample, after thresholding at 540 mgHA/ccm, and was defined as 3.115 standard
deviations from the histogram’s mean TMD.*® In our samples, TMDmax = 1163.7 mgHA/ccm (Table 4.2). In
both the Non-Damaged and Damaged ROls (Figure 4.2), we set TMDgvm (Egn. 4.8) to the value measured

by UCT in each ROI.

The uCT measure of mineralized volume fraction (BVm/TV) cannot distinguish between damaged
and undamaged mineralized volume fractions. Therefore, we used basic fuchsin stained histology sections
to define the damaged volume fraction (BVp/TV). Specifically, we define BVp/TV as the area fraction of
stained microcracks (Cr.Af) observed in our ROIs (Figure 4.4). Note that setting a volume fraction equal
to an area fraction is consistent with stereology applied to histologic samples.** The area diffusely stained
with basic fuchsin was not included in BVp/TV, as we did not determine if the diffuse staining was due to
diffuse microdamage or tissue with a low mineral density. The undamaged bone volume fraction
(BVup/TV) was then determined by subtracting the damaged bone area fraction (Cr.Af) from the measured

BVF (i.e., BVuo/TV = BVF - Cr.Af).

In this study, Cr.Af was defined as the area fraction of basic fuchsin stained linear microcracks
within an ROI (i.e., Cr.Af = 3Crack Area/ROI Area). For each microcrack, stained crack area was defined as
crack length multiplied by crack width. Crack length was previously determined using standard methods
(see Chapter 3).2% Crack width was defined as the width of the basic fuchsin halo at the midpoint of each
microcrack, measured perpendicular to the crack at the midpoint. The width measurement was made
using Image J.** This stain halo was identifiable on all microcracks and is a common criteria for the
detection of microcracks stained with basic fuchsin.*® Figure 4.4 shows the damage area fraction

measured on a CLI PSB.
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Figure 4.4: Top) Damaged ROl is outlined in black on a Case Contralateral Intact PSB. This region
has a high microcrack density in Case PSBs, but not in Controls. Bottom) Measured microcracks
are shown in green, their widths vary based on the width of the basic fuchsin halo at the crack
midpoint. The damage area fraction in the area fraction of the green overlay within the Damaged
ROI.

The BVF data allows us to estimate the unmineralized bone volume fraction (i.e., BVym/TV =1 —
BVF). However, we lacked data that could distinguish OV/TV and MV/TV. Therefore, one rate constant
must be fixed among samples to solve for the remaining steady-state rate constants. We chose to select

the osteoid formation rate (ks) to remain constant across samples.

4.3.7 Selection of a Fixed Primary Mineralization Rate (k3)

As previously described, mineralized bone tissue (BVp or BVyp) was assumed to have completed
primary mineralization. This assumption requires two processes to occur before tissue transfers out of
the osteoid volume (OV) compartment into the mineralized bone compartment (BVuyp): osteoid
maturation and primary mineralization. Osteoid maturation time depends on the time needed to
complete the aspects of osteoid maturation (e.g., collagen crosslinking), which can depend upon animal
health. For example, Vitamin D-deficiencies slow the osteoid maturation process.*’ Primary mineralization

is assumed to occur within hours or days;* however, the exact time to complete the process is unknown.
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Histologically, two terms are commonly used to define the time that osteoid remains un-
mineralized: mineralization lag time (MLT) and osteoid maturation time (OMT). By definition OMT < MLT,
but assuming that all horses in our population are healthy and that matrix maturation is the main
determinant for the onset of mineralization, OMT = MLT.**® The effects of exercise on OMT or MLT are
not described in the literature. Additionally, exercise does not appear to affect the overall primary
mineralization rate.?” Therefore, we will assume that both osteoid maturation and primary mineralization

are unaffected by mechanical loading (exercise) and that k; was the same for all study horses.

Osteoid mineralization rate is not defined on standard lists of bone histology variables.*
However, Parfitt defined osteoid mineralization rate as the inverse of MLT, so we could assume that the
average time required to complete primary mineralization (1/ks) is included in MLT measurements (i.e.,
ks = 1/MLT).*® To our knowledge, there are no estimates for either OMT or MLT for horses and it is
unknown if this rate varies among species. However, previous work reports MLT of 26-58 days in women,>°
9.5-10.7 days in female dogs,®! and 1.2-1.4 days in rat.*’ In context of the compartment model, using ks =
1/MLT with these values indicates the average residence time in the osteoid volume compartment is
between 1.2-58 days and ks is between 0.03-0.83 days™. Since we do not have a direct estimate for MLT,
and therefore ks, in horses we must make an assumption for ks to solve for model rate constants. We will
determine the minimum kj; that allows acceptable solutions (i.e., non-negative rate constants) for each
Non-Damaged ROI (this need not be done in the Damaged ROl because of the solving method, outlined
below).We also will test whether different assumptions of ks (Table 4.1) change the significant correlations

between the rate constants and measurements of exercise intensity.

4.3.8 Determining Steady-State Rate Constants

Steady-state rate constants were determined first in the Non-Damaged ROl and second in the

Damaged ROI (Figure 4.2). Appendix A gives the two sets of steady-state volume fraction equations,
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written in terms of the rate constants that will be solved in the two ROIls. These steady-state equations
are different in the two ROls, because the Non-Damaged ROl has BVp/TV = 0 which requires setting ks =
ks = 0 and the Damaged ROl has BVD/TV > 0, requiring ks, ks > 0. Table 4.1 summarizes the constants used

to solve for steady-state rate constants in the two ROls.

Table 4.1: Parameter values used to solve for rate constants.

Variable Value (Unit)

TMDo 540 mgHA/ccm
TMDmax 1163.7 mgHA/ccm

kwm 0.00505 days™

ks 1.024, 10, or 100 days™

In the Non-Damaged ROI, TMDgym (Eqn. 4.8) was solved for ki using the Non-Damaged ROI’s TMD;
note that this solution for k; is independent of ks. Then, the determined k; value and a selected ks were
used in the steady state BVyp/TV equation (Eqn 4.7.19) to determine k,. Figure 4.5 shows the surfaces of
the possible values of BVyp/TV, MV/TV, and OV/TV for the Non-Damaged region, as functions of the ratios
of ki/ksand ky/ks. Since these surfaces depend only on the ratios ki/ksand ka/ks the exact numerical value

of ks won't change their shapes.

s ovitv
1 BV/TV
MV/TV
0.8
0.6

Volume Fractions

k,/k,

Figure 4.5: Volume fraction surfaces for the Non-Damaged ROl are shown in terms of rate
constant ratios. The bone volume fraction (BVF) measured in the Non-Damaged ROI (Table 2)
was less than 0.80 for all samples. In the Non-Damaged ROI, BVo/TV = 0 so BVF = BVm/TV =
BVup/TV. So, for BVF < 0.80, this surface indicates that we must have ki/ks < 0.50.
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Because the direct effect of ks magnitude on exercise regressions was unknown, k, was solved
using multiple values of ks. First, the smallest feasible ks (e.g., the minimum k; that allowed for k; > 0) was
determined in each Non-Damaged ROIl. The smallest feasible kss were compared among Groups (see
Statistical Analysis) to check if our assumption of a fixed ks among all horses was reasonable given our
data. Second, k. was determined for each Non-Damaged ROI using the minimum feasible value of k3 that
allowed for a k, > 0 in all Non-Damaged ROIs (this value was 1.024 days™). Third, k; also was determined
using ks = 10 and 100. These two larger numbers were chosen because ki was smaller than 1 for all
samples and large values of ks would guarantee that ki/ks solutions were within the BVw/TV range

observed in the Non-Damaged ROI (Table 4.2; Figure 4.5).

For each sample’s Damaged ROI, MATLAB’s non-linear least squares solver (Igsnonlin; central
finite difference method) was used to solve the steady-state BVyp/TV (Eqn 4.7.8), BVo/TV (Eqn 4.7.9),
BVum/TV (Eqn 4.7.12) and TMD (Eqn. 4.8) equations for ki, k», ks, and ks. The lower bound for the solutions
vector was set to 0, to prevent the solver from returning negative rate constants. The solver was run with
500 starting points, with ks and ks randomly varied between 0-100 and k; and k; set to the values found
in the Non-Damaged ROI (MATLAB, MultiStart algorithm, 0.001 function tolerance and xtolerance). After
running the multi-start optimization, the set of constants (ki, ka2, ks, and ks) returning the smallest root-
mean-square error was selected. This solution process was performed with k3 =1.024, 10, or 100 days™.
One CLI PSB contained zero BVp/TV in the Damaged ROI, for this bone ks = ks = 0 in the Damaged ROl and

the steady-state solution for k1 and k3 from the Non-Damaged Region were used for the Damaged Region.

4.3.9 Racehorse exercise data

The date and distance for all official lifetime high-speed activities were known (Jockey Club
Information Systems) for all study horses. Individual exercise Events are either considered a Race or Work

(a high-speed training activity). A layup (time out of work) was defined as > 60 days without an Event.
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Exercise was characterized for the entire career and during active training periods, which excluded time
periods when horses were in a layup. Sixty-seven derived variables represented four categories: lifetime

exercise, exercise intensity, layup, and cumulative exercise in the year before death (see Section 3.7).12

4.3.10 Statistical Analysis

The relationships between rate constants (ki, ks, ks, ks) and calibration data (BVF, TMD, Cr.Af)
from Control, Case CLI, and Case FX PSBs were determined using partial Spearman correlation coefficients
(r) with horse identity as the controlled variable. The relationships between rate constants (ki, ka, ks, ks)
and exercise variables were determined using robust linear regressions (mm-method; SAS 9.4) using data
from Control and Case CLI PSBs.>? FX-PSB data were excluded because both the CLI and FX PSBs were from
the same horses, and therefore, had the same exercise history. Additionally, a ranked analysis of variance
(ANOVA) with horse set as a random variable was performed to determine the effects of Group (FX, CLI,
and CTRL) and ROI (Damaged, Non-Damaged) on steady-state rate constants. Ranked ANOVA was used
because the ANOVA residuals were not normally distributed (W < 0.90). Correlation, regressions, and
ANOVA were calculated separately for the Damaged and Non-Damaged ROI. For all analyses, p < 0.05

was considered statistically significant.

Additional analyses were performed to check model assumptions. ANOVA, with horse as a
random variable, was performed to determine if the smallest feasible ks was different among Groups
within the Non-Damaged region. Additionally, the Borgonovo sensitivity of ki to km, TMDgoi, and TMDmax

was determined for the Non-Damage region to assess the effects of model assumptions (Section 4.9).5%%
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4.4 Results

The mean BVF, TMD, and Cr.Af for the Damaged and Non-Damaged ROIs are summarized in Table 4.2.%3

Table 4.2: Least Square Means * Standard Error from ANOVA or Raw Means * Standard Deviation from ranked
ANOVAT for bone volume fraction (BVF), tissue mineral density (TMD), and stained crack area fraction (Cr.Af) in
each region of interest in all three study groups.?

Region of CTRL CLI FX
Interest
BVF"
Damaged 0.98 (0.04) 0.96 (0.04) 0.90 (0.09)
Non-Damaged 0.90 (0.09) 0.97 (0.03) 0.96 (0.03)
TMD (mgHA/ccm)
Damaged 812.37(5.79) | 809.15(5.79) | 790.55 (5.79)
Non-Damaged 843.47 (5.79 852.94 (5.79) | 842.63 (5.79)
Cr.Af' (mm?/mm?)
Damaged .003 (0.004) .008 (0.005) .020 (.017)
Non-Damaged NA NA NA

4.4.1 Effect of ks

Group did not have a significant effect on the smallest feasible ks observed in the Non-Damaged
ROIl. In the Non-Damaged ROI, the least squares mean and standard error of the smallest feasible ks was
0.11 +0.07 days™?, 0.24 £ 0.07 days™, and 0.33 + 0.07 days™* for the Control, Case CLI, and Case FX groups.
There was a significant pairwise difference in the smallest feasible ks between the FXs and CTRLs. The

smallest feasible ks that allowed for ko> 0 in all samples was 1.024 days™.

The choice of k3 =1.024, 10, and 100 did not affect the correlations between k; and k, with BVF
and TMD in the Non-Damaged ROI. The choice of k3=1.024, 10, or 100 did not alter the exercise variables
that were significantly related to ki (which was expected because ki did not depend on ks) or k; in the
Non-Damaged ROI. However, the regressions performed with ks = 100 tended to have higher r? compared

to those performed with k; = 1.024 or 10.

In the Damaged ROI, using ks = 1.024 days™ resulted in higher root-mean-square error for the
predicted volume fractions compared to ks set to 10 or 100 days™. Additionally, ks = 1.024 or 10 resulted

in one sample with ks < kq; this was undesirable as we require ks > k; for targeted remodeling. With ks =
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100, ks > k; for all samples. The choice of ks did not affect the correlations among ki, ko, and BVF, BVp/TV,
BVup/TV and TMD in the Damaged ROI. However, setting ks = 1.024 days™ gave significant correlations
between ks and BVF, and TMD that were not present with ks = 10 or 100 and removed a significant
correlation between ks and Cr.Af that was observed with ks = 10 and 100. Because ks = 100 allowed for
targeted remodeling in the Damaged ROI, and ks had a limited effect on correlations to morphologic

variables in both ROIs, all remaining results use ks = 100 days™.

4.4.2 Group Differences among Rate Constants

The mean and standard deviation of the steady-state rate constants for both ROls are given in
Table 4.3. Group did not have a significant effect on ki, ka, ks, or ks. However, ROl had a significant effect
on ki, ks, and ks and a marginally significant effect on k, (p = 0.06); ki, ka2, ka and ks were higher in the
Damaged ROl compared to the Non-Damaged ROI (Table 4.3). The interaction of Group and ROl was

significant for k,. In the Damaged ROI, k; < ks for all samples.

Based on the mean steady-state rate constants (Table 4.3) and ks = 100 days™, the average time
for one “particle” to complete the lower (non-damaging) loop (i.e., Zki) was 5-6 months or 149 days™ for
FX PSBs, 174 days™ for CLI PSBs, and 159 days™ for CTRL PSBs. Similarly, the mean time for a particle to
cycle through the upper (damaging) loop is 934 days* for FX PSBs, 1006 days™ for CLI PSBs, and 5000 days

1 for CTRL PSBs.
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Table 4.3: Summary [Mean (Standard Deviation)] of derived steady-state rate constants. A * indicates

ROI was a significant effect and * indicates the interaction of Group and ROl was significant in a ranked

ANOVA. For each steady-state rate constant, values share a superscript are not statistically different at p < 0.05.
These calculations were performed with ks = 100 days™® and other constants as defined in Table 4.1. Note that day™

indicates the rate constants are measured on a “per day” basis, i.e. 0.006 days™ is 0.006 per day.

CTRL CLI FX
" Da';‘glge‘j 0.0063(0.0005)* | 0.0058(0.0021)* | 0.0068(0.0017)*
-1 _
(days™) | Non i%TagEd 0.0053(0.0005)® | 0.0051(0.0006)® | 0.005(0.001)®
o Dar;g?e‘j 0.8872(0.7220) | 0.4534(0.5563)° | 0.4816(1.189)°C
-1 _
(days™) | Non iznl"aged 0.1150(0.102)° | 0.2380(0.1508)® | 0.3360(0.3220)°
k' Dar;g%ed 0.0002(0.0003)° | 0.001(0.0018)* | 0.0011(0.0015)*
4
1 _
(days™) Non-Damaged 0(0)C 0 (0) 0 (0)°
ROI
ks* Da?;?ed 0.1658(0.246)* | 0.2222(0.5747)* | 0.0422(0.0213)*
1 _
(days™) Non I%aonlwaged 0 (0)° 0 (0) 0 (0)®

4.4.3 Correlations among Steady-State Rate Constants and morphometric Data
In the Non-Damaged ROI, k; was correlated to BVF (r = -0.42) and TMD (r = -1; Figure 4.6).
However, k, was correlated to BVF (r = 0.98), but not TMD (r = 0.30 at p = 0.11; Figure 4.6). Further, k; and

k. were not correlated to one another.

In the Damaged ROI, ki, and kz, were correlated to BVF (r =-0.73, 0.99) and TMD (r = -0.84, 0.80),
but not to Cr.Af (Figure 4.6). In the Damaged ROI, k, was correlated to Cr.Af (r = 0.83; Figure 4.7) but not
to BVF or TMD and ks was not correlated to BVF, TMD, or Cr.Af. Also, k; was negatively correlated to k; (r
=-0.72) and ks (r = -0.59), but not correlated to ki. And, ks was positively correlated to ks (r = 0.52), but

not correlated to either ki or k.
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Figure 4.6: Non-Damaged ROI (open blue symbols) and Damaged ROI (filled black symbols) solutions for
resorption rate (ki) and osteoid formation rate (kz) plotted against measured bone volume fraction and tissue
mineral density. Data from FX PSB (star) CLI PSBs (square) and CTRL PSBs (circles).
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Figure 4.7: Damaged ROI solutions for damage formation rate (ks) plotted against the stained microcrack
area fraction (Cr.Af). In the model, BVo/TV = Cr.Af . Data from FX PSB (star), CLI PSBs (square) and CTRL PSBs
(circle) is shown. Solutions for the Non-Damaged ROI are not shown, as Cr.Af and ks were zero in the Non-
Damaged ROI.

4.4.4 Regressions between Morphometric Data and Steady-State Rate Constants

The resorption rate (ki) tended to increase with exercise intensity in the Non-Damaged region.
For example, ki increased with exercise intensity during active training periods (r?> = 0.14-0.23). However,

we did k; decreased with the number of races 10 months before death (r? = 0.11). In the Damaged ROI,
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there were no significant relationships between exercise and k;. We found that ki, rather than In(k:), had

larger r? values in significant relationships to exercise variables in the Non-Damaged ROI (Table SB-4.8.1).

The relationships between osteoid formation rate (k;) and exercise history had different
directions in the Damaged and Non-Damaged ROI (Figure 4.8 and 9; Table SB-4.8.2). In the Non-Damaged
ROI, kz increased with cumulative races 1-10 months before to death (r?=0.17-0.23), increased with career
exercise intensity variables (r? = 0.17-0.20), and decreased with time in layup (r? = 0.17-0.27). Note that
k, did decrease in the Non-Damaged ROl with one exercise intensity variable (days between works during
active training). In the Damaged ROI, k, decreased with cumulative high-speed exercise 1-12 months
before death (r?=0.11-0.28), decreased with career exercise intensity (r> = 0.15-0.22), increased with time
in layup (r? = 0.23), and decreased with the number of days and exercise events since the last layup period
(r? = 0.12-0.15). In both regions, the relationships between In(k;) and exercise tended to have higher r?

values than those between k; and exercise (Table SB-4.7.2).

In the Damaged ROI, the damage formation rate (k) increased with the high-speed workouts 4
months before death (r? = 0.20; Figure 4.10) and In(ks) increased with time between races during active
training periods (r> = 0.19) and with average layup length (r? = 0.13; Table SB-4.8.3). No regression

relationships were observed between damage resorption rate (ks) or In(ks) and exercise.

147



0.006

)

Resorption Rate (k,)
(days

0.003 r'=0.2

Osteoid Formation Rate (k)
(days™)

0.005

0.004

0
Furlonsgs Worked P::'r Month Dur}rslg
Active Training Periods

0.5
o O

e

»
[
[e]

r’=0.17

-0.1

10 20 30 40 50
Events Per Year

Figure 4.8: Robust regressions
among ki and k2 in the Non-
Damaged ROI and selected exercise
intensity variables, significant at p <
0.05; the 95% confidence interval is
shown on regressions as dashed
line. The direction of increasing
exercise intensity is shown by the
arrow along the exercise axis. Data
from CTRL PSBs (open square) and
CLI PSBs (open circle) were used to
construct the robust regressions.
When CTRL & FX data was used to
construct the regressions, the
directions of the relationships
shown stayed the same.
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Figure 4.9: Robust regressions between k2 and Events Per Year in the Damaged ROI, significant at p < 0.05; the
95% confidence interval is shown as dashed lines. The direction of increasing exercise intensity is shown by the
arrow along the exercise axis. Data from CTRL PSBs (square) and CLI PSBs (circle) PSBs were used to construct the
robust regressions. When CTRL & FX data was used to construct the regressions, the directions of the relationships
shown stayed the same.
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Figure 4.10: Significant robust regression between damage formation rate (ks) and cumulative works 4 months
before death (r? = 0.20). The 95% confidence interval is shown as dashed lines. Data from CTRL PSBs (circle) and
CLI PSBs (square) were used to construct the robust regressions. The direction of increasing exercise intensity is
shown by the arrow along the exercise axis. The CLI data point with a ka=0.006 was identified as an outlier by the
robust regression procedure and was one of 3 CLIs without a subchondral lesion. When this outlier was removed
from the data set, a significant regular linear regression also shows that ks increases with works 4 months before
death (r>=0.20; p < 0.05).

4.5 Discussion

The primary goal of this study was to derive steady-state rates constants for the compartment
model (Figure 4.1) using morphometric data from racehorse proximal sesamoid bones (PSBs). Rate
constants were determined for two regions of interest within the PSBs, first in a subchondral lesion
location with focal osteopenia and high levels of microdamage (Damaged ROI) and in an internal region
with no microdamage (Non-Damaged ROI). We solved steady-state rate constants using bone volume
fraction, tissue mineral density, and microdamage area fraction measurements from the PSBs after

making assumptions about tissue mineral density and the primary mineralization rate (ks).

The correlations between BVF and TMD with resorption rate (ki) and osteoid formation rate (kz)
indicate the solving procedure predicted steady-state rate constants from morphometric data that are

consistent with model equations. The significant negative correlations observed between ki and BVF
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(remember, BVw/TV = BVF) in both ROIs is consistent with the partial derivative of BVy/TV taken with
respect to ki, which is always less than zero (Eqn. 4.7.14). Similarly, significant positive correlations
between k, and BVF) in both ROIs is consistent with the partial derivative of BVi/TV taken with respect to
ko, which is always greater than zero (Eqn. 4.7.14). The steady-state damage removal rates (ks) were
greater than the resorption rate (ki) within the Damaged ROI. This observation is consistent with targeted
removal of damaged tissue (e.g., targeted remodeling) because the average time to resorb damaged
tissue (1/ks) is faster than for undamaged tissue (1/ki1) when ks > ki. If ks > ki, an increase in ks would cause

a decrease in BVw/TV (Egn. 4.7.17). We did not observe a correlation between ks and ks with BVF.

The compartment model was constructed based on the effects that remodeling and modeling
have within a volume of bone tissue. Decades of research indicate that bone’s adaptation to loading is
affected by strain magnitude, strain rate, changes in loading conditions from a habitual condition, and
many other factors, and that bone cells target the removal of damaged tissue.'* Therefore, we expected
to find relationships between model rate constants and exercise (e.g., applied load). We did not find many
relationships between lifetime exercise and model rate constants, however exercise intensity, layups, and
exercise before death had significant relationships to resorption rate (ki), osteoid formation rate (k;) and
damage removal rate (k). Exercise intensity, layups, and exercise before death probably represent recent
strain rate (or changes in strain rate) better than lifetime exercise variables. Therefore, in retrospect, it is
not surprising that these variable types had stronger relationships to ki, k2, and ks compared to lifetime
exercise. In bone, damage removal is targeted, and we could hypothesize that damage removal depends
primarily on the presence of tissue damage rather than directly on exercise. This idea is consistent with
our finding that the steady-state damage removal rate (ks) was not related to exercise, but was related to
the damage formation rate (ks). In a dynamic model, ks could be modeled as a constant or as an increasing
function of the amount of tissue damage. A repair rate that increases with the amount of damage is

consistent with increased physiological inflammation caused by greater amounts of damage. This is an
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observed phenomenon in the repair of whole bone fractures and is implicated in studies of osteocyte

apoptosis in laboratory microdamage studies.>®

The relationships between resorption rate (ki) and osteoid formation rate (kz) with exercise
history had different directions in the Damaged and Non-Damaged regions. These regional differences in
the relationships to exercise are consistent with a stress-reaction to damaging loading (i.e., high strain),
causing increased bone turnover and reduced bone volume fraction (BVF = BVn/TV) within the
subchondral tissue (Damaged ROI) but not within the deeper tissue (Non-Damaged ROI; Table 4.2). In the
Damaged ROl we observed k; decreased with exercise intensity. Conversely, in the Non-Damaged region,
both k; and k; increased with exercise intensity. Previously we observed that that in the Damaged ROI,
BVF decreased with exercise intensity and in the Non-Damaged ROI, BVF increased with lifetime exercise
intensity.?® The directions of these changes are shown in Table 4.4. Model equations predict that a
decrease in BV/TV is associated with a decrease in koand an increase in ki (Eqns. 4.7.15-16 & 4.7.19) and,
if ks > ki, an increase in kq (Eqn. 4.7.17). These predictions are consistent with the relationships between
observed between the model rate constants, BVF and exercise if a factor directly related to exercise had
affected k,, and ks differently in the two regions. However, the observed increase in k; with exercise
intensity is not consistent with a common exercise-related factor unless the exercise-related factor affects
k, more strongly than ki in the Non-Damaged Region (Eqns. 4.7.15-16, 4.7.19) or that the cycle rate
increases with exercise in the Non-Damaged ROIl. However, we previously observed that tissue mineral
density decreased with exercise intensity and that the TMD in the Non-Damaged ROl was similar among
Case and Controls. Therefore, we expect that the common-exercise related factor affects k, more strongly
than ki — however, a dynamic simulation calibrated against this data would be useful in testing this

hypothesis.
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Table 4.4: Summary of how the rate constants, mineralized bone volume fraction, and tissue mineral
density changed with exercise intensity. NS indicates no significant relationships were observed.

Resorption | Osteoid Formation | Damage Formation
BVF TMD
Rate (ki) Rate (kz) Rate (ka)
D d . . . .
ar;glge NS 1 exercise T exercise 1 exercise 1 exercise
Non- T exercise T exercise N/A T exercise 1 exercise
Damaged ROI

We can hypothesize that the exercise related factor that drives the rate constants in different
directions in the two regions is strain. Both ROls experienced the same exercise intensity (because they
were in the same bone of the same horse), however, there will be a mechanical strain difference between
subchondral tissue (Damaged ROI) and tissue deeper to a joint surface (Non-Damaged ROI). Strain is a
known driver of damage formation and bone’s response to load.!* So, a strain difference between the two
regions is consistent with an exercise-related factor driving BVw/TV, ki, k2 in opposite directions in the two

regions.

The different direction relationships between osteoid formation rate (k;) in the Damaged and
Non-Damaged ROI could alternatively be explained by suppression of bone turnover in the subchondral
tissue (i.e., reduced k;) with increased exercise intensity, rather than a difference in the strain states.
Suppressed turnover has been proposed in the subchondral racehorse bone in high-intensity training®®;
however, we do not believe this is the case in our samples for multiple reasons. First, the TMD in the
Damaged ROI was lower than in the Non-Damaged (Table 4.2)2 implying that the tissue in the Damaged
ROl is younger than in the Non-Damaged ROI.3! While we were unable to track TMD changes over time
in these samples, the low TMD in the Damaged ROl combined with high microdamage and low BVF is
typical of a stress-reaction with active bone turnover. If bone turnover was suppressed, we would expect
the tissue in the two regions to have a similar TMD (similar age). Second, if there was suppressed turnover
in the subchondral region (Damaged ROI) we would expect the mean time for one sub-unit to complete

the turnover cycle to be longer in Cases than in Controls as Case horses had, on average, higher intensity
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training schedules. This was not observed. Instead, the mean time for any sub-unit to complete one
cycle around the outer (damaged tissue) model loop was longer for Controls compared to Cases. The

mean time to complete the inner loop (with no damaged tissue) was similar among Case and Control PSBs.

Damage formation rate (k) increased with the number of high-speed gallop workouts 4 months
before death and lifetime works (Table 4.4). Previous observations that microdamage in the subchondral
tissue (Damaged ROI) is related to 4 months of exercise before death implicates the typical time required
to replace damaged tissue with new, unmineralized osteoid. Creation of a new osteon takes 4-6 months
in humans, but unknown in horses. So, we tentatively conclude that damage formation rate is more
strongly related to recent loading history (< 6 months) rather than to lifetime exercise. This hypothesis is
consistent with our results, ks was more strongly related to exercise 4 months before death (r? =0.20) than
to lifetime works (r? = 0). Further, this hypothesis is consistent with our previous work that indicates
microcrack number and areal density increased with workouts 4 months prior to death (r?=0.18, 0.29) in
the subchondral tissue (Damaged ROI).2® Additionally, BVF was observed to decrease with cumulative
exercise 2-10 months prior to death in the Damaged ROI.2 An important conclusion from this work is that
exercise 4-6 months prior to death is a good candidate for management by trainers to prevent formation

of the subchondral stress-reaction and also to drive damage formation in a predictive dynamic simulation.

In fatigue-testing and computational stress-analysis, damage is often defined as a reduction in
material modulus. Many types of damage are observed in bone tissue, including linear microcracks,
diffuse damage, and microfracture of trabeculae. These damage types are associated with modulus
reduction and reduced modulus.’” We chose to define the damaged mineralized volume fraction (BVp/TV)
as the stained linear microcrack area fraction. Nearly all histology sections contained bone tissue diffusely
stained with basic fuchsin (Figure 4), which diffusely stains low mineral density tissue and diffuse
microdamage.>®>° We do not know what the diffuse stain represents in these samples, however, both low

TMD and diffuse damage imply a reduced modulus in an area with diffuse stain compared to unstained
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tissue.””®% Additionally, the width of the basic fuchsin halo to define crack width (~ 14um) is larger than
reported cracks widths in literature (~ 4um).5! Therefore, while our crack width definition does reflect a
physical microcrack width, the crack area fraction estimate still represents a region with reduced modulus
compared to undamaged tissue in a consistent manner. Further, cracks in the calcified cartilage layer that
often extended into the subchondral tissue were identified in Case bones.?®* These cracks would also
reduce subchondral tissue modulus; however, calcified cartilage cracks were not included when
estimating the BVp/TV because calcified cartilage cracks do not appear to be repaired by remodeling.®?
Therefore, our BVp/TV estimate may underestimate the total amount of bone damaged bone in our
samples. Regardless, a different definition of damage would have altered the estimated BVp/TV. We
expect that alternate assumptions would change the numerical values of the solutions, but not the

important conclusions from the regression relationships.

In our model, we assumed bone exiting the osteoid volume (OV) compartment had completed
primary mineralization. Primary mineralization is assumed to occur rapidly because many more high

483 mineralization rate studies observe

mineral density osteons are observed than low density osteons,
newly mineralized tissue at early time points,>> and newly formed bone has been found to mineralize
faster than quiescent bone by a factor of two.3” Generally, primary mineralization is considered the
accumulation of 0-70% of maximum possible mineral density and secondary mineralization accounts for
70-95% of maximum possible mineral density.* Original estimates for the percentage of mineralization
completed during primary mineralization were defined with microchemical analysis of phosphorous-
nitrogen ratios of whole osteons, which do not track changes over time and have a lower resolution
compared to puCT.*** For example, one of the original estimates reported the least dense osteons had
phosphorous-nitrogen ratios ~70% of the most dense osteons (i.e., P/N = 2.03 vs 2.65)% and was later

used to define primary mineralization to be 70% of the maximum observed P/N ratio.®® The percent

threshold distinguishing primary and secondary mineralization phases appears to be sensitive to both
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resolution of the measurement technique and the definition of mineral content. A wider range of
minimum-to-maximum mineralization density (~30-70%) is reported in studies performed at a higher
resolution using radiodensity referenced to hydroxyapatite to define mineral content.®*7° The average
minimum-to-maximum TMD ratio for our samples was 46.4%, which is within the range reported in these
studies. Additionally, bone mineral is not purely hydroxyapatite (Ca1o(PO4)s(OH)2), but instead contains a
wide variety of anionic (i.e. COs:*) and cationic (i.e. Na*) substitutions in the hydroxyapatite lattice and the
mineralization rate of chemical species occurs at different rates in bone tissue.3%’* So, it is entirely possible
that the traditional radiodensity and histochemical reference measurements do not fully capture the
primary and secondary mineralization processes. Therefore, while our threshold distinguishing primary
and secondary mineralization is not at the typically stated ~70% value, we think using the observable

threshold from uCT is appropriate to separate the two mineralization regimes.

Our compartment model could be easily integrated into dynamic finite element simulation. Finite
element methods are frequently used to predict bone’s response to damage and applied loads. The finite
element approach allows strain distributions in bone tissue to be coupled with a mathematical theory of
bone modeling and/or remodeling to predict the effect of loading and damage on bone structure.
Continuum mechanics is the mathematical underpinning of the finite element method. However, bone
tissue, which is filled with numerous pores, is not a continuum. To avoid violating the continuum
assumptions, volumetric averages for morphologic and material properties (e.g., apparent-level modulus)
are often used in finite element models of bone.”? The size required for the averaging volume varies with
location in the bone and is a function of the structural features of bone tissue and of the unknown stress
field.”®> Because our compartment model is designed using volume fractions, it could easily be
incorporated into a volume-averaged finite element model. Further, the exercise variables in this study
could be converted into load inputs (e.g., daily applied loads) within a finite element model. Our results

indicate that resorption rate (ki), osteoid formation rate (k;), and damage formation rate (ks) were related
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to exercise. This finding implies these three rate constants should be driven by mechanical loading if the
compartment model was coupled to a finite element model. Importantly, this work outlines a solving
procedure that can be used to define the initial rate constants and/or volume fractions if this model were

incorporated with a finite element model.

The primary study limitation was the small sample set (20 horses) and the lack of osteoid data.
Because we did not measure osteoid data, we defined (rather than solved for) the osteoid formation rate
(ks). Because osteoid formation rate is unknown (to our knowledge) in horses and there is limited evidence
it is affected by mechanical loading (unlike the other rate constants in the model), it was a good candidate
to assume fixed among horses. Further, our results indicate that the choice of ks did not have a substantial
effect on the correlations observed with morphometric measures or the significant relationships between

ki, ka2, and ks with exercise. Future research will include quantitation of osteoid content of the PSB.

In summary, we developed a compartment model of bone’s tissue turnover cycle and were able
to determine steady-state rate constants with observed morphological data. This solving procedure could
be repeated in any bone where bone volume fraction, tissue mineral density, and an estimate for damage
area (or volume) fraction is known. Additionally, we found significant relationships between the resulting
steady-state model rate constants and measured exercise. These relationships were consistent with bone
biology and could be used to dynamically drive the rate constants with strain (or another parameter

derived from exercise) in a finite element model.
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4.7 Supplemental Material A: Steady-State Solution for Bone Compartment

Model

This supplemental material presents the equations for the compartment model of bone turnover given in
Figure 4.1. In this model, the 4 tissue types are: undamaged mineralized bone (BVyp), damaged
mineralized bone (BVp), osteoid (OV), and marrow (MV). The time derivatives of these 4 tissue types can
be expressed using the rate constants (ki) and are given in Equations 4.7.1-4. The summation of the 4
tissue types is equal to the total tissue volume (TV). To prevent negative volume components, all rates

terms (k) are non-negative.

d(BVyp)

o = kaOV - (ky + k4)BVyp (Eqn. 4.7.1)
% = k,BVyp — ksBV, (Ean. 4.7.2)
d(;tv) = k,MV — k;0V (Ean. 4.7.3)
d(fiwtv) = ksDV + kyBVyp — k,OV (Eqn. 4.7.4)

At steady-state, these time derivatives are equal to zero. In matrix form, the steady-state equations are

represented as:

dBV/dt —ki—ky 0 ks 0 BV 0
dMV/dt| e -k 0 ke | |mv] o
dovyde| = M*X=1 ko -k o |*lov]= [o (Eqn. 4.7.5)
dDV/dt k, o o0 —kg lovl o

The general solution for the four tissue types is found using the null space of M. The basis vector for this

null space is X’ (Eqn. 4.7.6). The general solution is, therefore, any constant (B) multiplied by X’'.
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ks
Ky
ks (k1+ks)
X'z kpky (Egn. 4.7.6)

ks (ki+ks)
]
1
However, the general solution to the system of equations (Eqn. 4.7.5) is subjected to the constraints that:
ki >0 and BVyp + BVp + OV + MV =TV (Eqn. 4.1a). This limits the general solution to Eqn. 4.7.7a, where B
is a constant that is greater than or equal to zero, and requires that B*TV > 0 (Eqn. 4.7.7b). This solution

indicates that 1) the volumes are related to ratios of the rate constants and 2) the total tissue volume.

However, the solution is indeterminate to the constant B.

ks
BV ks
MV k5 (k1+k4-)
X = =B x| kyky whereB>0, k>0 (Egn. 4.7.7a)
ov ks (ki+ky)
DV |W|
5
B* (BVyp + BV + OV +MV)=TV >0 (Egn. 4.7.7b)

To eliminate the unknown constant, B, from the equations, we will divide the general solution for the
volumes (Eqn. 4.7.7a) by the tissue volume (Eqn. 4.7.7b). This results in four volume fractions (Eqn. 4.7.8

—11) that are independent of the constant B and that only depend on the ratios of the rate constants.

BVUD ko k3 ks
= (Egn. 4.7.8)
TV kqkoks+kqksks+koksky +koksks +kokaks +kskyks

BVD k2 k3 k4

= (Egn. 4.7.9)
TV kqkoks+kqksks+koksky +koksks +kokgks +kgkyks
ov ky ks (kq+ky)
— = (Egn. 4.7.10)
TV kykyks+kiksks+koksks +koksks +kokaks +kskaks
Mv ks ks (Jeq+hey)
——— (Egn. 4.7.11)

TV kykgks+hyksks+hoksks +hoksks +koksks +hsksks

158



The steady-state mineralized bone volume fraction (Eqn. 4.7.12) and unmineralized volume fraction (Eqgn.

4.7.13) are also shown.

BVym ks (kp+k3) (e +k4)
= (Egn. 4.7.12)
TV kikoks+kiksks+koksky +koksks +kokaks +kskaks
BVM ko k3 (ket+ky)
= > (Eqn. 4.7.13)
TV kykoks+kiksks+koksky +koksks +kokyks +kgkyks

The partial derivatives of the mineralized bone volume fraction (Eqn. 4.7.13) with respect to the rate

constants are given below (Eqn. 4.7.14-18).

3 BVM
=Y _ kep ks ks (ep +k) Geq k) (Ean. 4.7.14)
Ok (g koks+k1ksks+koksky +koksks +kakaks +kzkaks)® T
BV
a—TlﬁVI _ le3? ks (kq+ks) (kKatks) (Eqn. 4.7.15)
Ok, (eykoks+kiksks+kaksky +koksks +kokaks +kskaks)® T
By kp? ks (kq+ky) (kKytks)
TV _ 2 5 \NaTRs) W4T s - (Egn. 4.7.16)
Oks (k1k2k5+k1k3k5+k2k3k4_ +koksks +kokaks +kskaks)
BVM
6( TV ) — kg k3 ks (kp+k3) (ky—ks) (Eqn. 4.7.17)
Ok, (g koks+kiksks+koksky +kaksks +kakaks +kzkaks)® o
BVMm
6( TV ) - _ ky k3 kg (kat+ky) (kz+k3) (Eqn. 4.7.18)
Oks (ks koks+kiksks+koksks +koksks +kakaks +kzkaks)® o

If no damage is present in a region, then the damaged mineralized bone compartment contains no tissue.
At steady state, this indicates that both ks and ks are equal to zero. The steady-state solution for the
volume fractions is then Equations 4.7.19-21. The steady-state equation for unmineralized bone volume

fraction in a region without damage is shown in Eqn. 4.7.22.

BV, ko k
70 — 273 (Eqn. 4.7.19)
TV Ky kp+kq kz+hy ks
ov kq k
— = L (Eqn. 4.7.20)

TV kyky+ky ka+ky ks
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MV kik
_—= 1 (Eqn. 4.7.21)
TV kykytky ky+ky ks

BVym _ k1 ky+kqks
TV ki ky+kq k3+ky k3

(Egn. 4.7.22)

The partial derivatives of the mineralized bone volume fraction in a region without damaged (Eqn.

4.7.19) with respect to the steady state rate constants are shown in Equations 4.7.23-25.

dBVyp _ __ kgks(ka+ks)

ks (kikp+kikz+kyks3)? (Eqn. 4.7.23)
dBVyp k1k3

Ok,  (kikp+kiks+kyks3)? (Eqn. 4.7.24)
BVyp _ kq k3

ks  (kikp+kiks+koks)? (Eqn. 4.7.25)
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4.8 Supplementary Material B: Exercise History Regressions

Table SB-4.8.1: Robust linear regressions results [Slope (R?)] between ki1 or In(k1) and exercise variables. Regressions
were performed separately in the Damaged and Non-Damaged regions of interest (ROI). All reported results were
significant at p < 0.05. Note that: Events include all official timed workouts (works) and races. Layup is defined as 60
or more days when a horse had no official events and active periods exclude times when a horse was in layup.?

Furlongs are 1/8 mile (220 yards) and are a standard measurement unit used in horse racing.

Exercise Variable

Damaged ROI

Non-Damaged ROI

Type

Variable (Units)

k1

Ln(k1)

k1

Ln(k1)

Before
Death

Races 10 Months Before Death
(races)

-0.0001 (0.11)

Exercise
Intensity

Days Between Events During
Active Training
(days)

-0.0001 (0.14)

Days Between Works During
Active Training
(days)

-0.0001 (0.31)

Events per Year during Active
Training
(events/yr)

0.000036 (0.16)

Furlongs Worked per Month of
Active Training
(furlong/mo)

0.0065

0.0001 (0.23) (0.17)

Works Per Year of Active Training
(works/yr)

0.0019

0.000029 (0.18) (0.14)

Layup

Percent Career in Layup
(%)

0.0007

0.000009 (0.17) (0.15)
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Table SB-4.8.2: Robust linear regressions results [Slope (R?)] between k; or In(kz2) and exercise variables. Regressions
were performed in both the Damaged and Non-Damaged regions of interest (ROI). All reported results were
significant at p < 0.05. Note that: Events include all official timed workouts (works) and races. Layup is defined as 60
or more days when a horse had no official events and active periods exclude times when a horse was in layup.*?
Furlongs are 1/8 mile (220 yards) and are a standard measurement unit used in horse racing.

Exercise Variables Damaged ROI Non-Damaged ROI
Type Variable Name K2 Ln(K2) K2 Ln(K2)
Days between death and previous event -0.0049 (0.32)
(days)
Races 1 Month Before Death (races) 0.0684 (0.17)
Races 6 Month Before Death (races) 0.022 (0.23) 0.0607 (0.19)
Races 8 Month Before Death(races) 0.0189 (0.21)
Races 10 Month Before Death(races) . . 0.0152 (0.17)
Events 1 Month Before Death (events) -0.216 (0.23) -0.482 (0.32)
Events 2 Months Before Death (events) -0.131(0.3) -0.29 (0.41)
Events 4 Months Before Death (events) -0.06 (0.28) -0.134 (0.38)
Events 6 Months Before Death (events) -0.042 (0.2) -0.093 (0.31)
Events 8 Months Before Death (events) -0.031 (0.15) -0.074 (0.28)
gzzf Events 10 Months Before Death (events) -0.026 (0.15)  |-0.068 (0.31)
Events 1 Year Before Death (events) -0.022 (0.11) -0.067 (0.29)
Furlongs 1 Month Before Death (furlongs) -0.035 (0.17) -0.07 (0.22)
Furlongs 2 Months Before Death (furlongs) -0.021 (0.22) -0.046 (0.31)
Furlongs 4 Months Before Death (furlongs) -0.009 (0.17) -0.021 (0.25)
Furlongs 10 Months Before Death (furlongs) -0.01 (0.22)
Furlongs 1 Year Before Death (furlongs) -0.009 (0.19)
Works 2 Months Before Death (works) . -0.207 (0.21)
Works 4 Months Before Death (works) -0.061 (0.2) -0.165 (0.37)
Works 6 Months Before Death (works) -0.049 (0.16) .
Works 8 Months Before Death (works) -0.116 (0.32)
Works 10 Months Before Death (furlongs) -0.094 (0.32)
Works 1 Year Before Death (furlongs) -0.083 (0.26) |. .
Days Between Events (days) 0.069 (0.26) -0.0071 (0.19) |-0.0356 (0.38)
Days Between Works During Active Training 0.0108 (0.26)
(days)
Days Between Works (days) 0.035 (0.15) 0.073 (0.29)
. Events per Year during Active Training
Exeru?e (events/yr)
INeNStY [events per Year (events/yr) -0.027(0.22) |-0.051(0.26) |0.0047 (0.17) |0.0189 (0.21)
Furlong per Month (furlong/mo) -0.07 (0.19) -0.125(0.21) |0.0149 (0.2) 0.058 (0.25)
Furlongs Raced per Month (furlong/mo) 0.0239 (0.19)
Furlongs Worked per Month (furlong/mo) -0.182 (0.24)
Races per year (races/yr) 0.0129 (0.19)
Works per year (works/yr) . -0.049 (0.19)
Days since last layup (days) -0.002 (0.12) -0.005 (0.3)
Events Since Last Layup (events) -0.018 (0.15) -0.055 (0.32)
Layup |Number of Layups (layup) . -0.0498 (0.21) |-0.2095 (0.32)
Total Time in Layup (days) 0.003 (0.19)
Average Layup Length (days) . 0.006 (0.18) -0.0006 (0.17)
Percent Career in Layup (%) 0.012 (0.23) 0.022 (0.22) -0.0028 (0.27) |-0.0128 (0.45)
Lifetime |Age (years) 0.749 (0.04)
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Table SB-4.8.3: Robust linear regressions results [Slope (R?)] between ks and In(ks) and exercise variables. All
reported results were significant at p < 0.05. Note that: Events include all official timed workouts (works) and
races. Layup is defined as 60 or more days when a horse had no official events and active periods exclude times
when a horse was in layup.?? Furlongs are 1/8 mile (220 yards) and are a standard measurement unit used in horse
racing.

Exercise Variables Damaged ROI
Type Variable Name ka In(ka)
Active Days (days)
Career Days (days)

Lifetime " umber of Works (works) 0.000012 (0)
Number of Events (events) . .
Layup Average Layup Length (days) . 0.008 (0.13)

Days Between Races During
Active Training (days)

Exercise Events Per Year of Active
Intensity | Training (events/yr)

Furlongs Per Work (furs/work)
Furlongs Per Event (furs/event)

0.088 (0.19)

Exercise

Before Works 4 Months Before Death 0.000036 (0.20)
(works)

Death
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4.9 Supplementary Material C: Sensitivity of ki to Input Distributions in Non-

Damaged ROI

Borgonovo sensitivity analysis indicated that the output distribution of k; in the Non-Damaged
ROI (from Eqgn. 4.8) was most sensitive to km, followed by TMDgoi, and then TMDnmax. For these calculations,
TMDo was fixed to 540 mgHA/ccm because we did not have a distribution for the value. TMDgroi modeled
as a Gaussian distribution with mean and standard deviation of the TMD measured in the Non-Damaged
Region in all PSBs: 846.34 + 20.14 mgHA/ccm. TMDnmax was modeled as a Gaussian distribution with mean
and standard deviation of the maximum TMD measured in all PSBs: 1163.70 * 21.27 mgHA/ccm.
Mineralization rate (km) was modeled as a Gaussian distribution using curve-fits of Eqn.4 data from cortical
and cancellous sheep bone with a mean and standard deviation of 0.00505 + 0.0009 days™.2
Mineralization rate was also modeled as a Gaussian or uniform random distribution using curve-fits of
Eqn.4 data from young rats,*® rabbits,® and sheep? (mean: 0.31 days?, standard deviation: 0.61 days™).
Regardless of the km distribution, the output distribution of k; was most affected by the distribution of kn,

and less affected by the distributions of TMDgroi and TMDmax.
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Chapter 5: In Vitro Assessment of the Motion of Equine Proximal Sesamoid

Bones Relative To The Third Metacarpal Bone Under Physiologic Midstance

Loads

This chapter has been published as:

Shaffer, S.K., Sachs, N., Garcia, T.C., Fyhrie, D.P., Stover, S.M., 2021. In Vitro Assessment of the Motion of
the Equine Proximal Sesamoid Bones Relative To The Third Metacarpal Bone Under Physiologic
Midstance Loads. 2021. American Journal of Veterinary Research, 3, 198-206. DOI:

10.2460/ajvr.82.3.198

5.1 Abstract

OBIJECTIVE: To assess the motion of the proximal sesamoid bones (PSBs) relative to the third metacarpal

bone (MC3) of equine forelimbs during physiologic midstance loads.

SAMPLE: 8 musculoskeletally normal forelimbs (7 right and 1 left) from 8 adult equine cadavers.

PROCEDURES: Each forelimb was harvested at the mid-radius level and mounted in a material testing
system so the hoof could be moved in a dorsal direction while the radius and MC3 remained vertical.
The PSBs were instrumented with 2 linear variable differential transformers to record movement
between the 2 bones. The limb was sequentially loaded at a displacement rate of 5 mm/s from 500 N to
each of 4 loads (1.8 [standing], 3.6 [walking], 4.5 [trotting], and 10.5 [galloping] kN), held at the
designated load for 30 seconds while lateromedial radiographs were obtained, and then unloaded back
to 500 N. The position of the PSBs relative to the transverse ridge of the MC3 condyle and angle of the

metacarpophalangeal (fetlock) joint were measured on each radiograph.

RESULTS: The distal edge of the PSBs moved distal to the transverse ridge of the MC3 condyle at 10.5 kN
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(gallop) but not at lower loads. The palmar surfaces of the PSBs rotated away from each other during

fetlock joint extension, and the amount of rotation increased with load.

CONCLUSIONS AND CLINICAL RELEVANCE: At loads consistent with a high-speed gallop, PSB
translations may create an articular incongruity and abnormal bone stress distribution that contribute to

focal subchondral bone lesions and PSB fracture in racehorses.

5.2 Introduction

Proximal sesamoid bone fracture is the leading reason for euthanasia of Thoroughbred
racehorses in the United States.'? In racehorses, PSB fracture is believed to be the result of an
interaction between fatigue damage and stress remodeling.? Subchondral bone lesions consistent with
fatigue-induced stress-remodeling are associated with transverse midbody fracture of the medial PSB.
Palmar lesions have also been described in association with midbody fracture of the PSBs.* A
subchondral lesion is often associated with the fracture line in the midbody of a fractured PSB. In horses
with unilateral biaxial PSB fracture, a similar subchondral lesion has also been observed at the same
midbody location of the nonfractured contralateral medial PSB. The focal subchondral lesion is generally
located toward the medial (abaxial) aspect of a medial PSB; lateral PSBs have not been examined.>%%?
The characteristic focal, abaxial, subchondral lesions found at the midbody of medial PSBs with
transverse fractures and described in association with some abaxial avulsion fractures of lateral PSBs
suggest that an anatomic mechanism may cause high subchondral bone and transverse stresses that

promote lesion development and fracture in Thoroughbred racehorses.*®

In the forelimbs of horses, the PSBs, MC3, and P1 articulate in the metacarpophalangeal
(fetlock) joint. The distal AS of the MC3 condyle has two distinct aspects: a dorsal articulation with P1

and a palmar articulation with the PSBs. The dorsal and palmar portions of the distal AS of MC3 have
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different curvatures and are separated by the TR.””® The dorsal portion of the distal AS of the MC3
condyle appears rounder (ie, has a greater curvature) than the palmar portion.2 The motion of the MC3
relative to P1 is well documented at a walk, trot, canter, and gallop'®**; however, the motion of the
PSBs relative to the MC3 condyle is not well documented at any gait. At low angles of fetlock joint
extension, the PSBs do not appear to move distally past the TR and articulate with their congruent ASs.”
However, when a horse gallops, the fetlock joint is extended to large angles,® and motion of the PSBs
during extreme extension of the fetlock joint is not well understood. During high-speed galloping, the
proximodorsal aspect of P1 can impinge against the dorsal aspect of MC3 proximal to the condylar AS,
and that movement is beyond the articulation of P1 on the MC3.Y Therefore, the PSBs are likewise
expected to move beyond their normal AS with MC3 at high angles of fetlock joint extension (ie, when a
horse is at a high-speed gallop). Movement of the PSBs beyond the opposing congruent AS of MC3 may
alter stresses on the PSBs and cause an articular incongruity, which could contribute to the subchondral

bone lesions and fracture patterns typically observed in the PSBs of Thoroughbred racehorses.

The axial borders of the medial and lateral PSBs are connected by the intersesamoidean
ligament, but the 2 bones are kept separate by the wedge-shaped SR. Although not quantitatively
documented, subjectively, the distal aspect of the SR appears to be wider than the proximal aspect on
the palmar surface of the MC3 condyle. During extension of the fetlock joint, the asymmetry of the SR
may induce relative motion (ie, distraction) between the medial and lateral PSBs. At extreme angles of
fetlock joint extension, distraction between the medial and lateral PSBs might alter the stress
distribution within the bones and contribute to the subchondral bone lesions observed with PSB

fractures.

The purpose of the study reported here was to assess the motion of the PSBs relative to the

MC3 condyle by means of in vitro biomechanical testing of cadaveric forelimbs of horses. Our goal was
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to elucidate a possible mechanism for the formation of subchondral bone lesions at the abaxial portion
of the midbody of medial PSBs in Thoroughbred racehorses. We hypothesized that during simulation of
a high-speed gallop, the midstance load sustained by the forelimb would cause the medial and lateral
PSBs to move distally beyond the TR and induce mediolateral separation of those 2 bones during

extension of the fetlock joint.

5.3 Materials and Methods

5.3.1 Sample

Eight cadaveric forelimbs (7 left and 1 right) were obtained from 8 horses (ie, 1 forelimb was
harvested from each horse) that were euthanized for reasons unrelated to forelimb dysfunction and
unrelated to the study. The horses included 5 Thoroughbreds, 1 Quarter Horse, 1 Pinto, and 1
Hanoverian that ranged in age from 2 to 21 years and body weight from 373 to 564 kg. The 5
Thoroughbreds ranged in age from 2 to 7 years and body weight from 430 to 535 kg and were
euthanized while in race training. The forelimbs from those horses were collected as part of the

California Horse Racing Board Racing Safety Program.

Each forelimb was transected and removed from the body at the mid-radius level to ensure that
the accessory (check) ligaments of the superficial and deep digital flexor tendons and the stay apparatus
of the fetlock joint remained intact. The limbs were wrapped in towels soaked with saline (0.9% NaCl)
solution and stored frozen at —20°C until preparation for biomechanical testing. Each forelimb was
removed from the freezer and allowed to thaw at room temperature (approx 22°C) for 24 hours prior to

biomechanical testing.
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5.3.2 Biomechanical testing

All biomechanical tests were performed with a servohydraulic material testing system® equipped
with an axial-torsional load transducer.? A translation table (405 X 400 X 40 mm) on a linear-bearing
system® was mounted on the actuator so that, when the forelimb specimen was mounted in the
machine and exposed to a mechanical load, the hoof could be moved in a dorsal direction while the

radius and MC3 remained approximately vertical to simulate midstance conditions.?”

The proximal end of each forelimb specimen was fixed (potted) in a cylinder with polymethyl
methacrylate while the limb was in a standing position.'” After potting, the PSBs were instrumented
with 2 LVDTs spaced 20 mm apart.®2 The LVDTs were rigidly attached between the medial and lateral
PSBs by means of 2 threaded rods, each of which was inserted to a standard depth into the palmar
aspect of a PSB abaxial to the flexor tendons and palmar to the insertion of the suspensory ligament
(Figure 5.1). The fixed ends of the LVDTs were attached to the rod in the lateral PSB, and the spring-
loaded ends of the LVDTs were free to move against a smooth plate that was attached to the rod
inserted in the medial PSB. Three 3-mm-diameter lead markers were inserted into the medial cortex of
MC3, P1, middle phalanx, and medial PSB to assist with radiographic measurements. A 20-gauge 1-inch
needle was inserted through the palmar aspect of the limb at the base of the lateral PSB to facilitate

identification of that PSB on radiographic images.

The cylinder was then secured to the material testing machine, and the hoof was secured to the
translation table such that the radius and MC3 were aligned parallel to the axis of loading under 500 N
of axial compression.'” For testing, each limb was loaded from 500 N to the target load with a 5 mm/s
displacement control, held at that load for 30 seconds while lateromedial radiographs™ were obtained,
and then unloaded back to 500 N. The displacement of the LVDTs was recorded at 20 Hz for the entire
loading profile. This process was sequentially repeated for target loads of 1.8, 3.6, 4.5, and 10.5 kN,
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which were selected to represent the physiologic loads when a horse was standing, walking, trotting,

and galloping at a high speed, respectively, as estimated on the basis of known in vivo peak vertical

ground reaction forces for equine forelimbs at those postures or mid-stance of those gaits.1672°

Lateral
threaded

Medial Lateral

Figure 5.1: Dorsopalmar radiographic image (A) and photograph (B) of the metacarpophalangeal (fetlock) region
of an equine cadaveric forelimb that depict placement of lead markers and instrumentation of the PSBs to
facilitate data collection during biomechanical testing in an in vitro study conducted to assess the motion of the
PSBs relative to the MC3 condyle under physiologic loads consistent with standing (1.8 kN) and midstance walking
(3.6 kN), trotting (4.5 kN), and galloping (10.5 kN). A—Three 3-mm-diameter lead markers (small white dots) were
inserted into the medial cortex of the MC3, P1, middle phalanx (P2), and medial PSB to assist with radiographic
measurements. Two threaded rods that were inserted to a standard depth into the palmar aspect of the medial
and lateral PSBs abaxial to the flexor tendons and palmar to the insertion of the suspensory ligament as means
to instrument those bones with 2 LVDTs are also evident. B—Photograph, proximal view of the palmar aspect of
the fetlock region, to depict instrumentation of the PSBs with 2 LVDTSs to record movement between the 2 bones
during biomechanical testing. The fixed ends of the LVDTs were attached to the rod in the lateral PSB, and the
spring-loaded ends of the LVDTs were free to move against a smooth plate that was attached to the rod inserted
in the medial PSB. The lateral side of the limb is to the right in both images.
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5.3.3 Radiographic measurements

All radiographic measurements were obtained by the same investigator (NS) who was unaware

of (blinded to) the load condition and horse identification. Before performing the measurements for this

study, the investigator trained on 2 complete sets of radiographs. That training consisted of the

investigator performing each measurement on 3 consecutive days. The coefficient of variation was less

than 5% for all measurements. All radiographic measurements recorded for the study were obtained

once within a 2-week period.

The fetlock angle was the palmar angle at the junction of a line through the proximodistal axis of

MC3 and a line through the proximodistal axis of P1 (Figure 5.2). The MC3 and P1 axes were determined

by a standard method on all radiographs.
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Figure 5.2: Lateromedial radiographic image of
the fetlock region of an equine forelimb under
1.8 kN of axial compression (i.e., physiologic
load consistent with standing) with
annotations depicting the measurements
obtained during the study described in Figure
5.1. The fetlock angle was the palmar angle at
the junction of a line through the proximodistal
axis of MC3 and a line through the
proximodistal axis of the P1. The AS angle was
the angle at the intersection of a line through
the TR (star) and proximal edge of the palmar
AS of the MC3 and a line through the proximal
and distal edges of the AS of the lateral PSB.
The PSB-TR distance was the distance between
the TR and distal edge of the AS of the lateral
PSB. For both AS angle and PSB-TR distance, a
positive value indicated that the distal edge of
the lateral PSB was proximal to the TR and a
negative value indicated that the distal edge of
the lateral PSB was distal to the TR. The dorsal
and palmar portions of the AS of the MC3
condyle are demarcated by solid red and blue
lines, respectively. The dashed red and blue
circles depict the difference in curvature
between the dorsal and palmar portions of the
AS of the MC3 condyle.



Two measurements (angle at the intersection of a line through the proximal edge of the palmar
AS of the MC3 and TR and a line through the proximal and distal edges of the AS of the lateral PSB [AS
angle] and distance between the TR and distal edge of the AS of the lateral PSB [PSB-TR distance]) were
used to evaluate the position of the PSBs relative to the TR in the sagittal plane (Figure 5.2). For both of
those measurements, the sign (positive or negative) was determined on the basis of the location of the
distal edge of the lateral PSB in relation to the TR; a positive value indicated that the distal edge of the
lateral PSB was proximal to the TR and a negative value indicated that the distal edge of the lateral PSB

was distal to the TR.

The PSBs did not undergo pure mediolateral distraction as was hypothesized, but instead
underwent rotation in the transverse plane. Specifically, the palmar aspects of the PSBs rotated away
from each other during extension of the fetlock joint. Recorded data could not distinguish pure PSB
rotation from PSB rotation coupled with mediolateral translation because of mathematical coupling
between rotation and translation inherent in use of 1-dimensional displacement sensors. So, the full
three-dimensional nature of the rotation cannot be determined from the given data. However, assuming
PSB rotation is confined to a transverse plane, and both PSBs rotate the same amount, rotation (a) could
be extracted because the palmar LVDT always displaced further than the dorsal LVDT (Figure 5.3). Given
this assumption, LVDT displacements were used to calculate the rotation angle (a) for 1 PSB using the
following formula: tan(a) = [(0.5*Palmar LVDT displacement — 0.5*Dorsal LVDT displacement)/(spacing

between LVDTs)]. Thus, a was used as a proxy for true PSB rotation under the given assumption.
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Lateral

5.3.4 Statistical analysis

Figure 5.3: Schematic of the transverse plane of the
distal aspect of MC3 for an equine forelimb of the
study described in Figure 5.1 that depicts the positions
of the PSBs relative to MC3 and apparent movement
of the 2 LVDTs when the limb was unloaded and
loaded during biomechanical testing. The black lines
indicate the positions of the bones and the red lines
indicate the positions of the 2 rods securing the LVDTs
(LVDT rods) when the limb was unloaded. The gray
lines indicate the positions of the PSBs and LVDT rods
when the limb was loaded. In this study, the
displacement of the palmar LVDT was always greater
than the displacement of the dorsal LVDT. The known
distance between the LVDTs and their relative
displacements between unloading and loading of the
limb were used to calculate the a for a single PSB,
which was used as a proxy for the rotation angle of
the PSB assuming that rotation was confined to a
transverse plane and that both PSBs rotated the same
amount. It is possible that the PSBs also underwent
mediolateral translation, but pure PSB rotation could
not be distinguished from PSB rotation coupled with
mediolateral translation owing to the mathematical
coupling between rotation and translation inherent in
the 1-dimensional LVDT data.

Outcome variables of interest were fetlock angle, AS angle, PSB-TR distance, and a. A repeated-

measures ANOVA was used to determine the effect of target load (mid-stance vertical ground reaction

force [stand, walk, trot, or gallop]) on each outcome variable. Each model included a fixed effect for

target load and random effect to account for repeated measures within limb specimens. Body weight

and age were considered as potential fixed effects in the models but were found to have no significant

effect on any outcome variable; therefore, they were excluded from the final models. Post hoc pairwise

comparisons were compared using the Tukey adjustment to control for type | error inflation. The

normality assumption of the ANOVA was assessed by means of a Shapiro-Wilks test on model residuals;

all model residuals were confirmed to be normally distributed (Shapiro-Wilks P > 0.9). The partial
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Spearman correlation coefficient (partial rs, while controlling for cadaver limb) were used to determine
the extent of correlation between outcome variables. Simple linear regression analysis was used to
assess the nature of the respective relationships (coefficient of determination, R?) between target load

and other variables. Values of P < 0.05 were considered significant. All analyses were performed by use

of a commercially available statistical software program.)

5.4 Results

Target load had a significant (P < 0.001) effect on fetlock angle, and the mean fetlock angle

differed significantly among the 4 target loads (Table 5.1). There was a strong positive correlation

(partial rs = 0.98) and a strong linear relationship (R? = 0.90) between fetlock angle and target load

(Figure 5.4).

Table 5.1: Least squares mean * SE values for measurements obtained during biomechanical testing of 8 equine
cadaveric forelimbs in an in vitro study conducted to assess the motion of the PSBs relative to the MC3 condyle
under physiologic midstance loads consistent with standing (1.8 kN), walking (3.6 kN), trotting (4.5 kN), and

galloping (10.5 kN).

Variable Posture or gait (target load)
Standing Walking Trotting Galloping
(1.8 kN) (3.6 kN) (4.5 kN) (10.5 kN)
Fetlock angle (°) 217.3+2.1 2279+2.1 234.2+2.1 262.2+2.1
AS angle (°) 13.3+1.7 6.1+1.7 28+17 -15.1+1.7
PSB-TR distance (mm)(mm) 8.0+0.6 5.5+0.6 3.6+0.6 -4.3+0.6
a(?) 1.0+0.2 2.2+0.2 2.8+0.2 6.2+0.3
Half of dorsal LVDT displacement (mm) 0.3+0.1 09+0.1 13+0.1 2.8+0.1
Half of palmar LVDT displacement (mm) 0.7+0.2 1.7+0.2 2.3+0.2 49+0.2

For all variables, target load had a significant effect on all variables (P < 0.001) and the least squares mean values
differed significantly (P < 0.05) among the 4 applied loads.
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Figure 5.4: Plot of fetlock angle versus load for 8 equine forelimbs that underwent biomechanical testing
as described in Figure 5.1. Each dot represents the fetlock angle for 1 limb at the given load. The linear
regression line (dashed line) had the following equation: fetlock angle = (0.0051 X load) + 209.5. The
coefficient of determination (R?) was 0.90; the partial spearman correlation between fetlock load and
angle also indicated strong positive correlation (partial rs = 0.98). The red square indicates the point at
which the distal edge of the lateral PSB moved distodorsally beyond the TR as estimated from the PSB-
TR distance data.

The AS angle data indicated that the PSBs move distally then distodorsally then dorsally around
the palmar portion of the MC3 condyle during extension of the fetlock joint. The AS angle decreased as
the target load increased from 1.8 (stand) to 4.5 (trot) kN and became negative at 10.5 kN (gallop; Table
5.1). Target load had a significant (P < 0.001) effect on AS angle, and the mean AS angle differed
significantly among the 4 target loads. There was a strong negative correlation and negative linear
relationship between AS angle and target load (partial rs =—0.96, R?= 0.85) and AS angle and fetlock

angle (partial rs =—0.98, R?= 0.88; Figure 5.5).

The PSB-TR distance data indicated that the distal edge of the lateral PSBs moved dorsally past

the TR at a target load consistent with a gallop. The distal edge of the lateral PSB approached the TR as
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the target load increased from 1.8 to 4.5 kN, which was reflected by a decrease in the PSB-TR distance.
The distal edge of the lateral PSB moved distal to the TR as the target load increased from 4.5 to 10.5
kN, resulting in a negative value for PSB-TR distance at a target load consistent with a gallop (Table 5.1).
The distal edge of the lateral PSB was closest to the TR at a target load of 4.5 kN. Target load had a
significant (P < 0.001) effect on PSB-TR distance, and the mean PSB-TR distance differed significantly
among the 4 target loads. There was a strong negative correlation between PSB-TR distance and target
load (partial rs =—0.96) and between PSB-TR distance and fetlock angle (partial rs = —0.98; Figure 5.5)

and a positive correlation between PSB-TR distance and AS angle (partial rs =0.97).

Figure 5.5: Scatterplots of AS
angle (A) and PSB-TR distance
(B) versus fetlock angle for 8

0l - equine  forelimbs  when
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Radiographic and load data were used to construct linear regression equations to estimate the
fetlock angle and load at which the distal margin of the lateral PSB moved distal to the TR. The
regression equations and model R? are as follows: PSB-TR distance = (—0.2692 X fetlock angle) + 66.568
with R? =0.93 and PSB-TR distance = (—0.0014 X load) + 10.365 with R? = 0.88. From these equations, it
was estimated that the distal edge of the lateral PSB moved distal to the TR at a fetlock angle of 247° or

a load of 7.4 kN.

Target load had a significant (P < 0.001) effect on the displacement of both the dorsal and
palmar LVDTs and a (rotational angle). For each of those 3 variables, the mean value increased as target
load increased and differed significantly among the 4 target loads (Table 5.1). Also, the displacement of
the palmar LVDT was significantly greater than that of the dorsal LVDT by 46% to 56% at each target
load. That finding indicated that the palmar aspect of the PSBs rotated away from each other as the limb
was loaded (Figure 5.3). There was strong positive correlation and positive linear relationships between
load and dorsal LVDT displacement (partial rs = 0.97, R*= 0.86), palmar LVDT displacement (partial rs =

0.96, R?=0.91), and a (partial rs = 0.97, R? = 0.90).

5.5 Discussion

The TR demarcates the separation of the dorsal and palmar portions of the MC3 condyle, which
articulate with the P1 and PSBs, respectively. The arc of curvature differs between the dorsal and palmar
portions of the MC3 condyle to correspond with the curvature of the opposing ASs of the P1 and PSBs.
The present in vitro study determined the position of the PSBs relative to the MC3 condyle at
biomechanical loads selected to simulate those on the forelimb when a horse is standing and at
midstance when the horse is walking, trotting, or galloping at a high speed. Results indicated that the

distal margin of the PSBs moved distal to the TR, and thus beyond the congruent AS of MC3, when a
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horse is at a high-speed gallop. Findings also indicated that the palmar surfaces of the PSBs rotate away

from each other when the fetlock joint is extended, and that rotation is greatest when a horse is at a

gallop.

As expected, results of the present study indicated that extension of the fetlock joint increases
as the axial load applied to the forelimb increases. Importantly, the mean fetlock angles measured in the
present study for target loads consistent with a walk (228°), trot (234°), and gallop (264°) were similar to
those reported for those gaits in in vivo kinematic studies.'®** Those findings suggested that the target
loads evaluated in the present study accurately simulated the anatomic alignment of and physiologic
loads applied to equine forelimbs during the midstance phase of the stride at the selected gaits.
Therefore, the motion of the PSBs observed in this study should closely mimic that in vivo. The target
load selected to represent a trot (4.5 kN) in this study was lower than that used simulate a trot in other
studies.'’?? It is estimated that the peak load sustained by a forelimb during a trot is 90% of the horse’s
body weight®®; thus, for an average Thoroughbred racehorse (mean body weight, 483 kg*), the
estimated peak forelimb load during a trot would be 4.3 kN. Additionally, the least squares mean + SE
fetlock angle (234° £ 2.1°) at the target load for a trot measured in the present study was consistent with
the fetlock angles (range, 225° to 241°) reported during a trot for horses of in vivo kinematic studies,**%!

which further supported our supposition that the in vitro conditions of the present study accurately

simulate in vivo kinematics of the equine forelimb.

The AS angle data obtained during the present study indicated that, as expected, the PSBs
moved distodorsally around the palmar portion of the MC3 condyle during extension of the fetlock joint.
The extent of the distodorsal movement of the PSBs increased as load increased and was greatest at the
target load (10.5 kN) representative of a gallop. In the present study, the AS angle was assigned a

negative value when the distal edge of the PSBs moved distal to the TR or the proximal edge of the PSBs

183



became distracted from MC3. Distodorsal movement of the PSBs was apparent, but distraction of the
proximal edges of the PSBs from MC3 was not evident during visual examination of the radiographic

images obtained during this study.

The PSB-TR distance measurements obtained during the present study indicated that the distal
margins of the lateral PSB moved distal to the TR, and thus beyond its congruent articulation with the
palmar aspect of the MC3 condyle, at a load consistent with a high-speed gallop. The data suggested
that the distal margin of the lateral PSB moves distal to the TR at approximately 7.4 kN (a load
consistent with a fast trot or canter!®) and that distal movement continued until a target load of 10.5 kN
(a load consistent with peak high-speed gallop'®*®) was achieved. The proximodorsal motion of P1 is
limited by contact of P1 with the dorsal aspect of MC3; however, distodorsal movement of the PSBs is
limited by the extent to which the suspensory ligament can lengthen before rupture. Any movement of
the PSBs distodorsal to the TR implies an articular incongruity exists between the PSBs and MC3. Joint
incongruities affect the stress distribution in subchondral bone, since subchondral bone stress patterns
are directly related to the load applied to the AS.?? Joint incongruity could be a factor in the formation of
stress remodeling induced subchondral bone lesions that precede biaxial midbody PSB fracture in
racehorses.>*2® Additionally, joint incongruity might induce a bending moment about a transverse axis
located at the location where the PSBs moves distal to the TR. Because the distance the PSBs move
distally beyond the TR appears to approximately correspond to the midbody to basilar aspect of the
PSBs, it supports development of microdamage (leading to lesion formation) at a basilar to midbody PSB
location. Thus, movement of the PSBs distal to the TR may contribute to the high prevalence of midbody
and basilar PSB fractures reported in Thoroughbred racehorses.?®?* Alternatively, extreme extension of

the fetlock joint may lead to supraphysiologic stresses in subchondral bone on opposing ASs.
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MC3-PSB contact areas under physiological loads have yet to be fully elucidated for horses.
Results of an in vitro study? of cadaveric forelimbs indicate that the distal portion of the PSBs do not
come into contact with MC3 when exposed to loads consistent with a gallop, which implies articular
incongruity at those loads. However, the forelimbs evaluated in that study?® were harvested distal to the
carpometacarpal joint; therefore, the proximal and distal accessory (check) ligaments and their
respective contributions to the superficial and deep digital flexor tendons did not remain intact to
provide support to the fetlock region. In another in vitro study?® of equine forelimbs in which the
supporting structures of the fetlock region remained intact, it was reported that the PSBs did not move
distal to the TR when the fetlock joint was maximally extended. However, the loading conditions were
not specified for the limbs of that study,’®> and it is unknown whether loads consistent with a high-speed
gallop were simulated. In the present study, known physiologic loads were applied to equine forelimbs
in which the passive support structures of the fetlock region remained intact, and results indicated that

the PSBs moved beyond their congruent ASs at loads consistent with a high-speed gallop.

In horses, the digital flexor tendons, ligamentous suspensory apparatus, and geometry of the
MC3 and P1 limit motion of the fetlock joint primarily to the sagittal plane. Bone-fixed in-vivo and in
vitro kinematic markers indicate only small amounts of internal-external rotation and adduction-
abduction exist between MC3 and P1.1217 Results of the present study indicated that rotation between
the lateral and medial PSBs occurs as the limb is loaded. The cause of that rotation is unknown and
could be related to the geometry of the interdigitating ASs or tension from soft tissue attachments (eg,
branches of the suspensory or extensor ligaments) during load application. In Thoroughbred racehorses,
subchondral bone lesions are frequently identified on the abaxial portion of the AS of the medial PSB
and are believed to contribute to biaxial midbody PSB fracture.>®*? Rotation of the PSBs relative to each

other likely changes the joint contact pattern and enhances stresses on the abaxial side of the PSBs. That

185



rotation may contribute to the formation of subchondral bone lesions that are commonly observed

abaxial to the median sagittal plane of the PSBs.>%2®

In the present study, the relative rotation of the PSBs was determined under the assumption
that the rotation was confined to the transverse plane. One-dimensional kinematic measures (eg, LVDT
displacements) cannot distinguish between rotation and rotation combined with distraction. If medial-
to-lateral distraction of the PSBs occurs in combination with the observed rotation of the palmar
surfaces of those bones away from one another, it may be a factor in axial avulsion fractures of the
PSBs. An axial avulsion fracture of the lateral PSB in combination with a transverse fracture of the medial

PSB is a commonly observed fetlock breakdown pattern for Thoroughbred racehorses.?*

Finite element analysis indicates that the SR angle affects stress distribution on MC3 and P1.
Specifically, more shallow SR angles resulted in higher stress at the condylar groove of P1, which is
believed to contribute to MC3 and P1 fractures in racehorses.?® Because MC3 articulates with the PSBs,
it is likely the SR angle also affects stresses on the PSBs. Further investigation of the relationship
between SR angle and PSB rotation is necessary and may help elucidate the specific cause of

subchondral bone lesions on the abaxial surface of the PSBs.

The primary limitation of the present study was the fact that it was performed in vitro rather
than in vivo. However, tracking PSB location with kinematic skin or embedded bone markers is not
practical in live horses. Skin markers would likely have become dislodged during extension of the fetlock
joint because the palmar aspect of the joint commonly impacts the ground surface at a high-speed
gallop. Additionally, the amount of PSB movement beneath the skin would severely limit the accuracy of
skin makers. Implants embedded in the PSBs would weaken the bone and increase the risk of PSB
fracture during a high-speed gallop. Another limitation associated with the in vitro nature of the study

was the fact that the forelimb muscles were not active during biomechanical testing, however the
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passive support structures of the forelimb remained intact. The passive support structures are
considered the main stabilizers of the forelimb during midstance,?” so the lack of muscle activation was
unlikely to have any clinically relevant effect on our results. Also, fetlock suspensory apparatus strains
and translations should be directly related to fetlock angle independent of digital flexor muscle
activation, and the fetlock angles observed in this study were consistent with those reported in in vivo
kinematic studies.’®!* 2! The in vitro nature of the present study also resulted in the loading rates for the
forelimbs to be slower than the physiologic loading rates of forelimbs in vivo. This may have allowed
stress relaxation of the limb’s passive support structures. However, given that the observed fetlock
angles were consistent with those observed during in vivo kinematic studies,'®'*?! it appeared that any
error associated with nonphysiologic loading rates was minimal. Finally, the position of the PSBs relative
to the condyle of MC3 was measured on lateromedial radiographic images by use of the lateral PSB as a
landmark. It is possible that the distance of movement beyond the TR differs between the lateral and
medial PSBs, although that seems unlikely given the extent of binding between the lateral and medial

PSBs provided by the intersesamoidean ligament.?

Results of the present in vitro study indicated that distal translation of the PSBs beyond their
congruent AS with the condyle of MC3 and PSB rotation occurred during biomechanical testing at loads
consistent with a high-speed gallop. Preexisting lesions of the subchondral bone of PSBs have been
identified in Thoroughbred racehorses with PSB fracture.*>® The findings of this study suggested a
potential anatomic cause for the observed abaxial midbody location of subchondral bone lesions and
midbody-to-basilar location of most transverse PSB fractures. Additionally, rotation of the PSBs away
from each other during extension of the fetlock joint at loads consistent with a high-speed gallop might

contribute to intersesamoidean ligament rupture and axial avulsion fracture of the lateral PSB.
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e. Super Pillow Block (SPB 32 OPN), Thomson Industries Inc, Port Washington, NY.
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j. SAS, version 9.4, SAS Institute, Cary, NC.
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Chapter 6: In Vitro Motions of the Medial and Lateral Proximal Sesamoid Bones

under Mid-Stance Load Conditions are Consistent with Racehorse Fracture

Configurations

This chapter has been accepted, pending revisions, as:
Shaffer, S.K., Shelly, K., Garcia, T.C., Samol, M.A., Hill, A.E., Fyhrie, D.P., Stover, S.M., 2021. In Vitro
Motions of the Medial and Lateral Proximal Sesamoid Bones Under Mid-Stance Load Conditions Are

Consistent With Racehorse Fracture Configurations. Journal of Biomechanics.

6.1 Abstract

Proximal sesamoid bone (PSB) fractures in racehorses are likely fatigue fractures that occur due
to repetitive loads and stress remodeling. The loading circumstances that may induce damage in the PSBs
are not well understood. The goal of this study was to determine in three-dimensions, PSB motions
relative to the opposing metacarpal condyle during simulated mid-stance loads. Seven equine cadaveric
forelimbs were axially loaded in a material testing system to simulate standing and mid-stance walk, trot,
and gallop load conditions (1.8-10.5 kN). Joint angles were determined by tracking the positions of bone-
fixed kinematic markers. Internal-external rotation, abduction-adduction, and flexion-extension of each
PSB relative to the third metacarpal condyle were compared between loads and between PSBs using an
ANOVA with Tukey-Kramer post hoc tests for pairwise comparisons. The medial PSB rotated externally
and the lateral PSB apex abducted during limb loading. Medial PSB external rotation was significantly
greater at the gallop load condition than at the walk or trot load conditions. The medial and lateral PSB
motions observed in this study are consistent with location of fatigue damage and fracture configurations
frequently seen in medial and lateral PSBs from Thoroughbred racehorses. Specifically, medial PSB

external rotation is consistent with the development of an abaxial subchondral medial PSB lesion that is
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reported in association with medial PSB transverse fracture and lateral PSB abduction is consistent with

axial longitudinal fracture of the lateral PSB.

6.2 Introduction

Proximal sesamoid bone (PSB) fracture is a leading cause of death for Thoroughbred racehorses.*”
3 Catastrophic PSB fracture is typically biaxial, meaning both the medial and lateral PSBs fracture. Biaxially
fractured PSBs typically have different fracture configurations.*> Medial PSBs fracture transversely
through the midbody to basilar portions of the bone, while the lateral PSBs fracture obliquely or
transversely through the midbody to basilar portion of the bone or longitudinally along the axial border
(Figure 6.1).% In California Thoroughbred racehorses, transverse midbody medial PSB fracture coupled
with lateral PSB axial longitudinal fracture or intersesamoidean ligament rupture (Figure 6.1) accounts for
5.4% of fatal fetlock injuries; a majority (73%) of these occur with a lateral condylar fracture of the third
metacarpal bone (MC3).% Biaxial PSB fractures (excluding axial longitudinal lateral PSB fractures) account
for 50.4% of fatal fetlock injuries, generally in this fracture configuration the medial PSB fractures
transversely and the lateral PSB fractures obliquely. Most biaxial PSB fractures (92%) occur without

involvement of the MC3. ¢

Evidence indicates that PSB fractures are repetitive, overuse injuries.”® Subchondral bone lesions
found in the medial PSB have been associated with transverse fracture (Figure 6.1).>°! Lesion
characteristics are consistent with damage induced bone remodeling,'®*? suggesting that there is a
biomechanical mechanism that repeatedly causes high subchondral bone stress at the lesion location
prior to fracture. While lateral PSB axial longitudinal fractures have not been thoroughly investigated, the

consistency of this fracture configuration also implies a potential biomechanical etiology.
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Figure 6.1: Dorsopalmar radiographic projection of intact Proximal Sesamoid Bones (PSBs; Panel A) and examples
of common bilateral PSB fracture configurations in Panels B and C. Panel B) Medial mid-body PSB fracture with a
lateral axial longitudinal PSB fracture; the yellow arrow shows where the intersesamoidean ligament avulsed
lateral PSB fragments. Panel C) Medial mid-body PSB fracture with a lateral oblique apical fracture; the yellow
arrow indicates the site of a subchondral bone lesion illustrated on the fracture faces (yellow circle) of the medial
PSB in Panel D.

The medial and lateral PSBs are embedded in the suspensory apparatus of the distal portion of
the forelimb and support the metacarpophalangeal joint (MCPJ) during locomotion. Four bones constitute
the MCPJ: the third metacarpal bone (MC3), medial PSB, lateral PSB, and proximal phalanx (P1). The MC3
has two distinct portions of its distal articular surface, one congruent with the PSBs and the other with
the P1; the PSBs do not articulate with P1. Previously, the authors reported that PSBs extend beyond their
congruent articular surface on the MC3 at racing-speed loads and that some external rotation of the PSBs

occurs during limb loading.3 However, the full nature of PSB motion was not determined.
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The purpose of the present study was to assess the full three-dimensional movements of the PSBs
relative to the MC3 during in vitro limb loading. Our goal is to determine if PSB motions are consistent
with the reported location of fatigue damage and fracture configurations for the medial and lateral PSBs.
We hypothesize that during simulation of mid-stance racing-speed gallop, the PSBs would rotate

externally and the lateral PSB would abduct relative to the long-axis of the MC3.

6.3 Materials and Methods

Cadaveric forelimbs were loaded in vitro to simulate walk, trot, and gallop mid-stance loads. MCPJ

joint angles were determined from bone-fixed kinematic markers, calibrated to a reference frame.

6.3.1 Sample Selection

Seven cadaveric unilateral forelimbs (5 left, 2 right) were a convenience sample from horses
euthanized for reasons unrelated to forelimb pathology (4 mares, 3 geldings; 4 Thoroughbreds in race
training (2-4 years; 380-493 kg), 1 Paint (5 years; weight unknown), 1 Quarter Horse (14 years; 537.5 kg),
and 1 Warmblood (21 years; 570 kg)). Owners provided informed consent for unrestricted or research
use of cadavers. Limbs were harvested during clinical necropsy, wrapped in saline soaked towels, and
stored frozen (-20°C; up to 16 months) until thawed at room temperature (21°C) for 24 hours prior to

biomechanical testing.

Forelimbs were transected at mid-radius to retain the accessory ligaments of the superficial and
deep digital flexor tendons and the fetlock stay apparatus. Horseshoes, when present, were removed

prior to biomechanical testing.
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6.3.2 Limb Instrumentation

The proximal end of each forelimb was fixed in a cylinder with polymethylmethacrylate (Coe Tray
Plastic, GC America, Alsip IL) while the limb was in a standing position.'*!* Fixation pins (3.2 mm diameter;
Smooth Fixation Pin, IMEX Veterinary Inc.) were inserted perpendicularly to the median plane of the MC3
and P1 (Figure 6.2). In each PSB, one 5 mm long 3.2 mm diameter fixation pin (Duraface, IMEX Veterinary

Inc.) was inserted palmarly, abaxial to the flexor tendons and palmar to the insertion of the suspensory

ligament (Figure 6.2).

Lateral

MC3-P1

External

Rotation
+

MC3-P1
Flexion

MC3-P1 | MC3-P1
Abduction Adduction

MC3-P1 ’
Internal — §

MC3-P1
Extension

Figure 6.2: Lateral (A), lateropalmar (B), and palmar (C) views illustrating instrumentation of a left forelimb in
the material testing system showing MC3-P1 sign conventions for the flexion-extension, internal-external
rotation, and abduction-adduction joint angles. The upper left corner of each panel indicates the positive
direction of the coordinate axes (X, Y, Z) used for all bones. Note that all supporting soft tissues were
maintained during tests, but are not shown in figures.
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Spherical markers covered by reflective tape (3M Scotchlite 3710) were attached to these pins to
track bone movements. Single spherical markers (9.53 mm diameter) were attached to the MC3 pins.
Orthogonal kinematic marker sets (30mm height/width/depth with 8mm diameter spheres, 3D printed
Onyx, Mark2 Markforged) were attached to the PSB pins (Figure 6.3). Planar kinematic marker sets were
attached to the P1 pins (30mm height/width with 8mm diameter spheres, 3D printed, Onyx, Mark2

Markforged; Figure 6.2).
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Flexion
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MC3-PSB \ MC3-PSB

Extension Internal
Rotation

for the MC3-PSB flexion-extension, internal-external rotation, and abduction-adduction joint angles are shown
on a left forelimb. The positive direction of the coordinate axes (X, Y, Z) are illustrated for all bones. Note that
all supporting soft tissues were maintained during tests, but are not shown in figures.

6.3.3 Biomechanical Testing

In vitro biomechanical testing was performed with a servohydraulic material testing system
equipped with an axial-torsional load transducer (Model 809 and Model 662.10A-08; MTS Systems Corp.,
Minneapolis, MN). The radius was secured to the material testing system via the polymethylmethacrylate
cylinder. The hoof was placed on a linear bearing translation table attached to the material testing system
actuator, so that the radius and MC3 were parallel to the load axis under ~700N compression (Figure 6.2)
1314 During loading the hoof moved dorsally and the MC3 remained parallel to the load axis.}31*
Dorsopalmar radiographs were taken to convert marker positions to bone reference frames (Next DR,
Sound Carlsbad, CA; HF100/30 +, MinXray, Inc., Northbrook, IL; 70 kVp, 2.0 mAs). The limb was

preconditioned for 200 cycles of 700-1,800N compression at 0.25Hz, then loaded once from 700 to
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10,500N, and unloaded prior to testing. Limbs were tested from 700 to 10,500N under displacement
control at 5mm/s while marker positions were recorded at 60 Hz with 2 high-speed video cameras (S-PRl,
AOS Technologies AB, Dattwil Switzerland) in a calibrated field of view (Motion Analysis Calibration Cube,

CF-20, Santa Rosa, CA).

6.3.4 Data Reduction

Radiographic distances from kinematic markers to bone longitudinal axes were used to transform
MC3 and P1 marker positions to bone-fixed virtual markers along the proximo-distal axes of MC3 and P1;*
these defined the bone-fixed coordinate systems for MC3 and P1 in kinematic software (Motus 10.0,
Contemplas GmbH, Kempten Germany). Kinematic triads were used to define the bone fixed axes for the
PSBs. For all bones, the Z-axis was positive proximally and Y-axis positive dorsally, and the X-axis
completed a right-handed coordinate system (positive medially in left limb, laterally in right limb; Figure
6.3).° A joint coordinate system was then established for the MC3-P1, MC3-medial PSB, and MC3-lateral
PSB articulations of the MCPJ in the kinematic analysis program. Flexion-extension angles occur about the
MC3’s X-axis, internal-external rotation occurs about the P1’s Z-axis for the MC3-P1 or the PSB’s Z-axis for
MC3-PSB rotation, and abduction-adduction angles about the joint coordinate system’s mutual
perpendicular axis.’® Custom equations, based on Grood (1983), were applied in kinematic analysis
software to determine MC3-P1 angles (defined as movement of the P1 relative to MC3; Figure 6.2) and

PSB-MC3 joint angles (defined as movement of PSBs relative to MC3; Figure 6.3).%°

The MC3-P1 flexion-extension angle is the palmar angle between P1 and MC3; it increases with
MCPJ extension (Figure 6.2).1* The MC3-P1 internal-external rotation angle increases with external
rotation of P1 relative to MC3 (i.e., the dorsal aspect of P1 moves laterally relative to MC3; Figure 6.2);
MC3-P1 abduction-adduction angle increases with abduction (i.e., rotation of the proximal end of MC3 or

distal end of P1 away from the body midline; Figure 6.2). MC3-PSB angles were determined individually

197



for the medial and lateral PSB. For all MC3-PSB angles, the flexion-extension angle increases as the PSB
moves distally around the MC3 condyle during MCPJ extension, internal-external rotation angle increases
with external rotation of the PSB relative to the midline of the MC3 (e.g. abaxial aspect of the PSB would
move dorsally relative to the axial aspect of the PSB, or the axial aspect of the PSB would move palmarly
relative to the abaxial aspect of the PSB), and abduction-adduction angle increases as the apex of the PSB

moves away from the midline of the MC3 (Figure 6.3).

Angle data were filtered with a low-pass filter (5Hz cutoff; MATLAB R2020a, The MathWorks Inc.,
Natick, MA) followed with a robust linear regression smoothing filter (sampling window 45 units; MATLAB

2020a).

6.3.5 Data Analysis

Metacarpophalangeal joint angles (MC3-P1, MC3-medial PSB, and MC3-lateral PSB) at Stand
(1800 N) and mid-stance Walk (3600 N), Trot (4500 N), and Gallop (10500 N) load conditions were
extracted from angle-load curves. Loads are consistent with in vivo peak vertical ground reaction forces

13,14,16—

during mid-stance and with previous in vitro studies. ¥ The gallop load condition is consistent with

estimates from simulation of 18 m/s gallop for a 500 kg horse.?

The effect of load condition (Walk, Trot, Gallop) and PSB side (Medial, Lateral) on the changes in
MC3-PSB joint angles from the Stand load condition were assessed using ANOVA. The effects of load
condition on MC3-P1 angle and on the change of MC3-P1 angle from Stand were also assessed using an
ANOVA. Repeated measures within limbs were accounted for by incorporating horse as a random effect;
Tukey-Kramer corrections were made for the post-hoc pairwise comparisons. A p-value < 0.05 was
statistically significant. Normality of model residuals were assessed via a Shapiro-Wilks score (W; W >0.90

for all models). For analyses with non-normally distributed residuals, a ranked ANOVA was used. The
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effects of horse age, breed (Thoroughbred or non-Thoroughbred), limb side (left or right) and the load-

limb side interaction were examined but were not significant.

The relationships between load and MC3-P1 and MC3-PSB joint angle differences from Stand
sampled every 1050N (10% of peak load) starting at 2100N, were determined using linear regressions.
Coefficient of determination (R?) values are reported for statistically significant (p < 0.05) relationships.
Partial Spearman correlation coefficients, controlling for horse, were determined for MC3-P1 flexion-

extension and MC3-PSB joint angles; significant correlation coefficients (r; p < 0.05) are reported.

6.4 Results

Limb loading caused MCPJ extension and external rotation of P1 about MC3 (Table 6.1). The
change in MC3-P1 extension from Stand increased linearly with load (R? = 0.89) and was significantly
different among all load conditions (Table 6.1). The MC3-P1 extended 36° between the Stand and Gallop
conditions. The change in MC3-P1 external rotation from Stand had a weak linear relationship with load
(R? =0.31) and 3.8° of MC3-P1 external rotation occurred between the Stand and Gallop conditions. The

MC3-P1 did not experience statistically significant amounts of abduction or adduction.

Table 6.1: Least Square Mean + Standard Error of MC3-P1 angles at Stand, Walk, Trot, and Gallop load conditions
and the Change in MCPJ angles from the Stand load condition.

Flexion (-)/Extension(+) Internal (-)/E'xternal (+) Adduction(-)/Abduction(+)
Rotation

Angle Change Angle Change Angle Change

Angle’ frgm Standgf Angle® frfm Standg§ Angle® frfm Standg§

Stand 222.27 +2.24* NA 1.93 +2.32A NA 498 +1.79* NA

Walk 231.71+2.248 9.44 + 1.50* 2.50 +2.32% 0.57 + 0.94* 4.84 +1.79" -0.14 + 0.824
Trot 236.82 +2.24¢ 14.55 + 1.508 3.04 +2.32% 1.11+ 0.93* 5.13 +1.79* 0.15+ 1.15*
Gallop | 258.48 +2.24° 36.21 + 1.50°¢ 5.75 +2.328 3.82+ 3.838 5.49 +1.79* 0.51 + 3.42%

Note: MC3 (third metacarpal bone); P1 (proximal phalanx)

Significant effects: TANOVA, § ranked ANOVA

ABLD: pairwise comparisons among load conditions; values within a column that do not share a superscript are

statistically different at p < 0.05 with Tukey-Kramer adjustment
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Limb loading caused extension (distal motion) of both PSBs relative to the MC3. There were no
significant differences in MC3-PSB flexion-extension angle between medial and lateral PSBs at any load
condition. PSB extension changed 26° between Stand and Gallop; which was greater than the changes
from Stand to Walk and Trot (Table 6.2). The change in PSB-MC3 extension from Stand increased linearly

with load (Figure 6.4A).

Table 6.2: Least Square Mean + Standard Error of MC3-PSB angles from the Stand load condition for the Walk, Trot,
and Gallop load conditions. Within a column, for each effect (separated by bold lines), values that share a superscript
are not statistically different.

Load pSB Flexion(-)/ Extension(+) | Internal (-)/External (+) Adduction(-)/
o . Angle Change from Rotation Angle Change Abduction(+) Angle
Condition | Side Stand ' from Stand "1 Change from Stand *
Walk 5.87+1.24* 0.82+0.444 0.18+0.414
Trot 9.09+1.248 1.11+0.447 0.33+0.41A
Gallop 26.02+1.24¢ 3.67+0.448 0.98+0.414
Lateral 13.71+1.19* 1.04+0.38% 1.01+0.34
Medial 13.61+1.19® 2.69+0.38" -0.01+0.34°
Walk Lateral 5.87+1.39¢ 0.8+0.59* 0.38+0.58?
Walk Medial 5.86+1.391 0.84+0.59! -0.02+0.58!
Trot Lateral 9.06+1.39? 0.64+0.59? 0.6+0.58!
Trot Medial 9.12+1.391 1.58+0.59! 0.06+0.58!
Gallop Lateral 26.19+1.392 1.67+0.59! 2.04+0.58!
Gallop Medial 25.84+1.392 5.67+0.592 -0.07+0.58!

Note: MC3 (third metacarpal bone), PSB (proximal sesamoid bone)

Significant ANOVA effects: T Load condition, ¥ PSB side, 9 Load Condition and PSB Side interaction

ABLD: pairwise comparisons among load conditions, p < 0.05 with Tukey-Kramer adjustment

@B pairwise comparisons among PSB Side, p < 0.05 with Tukey-Kramer adjustment
12: pairwise comparisons load condition and PSB side interaction, p < 0.05 with Tukey-Kramer adjustment

Both PSBs rotated externally as the limb was loaded; however, the medial PSB experienced more
external rotation than the lateral PSB (Table 6.2; Figure 6.4B). Between Stand and Gallop, the medial PSB
externally rotated 5.7 ° and the lateral PSB externally rotated 1.7 °(Table 6.2; Figure 6.4B); the difference
between Stand and Gallop was significant only for the medial PSB. The change in external rotation of the

medial and lateral PSBs had strong and weak linear relationships with load, respectively (Figure 6.4B).

The apex of the lateral PSB experienced significantly more abduction than the medial PSB;

however, load condition did not have a significant effect on PSB abduction. Averaged over all load
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conditions, the abduction change from Stand was higher for the lateral PSB than medial PSB. The change
in lateral PSB abduction from Stand had a weak linear relationship with load and the lateral PSB abducted
2° between the Stand and Gallop loads (Table 6.2; Figure 6.4C). There was no similar significant

relationship for the medial PSB.
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The MC3-medial PSB external rotation increased with abduction of the MC3-lateral PSB (r = 0.52;
Table 6.3). The MC3-medial PSB adduction increased as the MC3-lateral PSB externally rotated (r = -0.55)
and abducted (r = -0.65). Additionally, lateral PSB external rotation increased with lateral PSB abduction

(r=0.55).

Table 6.3: Partial Spearman correlation coefficients (r values) for the change of MC3-P1 angle and MC3-PSB angles
from the Stance load condition for the Walk, Trot, and Gallop load conditions. Correlations are partial with respect
to horse and all reported correlations are significant at p < 0.05.

MC3-P1 Medial PSB Joint Angle Change Lateral PSB Joint Angle Change
Extension
(+) Internal (-)/ Adduction(-)/ Flexion (-)/ Internal (-)/ Adduction(-)/
External (+) | \pguction(+) | Extension(+) | €M) | Apduction(+)
Rotation Rotation
Internal (-)/
Medial | External (+) 0.92
PSB Rotation
Joint | Adduction(-)/
N N
Angle | Abduction(+) S S
Ch ion (-
ange | Flexion (-)/ 0.98 0.91 NS
Extension(+)
Internal (-)/
External (+) NS NS -0.55 NS
Lateral R
PSB Rotation
A jon(-
Joint | Adduction(-)/ 0.64 0.52 -0.65 0.68 0.55
Abduction(+)
Angle -
Flexion (-)/
Change )
Extension(+) 0.98 0.92 NS 0.99 NS 0.71

Note: MC3 (third metacarpal bone); P1 (proximal phalanx), PSB (proximal sesamoid bone), NS (non-significant
interaction; p < 0.05).

6.5 Discussion

The primary movement of both PSBs during axial limb loading is extension relative to MC3, which
occurs as the PSBs wrap distodorsally around the MC3 condyle to support the limb during stance. The
current study indicates that the medial and lateral PSBs have similar sagittal plane motion but differing
non-sagittal plane motions during axial limb loading that are exaggerated at high-speed gallop loads. The

medial PSB rotated externally more than the lateral PSB throughout loading and medial PSB external
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rotation was greatest for Gallop loads. The lateral PSB abducted more than the medial PSB during limb

loading; however, abduction was not significantly different among load conditions.

Study results showing large amounts of flexion-extension compared to small out-of-plane
rotations for MC3-P1, MC3-medial PSB, and MC3-lateral PSBs were expected since bone and soft tissue
structures in the MCPJ confine its motion primarily to flexion-extension within the sagittal plane (Figure
1.3). The sagittal ridge of the MC3 condyle interdigitates with both the sagittal groove on the proximal
articular surface of P1 and the intersesamoidean ligament between the two PSBs, and in conjunction with
the collateral ligaments, confines MCPJ motion to the sagittal plane. The suspensory apparatus (SA)
supports the palmar aspect of the equine MCPJ, restricting excessive MCPJ extension. The SA consists of
3 structures in series, the suspensory ligament and its medial and lateral branches, the medial and lateral
PSBs, and the distal ligaments of the PSBs (distal sesamoidean ligaments or DSLs). The SA originates from
the proximal end of MC3 and inserts on P1 and the middle phalanx (P2). Within the SA, the suspensory
ligament branches insert on the apices of the PSBs. The bases of the PSBs are bound tightly to P1 and P2
by four sets of DSLs, of which the straight and oblique DSLs are the most substantive. The PSBs are tightly
bound to each other along their axial borders, on their respective sides of the sagittal ridge, by the

intersesamoidean ligament.

Motion of the PSBs outside of the sagittal plane (i.e., outside of flexion-extension) may be related
to PSB fracture configurations (Figure 6.1). Within the same limb the medial and lateral PSBs often fracture
in different configurations, and in this study, were shown to have different non-sagittal plane motions
during limb loading. Medial PSBs often fracture transversely through the midbody to basilar portion of
the bone* and a focal midbody abaxial subchondral bone lesion is believed to precede fracture and
increase fracture risk (Figure 6.1).233 The observed external rotation of the medial PSB against the medial
MC3 condyle could increase stresses on the abaxial portion of the PSBs articular surface and contribute

to the formation of abaxial subchondral bone lesions. However, lateral PSB oblique, transverse, or axial
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longitudinal fracture often accompanies medial PSB transverse fracture (Figure 6.1).*% In the current
study, abduction of the apex of the lateral PSB was observed. PSB abduction may increase tension in the
intersesamoidean ligament, which tightly binds the medial and lateral PSBs.?° Increased stress along the
axial border of the PSBs is consistent with axial longitudinal fracture and intersesamoidean ligament

rupture.

Although the non-sagittal plane MC3-PSB rotations observed in this study were consistent with
commonly observed pathologies in Thoroughbred racehorses, the cause of these movements is unknown.
External rotation of P1 about MC3 as observed in this study and previously,?*??2 may be responsible for
the non-sagittal plane movement of the PSBs. External rotation of P1 relative to MC3 could facilitate
external rotation of the medial PSB, since the medial PSB is tightly bound to P1 via the medial collateral
sesamoidean ligament (Figure 1.2). If this interaction occurs, the higher MC3-P1 external rotations
observed in vivo indicates that MC3-PSB external rotation is greater in live horses.?® External rotation of
the medial PSB and constraint of the lateral PSB by the MC3 sagittal ridge may increase stress on the
intersesamoidean ligament and axial border of the lateral PSB. External rotation of P1 relative to MC3
may increase stress on the base of the lateral PSB by the lateral oblique distal sesamoidean ligament (OSL)
and contribute to abduction of the apex of the lateral PSB (Figure 6.5). Lateral OSL lesions are more
prevalent than medial OSL lesions in Thoroughbred racehorses, and lesions within the suspensory
apparatus were associated with 4.6 times increased odds of having suffered a suspensory apparatus
failure (e.g. PSB fracture, suspensory ligament rupture, or distal sesamoidean ligament rupture).?
Collectively, these factors could promote lateral PSB axial longitudinal fracture or intersesamoidean

ligament rupture.
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Figure 6.5: Non-sagittal plane rotations of the proximal phalanx (P1) and the proximal sesamoid bones (PSBs)
relative to the third metacarpal bone (MC3) and the potential interaction between these rotations and
metacarpophalangeal joint ligaments at gallop equivalent load. External rotation of P1 about MC3 (Panel A) may
increase tension in the medial collateral sesamoidean ligament (Panel B) and in the lateral branch of the lateral
oblique sesamoidean ligament (OSL; Panel C). Increased tension in the medial collateral sesamoidean ligament
may cause the observed external rotation of the medial PSB (Panel D) and increase contact between the medial
PSB’s abaxial surface and the MC3 condyle, promoting subchondral bone lesion formation. The non-sagittal
plane PSB rotations likely increase tension in the intersesamoidean ligament (ISL; Panel D). Increased tension in

the lateral OSL may cause the abduction and slight-internal rotation observed to occur on the lateral PSB; this
may promote lateral PSB fracture.

Horse- and training-specific factors may influence MC3-PSB rotations. Individual MCP)J
conformation and shoeing may impact the direction of MC3-P1 internal-external rotation and abduction-
adduction,??® so conformation may impact PSB-MC3 rotations. Additionally, in Thoroughbreds, medial
PSBs are shorter and wider than lateral PSBs and the medial MC3 condyle tends to be larger than the
lateral condyle;**?® the size differences combined with specific articular surface geometries may
contribute to the amount of non-sagittal motion. However, geometries of PSB and MC3 articular surfaces
are not known in enough detail to support or refute this idea. Finally, horseshoe (e.g., mediolateral
geometry) and race-surface characteristics (e.g. uneven footing) affect forelimb kinetics and
kinematics,?%?”?® so may also affect MC3-PSB rotations. This study indicates that medial PSB external
rotation and lateral PSB abduction increases with MC3-P1 extension; so, horses with conformation,

horseshoes, or other characteristics that increase MC3-P1 extension may experience greater non-sagittal

plane MC3-PSB rotations.
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The MC3-P1 angles observed in this study were consistent with previous work.}#821.2329 Mean
MC3-P1 extension at Walk, Trot, and Gallop are consistent with in vivo.}*¥2° Mean MC3-P1 external
rotation and abduction between Stand and Gallop is consistent with an in vitro study, but less than the

external rotation and abduction observed in vivo.*?3

MC3-P1 abduction was not observed in the current or other in vitro studies that restricted
mediolateral hoof movement and/or kept the hoof at a neutral position.'*?! However, there is evidence
that P1 abduction occurs in vivo during limb loading (18 *+ 7 degrees at trot)?® and in vitro during
asymmetric hoof placement.?! MC3-P1 abduction would induce bending about the fetlock joint, increasing
compression on the lateral side of the joint and tension on the medial side. This hypothesis is supported
by higher density tissue observed in the lateral MC3 condyle, compared to the medial condyle (Riggs, et.
al., 1999).3° Mediolateral bending during fetlock extension may also contribute to characteristic racehorse
fetlock fracture patterns (Figure 6.6). Transverse fracture is more common in the medial PSB (70%) than
in the lateral PSB (30%, Anthenill, et. al., 2006) which is consistent with medial PSB failure under tension.®
Since bone is generally weaker in tension than compression, and lesions that predispose to fracture are
common in the medial PSB, fetlock failure may be initiated by tension in the medial PSB.** Oblique and
axial longitudinal fractures are more common in the lateral PSB than the medial PSB,* which is consistent
with compression contributing to lateral PSB failure. Further, 73% of biaxial PSB fractures involving medial
PSB fracture and lateral PSB axial longitudinal fracture or axial intersesamoidean ligament rupture also
involve lateral MC3 condylar fracture (a complex fetlock breakdown).® These complex fetlock breakdowns
can similarly be attributed to excessive compressive loading of the lateral MC3 condyle. Variations in
lateral PSB abduction may affect risk for complex breakdowns, by altering loading along the axial aspect
of the lateral PSB. However, 92% of biaxial PSB fractures, involving medial PSB transverse and lateral PSB
oblique fractures, are not associated with MC3 condylar fracture. Lateral compartment compression, due

to MC3-P1 abduction, also offers a possible explanation for the higher prevalence of lateral MC3 condylar
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fractures (76-85%)%*! compared to medial condylar fractures (8-15%), despite the larger geometry and
surface area of the medial condyle.?>32 Speculating further, a common P1 fracture configuration
originates in or near the sagittal groove and courses obliquely distally to exit the lateral cortex.3® This
fracture configuration is consistent with P1 abduction and excessive compressive loading of the lateral
aspect of the bone column. Importantly, in vitro evidence indicates MC3-P1 kinematics are influenced by
hoof asymmetry,2>3435 therefore hoof conformation, shoeing, and racetrack surface topography could

affect risk or protection for fetlock failure.

Tensile failure

=P Compressive failure g

<€

Abduction

Figure 6.6: Dorsopalmar radiographs illustrate characteristic fractures in the proximal sesamoid bones (PSBs),
third metacarpal bone (MC3), and proximal phalanx (P1). Abduction of P1 relative to the MC3 during limb loading
would induce bending about the fetlock joint with tension on the medial side of the joint and compression on the
lateral side of the joint. The characteristic fracture patterns that occur in MC3, PSBs, and P1 are consistent with
this loading condition. The medial PSB typically has a transverse fracture, consistent with tensile failure. The axial
avulsion fracture of the lateral PSB is consistent with abduction of the apex of the lateral PSB and tension from
the intersesamoidean ligament. The typical oblique fracture in the lateral PSB that commonly occurs with biaxial
PSB fracture and the fractures in the lateral condyle of the MC3 and lateral obligue component common to some
P1 fractures would be promoted by excessive compression on the lateral aspect of the fetlock.
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The primary study limitation is that the study was performed in vitro instead of in vivo; however,
in vivo PSB markers are impractical in live horses. In addition to presenting a significant welfare issue due
to increased fracture risk, bone-fixed kinematic markers would be difficult to maintain during high-speed
gallop as the fetlock can impact the ground. The slow, non-physiologic loading rates used in this study
may have allowed for soft tissue stress relaxation during loading. However, the limbs were preconditioned
and reported MC3-P1 extension angles are consistent with those from in vivo studies.*#2° Also, applied
loads are consistent with the ranges for Stand (1.5-1.8 kN)*¢, Walk (3.9 — 3.5 kN),*” Trot (4.4-8.1kN), 173637
and Gallop (8.3-12.3kN)***® midstance (peak load) in previous studies estimated for a 500-600kg horse.
The sample size was adequate. Post hoc study power was > 0.9 for all significant study variables except
for lateral PSB abduction using a=0.05; lateral PSB abduction had a power of 0.4. Although not all limbs
were sourced from racehorses (4 Thoroughbred racehorses, 3 other breeds) and there was a wide age
range for study horses (2 to 21 years), breed and age did not have statistically significant effects on study

outcomes.

In summary, the medial and lateral PSBs experience different non-sagittal plane motions during
biomechanical testing at loads consistent with a racing-speed gallop. External rotation of the medial PSB
is consistent with midbody fractures commonly reported in medial PSBs and abduction of the lateral PSB

is consistent with axial longitudinal fracture frequently seen in lateral PSBs.
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Chapter 7: Conclusion

The research presented in this dissertation is related to understanding 1) densitometric and
histomorphologic features associated with subchondral bone stress-reactions (tissue changes) that
precede stress fractures; 2) unique features of a stress-reactions that promote a complete stress fracture;
3) loading circumstances associated with stress-reactions and complete fracture development; and 4) the
interaction of bone’s biological turnover and repair processes with microdamage accumulation involved

in stress fracture development.

The Thoroughbred racehorse provides an opportunity to investigate subchondral bone stress-
reactions. Specifically, the proximal sesamoid bones (PSBs) of the distal forelimb were used for this
research. As discussed in Section 1.5, PSB fractures are the most common cause of death for racehorses
worldwide. Besides providing supporting evidence that PSB fractures are related to exercise — and thus
emphasizing that training programs could be modified to prevent PSB fractures and subsequent death —

this research is generally applicable to stress fractures in other species.

Three specific Aims were provided in Section 1.6. A summary of the research presented in this

dissertation, in response to the three Aims, follows.

7.1 Summary: Aim1

As outlined in Section 1.6, the first specific Aim of this research was:

To compare microstructural and macrostructural features of PSBs from Thoroughbred racehorses
with and without unilateral biaxial PSB fractures to identify bone abnormalities that precede

fracture.
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This Aim was addressed in Chapters 2 and 3. In these chapters, fractured PSBs from racehorses that
experienced a PSB fracture were compared to the intact PSB in the opposite (contralateral) forelimb and
to intact PSBs from Control horses. In Chapter 2, two sample sets of racehorse PSBs were examined. In
the first set, morphological differences observable with the naked eye (Sections 2.4.1) were characterized.
In the second set, morphological differences observable via microcomputed tomography (uUCT; Sections
2.4.2) were characterized. In Chapter 3, the same set of PSBs examined for morphological differences
observable with the naked eye were examined for differences via uCT and microscopy. We observed 1) a
focal bone lesion in Case PSBs that was not present in Controls and 2) higher density tissue in the center
of Case PSBs compared to Controls. The lesion was consistently found in the subchondral tissue (directly
below the articular surface) near the midbody on the abaxial aspect of the Case medial PSBs. Upon gross
examination, this lesion appeared as a focal discoloration. Further examination revealed that, this region
of focal discoloration also had a low bone volume fraction (low density), a low tissue mineral density, and
high levels of microdamage compared to surrounding tissue (i.e., was a bone lesion). A focal lesion with
the described characteristics is consistent with a bone’s biological damage-repair response occurring
beneath a joint surface (see Section 1.3.1). Further, since both forelimbs experience similar loads at
racing-speeds, the bilateral presence of the lesion indicates exercise programs are related to its
development; this idea is explored in Aim 2. The consistent location of the lesion indicates bone anatomy
may lead to its development at that site; this concept is explored in Aim 3. The bone immediately
surrounding the lesion and in another region of the subchondral tissue had high density and less
microdamage and was similar in Case and Controls. Additionally, we found that tissue in the center of the
PSB was denser in Case PSBs, compared to controls. More loading in Case bones could cause the higher
internal density (see Section 1.3.2), which also implies that specific exercise programs are associated with
Case PSB. Overall, these findings indicate that at the osteopenic lesion site, repair of microdamage by

remodeling was not successful (e.g., lower bone mass, increased damage, lower mineralization) but that
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in regions away from the lesion remodeling successfully controlled damage (e.g., higher bone mass, less
microdamage, lower mineralization). These findings support the hypothesis that PSB fractures are stress

fractures

This work is novel in that it systematically characterized changes associated with PSB fracture within
the subchondral tissue of racehorse PSBs. Anecdotally, many of the differences observed with the naked
eye (like a focal bruise) had been observed at necropsy. This work is (to our knowledge) the first time
microdamage was characterized within the subchondral tissue of the PSBs. A previous study looked for
microdamage within the central trabecular tissue— but only observed a very low damage density in the
center of the PSB.! This observation is consistent with our findings; stained microdamage was not found
in the internal trabecular region histology samples. Additionally, previous work characterized changes on
the palmar aspect of the PSBs and reported a lesion may develop at this location; the palmar lesion was
rarely seen in our samples.2 However, in the report showing palmar lesions (which was conducted in our

laboratory) the subchondral surface was not examined.

The current work is clinically relevant because it indicates specific regions within the PSB that should
be examined to determine if a horse is at an immediate fracture risk. Current clinical tools cannot
determine bone volume fraction, tissue mineral density, and microdamage density at the resolution
required to detect relevant, focal, differences in these variables. Simply, the distal forelimb of a horse will
not fit in common pCT machines (designed for small research samples) and both radiographs and only
emerging clinical veterinary (standing) computed tomography (CT) technology with enhanced resolution

may detect the lesion.

One method that can be used to detect the biological activity in these lesions is positron emission
tomography (PET). PET visualizes radiotracer uptake; while many different radiotracers can be used,

increased uptake of F-NaF is a marker of bone formation.? Recent advancements have allowed clinicians
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to use PET to identify focal update in a subchondral location that appears to be the same as the lesion
described in this Aim.*> In the future, if a horse with a recent PET scan showing this focal uptake dies,
the PSBs could be examined with uCT to determine if the PET-identified region is the same as the focal

subchondral lesion identified in this Aim.

7.3 Summary Aim 2

As outlined in Section 1.6, the second specific Aim of this research was:
To determine if the structural measures identified in Aim 1 are linked to horse exercise and to
determine if a compartment model of bone tissue turnover cycle can be used to explain and predict

the observed changes.

This Aim was addressed in Chapters 3 & 4. We observed that exercise intensity was negatively related
to bone volume fraction (BVF) and positively related to microcrack areal density in within the subchondral
lesion; however, in the undamaged, central trabecular site, the relationships were opposite in direction
(Chapter 3). Using the compartment model, these contradictory relationships are explained if model rate
constants depend on exercise intensity in a location-specific manner (Chapter 3 & 4). We hypothesize that
these relationships are due to differing strain distributions in the subchondral and internal tissues.
Regardless of location where tissue mineral density (TMD) was measured, TMD decreased with event

frequency in both Case and Control PSBs, suggesting bone turnover increased with exercise.

The compartment model for bone’s tissue turnover cycle introduced for this Aim is novel. We were
able to show, in Chapter 4, that the compartment model could be solved at steady-state using observed
densitometric and histomorphologic data. Additionally, the relationships found in this Aim between
observable bone tissue properties and horse exercise add to the body of evidence indicating that PSB

fractures in racehorses are stress-fractures associated with the formation of a subchondral lesion.
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7.2 Summary Aim 3

As outlined in Section 1.6, the third specific Aim of this research was:

To determine the motion of the proximal sesamoid bones at racing-speed load conditions and if
their motions may contribute to the formation of the abnormalities observed in Aim 1.

This Aim was addressed in Chapters 5 & 6. In both studies, equine cadaveric forelimbs were axially
loaded to simulate standing and peak mid-stance walk, trot, and gallop load conditions (1.8-10.5 kN). The
first study (Chapter 5) used radiographic images to determine the sagittal-plane position of the PSBs and
linear variable differential transformers to determine if the PSBs separated during axial limb loading. The
second study (Chapter 6), use kinematic markers to track three-dimensional motion of the
metacarpophalangeal (fetlock) joint bones. Section 1.5.1 contains a review of fetlock anatomy. In brief,
the PSBs articulate only with the third metacarpal bone (MC3) and not the proximal phalanx (P1). The
MC3 has a continuous articular surface that changes its curvature at the transverse ridge (TR); the PSBs
are congruent with the surface proximal to the TR and the P1 is congruent with the surface distal to the
TR. This work is novel because is specifically describes the PSBs motion during axial loading. In existing
literature, the kinematics reported for the fetlock joint only describe the articulation of the MC3 relative

to P1 (see Section 1.5.2).

Our first finding was that the distal edge of the PSBs moved distal to the TR of the MC3 at a gallop-
equivalent load (10.5 kN) but not at lower load conditions (Chapter 5). This observation indicates that the
distal end of the PSBs moved beyond the congruent articular surface at racing-speed loads; this motion
likely leads to an articular incongruity. Two previous studies have looked at fetlock joint congruity and if
the distal edge of the PSB moves beyond the TR during axial loading; one study was consistent with our
results® and one was not.” However, it is unclear if racing-speed loads were simulated in the study with

contradicting results.” Our second finding was that the PSBs experience movement outside of the sagittal

216



plane during axial loading. The linear variable differential transformers indicated that palmar surfaces of
the PSBs rotated away from each other during fetlock joint extension and the amount of rotation
increased with load. The full kinematic analysis (Chapter 6), showed that the medial and lateral PSBs had
different non-sagittal plane motions. Specifically, the medial PSB rotated externally and the lateral PSB
apex abducted during limb loading. Motion outside of the sagittal plane was unexpected, as fetlock

anatomy confines MC3-P1 motion primarily to the sagittal plane (see Section 1.5.2).

These findings are likely related to the formation of the abaxial subchondral lesion found in medial
PSBs (see Aim 1). First, movement of the PSBs beyond its congruent articular surface on the MC3 imply
that an articular incongruity (a mismatch between the opposing joint surfaces) could occur near the distal
aspect of the PSB. Second, external rotation of the medial PSB may increase the contact stress on the
abaxial aspect of the medial PSBs. The (potential) incongruity was only observed at gallop loads and
medial PSB external rotation was maximal at gallop loads. These observations suggest PSB motion at the
gallop might cause an increased tissue strain on the abaxial aspect of the PSB — at the location where the
lesion develops — compared to the tissue strain at lower gaits. We attempted to inject dye into the joint
capsule to determine if the articular incongruity occurs at the gallop-equivalent load (as an additional step
in Chapter 5); however, we abandoned this procedure because we were unable to consistently get dye
into (and flushed from) the joint capsule at maximal fetlock extension. In the future, pressure film could
be placed inside the joint capsule to determine joint contact (and pressure changes) at the varying load

levels.

7.4 Study Strengths & Limitations

It is important to keep in mind the sample size, fracture characteristics, and population of racehorses

the examined PSBs were drawn from when interpreting the results of Aims 1 & 2. The choice of which
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bones to examine were made so that a sample set could be examined in detail. However, the sample

selection also imposes some limitations for interpretation of results.

Case horses experienced unilateral biaxial fracture where the medial and lateral PSB fractures were
transverse, oblique, or comminuted (see Section 1.5.3); biaxial PSB fractures involving axial longitudinal
fracture of the lateral PSB and uniaxial (single) PSB fractures were not included. These two fracture
configurations were excluded because they occur much less frequently than the examined biaxial PSB
fracture configurations.®® Therefore, we do not know if the observed lesion is related to these other PSB
fracture configurations. Based on the results of Aim 3, we can hypothesize that the other fracture
configurations are caused by fatigue processes occurring in different locations within the PSBs or within
the third metacarpal bone (see Section 4.5). Second, the subchondral lesion was described in only medial
PSBs and lateral PSBs were not examined. Therefore, we do not know if the lateral PSB would contain a
similarly abaxial, subchondral lesion. However, because we observed less external rotation of the lateral
PSB compared to the medial PSB (see Chapter 6), we predict that an abaxial lesion would not be observed
in lateral PSBs. Third, only a small sample set (30 PSBs from 20 horses) of California Thoroughbred
racehorses were used to describe lesion characteristics. Horses in other racing populations, which may
have different training programs, racetrack surfaces, medication rules, veterinary inspection regulations,
etc., may or may not develop these lesions. However, PSB fracture is the leading cause of death of
racehorses worldwide; and the biaxial configuration we examined is (when fracture configurations
specifics are reported) also the most common worldwide. Additionally, we did report that the lesion was
observed in a second, independent set of California racehorses (36 PSBs from 18 horses; see Section
2.3.2); this indicates that the lesion is broadly found in the Californian population. Since the publication
of Chapter 2, this lesion has been observed clinically in other Thoroughbred populations using magnetic
resonance imaging (see Figure 5.5) and in Australian racehorses using microcomputed tomography.®
Therefore, we can reasonably expect that it is present in the general racehorse population — and not
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exclusive to California. Anecdotally, PSB fractures are rare in the general performance horse population
(e.g., in jumping horses, reining horses, etc.).!! The observation that this lesion develops consistently in
multiple racing populations supports the idea that high-intensity (frequent) gallop-speed work, rather
than lower-speed activity, is linked to its development. However, it is possible that Thoroughbred

racehorse conformation (specific anatomy), genetics, or other factors are involved in its formation.

One advantage to our sample selection, especially relevant to Aim 2, is that all examined PSBs were
from horses that died due to musculoskeletal injuries sustained during race-training. Often, in bone Case-
Control studies, a non-exercising control group is used to determine exercise-related differences from an
exercising case group. However, we wanted to know which aspects of race-training were related to PSB
fractures (and, as stress fractures, would be causal to these fractures) rather than if any exercise increased
fracture risk. The use of Case and Controls that were both in race-training adds, perhaps, more confidence
in our findings that greater exercise in the 6-8 months prior to death and training after an extended
absence (layup) have a greater effect on lesion formation than other exercise parameters (for example,
total distance accumulated over the horse’s life). Further, the use of Controls that fractured a different
bone (not the PSB) is important as stress fractures occur in other racehorse bones besides the PSBs. These
other stress fractures tend to occur in a different (typically younger) subset of racehorses that are in
training. So, the observations made from the sample set used in this work highlight which aspects of a

training program lead specifically to PSB stress fractures, rather than to stress fractures in other bones.

The primary limitations of Aim 3 are that it was performed on a convenience sample of a small number
of limbs (less than 10 per study) and it was performed in vitro. Not all limbs were sourced from racehorses
and the age range (2-21 years) was larger than is typical in racehorses; however, horse breed and age did
not statistically affect results. If this work is repeated in the future, it may be advantageous to either

increase the sample size (to ensure breed or age-related changes could be detected) or to only source
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limbs from racehorses. As discussed in Chapters 5 & 6, the observed motion of the MC3 relative to the
P1 matched previous in vivo work. Therefore, we expect that our in vitro studies also replicate in vivo PSB
motion. However, an in vivo study could account for the effect of muscle activation on PSB motion, hoof
surface interactions, and other factors. Additionally, the kinematic markers were only approximately
aligned with bone axes; consequently, cross-talk could have occurred. However, data from the 1-
dimensional linear variable differential transformers did show that non-sagittal plane movement of the

PSBs occurred. Therefore, we have confidence in the results reported in Chapter 6.

7.5 Future Opportunities

7.5.1 InVivo Assessment of Morphological Changes within the PSBs

One of the most obvious opportunities to expand upon this work is to collect morphometric changes
in racehorse PSBs in vivo. This would permit observations to be made at multiple time points, instead of
at time of death. The observations made in Aim 1 required destruction of the PSBs in ways inconsistent
with life; so, we could only report differences (not changes) between Case and Control PSBs and among
regressions for morphometric measures from multiple regions taken at time of death and exercise.
However, the observations made in Aim 1 could guide an in vivo study. These observations show that the
abaxial region of medial PSBs should be closely examined for a lesion and that densification of the central
trabecular tissue may be an indicator that a horse has a lesion or is at risk of developing a lesion. The
observed morphometric differences (Aim 1) and exercise regressions (Aim 2) reported in this dissertation
support the hypothesis that PSB fractures are stress fractures, when they are interpreted through our
current understanding of bone’s biological response to damage and load (Section 1.3). However, tracking
how PSB morphology changes with concurrent knowledge of the training program in vivo would allow for
1) better estimation of the rate constants derived in Aim 2, 2) a more direct indication of which exercise

variables drive the changes in PSB morphology, and 3) confirmation that the processes are causal and not
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just correlated. Our work indicates that recent exercise frequency (e.g., workouts/month) and changes in
exercise frequency (e.g., days after a return from layup) are good candidates for what aspects of the race-

training programs drive lesion formation.

In vivo study could incorporate the effect of medication on fracture development. We do not know
the medication history of the horses studied in this dissertation. However, bone pain may be an early
indicator of lesions formation and it would be interesting to correlate NSAID and/or corticosteroid use
with morphology changes in vivo. Previous survey-work is mixed as to whether these medications are
associated with catastrophic injury in racehorses.’? Additionally, bisphosphonates are often given to
racehorses (despite regulations prohibiting their use) and they are suspected of increasing stress fracture
risk.r> Among other effects, bisphosphonates limit bone resorption and alter the normal tissue turnover
cycle. Previous work indicates risedronate (a bisphosphonate) does not alter clinically diagnosed stress
fractures in military recruits when given for 12 weeks;'* however, bisphosphonates can be found in the
body years after their administration.'®>*> Additionally, when high doses of bisphosphonates were given
to beagle dogs for 1 year, multiple skeletal sites in treated dogs had more microdamage and reduced
fracture toughness compared to controls.’® Studying the effect of bisphosphonates on a naturally

occurring stress fracture in racehorses may be a model for their effect in humans.

An in vivo study would probably need to be performed by a combination of PET scanning and clinical
CT. Currently, veterinary clinical CT does not have the resolution required to detect morphologic changes
occurring early in lesion development. Lesions also cannot be observed with standard radiographs due to
the overlying bone in the fetlock joint. As previously discussed, recent advancements, have allowed
clinicians to use PET to identify focal radiotracer update in a subchondral location that coincides with the
osteopenic lesion described in Aim 1.* Therefore, an in vivo study performed by PET scanning cannot

detect changes in bone volume fraction or tissue mineral density. However, because the lesion was
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associated with an increased density of central trabecular bone (in a comparatively large, 5mm wide,
region), CT machines could be used to track bone volume fraction changes in this larger region as opposed
to at the lesion site. The first step in such a study would be to determine if internal density changes were
associated with radiotracer uptake at the lesion site. This relationship is likely: 1) the lesion was associated
with increased internal trabecular bone density at death and 2) the region of high radiotracer uptake
identified by PET is in the same location as what we have observed. However, we would need to confirm
that the region identified by PET has the same microstructural properties as the lesion observed in Aim 1.
Depending on the radiotracer, increased uptake visible with PET can be hypothesized to occur before
morphologic changes can be detected by clinical CT. If this is the case, PET scanning could be used as an
early screening mechanism to recommend which horses should be temporarily removed from high-
intensity work until the lesion is able to heal. Further, an in vivo study could correlate PET or clinical CT
results with exercise history; this would allow for more accurate determination of the rate constants
(developed for Aim 2). Additionally, if enough horses were screened to determine appropriate clinical
time-points, an in vivo study could recommend how and when to screen horses via PET or clinical CT
before being allowed to compete to mitigate fracture risk. My work indicates clinical time-points of

interest are likely 1-8 months after an increase in exercise intensity.

7.5.2  PSB Motion Studies

Two opportunities for future study of PSB motion are readily apparent. First, PSB motion should be
tracked in live horses (in vivo) rather than during a mechanical test. An in vivo study could confirm that
the in vitro PSB motion results do mimic the in vivo motion. As discussed in Chapters 5 & 6, in vitro tests
performed with the methods used are known to replicate in vivo motion of the third metacarpal bone
relative to the proximal phalanx, so we expect the in vitro tests also replicate in vivo PSB motion. Second,
it would be good to determine how PSB motion is affected by manageable external factors, such as

shoeing, uneven footing, surface type (stiffness), and protective legwear. This type of study could be
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performed in vivo or in vitro. As discussed at length in Sections 1.5.2, many of these manageable external
factors affect both sagittal plane and non-sagittal plane motion of the third metacarpal bone relative to
the proximal phalanx, so we to expect PSB motion would also be affected. Also, as discussed in Section
4.5, non-sagittal plane motion is likely consistent with both the PSB fractures described in this dissertation
and to other commonly observed distal limb stress fractures. Clearly, exercise (another management
decision) also affects fracture risk. So, it would be good to know how other management choices (like
running on a banked track, which is very common in the US) affect risk. This would allow for a holistic
approach for fracture prevention in racehorses that incorporates exercise programming and other

manageable factors.

If an in vivo study were to be performed, x-ray reconstruction of moving morphology (XROMM) with
markers embedded within the fetlock bones should be considered as a potential methodology. Kinematic
markers, like those used in Chapter 6, are impractical for measuring PSB motion in live horses. Kinematic
markers can be attached to the bones (bone-fixed; see Section 4.3) or attached to the skin. Both marker
types would be difficult to maintain during high-speed gallop as the fetlock can impact the ground and
bone-fixed markers would likely increase PSB fracture risk. XROMM uses biplanar videoradiography to
capture bone motion and track embedded markers.?” A recent study has shown that XROMM can be used
to track fetlock motion at the walk, trot, and landing a jump; 8 therefore, it would likely also work at the
gallop on a treadmill. XROMM would also reduce kinematic crosstalk error that can occur if kinematic

markers are not well aligned with anatomic axes.®

7.5.3 Finite Element Modeling

The next step for the compartment model introduced in Chapters 3 & 5 is to use the model within
a finite element simulation. Because we have the experimental data from racehorse PSBs, we plan to build

a finite element model for volume fraction changes as a function of exercise for racehorse PSBs. However,
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the modeling approach will be valid for other species. The results of Chapters 3 & 4 indicate that several
rates (ki, kz, and ki) should be driven by exercise. Using the compartment model to predict the
development of the subchondral lesion in racehorse PSBs will allow us to perform a sensitivity analysis on
the specific aspects of the training program — for example, how many furlongs per month, or an activity
threshold —that would predict lesion development. We predict that training programs that increase lesion
development in the model would increase the fracture risk in actual racehorses. Figure 7.1 shows a
diagram outlining how the compartment model could be incorporated within a larger finite element
scheme. Our laboratory has a validated racehorse forelimb model that can estimate load magnitudes
caused by galloping upon various race-track surfaces.?’ The 2D finite element mesh (shown in Figure 7.1)
has been constructed based on sagittal plane uCT scans. If necessary, steady-state model rate constant
estimations could be improved via an in vivo PET/clinical CT study (as previously discussed) or by counting

osteoid volume on appropriately stained histologic slides.
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A simple “proof-of-concept” finite element model indicates that the compartment model can be
linked within a finite element scheme. This simple model uses two linear elements in series; to
represent subchondral and deep tissue. The subchondral element (first in series) is loaded, and the
second element (deep tissue) has its motion constrained. In this model, damage formation rate (ka) is
linearly proportional to applied strain and the other rate constants are kept constant. Despite its
simplicity, this “proof-of-concept” model is encouraging that out approach will allow us to predict

changes in volume fractions with the compartment model (Figure 7.2).

Figure 7.2: Two-element finite element model. A) A
A Element 1 Element 2 compressive load is applied to Element 1, which
represents subchondral bone tissue. Element 2
represents the deeper subchondral tissue. The two
elements have different areas and Young’s modulus.
B In each element, the Young’s modulus is set to

/\ change with bone volume fraction, following a
/,' \

|

¢

z

power law (E = C*BVFAwhere C and A are constants).
B) Predicted bone volume fraction (BVF) for two
hypothetical load cases within Element 1 of the
simple, two-element, model shown in A. In red, the
load is applied more often, and the solution diverges
from the black case, which is loaded less frequently.

Min

Applied Load

Bone Volume
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7.6 Summary

Thoroughbred racehorse proximal sesamoid bones (PSBs) were used to investigate the association
between subchondral stress-reactions and exercise. We documented a low bone density, low tissue
mineral density, high microdamage density subchondral bone lesion that we hypothesize precedes a
biaxial transverse (or oblique) PSB stress-fracture. The lesion’s densitometric and morphometric
measures were significantly related to high-intensity exercise, especially 1-8 months prior to death.
Additionally, we determined that the medial and lateral PSB motion during fetlock extension may be
related to the consistent, abaxial location of the lesion. Finally, a compartment model of bone’s turnover

cycle was introduced, and we derived steady-state values for model rate constants based on
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densitometric and morphologic measures of the racehorse PSBs. Besides providing supporting evidence

that the subchondral stress reaction and PSB stress fractures are related to exercise — and thus

emphasizing that training programs could be modified to prevent PSB fractures and subsequent death —

this research is generally applicable to stress fractures in other species.
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Appendix: Description of Exercise Trends in a Subset of California Racehorses

with and without Proximal Sesamoid Bone Fracture

Overall, the laboratory had access to PSBs from 96 Thoroughbred Racehorses who were
euthanized while racing or training in California. From this set of 96 horses, 30 PSBs were selected from
20 horses (10 Case, 10 Control) for morphometric analysis (Chapters 2-4). The selection of this subset of
horses is described in Section 2.3.1. This appendix describes the exercise history of the larger group of 96
horses. All PSB specimens were collected via the California Horse Racing Board’s racing safety program.
Of the 96 horses, 39 (40%) were Affected (died from PSB fracture; referred to as Case in a majority of this
dissertation) and 57 (60%) were Controls. 65% of the horse were male (intact and castrated) and 35%

were female. There was no relationship between gender (stallion, gelding, mare) and Group (p = 0.58).

The age range for affected animals is 2-14 years and for control animals is 2-8 years; there was a
statistically significant difference in age between groups (Wilcoxon p-value=0.025). A full description of
age range can be seen Table SA 8.1. The average day of birth for both groups was in March, indicating
there is no cohort difference in birthdate that could affect when in the season a horse starts training. Even
though younger horses are at a lower risk for catastrophic injuries than older (4+y.0.) animals, we included
the young horses to get a representative sample of all animals that are actively racing.

Table SA 8.1: Description of available ages and genders

Affected Control
Mean Age + Std (Years) 4.21+2.10 3.42+1.29
Median Age (Years) 4 3
Age Range (Years) (2, 14) (2,8)
Percentage Male 66.6% 61.4%
Percentage Female 33.3% 38.6%

The affected group (n=39) consisted of animals with unilateral biaxial proximal sesamoid bone

(PSB) fracture; a majority (70%) of affected horses fractured PSBs in the left forelimb. The PSB fracture
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types included comminuted mid-body PSB fracture, simple mid-body fracture, and oblique mid-body

fracture.

Within the Control group (n=57), horses were euthanized due to non-PSB fractures, disease, soft
tissue injury, or “other” causes. The non-PSB fracture group consists of fractures to the carpus (n=8), third
metacarpal bone (n=7), first phalanx (n=8), pastern (n=1), pelvis (n=5), humerus (n=5), radius (n=1),
scapula (n=2), and tibia (n=1). The disease group consists of entercolitis (n=1) and pneumonia (n=4); soft
tissue injuries consist of superficial distal flexor tendon rupture (n=3) and suspensory ligament rupture
(n=1). The “other” group consists of collapse (n=2), surgery complications (n=1), laminitis (n=3), hoof
avulsion (n=1), traumatic neck fracture (n=1), and traumatic skull fracture (n=2). The cause of death for
both groups is summarized in Table SA-8.2

Table SA-8.2: Cause of Death for Affected and Control Horses

Group Cause of Death Number Horses % of Group
Comminuted Mid-body
- g PSB Fracture 21 >4
Affected Grou
(n = 39) P Simple Mid-body 3 21
PSB Fracture
Oblique Mid-body
PSB Fracture 10 26
Non-PSB Fracture 38 68
Control Horses Disease 5
(n=57) Soft Tissue 4
Other 10 16

8.1 Description of Exercise History Information

Exercise history for each animal was accessed via the encompass database; these records contain
information for official timed workouts and races. Seven base variables were given for each exercise

activity (Table SA-8.3). Exercise history data only includes official high-speed timed races and work-outs.
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Table SA-8.3: Base Variables from Exercise History

Base Variable Definition Variable Options/Format
Date Date of Event mm/dd/yyyy
Event Type Type of official timed exercise activity | Race, Work-out
Distance Distance galloped for the exercise # Furlongs, # Miles
activity
Surface Type Type of track the exercise activity Dirt, Turf, Synthetic

occurred on
Track Condition Qualitative description of track during | Hard, Firm/Fast, Good to Firm, Good,

exercise activity based on water Good to Yielding, Yielding, Wet Fast,
content. Slow, Yielding to Soft, Soft, Soft to
Heavy, Heavy, Muddy, Sloppy
Date of Birth Day animal was born mm/dd/yyyy
Date of Death Day animal died or was euthanized mm/dd/yyyy

A custom MATLAB program was written to derive 350 variables from the 7 base variables to
describe key events in an animal’s racing career. These variables are classified as “count-” and “rate-” type

n u nou

variables that can be further broken down in to “distance”, “event”, “surface-type,” or “surface-condition”
descriptions. The exercise history variables are designed to highlight key times in an animal’s career. A list

of all variable definition used in this dissertation are provided in Section 3.7. The work presented in

Chapters 2-4 did not use the exercise classified on different surface types or conditions.

8.2 Principal Component Analysis

A principal component analysis (PCA) was performed to reduce the number of variables to use as
possible predictors to classify horses as Control or Affected. The PCA was performed using Proc PrinComp
in SAS 9.4. Variables were chosen to be included in a component if the magnitude of their loading score
was greater than 0.08. Principal components that contributed less than 5% of total variance were not
looked at for further analysis. PCA are sensitive to outliers and cannot use a variable if it has any missing
values. Fifteen variables were removed from the analysis due to multiple missing values; a majority of
these were surface conditions that did not appear in many exercise histories. Six horses were removed

from the analysis due to outliers: 5 were Controls, 1 was Affected. Each animal was given a component
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score based on the values of each variables and its associated loading for each principal component. These

were used to plot the projections of the dataset along the PC-axes.

Five principal components accounted for 64.8%
of the variance in the data with no individual component
contributing less than 5% of total variance; this is
illustrated in the scree plot in Figure 8.1. These

components are composed of 244 of the 350 exercise

Proportion of Variance (%)

history variables (106 variables were removed). The e — G o
—¥— Cumulative | ‘ ;
variables consisted of both rate- and count-type 1 2 3 4 5
Principal Component Number
variables; distance, event, and surface type were all Figure 8.1: Scree Plot showing proportion of
variance explained by each principal
included. However, no surface condition variables were component and cumulative variance.

included in any of the PCs.

Principal Component 1 (PC1) contained primarily rate-variables describing the number of
furlongs, events, and races accumulated 6 months to 1 year before death & after start on all surface types
or on turf only. It also included furlongs per event, races per month active, and races per month for full
career. Finally, the cumulative number of races, events, & furlongs 6 months and 1 year before death.

Horses with higher values for these rates have a higher PC1 component score.

Principal Component 2 (PC2) included the same rate variables for works, furlongs, and events
accumulated 6 months to 1 year before death & after starting training on dirt or synthetic surfaces. It also
included count variables for number of works & events on synthetic surfaces. This component separated
animals based on dirt and synthetic surface works in 6 months-1 year before death and after start. Horses
with high rates on dirt have a low (more negative) PC2 component score, whereas, horses with high rates

on synthetic have a high PC2 component score.
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Principal Component 3 (PC3) included rate variables for cumulative works, events, races, and
furlongs 2 months to 1 year before death and after starting training on turf surfaces or on synthetic. It
also included count variables for number of works, events, and races on turf. Animals with high rates on
turf surfaces have more negative PC3 scores, whereas, animals with high rates on synthetic have more

positive PC3 scores.

Principal Component 4 (PC4) contained primarily count variables describing an animals age (in
days or years), number of career days, number of active days, number of layups, average number of days
between works, total days in layup, percentage of career in layup, and number of furlongs raced. It also
contained rate-variables describing 1 -8 months before death or after starting training on any surface or
on dirt. Older animals, those with more layups, and more time between works have a more negative
(lower) PC4 score. Younger animals and those with more works or events 1-8months after starting training

or before death have a more positive (higher) PC4 score.

Principal Component 5 (PC5) contains rate-variables describing cumulative number of events,
races, works, and furlongs 2months — lyear before death or after start on any surface, on dirt, or on
synthetic. It separates animals based on the rates before death and after start. Animals with high rates
after start will have a more negative PC5 score, and animals with a high rate before death will have a more

positive PC5 score.

Figure 8.2 shows the component scores of PC1, PC2, and PC3 for all horses. Ideally, Affected and
Control horses would have been distinctly separated when the components were plotted against each
other, but, as shown in Figure 2, the PCA did not separate the groups. A majority of the Controls have
PC1 < 0, indicating fewer cumulative events/furlongs after starting training and before death. A majority
of Affected animals have PC1 > 0. The Affected group tended to have either more positive or more

negative PC2 scores, indicating high rates on dirt or high rates on synthetic. The Control animals PC2 scores
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were less extreme, indicating they either have lower cumulative rates on dirt & synthetic or the rates on
dirt and synthetic are balanced. The plot of PC2 vs PC3 indicates that there are few severely negative PC3
scores, indicating that there were low cumulative rates on turf for all animals. This match with findings
that indicate few animals in this study worked on turf. The cluster of affected with high PC2 & PC3

component scores (PC2, PC3 > 5) have high cumulative history on synthetic surfaces.
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Figure 8.2: Left -Plots of PC1 vs PC2, Right — PC2 vs PC3. One outlier is not shown (affected animal, PC1 &
PC2 > 20)

8.3 Classification & Regression Tree (CART) Analysis for Distinguishing Between

Groups

Classification and Regression Tree (CART) analysis were performed with Group (Affected, Control)
as the response variable and the exercise history variables as explanatory variables. The trees were
developed using R’s statistical package “partykit” with the “ctree” function. Specifically, this R-package
constructs conditional inference trees, a non-parametric class of regression tree, with a significance test
(p=0.05) to select predictor variables. CART analyses were performed for three reasons: 1) to determine

which variables result in best classification of group category, 2) this type of analysis is robust to outliers,
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unlike PCA or logistic regressions, and 3) it can handle missing data, and several horses did not have values

for all variables.

Ten different CART analyses were performed. They analyses differ based on the potential
explanatory variables that were used to predict Group membership and by the horses in the Control group
(Table SA 8.4 & SA 8.5). The variable set that gave the highest accuracy was then performed to see if a
CART could distinguish between Affected, Fracture-Controls, and Non-Fracture Controls when all horses
were included (Group 1). These analyses were performed to determine 1) what variables best separate
the Affected (PSB-fractured) and Control (no-PSB fracture) Groups, 2) if track surface information was
needed to distinguish between Groups (Variable Input Sets A & B vs C), and 3) if the Control group used

affected how Groups were classified (Groups 1-3).

Table 8.4: Variable Sets A, B, & C for CART Analysis.

Set A Set B Set C
Possible Explanatory All Variables Only variables in Variables without
Variables given to CART (x=350) first 5 PCA surface type or
algorithm components condition
(x = number of variables information
in Set) (x = 244) (x=149)

Table 8.5: Groups for CART Analysis. Note that Groups differ based on what horses were included in the Control

set.
Group 1: All Animals Group 2: Fracture Group 3: Non-Fracture
Control Controls
Control Group All Controls Fracture (non-PSB) only No-Fracture in Controls
(n=57) Control (n=19)
(n=38)
Affected Group All Affected All Affected All Affected
(n=39) (n=39) (n=39)

The accuracy rates for each CART analysis is given in Table SA 8.6. Accuracy was defined as the
percentage of true positives and true negatives (i.e., the percent of correctly classified animals). The
misclassification percentage for each analysis is 100% - Accuracy. For variable Groups 2 & 3, classification
accuracy did not depend on the variable Set used. For Group 1, the highest accuracy was achieved when

all variables (Set A) was used. Overall, Group 2 had the lowest prediction accuracy — this could be because
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the CART was trying to distinguish fracture types which could share an exercise causality. Groups 1 & 3
included non-fracture controls (i.e. soft tissue injury) which may have a different causal relationship to
exercise history. Surface type did not seem to significantly increase accuracy — this could be because most

animals in this study ran primarily on dirt and synthetic surfaces.

Table SA 8.6: CART Results for all Groups and All Variable Combinations.

Possible Explanatory Group | Group | Group
Variables 1 2 3
Set A- All Variables 80% 73% 79%
Set B - PCA Variables 79% 73% 79%
Set C— No Surface 73% 73% 79%

The 3 analyses run over Group 1 (all affected horses, all controls) with highest accuracy used all
variables (Set A) as inputs — for 80% accuracy (20% misclassification). This model used 5 rate-variables to
classify animals: cumulative number of events 6 months before death, cumulative number of races 10
months after starting training, cumulative number of works 2 months before death on synthetic,
cumulative number of events 1 month before death on turf, and cumulative number of races 1 year after
start on synthetic surfaces. The classification pathway used can be seen in Figure 8.3. The CART run with
Group 1 & Set B, yielded a comparable accuracy to the one run over Group 1 & Set A. The only difference
is that it did not use “events 1 month before death on turf” as a predictor — since this variable did not
appear in the PCA. Few animals had events on turf, so using this events 1 month before death on turf as
a predictor does not appear to greatly affect the results. If surface type information is removed (Group
1, Set C), the accuracy of the prediction drops by 8%; indicating that surface type information does adds

some value to predicting injury. The CART analysis run over all animals with no surface type information
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had 72% accuracy (Group 1, Set C) and used cumulative number of events 6 months before death and

cumulative number of races 10 months after start to separate animals.
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Figure 8.3: Top — CART for Group 1, Set A. Bar graphs show true identity of animals in
terminal node (Dark Grey = True Control, Light Grey = True Affected). The green dashed
box indicates Predicted Control animals, red circle border indicated Predicted Affected.
Bottom — Classification Table showing 80% accuracy.

When Group 2 was used (only non-PSB fractures in control group); the CART accuracy is the same
(at 73%) regardless of the explanatory variable set given (Sets A-C). In addition, the three classification
variables used were the same regardless of variable set (A, B, or C). This analysis can be seen in Figure 8.4.
The primary predictor for is the cumulative number of events 6 months before death. For all variable sets,
all animals with less than 10 events six months before death are predicted “Controls.” The secondary
predictors are number of races four months after start and the average interval (in days) between events;

the secondary predictors are used to help refine which animals are considered controls.
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Figure 8.4: Top- CART for Group 2, Set A-C. Bar graphs show true identity of animals in terminal
node (Dark Grey = True Control, Light Grey = True Affected). The green dashed box indicates
Predicted Control animals, red circle border indicated Predicted Affected. Bottom- Classification
Table showing 73% accuracy

When Group 3 was used (no fractures in control group); the CART classification accuracy is 79%
for all variables sets (A, B, & C). However, the variables sets used different secondary predictors. The
primary predictor for all three is the cumulative number of events 6 months before death; in each tree, it
was used for 2 successive nodes. The other predictor variables used are “Total Furlongs Worked on Dirt”
(Set 1), “Peak 3 month furlong average 6 months after starting training” (Set 2), and “Days Between
Previous Event and Death” (Set 3). The secondary predictors help to separate control from a majority of

affected animals. The CART tree for Group 3, Set A is shown in Figure 8.5.

Since Set A (all variables), gave the highest overall accuracy, this Set was used to determine
checked if a CART analysis could distinguish between Affected (PSB Fractures), Non-PSB Fracture Controls,
and the Non-Fractured Controls. The results of the analysis is given in Figure 8.6; classification accuracy
was 60.4%. Interestingly, the analysis sorted horses as Affected, Non-PSB Fracture Controls, and then Non-

Fracture Controls in a sequential order down one branch based on variables relating to the amount of

237



work. Animals with higher amounts of
work and fewer rest days between
racing-speed events were more likely
to be classified as “Affected”, followed
by “Non-PSB Fractured Controls”, and

then by a “Non-Fractured Controls.”

Overall, the CART analyses
using Group 2 (only fractured controls)
had the worst accuracy (73%) — this
may be because the exercise variables
that lead to bone fracture may be
similar at various skeletal sites. Similar
rate-type variables were chosen
regardless of the control group used
(Group 1-3). Ideally, more animals
should be included in the analysis to
gain a better understanding of how
control group formulation changed

CART analysis accuracy and variable

selection.

In general, these CART results
indicate that rate-variables, rather
than count-variables, are more

important in distinguishing group
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membership. In addition, a trend was seen that when rate variables had a higher magnitude (i.e., more
intense exercise) Cart tended to predict horses as Affected. One variable was consistently selected for
the first node (i.e., to do the initial affected or control prediction): cumulative number of events 6
months before death. If only this variable is used to predict group membership with CART, the
prediction accuracy is 73% (27% misclassification rate). This indicates that the rate of events (all races

and timed works) performed 6 months before injury is important in predicting injury.

The accuracy did not significantly drop when surface-type variables were excluded from possible
predictors. However, a majority of horses ran on dirt and synthetic surfaces. If a wider range of exercise
surface types had been examined, it is possible that the surface type variables would be more important
since it has been shown that surface type is a risk factor for injury. Additionally, no surface condition

variables were included in the CART analysis results.

8.4 Descriptive Statistics of Study Groups

The average, standard deviation, and other descriptive statistics are given for selected variables
in the following section. Shapiro-Wilks Test for normality was run on all variables; for W-score > 0.90 the
variable was considered normally distributed. Normally distributed variables were then tested for
equality of variance and run through a Pooled T-Test or Satterwaith T-test to check for significance
between groups. Non-normally distributed variables had group distributions compared using the
Wilcoxon T-Test. Variables with a 2-sided T-test p-value less than 0.05 are considered statistically

significant. These analyses were performed in SAS. The results are given in Tables SA 8.7 — SA 8.9.
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Table SA-8.7: Descriptive Statistics for Number of Events and Total Furlongs in Career based on Surface Type.

Variables with an asterisk (*) have significant difference between groups. Variable with a { are have a non-normal

distribution.
Group Mean + STD (Min, Max) Ql Median Q3 P-Value
Affected 40.77 £29.39 (3, 153) 24.0 32.0 50.0
Number of Events* ¥ 0.008
Control 29.25+29.24 (0, 150) 8.0 19.0 42.0
Affected 25.49 £ 24.99 (0, 102) 7.0 17.0 37.0
on Dirt¥ 0.083
Control 19.12 £22.85 (0, 103) 2.0 12.0 27.0
Affected 12.31+£18.17 (0,72) 0.0 5.0 17.0
on Synthetic? 0.489
Control 8.96 £ 17.56 (0, 100) 0.0 3.0 8.0
Affected 29719 (0, 56) 0.0 1.0 3.0
on Turf* ¥ 0.035
Control 1.16 £ 2.66 (0,13) 0.0 0.0 1.0
Affected | 199.37 +151.36 (20, 743) 114.5 138.5 263.5
Total Event Furlongs*' ¥ 0.006
Control 137.12 +146.19 (0, 700.5) 35.0 87.0 195.0
Affected | 120.71 £ 126.56 (0, 519.5) 32.0 76.0 178.5
on DirtV 0.070
Control 87.52+112.64 (0, 532) 8.0 53.5 114.0
Affected 58.45 + 88.66 (0, 332) 0.0 17.0 83.0
on Synthetic ¥ 0.555
Control 41.11 £ 83.68 (0, 463.5) 0.0 9.0 38.0
Affected 20.22 +53.11 (0, 324.5) 0.0 6.0 27.0
on Turf* ¥ 0.030
Control 8.5+20.59 (0, 107) 0.0 0.0 5.0
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Table SA-8.8: Descriptive Statistics for selected rate variables. Variables with an asterisk (*) have significant
difference between groups. Variable with a { are have a non-normal distribution.

First Third P-
Group Mean £ STD | (Min, Max) | Quartile | Median | Quartile | Value
Affected 4.81+0.93 (3.19, 9.33) 4.4 4.8 5.1 0.004
Furlongs Per Event* Control 4.27+0.84 (1,5.89) 3.7 4.4 4.8
Furlongs Raced per | Affected | 3.5142.23 | (0,9.22) 1.9 4.0 52| o0
Month Career* ¥ Control 2.13+2.3 (0, 9.58) 0.0 14 3.9
Cumulative Number of | affected | 15.38+5.48 (0, 23) 13.0 17.0 190 | 0.000
Events 6 Months
Before Date of Death* Control 9+5.99 (0, 22) 4.0 9.0 14.0
Affected 9.46 £ 6.93 (0, 21) 2.0 10.0 16.0 0.015
On Dirt* ¥ Control 6.09+5.73 (0, 18) 0.0 4.0 11.0
Affected 4.82+6.72 (0, 20) 0.0 0.0 10.0 0.322
On Synthetic? Control 2.56 +3.82 (0,17) 0.0 0.0 5.0
Affected 1.1+2.79 (0, 16) 0.0 0.0 1.0 0.041
On Turf* ¥ Control 0.35+1.17 (0, 6) 0.0 0.0 0.0
Cumulative Number of
Furlongs 1 Year After | Affected | 110.3762.01 | (11,245.5) | 55.0 116.0 | 142.5 | 0.004
Start* Control 74.78 £ 55.69 (0, 206) 30.0 64.5 112.0
Affected | 61.23 £53.37 (0, 180.5) 14.5 44.0 113.5 0124
On Dirt % Control 47.35 £ 50.07 (0, 206) 1.0 30.0 87.0
Affected | 40.36 +£59.97 (0, 226) 0.0 4.0 83.0 0436
On Synthetic? Control 23.5+37.26 (0, 175) 0.0 5.5 32.0
Affected 8.78 £17.59 (0, 93.5) 0.0 0.0 8.0
0.079
On Turf? Control 3.93+9.87 (0, 54) 0.0 0.0 0.0
Table SA 8.9: Univariate Odds Ratios for Selected Variables from Table SA 8.4-8.5
Standard
Univariate 95% Confidence Errorin
Variable Name 0Odds Ratio Interval f?r Odds Me?n, Al
Ratio Animals
(n=96)
Number of Events 1.01 (0.99, 1.02) 3.03
\ on Turf 1.08 (0.94, 1.23) 0.62
Total Event Furlongs 1.00 (0.99, 1.00) 15.38
‘ on Turf 1.01 (0.99, 1.02) 3.83
Furlongs Per Event 2.42 (1.23,4.72) 0.10
Furlongs Raced Per Month Career 1.30 (1.07,1.57) 0.24
Cumulative Number of Events 6 Months Before Death 1.21 (1.10, 1.312) 0.67
on Dirt 1.09 (1.01, 1.16) 0.66
on Turf 0.94 (0.93,1.73) 0.21
Cumulative Furlongs 1 year After Start 1.01 (1.00, 1.01) 6.91
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