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ABSTRACT
EFFECT OF BONE GEOMETRY ON STRESS DISTRIBUTION PARNS IN THE

EQUINE METACARPOPHALANGEAL JOINT

Catastrophic injury of the equine metacarpophaahgint is of major concern
for both the equine practitioner and the Americablig. It is one of the major reasons
for retirement and sometimes euthanasia of Thormaghracehorses. The most common
type of catastrophic injury is fracture of the pro&l sesamoid bones and lateral condyle
of the third metacarpal bone. Many times thesari@$ are so disastrous that there is no
possibility of fixing them. Even in the injuriebdt are able to be fixed, complications
arising from the fracture such as support limb atis may ultimately lead to the demise
of the horse. Therefore, prevention of these typasjuries is key. In order to decrease
the incidence of injury, it is important to understl the risk factors and pathogenesis of
disease that leads to them.

This project was established to create a finiemeint model of the equine
metacarpophalangeal joint in order to investigabssble risk factors, namely bone
geometry, and its effect on the stress distribugiatiern in the joint. The first part of the
study involvedin vitro experiments in order to provide a comprehensiviasga of
ligament, tendon, and bone strain and pressurebdison in the joint with which to
validate the finite element model. Eight forelinfbem eight different horses were tested
on an MTS machine to a load equivalent to that dfoanthe gallop. Beyond providing
data for validation, the study was the first to ¢hehor's knowledge to measure surface

contact pressure between the distal condyles ofttiivd metacarpal bone and the



proximal sesamoid bones. A pressure distributiattepn that could lead to an area of
high tension in the area of the parasagittal groeae found. This result could help
explain the high incidence of lateral condylar fumes that initiate in this location.

The second part of this study focused on the deweént and validation of a
finite element model of the metacarpophalangeaitjoiA model was created based on
computed tomography (CT) data. It included thedthmetacarpal bone, the proximal
phalanx, the proximal sesamoid bones, the susperiggament, medial and lateral
collateral ligaments, medial and lateral collatesasamoidean ligaments, medial and
lateral oblique sesamoidean ligaments, and thegktraesamoidean ligament. The mesh
resolution was varied to create three models tnaafbr convergence. The converged
model was then validated using data from the previpart of the study as well as data
from the literature. The result was a finite elemmodel containing 121,533 nodes,
112,633 hexahedral elements, and 10 non-lineangsri

The final section of this study used the converged validated finite element
model to study the effect of varying bone geomeffjaie model was morphed based on
CT data from three horses: control, lateral cord{dacture, and contralateral limb to
lateral condylar fracture. There was an area ambiétween all three groups of increased
stress in the palmar aspect of the parasagittalvgs where fractures are thought to
initiate.  Other results showed distinct differemda the stress distribution pattern
between the three groups. Further investigatitm tinese differences may help increase
the understanding of a horse’s predisposition jiaryn

In conclusion, this study has shown that jointrgetry plays a role in the stress

distribution patterns found in the equine metacphadangeal joint. The differences in



these patterns between the three groups may hegdfaiexthe increased risk of a
catastrophic injury for some horses. Further stsidire warranted to better define the

parameters leading to these changes.
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CHAPTER 1: BACKGROUND AND SIGNIFICANCE

RACEHORES, INJURY, AND PUBLIC PERCEPTION

Catastrophic failure of the equine distal limb e tmost common cause of
euthanasia in Thoroughbred racehorses [1]. It ismajor concern to both equine
practitioners and the general American public. Afte high profile catastrophic injuries
of Barbaro and Eight Belles in the 2006 Preaknesd 3008 Kentucky Derby
respectively, the American public called for reform the racing industry. A
congressional hearing entitled “Breeding, Drugsd a@Breakdowns: The State of
Thoroughbred Horseracing and the Welfare of therdinghbre@ was held on June 19,
2008. Experts and long-time affiliates of the nacindustry convened to give testimony
and their views on the steps needed to be takezfdom the sport and better provide for
the welfare of the Thoroughbred racehorse. Marthei discussed:

* The durability of the racehorse and how some petgeleeve that it has

declined over the years based on the statisti¢sstitav fewer starts per horse
and shorter careers now than in 1960;

* Musculoskeletal injury and how its incidence has@ased,;

& Committee on Energy and Commerce. “Breeding, Bragd Breakdowns: The State of Thoroughbred
Horseracing and the Welfare of the Thoroughbre@0&
http://energycommerce.house.gov/index.php?optiom=@mntent&view=article&id=1353&catid=27&Ite
mid=58. Accessed 2009 Sept 05.



» Current practices by regulatory veterinarians tterapt to ensure that
racehorses at the track are healthy and sound; and
» Ongoing research investigating methods of earlgrbais and improved
treatment modalities of bone and joint disease.
Further research in the area of catastrophic ieguis needed in order to improve
the welfare of the Thoroughbred racehorse. Thsgearch includes determining risk
factors for injury, enhanced methods for the detactof subclinical disease, and

improved treatment modalities.

Incidence of injury in racehorses

Overall fatality rate for racehorses due to ra@ndraining ranges from 0.44 to 1
per 1000 starts depending on the geographic lataind type of racing [1-4].
Musculoskeletal injuries account for the majorifyimguries and fatalities regardless of
the geographic location or the type of race: fgeple, hurdle, or national hunt flat
[2,3,6,7]. In a study on California race tracks,seuloskeletal injuries accounted for 95%
and 91% of racing and training related fatal irgarirespectively [1]. In addition at
California tracks, the proportion of fatalities diwemusculoskeletal injuries has gradually
increased from 1991-2005 [9].

Most (71-83%) of these musculoskeletal injuriesundn the forelimbs [2,6] and
involve the metacarpophalangeal joint (MCP) andhar suspensory apparatus (Figure
1.1). In a study by McKee [3], it was found thatdlimb fractures were responsible for
the majority of catastrophic injuries in the Unitéshgdom. Johnson et al. [7] found that

fractures accounted for 84-85% and ruptured ligamaecounted for 10-11% of the



musculoskeletal injuries on California racetrack#t racetracks in California, New
Mexico, Texas, and Kentucky, fractures of the pmadi sesamoid bones and third
metacarpal bone (MC IIl) were the most common treeg [1,7]. In California, injuries
to the suspensory apparatus and MC IIl were the oayamon fatal injuries [7].

Results are similar in the United Kingdom. In 20B4érkin et al. [10] found that
lateral condylar fractures of MC Ill were the mastmmon fractures overall, biaxial

proximal sesamoid bone fractures were the most acomim all weather flat races, and

proximal phalanx fractures were the most commaumrihflat races.

Figure 1.1: A) Radiograph of a complete lateral condylar tuae
(arrows) and B) photograph of biaxial proximal seea bone
fractures.

In a study done in 2006, it was found that in Thigttbred racehorses in the
United Kingdom, the incidence of fatal lateral cylad fractures was 2.4/10,000 starts
[11]. Seventy-two percent (54/75) occurred in finelimbs, 48% in the right forelimb
and 24% in the left forelimb. Forty-seven percehthese fractures affected the inside

limb, 69% included fractures of the proximal sesaimbones, and 17% included



fractures of the proximal sesamoid bones combiné&t ¥vactures of the proximal
phalanx.

The distribution of injury between right and lefirélimbs varies between studies.
Some studies report a significantly greater nundsenjuries in the left forelimb [1,4]
while others do not report any limb differences [Plarkin et al. [12] found no significant
association between direction of the race and gidke fracture. However, there was a
strong association between the most used leadrfdrelnd the direction of the race and
racehorses were 6.3 times more likely to fractbeelimb that was leading at the time of
fracture.

While the exact statistics differ between tracksl aypes of racing, one thing
remains the same between them all; musculosketgtaies, specifically of the MCP and
suspensory apparatus, account for the majorityacder ending and catastrophic injuries

in racehorses.

RISK FACTORS FOR INJURY

There have been numerous studies investigatinghpesssk factors for injury
during racing and training of racehorses. Thestofa include horse, training, and race
related factors. Some factors such as age, geadérgenetics cannot be controlled, but
others such as joint injury and overuse, musclekness, and nerve injury can be
reduced through proper training, gait modificatiom®d biomechanical alterations.
However, once a joint or supporting structure igired, adaptations due to the injury

may significantly increase the risk for subsequejiry [13-15].



Age and Gender

The effect of age varies by study. Estberg eflalfound that 4 year old horses
were at a 2 fold greater risk in comparison to 8rya@d horses. Other studies have also
found that the risk of breakdown increased with #ge of the horse [6,13,16,17].
However, another study found no difference betw2egrear old horses and horses
years old [18].

Some studies have found that geldings [19] and madehorses in general [1]
have a greater risk of injury while other studiesvén found that gender affects the
category of injury; male horses had more catastoopijuries while females had more

career ending injuries [20].

Chronic cyclic fatigue and preexisting pathology

As athletes, horses naturally suffer from repeditioveruse injuries that can be
found in humans as well. These injuries can leadhe long term consequence of
osteoarthritis in both species (Figure 1.2). Imioin, the overuse injuries and their
consequences can progress rapidly in a horse aljpior changes to be seen within a
short period of time.

Chronic cyclical loading can lead to abnormal bax@ptation which results in
sclerotic or necrotic bone as well as cartilageilfdision and erosion in the superficial
layers [5]. This fatigue damage can weaken thelsmich that it is less able to withstand
the stress associated with racing or even everlfffay In investigating racehorses with
condylar fractures of the third metacarpal/metafarsones, racehorses without a

condylar fracture, and nonracehorses, Radtke ¢2Hl.found that the presence of wear



lines, articular cartilage erosions, subchondrahebdSCB) loss, and cracking of the
condylar grooves were more severe in racehorses rtharacehorses even though the
nonracehorses were older. Parkin et al. [11] alsond indications of preexisting

pathology in the non-fractured limbs of horses thatl sustained lateral condylar
fractures of the third metacarpus/metatarsus. r8githree percent had some form of
macroscopic cartilage pathology with the most comsites being the lateral (63%) and
medial (55%) parasagittal grooves. The pathologgent included visible fissures and
cartilage erosion and discoloration. Other pathicl@hanges included cartilage erosion

along the transverse ridges, full thickness erogigposing SCB palmar/plantar to the

transverse ridges, and linear wear lines paralléhé sagittal ridge.

Figure 1.2: Examples of osteochondral damage in the equine MElBding
A) subchondral bone sclerosis (arrows) and neci@siswheads) [5]; and B)
articular cartilage wear lines and erosions typatalsteoarthritic lesions [8].

Studies looking at sites other than the distal gexd of the third
metacarpus/metatarsus also show similar resul@nénstudy, the majority (10/13) of the
racehorses with a complete humeral fracture hadsgevidence of a periosteal callus
suggesting the presence of a preexisting strestufea[22]. Preexisting subclinical to

mild suspensory apparatus injury and abnormalitythef suspensory ligament found



during prerace physical inspection were found tgbsitively associated with increased
risk of injury [13,17].

This fatigue-related damage also appears to bectefl in the density pattern of
subchondral bone in horses and humans [23,24]. eGihane MCP has been shown to be
a consistent site of overload arthrosis [5]. Riggsal. [24] found a pattern of SCB
sclerosis in the parasagittal groove of the MCRaEes that was associated with linear
defects in the overlying mineralized articular gdage and is a common site for fracture.
The authors also found that the areas immediatdiigcant and subjacent to the SCB
sclerosis had intense focal remodeling. In a stogyNugent et al. [25], the authors
found marked site-associated variations in thectira, biochemical, and biomechanical
properties of articular cartilage in the equinetalisthird metacarpal condyle and
concluded that not only can these properties assu¢ be influenced by variations in
loading within different regions of an articularriace, but that the biomechanical

environment can also initiate degenerative changes.

Conformation and bone geometry

Variations in loading of different regions in a nbiand the biomechanical
environment can be greatly influenced by how thedsowithin a joint contact each other
and how that contact changes with varying loadsis €an depend significantly on whole
limb conformation as well as bone geometry. Cdrdaea in the MCP has been found to
increase as load increases [26-28]. Brama e28).dlso found that the dorsal articular
margin, an area not normally loaded under low legdionditions such as walking and

standing, had the highest peak pressures as ttiariogeased. In addition, fatigue such



as at the end of a race can result in extreme bBypmrsion in the MCP resulting in
stresses on the bones and the cartilage in areasammally loaded at low load
conditions.

Joint geometry and conformational differences sashoffset knees and an
increase in front pastern length were both foundbeorisk factors for musculoskeletal
problems in the forelimb of the racing Thoroughbj2d]. Hoof shape and balance have
also been found to be possible risk factors foastabphic musculoskeletal injury in
Thoroughbred racehorses. Decreased frog to wallamie difference, sole area
difference, and toe angle were associated witheas®d odds of suspensory apparatus
failure and fracture of the distal condyle of MC. lIDecreased ground surface width
difference and increased toe-heel angle were adsoceted with increased odds of
suspensory apparatus failure [30]. Preliminarylistsiin the laboratory have shown the
width of the lateral MC IIl condyle being small comparison to the medial MC 1l

condyle is a significant indicator of OA and osteaiedral fracture in racehorses (Figure

1.3, [31]).

Figure 1.3: A) Normal conformation of the distal condyles of MO. B) The
lateral condylar width is small in comparisanthe medial condylar width. TI
has been associated with osteochondral fractur®©#nd = medial, L = lateral,
= palmar, D = dorsal.



Nunamaker et al. [32] found that there were sigaift differences between the
Thoroughbred and the Standardbred racehorse. tHmel&dbred horse starts out with a
smaller minimum moment of inertia in MC Ill as aaykng than the Thoroughbred horse,
but after training the Thoroughbred horse has atgreninimum amount of inertia. The
authors hypothesized that this greater modeling @mlodeling phase in the young
Thoroughbred occurring during racing and trainingynexplain the increased incidence

of fractures in comparison to Standardbred raceisors

Neuromuscular control

In a study by Santilli et al. [33], the authors estigated muscle activation
patterns in human athletes with ankle instabiliig &ound that there was a significant
decrease in peroneus longus muscle activity onirfueed side in comparison to the
uninjured side. This suggests that changes in lmwstdivation patterns may play an
important role in joint disease. While these alti®ns may represent an initial effort by
the body to combat pain, muscular weakness, amd jakity, these adaptations may
ultimately speed the progression of disease byimdtdoad magnitude and distribution
[34]. This altered loading pattern can lead toadaptation of bone remodeling [35]. In
addition, lack of neuromuscular control can leagbtot laxity and altered biomechanical
loading. These alterations may also be one ofititeating factors of disease by
contributing to strain, overuse, compensatory may@npatterns, and ultimately injury.
Sensorimotor training to improve functional stdlilknd postural control in the ankle has

been shown to reduce the risk of ankle injury [3h,3 Based on these studies,



understanding neuromuscular control and adaptatioesto injury may be important in

gaining insight into the factors leading to injugpccurrence and progression of disease.

Training and race-related factors

Although no significant association was found istady by Hill et al. [13], the
odds ratio suggested that toe grabs and longeantiss at speed may be associated with
increased risk of subclinical to mild suspensorgaptus injury. This is important since
in the same study it was found that these subeliric mild injuries were positively
associated with increased risk of musculoskelefaly. Parkin et al. [38] also found that
lateral condylar fractures of the third metacarpwethtarsus were more common in
longer races. In contrast, another study foundtti@ashorter the race distance the greater
the incidence of injury [17]. The authors of tkisidy hypothesized that this could have
been a spurious association, that shorter races beagssociated with greater speed
which could predispose to injury, or that there nb@&ya number of covariates since in
this particular study race distance may be asstiaith class of race and race number
both of which were associated with increased oddfury.

Racehorses with reduced exercise during the @str $0 days preceding injury,
horses doing no gallop work during training andskesrin their first year of racing were
at a significantly increased risk of sustaining asouloskeletal injury [19,38]. In
addition, an extended interval since the last veae only marginally not significant [19].

A study by Cohen et al. [20] did find a significaassociation with injury to the
superficial digital flexor tendon (SDFT) and aneintal of greater than 60 days between

the race in which the horse was injured and theipus race.
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Cohen et al. [20] found that the odds ratios fog grabs were 1.63 - 2.93
depending on toe grab height suggesting a posadseciation with increased risk of
musculoskeletal injury. However, similar to thadst by Hill et al. [13], toe grab height
was not found to have a significant effect (alltikoé confidence intervals included 1.0).
In a study on California racetracks, front shoedmdbs were found to be a potential risk
factor for fatal musculoskeletal injury, suspensapparatus failure, and fracture of the
distal condyle of MC Ill. Odds increased with héghioe grabs, i.e. no toe grabs to low to
regular toe grabs [39].

On Kentucky, Texas, and New Mexico tracks, it feasd that racetrack, class of
race, and race number < 6 (races earlier in thgwlage all significantly associated with
injury. On New York racetracks, it was also fouhdt horses raced in the later races
(race numbep 4) were at a decreased risk [16]. In additionrdythe race, stumbling,
physical interaction, change in lead limb during th2 seconds preceding injury,
finishing in the back half, and being in the frévalf of the pack during the stretch were
significant factors in injured racehorses [17,18,20

In summary, there are many factors that may duutkei to injury on race day.
These factors include race related factors suctiaa& surface, type of race, length of
race, and class of race. Horse related factoginmgrirom shoes to training regimen also

play an important role.
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CURRENT THERAPIES

Fractures of the bones of the MCP can be repailthdugh prognosis varies
depending on location and severity of the fractUneatment can range from rest to
invasive surgery for the attachment of fracturafiion devices. Rest can be an effective
treatment especially for non-displaced, incomplkedetures. In a clinical report of 5
horses with incomplete fracture of the distal palmspect of MC lll, 4 of the 5 horses
returned to racing at their previous levels afestiand a gradual return to exercise [40].
It was concluded that conservative treatment cdride good prognosis, but early
recognition of these fractures before displacemas important.

Arthroscopy is another important method for treattwad MCP injuries. It is the
treatment of choice for osteochondral chip fracdudd the proximo-medial/lateral
eminence of the proximal phalanx and is done toedese synovitis and prevent further
degenerative joint disease [41,42]. In a studyestigating this type of fracture in 336
horses, 92% of the Thoroughbred racehorses withfeayments returned to racing (71%
at the same or higher level) compared to only 74%ase that had fragments plus other
fetlock lesions (53% at the same or higher levéB]). Again as with non-displaced,
incomplete fractures, early recognition and treainveas felt to be important for a good
prognosis for return to work at the previous level.

Fracture fixation devices are commonly used forctlrees that need to be
stabilized. Horses with non-displaced fracturethaalgh they can heal with conservative
treatment, may require less convalescent time grscrew fixation of the fracture [44].

For proximal sesamoid bone fractures that are ksss one-third of the bone,

12



arthroscopic removal is the preferred choice oattreent. However, internal fixation
such as lag screw fixation or circumferential wgriis recommended for larger fractures
especially those in the basilar or midbody regisntleese are more likely to develop
degenerative joint disease and restricted rangemofion with only conservative
treatment [42].

Bone grafts and substitutes can be used to enHeatere healing. The most
common type is autogenous cancellous bone fromsteeum, tuber coxae, or the
proximal tibia. Hydroxyapatite has been used expantally in the horse with mixed
results [45]. Tricalcium phosphate, both by itseifl impregnated with gentamicin, has
also been used experimentally to enhance bonengddls,47].

In severe cases such as bilateral proximal sesafnacdures and extremely
comminuted fractures, arthrodesis may be the optioo other than euthanasia due to
the enormous amount of soft tissue damage and laasupply disruption that can lead
to significant degenerative joint disease. Artlesid can provide a good prognosis for
return to pain free unrestricted movement. Howgeiteneeds to be done in a timely
fashion. Prognosis decreases when it is chosem last resort to failed conservative
treatment or when evidence of laminitis is alrepoisent in the opposing foot [48].

Although the fracture in some cases can be mecalignifixed and the initial
injury may be healing fine, complications relatedttie fracture may ultimately lead to
the euthanasia of the horse. One of the majoisgfahe therapies described is to return
the injured limb to weight bearing as quickly asgible in order to minimize the chance
of development of support limb laminitis. In casek severe laminitis leading to

unmanageable pain, the horse should be humandigr@énéd [49]. Early recognition and

13



treatment of injuries is important in maximizingetprobability of a good prognosis for

repair and minimizing degenerative changes and pain

EARLY DETECTION OF JOINT PROBLEMS

Prerace screenings

Prerace physical inspections are an importantstegh in ensuring that horses are
healthy and sound enough to race on race day. |&egu veterinarians assess each
horse before the race, during the race, and dfeerdce. They have the authority to
require a horse be withdrawn from competing if 9t determined to be injured or
otherwise unsound. “This protocol is comparablemoindividual being accompanied
through each work day by a risk assessment adaisbemergency care physiciah.”

Horses that were assessed to be at increased fiskjuy by regulatory
veterinarians had odds of musculoskeletal injumyry of the suspensory apparatus, and
injury of the SDFT 5.5 to 13.5 times greater thhoste not assessed to be at increased
risk [18,20]. In addition, horses where an abnditynaf the SDFT was found during
prerace inspection were significantly more likety de injured [13,17]. In one study
however, of the 81 injured horses, only 5 (6.3%) bha assessment of increased risk
[18]. In another study, only 1.6% of the high risice starts resulted in injury [17]. So
even given the significant association betweengeeephysical inspections and odds of

musculoskeletal injury, prerace physical inspedidack sufficient sensitivity and

® Committee on Energy and Commerce. “Breeding, Bragd Breakdowns: The State of Thoroughbred
Horseracing and the Welfare of the Thoroughbree@stimony of Dr. Mary C. Scollay. 2008.
http://energycommerce.house.gov/cmte_mtgs/1104utg@61908.Horseracing.shtml. Accessed 2008 Sept
05.
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specificity to be the sole means of identifying dew that will sustain injury and
excluding racehorses from competition. Other ficteed to be identified.

Biomarkers for bone turnover also represent a plesgprerace method for
assessing horses. It is possible to distinguisimgés in biomarkers due to disease from
the changes due to exercise [50]. In one studyesdial blood samples were taken on
racing Thoroughbreds in Southern CaliforhiaChanges in biomarkers could be seen 6
weeks prior to an injury occurring. Accuracy wa¥®« However, combining blood
biomarkers with physical inspections could incre#ise sensitivity and specificity of
determining horses at risk. If major risk is detigred to the point of precluding a horse
from racing, diagnostic imaging could then be perfed to determine the area of

preexisting damage or injury.

Diagnostic imaging

Nuclear scintigraphy can be useful in the detectdrstress fractures in the
humerus, radius, tibia, and third metacarpal bofE%51,52]. Using computed
tomography (CT) and/or magnetic resonance imagwtigl) also provides a method of
tracking pathologic changes in joint tissues ad a&lmeasuring a patient’s response to
treatment. Computed tomography is especially lisefthe evaluation of bone and can
detect osteolysis and osteogenesis, subchondra basions and subtle internal and
external osseous remodeling and reactions befongeotional radiography [53]. In

addition, it can be used to investigate the lommtstresses acting on a jointvivo [54]

¢ Committee on Energy and Commerce. “Breeding, Bragd Breakdowns: The State of Thoroughbred
Horseracing and the Welfare of the Thoroughbre@stimony of Dr. Wayne Mcllwraith. 2008.
http://energycommerce.house.gov/cmte_mtgs/1104utg@61908.Horseracing.shtml. Accessed 2008 Sept
05.
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and provide reasonable estimates of elastic modyied stress, ultimate stress, ash
density, and strain energy density at yield andtahate failure [55]. While MRI can be
used to image osseous structures, it can alsodadugh resolution detail of soft tissue
structures as well. A number of studies have WRdl to investigate joint contact area
[56-58]. Cartilage volume and thickness as well qamntitative measurements of
cartilage composition and bone structure can ablsalétermined using MRI [59-61].
Magnetic resonance images have also been usethdacréation of 3D finite element
models with an accurate representation of complagcae architectures and geometries
[62]. These models can be used to estimate thes&s and strains within a joint as well

as muscle moment armsvivo [63-65].

The finite element method

Finite element (FE) modeling based on CT and/or MRia represents a non-
invasive in vivo method of determining contact and stress pattevitsin a joint.
Anderson et al. [66] found good agreement betwesnlts from a CT based FE model
and experimentally measured contact pressure laisivh values and contact area in the
human ankle. Finite element models represent quenway of taking patient specific
geometries and determining stresses and straimpi@ino a specific geometry without
destructive mechanical testing. Various studieshavestigated trabecular bone failure
in bovine tibia specimens [67], femoral fractur@adoin humans [68], human vertebral
bone compressive strength [69], stress and stnaihe canine proximal femur [70], and
prediction of stress fractures in the human tibid aquine MC Il [71]. All of these

studies were in agreement, that FE modeling pravidepowerful tool to accurately
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investigate various patient specific parametergnitéd- element models can assist in
predicting bone strength and fracture risk withdastructive testing allowing it to be
usedin vivo on a patient specific basis.

Finite element models can also assist in eluciggtathogenesis of posttraumatic
degenerative disease. It was found that fractbredan ankles had higher peak contact
stress exposure and greater area with high expdbare contralateral intact ankles
[72,73]. Incongruency and deep sockets in an imlehimodel of the humeroulnar joint
predicted high tensile stresses as the joint soekst spread apart during loading [74].
The model predicted subchondral bone density petteronsistent with what was
determined experimentally. The authors concludhed subchondral bone density may
not be a direct measure of the adjacent articuksgure in incongruous joints with deep
sockets. This finding reiterates the importancebohe geometry in the stresses
experienced within a joint.

The use of finite element modeling represents awelkent method of
investigating biological systems non-destructivelly.addition, it can provide predictions

for in vivo parameters that could not be measured otherwise.

Failure criteria and bone fracture

Many studies have investigated failure criteria dhdir application to bone
fracture. The prevalent criteria are generallgsified into one of two broad categories:
stress based or strain based. Maximum principasst maximum shear stress (Tresca),
maximum strain energy of distortion (Hencky-von &&sor von Mises), and Drucker-

Prager (modified von Mises) are four of the widelsed stress based failure criteria.
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Within the strain based category, maximum princgtahin and maximum shear strain
are commonly used.

Despite the many studies, there is currently nal ggandard (i.e. no general
agreement as to which criteria to use). Some etuglilvocate a strain based theory. In a
finite element study, Schileo et al. [75] compansaximum principal strain, maximum
principal stress, and von Mises stress to expetiahdéwad to failure results. The authors
found that the load at failure was close to expental results for the maximum principal
strain failure criteria whereas both stress baaddré criteria underestimated the load at
failure, i.e. failure was predicted at a lower lo#thn what was experimentally
determined. However, another study showed thayitid load as predicted by the strain
based criteria was lower than that predicted bysthess based criteria [76].

Other studies have promoted stress based failiteriartheories. Keyak et al.
[77] compared nine different theories across twadel loading conditions, single limb
stance and fall impact. While all the theoriesvebd a significant correlation with
experimental results, the authors argued that tismbeo stress based failure criteria, von
Mises and Tresca, were the most robust.

Although there are limitations to all of the faducriteria mentioned, they all
combine the individual components of a multiaxiaéss state into an equivalent uniaxial
stress [78]. This is a benefit over comparing @adividual stress or strain component to
some vyield or fracture load. For the purposeshefdurrent study, the von Mises stress
was chosen. The von Mises theory uses the coméegitain energy of distortion. The
theory is that only the stress that leads to distoror shape change will cause failure

[78]. The theory has been used for such thing® gsedict femoral fracture load [79],
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investigate the biomechanics of burst fracture$, [80d examine fracture fixation [81] to

name a few, all with good success.

STUDY GOALS AND SIGNIFICANCE

Sgnificance

Joint disease in horses is naturally occurringidigprogressive, and is a major
concern to equine practitioners especially thosé work with equine athletes. It is not
uncommon to see advanced disease in 3-5 year ofhaue to repetitive use. The
MCP of racehorses is especially susceptible to dewiariety of injuries as described
above. Musculoskeletal conditions are also onh®feading causes of disability among
humans in the United States. For example, osteitzst(OA) alone affects an estimated
21 million adults [82] and can result in work aredslre activity limitations and even
feelings of helplessness, anxiety, or depressi8h [8

In both humans and horses, OA is characterized ticukar cartilage
degeneration with variable amounts of subchondoalebsclerosis and remodeling [84-
87]. Because of the loss in mechanical and maiemagerties, the articular cartilage and
SCB have decreased load absorption and distribuaabilities predisposing them to
further damage.

The years 2002-2011 were declared the Bone and D&oade in the United
States of America. It was part of a worldwideiatitze, which began in the year 2000,
aimed at increasing the awareness of musculoskeltiteases, advancing the

understanding and treatment of the various conditiand improving quality of life. The
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cause of OA is not known; however, joint injury aoseeruse are risk factors which may
predispose a person or an animal to OA later i liWhile treatment and physical
therapy modalities are improving, once OA begingsita progressive, degenerative
disease that may ultimately result in complete los$unction. The best treatment is
prevention. This is especially true in the casenofses where lack of prevention of
musculoskeletal injuries can mean euthanasia.

However, with all of the possible variations in daay parameters such as
magnitude, rate, and repetitiveness, combined péiient conformation, gait patterns,
loading history, and neuromuscular variations, gshely of causative factors of fracture
and injury is difficult at best. The use of comguimodels provides a method of
investigating individual variables separately andconjunction by allowing the user to
change parameters such as bone geometry, joiny,laqad material properties. In this
way, parameters that show promise of having majtfeces on prevention or
predisposition to injury and disease can be detexthithus narrowing the possibilities
without having to sacrifice large numbers of ansrfalr controlled experimental studies.
In addition, it can assist in determining what mfation is important to record in

prospective studies.

Sudy goals and hypotheses

At present, prerace physical inspections are nasigee nor specific enough to
be used as the sole criteria for racehorses taxdladed from racing even though there is
an association between odds of musculoskeletalyirgod assessment of increased risk

[17,18,20]. Additional measures need to be detexch
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The objective of this study focused on determinimoyv the stress distribution
within the metacarpophalangeal joint, the most comig injured joint in racehorses,
changed with different bone geometries and if aergeeometries such as asymmetric
condyles of the distal third metacarpus and degfe®ndylar flattening predisposed the
racehorse to musculoskeletal injury. The overaglgoal of this project was to provide
additional measures for veterinarians to use tesasthe risk of injury and prevent career
ending and catastrophic fractures of the MCP iemacses.

The central hypothesis of this study was that thess distribution in and around
the joint would differ due to variations in joinegmetry and that these stress patterns
would dictate, at least in part, the predispositmnan individual to injury. This
hypothesis was investigated through the complegfdwo specific aims:

1. Development and validation of a 3D finite elememtda@l of the equine MCP

2. Application of the finite element model to investig the stress distribution
pattern in the joint and how this pattern change@ d¢b variations in bone
geometry

The results of the current study in conjunctionhwptrerace physical inspections
and fluid biomarkers can lead to enhanced screerfimg the prevention of
musculoskeletal injuries in racehorses. In a beoambntext, the methods developed
provide a valuable technique for investigating jalisease and can lead to insight into
the pathogenesis of OA and other osteochondrahsiseas well as possible methods of

ultimately preventing the disease from ever initiqior injury from ever occurring.

21



REFERENCES

[1] Estberg L, Stover SM, Gardner IA, Johnson Bas€JT, Ardans A, Read DH,
Anderson ML, Barr BC, Daft BM, Kinde H, Moore J,08z J, Woods LW. Fatal
musculoskeletal injuries incurred during racing a&m@hing in Thoroughbreds. Am Vet
Med Assoc 1996;208:92-96.

[2] Boden LA, Anderson GA, Charles JA, Morgan KL,oNbn JM, Parkin TD,
Slocombe RF, Clarke AF. Risk of fatality and causesleath of Thoroughbred horses
associated with racing in Victoria, Australia: 198804.Equine Vet J 2006;38:312-318.

[3] McKee SL. An update on racing fatalities in théK. Equine Vet Educ
1995;7:202-204.

[4] Peloso JG, Mundy GD, Cohen ND. Prevalence of] tactors associated with,
musculoskeletal racing injuries of Thoroughbredi®m Vet Med Assoc 1994;204:620-
626.

[5] Norrdin RW, Kawcak CE, Capwell BA, Mcllwraith \@. Subchondral bone
failure in an equine model of overload arthroBisne 1998;22:133-139.

[6] Williams RB, Harkins LS, Hammond CJ, Wood JLadehorse injuries, clinical
problems and fatalities recorded on British raceses! from flat racing and National
Hunt racing during 1996, 1997 and 1988uine Vet J 2001;33:478-486.

[7] Johnson BJ, Stover SM, Daft BM, Kinde H, ReaH,Barr BC, Anderson M,
Moore J, Woods L, Stoltz J, et al. Causes of deattacehorses over a 2 year period.
Equine Vet J 1994,26:327-330.

[8] Mcllwraith CW, Frisbie DD, Kawcak CE, Fuller CHurtig M, Cruz A. The
OARSI histopathology initiative - recommendations fhistological assessments of
osteoarthritis in the hors@steoarthritis and cartilage / OARS, Osteoarthritis Research
Society 2010;18 Suppl 3:593-105.

[9] Stover SM, Murray A. The California Postmortétrogram: leading the wayet
Clin North Am Equine Pract 2008;24:21-36.

[10] Parkin TD, Clegg PD, French NP, Proudman Ggg&CM, Singer ER, Webbon
PM, Morgan KL. Risk of fatal distal limb fracturasnong Thoroughbreds involved in the
five types of racing in the United Kingdoiviet Rec 2004;154:493-497.

[11] Parkin TD, Clegg PD, French NP, Proudman Gdg&®CM, Singer ER, Webbon
PM, Morgan KL. Catastrophic fracture of the laterabndyle of the third
metacarpus/metatarsus in UK racehorses - fractwscrigtions and pre-existing
pathology.Vet J 2006;171:157-165.

22



[12] Parkin TD, Clegg PD, French NP, Proudman Ggg&CM, Singer ER, Webbon
PM, Morgan KL. Analysis of horse race videos tonify intra-race risk factors for fatal
distal limb fracturePrev Vet Med 2006;74:44-55.

[13] Hill AE, Stover SM, Gardner IA, Kane AJ, Whitmb MB, Emerson AG. Risk
factors for and outcomes of noncatastrophic sugpgrapparatus injury in Thoroughbred
racehorses] Am Vet Med Assoc 2001;218:1136-1144.

[14] Tyler TF, McHugh MP, Mirabella MR, Mullaney MNicholas SJ. Risk factors
for noncontact ankle sprains in high school fodtpéyers: the role of previous ankle
sprains and body mass indéxn J Sports Med 2006;34:471-475.

[15] Kofotolis ND, Kellis E, Vlachopoulos SP. Ank$prain injuries and risk factors in
amateur soccer players during a 2-year peAodJ Sports Med 2007;35:458-466.

[16] Mohammed HO, Hill T, Lowe J. Risk factors asisted with injuries in
Thoroughbred horsekquine Vet J 1991;23:445-448.

[17] Cohen ND, Mundy GD, Peloso JG, Carey VJ, Am&il Results of physical
inspection before races and race-related charsiitsriand their association with
musculoskeletal injuries in Thoroughbreds duringesaJ Am Vet Med Assoc
1999;215:654-661.

[18] Cohen ND, Dresser BT, Peloso JG, Mundy GD, Wo&dM. Frequency of
musculoskeletal injuries and risk factors assodiatéth injuries incurred in Quarter
Horses during races.Am Vet Med Assoc 1999;215:662-669.

[19] Hernandez JA, Scollay MC, Hawkins DL, Corda, ¥&ueger TM. Evaluation of
horseshoe characteristics and high-speed exergseryhas possible risk factors for
catastrophic musculoskeletal injury in thoroughbremcehorses.Am J Vet Res
2005;66:1314-1320.

[20] Cohen ND, Peloso JG, Mundy GD, Fisher M, HaollaRE, Little TV, Misheff
MM, Watkins JP, Honnas CM, Moyer W. Racing-relatadtors and results of prerace
physical inspection and their association with milsskeletal injuries incurred in
thoroughbreds during racesAm Vet Med Assoc 1997;211:454-463.

[21] Radtke CL, Danova NA, Scollay MC, Santschi EMarkel MD, Da Costa
Gomez T, Muir P. Macroscopic changes in the distals of the third metacarpal and
metatarsal bones of Thoroughbred racehorses witldytar fracturesAm J Vet Res
2003;64:1110-1116.

[22] Stover SM, Johnson BJ, Daft BM, Read DH, Amsder M, Barr BC, Kinde H,
Moore J, Stoltz J, Ardans AA, et al. An associatimiween complete and incomplete
stress fractures of the humerus in racehoEgsne Vet J 1992;24:260-263.

23



[23] Eckstein F, Muller-Gerbl M, Steinlechner M,dfse R, Putz R. Subchondral bone
density in the human elbow assessed by computedg@phy osteoabsorptiometry: a
reflection of the loading history of the joint saces.J Orthop Res 1995;13:268-278.

[24] Riggs CM, Whitehouse GH, Boyde A. Pathologytleé distal condyles of the
third metacarpal and third metatarsal bones ohtivse Equine Vet J 1999;31:140-148.

[25] Nugent GE, Law AW, Wong EG, Temple MM, Bae W&hen AC, Kawcak CE,
Sah RL. Site- and exercise-related variation incstire and function of cartilage from
equine distal metacarpal condy@steoarthritis Cartilage 2004;12:826-833.

[26] Colahan P, Turner TA, Poulos P, PiotrowskiM&chanical functions and sources
of injury in the fetlock and carpus. Proc Annu M{m Assoc Equine Practnrs 1987;689-
699.

[27] Easton KL, Kawcak CE. Evaluation of increasathchondral bone density in
areas of contact in the metacarpophalangeal joinbg joint loading in horse#®dm J Vet
Res 2007;68:816-821.

[28] Brama PA, Karssenberg D, Barneveld A, van WeePR. Contact areas and
pressure distribution on the proximal articularfsce of the proximal phalanx under
sagittal plane loadindequine Vet J 2001;33:26-32.

[29] Anderson TM, Mcllwraith CW, Douay P. The rolef conformation in
musculoskeletal problems in the racing Thorought¥edine Vet J 2004;36:571-575.

[30] Kane AJ, Stover SM, Gardner IA, Bock KB, Ca3e Johnson BJ, Anderson ML,
Barr BC, Daft BM, Kinde H, Larochelle D, Moore J,ysbre J, Stoltz J, Woods L, Read
DH, Ardans AA. Hoof size, shape, and balance asiplasrisk factors for catastrophic
musculoskeletal injury of Thoroughbred racehorgesJ Vet Res 1998;59:1545-1552.

[31] Kawcak CE, Zimmerman CA, Easton KL, Mcllwrai@W, Parkin TD. Effects of
third metacarpal geometry on the incidence of ctardyractures in Thoroughbred
racehorses. Am Assoc of Eq Practitioners 2009;197.

[32] Nunamaker DM, Butterweck DM, Provost MT. Sogeometric properties of the
third metacarpal bone: a comparison between therolighbred and Standardbred
racehorsel Biomech 1989;22:129-134.

[33] Santilli vV, Frascarelli MA, Paoloni M, Frasadli F, Camerota F, De Natale L, De
Santis F. Peroneus longus muscle activation patherimg gait cycle in athletes affected
by functional ankle instability: a surface electymygraphic studyAm J Sports Med
2005;33:1183-1187.

[34] Bennell K, Hinman R. Exercise as a treatmemt dsteoarthritis.Curr Opin
Rheumatol 2005;17:634-640.

24



[35] Wohl GR, Boyd SK, Judex S, Zernicke RF. Fumcél adaptation of bone to
exercise and injuryd Sci Med Sport 2000;3:313-324.

[36] Tropp H, Askling C, Gillquist J. Prevention ahkle sprainsAm J Sports Med
1985;13:259-262.

[37] Verhagen E, van der Beek A, Twisk J, BouteBahr R, van Mechelen W. The
effect of a proprioceptive balance board trainimggpam for the prevention of ankle
sprains: a prospective controlled triain J Sports Med 2004;32:1385-1393.

[38] Parkin TD, Clegg PD, French NP, Proudman Gdg&®CM, Singer ER, Webbon
PM, Morgan KL. Risk factors for fatal lateral conaly fracture of the third
metacarpus/metatarsus in UK raciBguine Vet J 2004;37:192-199.

[39] Kane AJ, Stover SM, Gardner IA, Case JT, JohnBJ, Read DH, Ardans AA.
Horseshoe characteristics as possible risk fadmrdatal musculoskeletal injury of
Thoroughbred racehorsedm J Vet Res 1996;57:1147-1152.

[40] Kawcak CE, Bramlage LR, Embertson RM. Diageosind management of
incomplete fracture of the distal palmar aspedhefthird metacarpal bone in five horses.
J Am Vet Med Assoc 1995;206:335-337.

[41] Mcllwraith CW. Fetlock fractures and luxations: Nixon AJ, ed.Equine
Fracture Repair. Philadelphia: WB Saunders Co., 1996;153-162.

[42] Bertone AL. Distal limb: fetlock and pastem Hinchcliff KW, Kaneps AJ, Geor
RJ,Bayly W, edsEquine Sports Medicine and Surgery. China: Elsevier Ltd., 2004;289-
318.

[43] Kawcak CE, Mcllwraith CW. Proximodorsal firgthalanx osteochondral chip
fragmentation in 336 horseSquine Vet J 1994;26:392-396.

[44] Markel MD, Martin BB, Richardson DW. Dorsalofntal fractures in the first
phalanx in the hors&/et Surg 1985;14:36-40.

[45] Gillis JP, Auer JA, Holmes RE. The use of aqus bioimplant in the treatment of
subchondral bone cysts in the hoiget. Surg 1987;16:90.

[46] Auer JA. Principles in fracture treatment lAuer JA,Stick J, edsEquine
Surgery. 3 ed. St. Louis: Elsevier Saunders, 2006;100B102

[47] Auer JA, Schenk R. The application of tricalti phosphate cylinders in articular
and cortical defects in the hors&t Surg 1989;18:73.

[48] Bramlage LR. Fetlock arthrodesis In: Nixon Ael. Equine Fracture Repair.
Philadelphia: W.B. Saunders Co., 1996;172-178.

25



[49] Kaneps AJ, Turner TA. Diseases of the footHimchcliff KW, Kaneps AJ, Geor
RJ,Bayly W, edsEquine Sports Medicine and Surgery. China: Elsevier Ltd., 2004;260-
288.

[50] Frisbie DD, Al-Sobayil F, Billinghurst RC, Kavak CE, Mcllwraith CW.
Changes in synovial fluid and serum biomarkers witercise and early osteoarthritis in
horsesOsteoarthritis Cartilage 2008.

[51] Denoix JM, Audigie F. Imaging of the musculelital system in horses In:
Hinchcliff KW, Kaneps AJ, Geor RJ,Bayly W, edsjuine Sports Medicine and Surgery.
China: Elsevier Ltd., 2004;161-187.

[52] Lloyd KC, Koblick P, Ragle C, al. E. Incompéepalmar fracture of the proximal
extremity of the third metacarpal bone in horses: tases (1981-1986).Am Vet Med
Assoc 1988;192:798-803.

[53] Tucker RL, Sande RD. Computed tomography amagmatic resonance imaging
of the equine musculoskeletal conditiokfst Clin North Am Equine Pract 2001;17:145-
157, vii.

[54] Muller-Gerbl M, Putz R, Kenn R. Demonstratiof subchondral bone density
patterns by three-dimensional CT osteoabsorptigmetra noninvasive method for in
vivo assessment of individual long-term stressegoints. J Bone Miner Res 1992;7
Suppl 2:5411-418.

[55] Les CM, Keyak JH, Stover SM, Taylor KT, Kanef3. Estimation of material
properties in the equine metacarpus with use ohiijpaéive computed tomography.
Orthop Res 1994;12:822-833.

[56] Gold GE, Besier TF, Draper CE, Asakawa DS, D8L, Beaupre GS. Weight-
bearing MRI of patellofemoral joint cartilage cotitaarea.J Magn Reson Imaging
2004;20:526-530.

[57] Brechter JH, Powers CM, Terk MR, Ward SR, L€®. Quantification of
patellofemoral joint contact area using magnetisorance imagingMagn Reson
Imaging 2003;21:955-959.

[58] Patel VV, Hall K, Ries M, Lotz J, Ozhinsky Eindsey C, Lu Y, Majumdar S. A
three-dimensional MRI analysis of knee kinematioSrthop Res 2004;22:283-292.

[59] Eckstein F, Burstein D, Link TM. QuantitatiielRIl of cartilage and bone:
degenerative changes in osteoarthritiglR Biomed 2006;19:822-854.

[60] Eckstein F, Hudelmaier M, Wirth W, Kiefer Backson R, Yu J, Eaton CB,
Schneider E. Double echo steady state magnetiaaase imaging of knee articular
cartilage at 3 Tesla: a pilot study for the Ostdwodis Initiative. Ann Rheum Dis
2006;65:433-441.

26



[61] Eckstein F, Schnier M, Haubner M, PriebsciGlaser C, Englmeier KH, Reiser
M. Accuracy of cartilage volume and thickness measents with magnetic resonance
imaging.Clin Orthop Relat Res 1998:137-148.

[62] Blemker SS, Delp SL. Three-dimensional repmésgon of complex muscle
architectures and geometriégin Biomed Eng 2005;33:661-673.

[63] Besier TF, Gold GE, Beaupre GS, Delp SL. A oty framework to estimate
patellofemoral joint cartilage stress in vied Sci Sports Exerc 2005;37:1924-1930.

[64] Shelburne KB, Torry MR, Pandy MG. Muscle, ligant, and joint-contact forces
at the knee during walkinfyled Sci Sports Exerc 2005;37:1948-1956.

[65] Arnold AS, Salinas S, Asakawa DJ, Delp SL. Aexy of muscle moment arms
estimated from MRI-based musculoskeletal modelghef lower extremity.Comput
Aided Surg 2000;5:108-119.

[66] Anderson DD, Goldsworthy JK, Li W, James Ruddr Tochigi Y, Brown TD.
Physical validation of a patient-specific contatité element model of the ankld.
Biomech 2007;40:1662-1669.

[67] Niebur GL, Feldstein MJ, Yuen JC, Chen TJ, ¥axey TM. High-resolution finite
element models with tissue strength asymmetry atelyr predict failure of trabecular
bone.J Biomech 2000;33:1575-1583.

[68] Keyak JH. Improved prediction of proximal ferabfracture load using nonlinear
finite element modelsvied Eng Phys 2001;23:165-173.

[69] Crawford RP, Cann CE, Keaveny TM. Finite elemenodels predict in vitro
vertebral body compressive strength better thamtiiative computed tomographBone
2003;33:744-750.

[70] Van Rietbergen B, Muller R, Ulrich D, Ruegsegd, Huiskes R. Tissue stresses
and strain in trabeculae of a canine proximal fewam be quantified from computer
reconstructions] Biomech 1999;32:443-451.

[71] Taylor D, Kuiper JH. The prediction of strefsactures using a 'stressed volume'
conceptJ Orthop Res 2001;19:919-926.

[72] Anderson DD, Goldsworthy JK, Shivanna K, Gews&l NM, Pedersen DR,

Thomas TP, Tochigi Y, Marsh JL, Brown TD. Intraiantar contact stress distributions
at the ankle throughout stance phase-patient-spéaite element analysis as a metric of
degeneration propensitiiomech Model Mechanobiol 2006;5:82-89.

[73] Li W, Anderson DD, Goldsworthy JK, Marsh JLyd8vn TD. Patient-specific
finite element analysis of chronic contact stregsosure after intraarticular fracture of
the tivial plafond.J Orthop Res 2008:1039-1045.

27



[74] Jacobs CR, Eckstein F. Computer simulatiorsufchondral bone adaptation to
mechanical loading in an incongruous jokwat Rec 1997;249:317-326.

[75] Schileo E, Taddei F, Cristofolini L, Vicecord. Subject-specific finite element
models implementing a maximum principal strainesidn are able to estimate failure
risk and fracture location on human femurs testediiro. Journal of biomechanics
2008;41:356-367.

[76] Yosibash Z, Tal D, Trabelsi N. Predicting tfield of the proximal femur using
high-order finite-element analysis with inhomogame@rthotropic material properties.
Philos Transact A Math Phys Eng Sci 2010;368:2707-2723.

[77] Keyak JH, Rossi SA. Prediction of femoral tiae load using finite element
models: an examination of stress- and strain-bafdldire theories.J Biomech
2000;33:209-214.

[78] Boresi AP, Schmidt RJAdvanced Mechanics of Materials. 6 ed. USA: John
Wiley & Sons, 2003.

[79] Keyak JH, Rossi SA, Jones KA, Skinner HB. Retdn of femoral fracture load
using automated finite element modeliddgiomech 1998;31:125-133.

[80] Bozkus H, Karakas A, Hanci M, Uzan M, Bozdag3arioglu AC. Finite element
model of the Jefferson fracture: comparison withcadaver model.Eur Spine J
2001;10:257-263.

[81] Montanini R, Filardi V. In vitro biomechanic&valuation of antegrade femoral
nailing at early and late postoperative stagb$edical engineering & physics
2010;32:889-897.

[82] Lawrence RC, Helmick CG, Arnett FC, Deyo RAglson DT, Giannini EH,
Heyse SP, Hirsch R, Hochberg MC, Hunder GG, Liang, Willemer SR, Steen VD,
Wolfe F. Estimates of the prevalence of arthritisl @elected musculoskeletal disorders
in the United Stateg\rthritis Rheum 1998;41:778-799.

[83] March LM, Bachmeier CJ. Economics of osteodtith a global perspective.
Baillieres Clin Rheumatol 1997;11:817-834.

[84] Lajeunesse D, Reboul P. Subchondral bone teoasthritis: a biologic link with
articular cartilage leading to abnormal remodeli@grr Opin Rheumatol 2003;15:628-
633.

[85] Pool RR, Meagher DM. Pathologic findings andthmgenesis of racetrack
injuries. Vet Clin North Am Equine Pract 1990;6:1-30.

[86] Horton WE, Jr., Bennion P, Yang L. Cellularplecular, and matrix changes in

cartilage during aging and osteoarthrifisviusculoskelet Neuronal Interact 2006;6:379-
381.

28



[87] Goldring SR, Goldring MB. Clinical aspects,tipalogy and pathophysiology of
osteoarthritisJ Muscul oskel et Neuronal Interact 2006;6:376-378.

29



CHAPTER 2
EXVIVO BONE, LIGAMENT, AND TENDON STRAIN AND CONTACT PRESURE
IN THE EQUINE METACARPOPHALANGEAL JOINT AT WALK, TROT, AND

GALLOP LOADS

INTRODUCTION

Injury in performance horses is of great concertheoequine practitioner. Itis a
major reason for the retirement and sometimes ea#ia of horses. The majority of
injuries occur in the distal limb and can includgbfractures and soft tissue strains and
sprains. In Thoroughbred racehorses, the metaghgtengeal joint (MCP) and the
suspensory apparatus are the most commonly ingtredtures. At multiple racetracks
in the United States, fractures of the proximabsesid bones and third metacarpal bone
(MC I11) were the most common fractures [1,2]. the United Kingdom, lateral condylar
fractures of MC Il were the most common fractuf8s These types of injuries are
often catastrophic and treatment can be unrewardihberefore, prevention of these
injuries is key.

Fatigue related damage has been shown in the MGeiform of subchondral
bone (SCB) sclerosis, cartilage erosion, and wieas I[4-6]. Many factors may play a
role in these degenerative and maladaptive prosesssuding the biomechanical

environment in and surrounding the joint. This iemvment is influenced by many
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factors including cartilage, ligament, and tendbape and stiffness, and bone geometry
and material properties. Understanding this enwviremt is important since even slight

alterations due to subclinical to mild injuries ciacrease the risk of musculoskeletal

injury [7].

Various studies have evaluated ligament and tersfiin [8-11], bone strain
[12-15], and joint surface pressure distributio, 7] in the MCP and surrounding
structures. Strains in both the bones and s&ftdistructures increased with increasing
load [12]. Contact pressure as well as the areaoimact between the articulating
surfaces was also found to increase with incredsiad [16-18]. However, all of these
studies only looked at a few components at a tismepgposed to determining all of these
parameters within a single limb. Because of vemet in loading schemes between
different studies, it is difficult to determine hoa¥l of the data from the literature fits
together.

Understanding the biomechanical forces to which jtiet and its supporting
structures are subjected is important in being #&blelucidate possible mechanisms of
injury. The objective of this study was to providecomprehensive dataset of ligament
and tendon strain, bone strain, and pressure lisioh in the MCP and its supporting
structures. In addition, the data from this studly be used for the validation of a finite
element (FE) model of the MCP that can be useckterchine parameters such as stress
within the joint which cannot be experimentally reeed. It was hypothesized that the
strains as well as the contact pressure would asergvith increasing load. Because all of
the current methods available to measure contadspre require the disruption of the

joint capsule, the ligament and tendon strain wasasured both before and after
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arthrotomy. This was done in order to determire é¢ffect of arthrotomy on ligament
and tendon strain. It was hypothesized that tlsguidtion to the integrity of the capsule
would significantly affect the strains seen in tlgmments and tendons surrounding the
MCP. Furthermore, the specific change (increageyrehse, or no change in strain)
would depend on the individual ligament and itsatgan relative to the center of the

joint.

MATERIALS AND METHODS

Eight forelimbs from eight different horses weredisn this study. The horses
were selected from those presented to the necrgpsyice at the Colorado State
University Veterinary Medical Center as well asnfroother research projects not
associated with the current study.

The forelimbs were removed within 2 — 36 hoursuthanasia. The humerus was
cut transversely distal to the deltoid tuberosityl ahe forelimbs were stored at -20°C
until testing. Prior to testing, the limbs wereawred at room temperature for 48 hours.
The hoof and humerus were potted in customized snadihg DynaCast (Kindt-Collins
Co., Cleveland, OH). The MCP was skinned and Higiravas maintained by spraying

the limb with 0.9% saline every 15 minutes.

General loading protocol

The humerus was placed in a specially designeth@gmounts to the actuator of

a materials testing systefWTS, model 809, MTS Systems Corporation, Edenrirai
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MN) and the hoof was placed in a specially desigmgdhat mounts to the load cell
platen of the MTS. A 45 kN capacity load cell (rebC5.4641, Advanced Mechanical
Technology, Inc., Watertown, MA) with 6 degreedreedom was used.
Loading was based on MCP angle as measured betivealorsal aspect of MC

Il and the proximal phalanx: 144° (walk), 128°of); and 120° (gallop) [19]. The

displacements required to achieve the given MCReawgre determined by measuring
the MCP angle with a goniometer while loading tihgl After preconditioning the limb

for 20 cycles from unloaded to maximum displacenarit Hz, the limb was loaded on
the MTS at a rate of 85 mm/s under displacementrabto the given displacements.
The limb was held at the given displacement for écoads, returned to zero
displacement, and held for 5 seconds. Five cyalefata were collected at 100 Hz for
each displacement before moving on to the nextlaisment. The order in which the

displacements were done was randomized.

Ligament and tendon strain

Differential variable reluctance transformers witB mm (M-DVRT-3,
MicroStrain, Inc., Williston, VT) and 6 mm (M-DVR®; MicroStrain, Inc., Williston,
VT) gauge lengths were placed in the ligaments t@ndons listed in Table 2.1. The
initial length (L) of the transducers was measured with digitalpeadi before testing.
Ligament and tendon strain) (was calculated by dividing the change in length)(by
the initial length:e = AL/L,. Because only 6 DVRTs were available, the aboaglihg
procedure was repeated 3 times in order to cotlatd from all 16 ligament/tendon

locations.
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Table 2.1: Ligaments and tendons where DVRTs were placed teasore
ligament/tendon strain.

Ligamentsand Tendons

SDFT: proximal to MCP joir SL: main branc Medial obliqu¢ sesamoides
SDFT: distal medial bran SL: medial branc Lateral obligu sesamoides
SDFT: distal lateral bran SL: lateral branc Medial annule

DDFT: proximal to MCP joir ~ SL: medialextensor branc  Lateral annule
Straight sesamoide SL: lateral extensor bran Medial collatere

Lateral collater:

SDFT: superficial digital flexor tendon; DDFT: deegtigital flexor tendon; SL:
suspensory ligament.

Summary of data collection

Two joint conditions were investigated for eachldinintact and disrupted joint.
In the intact condition, differential variable retance transformers (DVRTSs) were placed
in 16 ligaments and tendons surrounding the MCHRerAesting the limbs in the intact
condition using the above protocol, the lateral aminmon digital extensors were
transected and the long fibers of the medial aridrdh collateral ligaments were
longitudinally incised and elevated off of the boriEhe joint capsule was opened on the
dorsal aspect taking care not to disrupt the ecaiddtligaments. This joint disruption was
done in order to allow for the placement of roseti@in gauges on MC Il and the
proximal phalanx and the insertion of a pressurppimy sensor in the joint. The loading

procedure described above was then repeated faligheted joint condition.
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Bone strain

Bone strain was recorded from a total of six lawadi Rectangular stacked
rosette strain gauges (C2A-06-062WW-350, Vishayrdideasurements, Raleigh, NC)
were placed on the dorsomedial and dorsolateracasmf MC 11l (dm_mc3, dl_mc3)
and the proximal phalanx (dm_p1, dl_p1) just pradirand distal respectively to the
articular surface. One was also placed on the ahexid lateral aspects of MC lli
(med_mc3, lat_mc3) under the incised and elevat#idteral ligaments (Figure 2.1).
The collateral ligaments were incised longitudipalhd elevated off of the bone for the
attachment of the strain gauges as opposed to etghplransecting them in order to
minimize the disruption to the joint and its sugpuy structures.

The principal bone strainss( and ¢;) were calculated using the following

equation:

E TE 1
Epo :%iﬁ\/(ﬂ _52)2 +(52 _53)2

whereg,, €, andg; are the strains sensed by each of the 3 indivisluain gauges on the

rosette [20].
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Figure 2.1: Photographs of the limb on the materials testirglesy with strain gages
and DVRTSs attached.

Contact pressure

A pressure mapping sensor (model 6900-10K, Tekdgaston, MA) was placed
between MC IIl and the proximal phalanx as welbasnveen MC IIl and the proximal
sesamoid bones. The sensor was equilibrated diflated on an MTS machine. For
equilibration, the sensor was placed between twb ldading platens. The loading
platens had a piece of stiff foam on the surfacsitwlate the articular cartilage. Two
point calibration was performed with the sensorceth between a cylinder and a
conforming block (again with foam) in order to silate the curvature of the condyles.

The sensor had 4 sensing areas. Two were placetieomedial and lateral

condyles with one edge at the most dorsal aspettieoarticular surface of MC Ill and
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the rest of the sensor continuing in the palmaedtion in order to determine the contact
pressure between MC IIl and the proximal phalaike other two were placed on the
medial and lateral condyles with one edge at thel lef the transverse ridge and the rest
of the sensor continuing in the palmar directioromder to determine contact pressure
between MC IIl and the proximal sesamoid bones.

While there are inherent errors associated withtgpg of pressure measurement
system and inaccuracies due to the required disrupf the joint integrity to insert the
device, there is at present no satisfactoryivo method of directly measuring pressure
distribution within a joint. The use of a pressareasurement system represents one of

the methods currently used to estimate these paeasri@1].

Data collection and analysis

Force (Fx, Fy, Fz), limb displacement, DVRT disgla@nt, and bone strain data
were collected at 100 Hz using a custom writtergam designed in LabView (National
Instruments, Austin, TX). Data was filtered usimdow pass second order Butterworth
filter with a 5 Hz cutoff [22]. The means for tbesecond holds for each of the 5 cycles
for each displacement were calculated.

Analysis of the mean strain for each ligament amdion as well as the force data
was done using an ANOVA with joint condition (intadisrupted) and displacement
(walk, trot, gallop) as fixed factors and horse &odse by condition as random factors.
The interaction between condition and displacemert included in the model if it was
found to be significant. Positive strain indicatbat the ligament or tendon is being

stretched. Fx is the force in the dorsopalmarctivae with positive being towards the
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dorsal aspect. Fy is the force in the mediolatdiaction with positive being towards
the medial aspect. The sign was reversed forfde@limbs in order to conform to this
coordinate system. Fz is force in the proximodlidieection with negative indicating
compression of the limb (Figure 2).

Lateral

Figure 2.2: Diagram of coordinate system for force data.

Medial

An ANOVA was also used to compare the effect oé<githedial or lateral) for the
annular, collateral, extensor branches of the su=spg, oblique sesamoidean, and
suspensory ligaments, and distal superficial didiexor tendon (SDFT) within a joint
condition. For the latter two structures, axialswadso included. In this analysis, strain
was the outcome parameter, displacement and side weluded as fixed factors, and
horse and horse by displacement were included rdona factors. The interaction
between displacement and side was included in tbdemif it was found to be
significant.

Principal bone strain and direction were analyzedilarly except the joint
condition factor was omitted. Horse by displacemeas included as a random factor
initially, but was found not to be significant amdhs therefore excluded in the final
analysis. Horse was the only random factor inalud8ignificance was set at p < 0.05.

Data is reported as means * standard error (s.e.).
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Contact pressure data from the Tekscan sensor oliested at 60 Hz using I-
Scan (version 5.90, Tekscan Inc., Boston, MA). @&herage and peak pressure for the 5
second holds for each of the 5 cycles for eachlatispment were calculated for each of
the 4 sensing areas. Average and peak pressuesamatyzed similarly to bone strain

with displacement as a fixed factor and horse random factor.

RESULTS
Eight forelimbs, 4 right and 4 left, from 8 diféert horses were used in this study
(Table 2.2). Mean age and weight with standardadiem were 5.1 = 1.6 years (range

2.5-7)and 421 + 63 kg (range 340 — 499) respslpti

Table 2.2: Demographic data for horses used ingkgivo mechanical testing.

Horse Age Sex Weight (kg) Limb

1 7 years Male 386" Left

2 7 years Gelding Unknown Left
3 5 years Unknown 340 Left

4 6 years Gelding 408 Right

5 2.5 years Female 363 Left
6 5 years Gelding 499 Right
7 4.5 years Female 476 Right
8 3.5 years Female 476 Right

a: weights approximated

There was a significant displacement effect for Fy, and Fz (p < 0.0001).

Force increased with increasing displacement. Meaongd over condition and standard

deviations are reported in Table 2.3.

39



Table 2.3: Means and standard errors for the force dateeadifferent displacements.

Walk Trot Gallop
Fx -154.86 + 24.47  -311.67 +30.42 -385.66 +33.41
Fy 18.13 + 8.58 75.93 + 15.49 120.56 + 20.63
Fz -1785.84 + 159.94 -3410.86 +152.1% -4568.64 +139.75

Different superscripts indicate significant diffeoes (p < 0.0001) between the displacements witién
force measurement.

Ligament and tendon strain

All of the ligaments and tendons had positiveisti@alues except the medial and
lateral collateral ligaments. There was a sigaificdisplacement effect for all of the
ligaments and tendons. There was a trend for@adisment by condition effect for the
lateral oblique ligament (p = 0.0576). Howevespltaicement by condition and condition
were not significant at p < 0.05 for any of thealigents or tendons. Therefore, the means
for the two conditions were pooled (Figure 2.3).

For the intact and disrupted joint conditions, tlgplacement by side interaction
was significant for the SDFT (p = 0.0003, p = 0.088pectively). Strain was greater on
the medial side compared to the lateral side exiepat the walk load in the disrupted
joint condition. The effect of side was not sigraht for any of the other soft tissue
structures in the intact joint condition. For thisrupted joint condition, there was also a
significant side effect for the annular ligamenis<(0.0001) and the extensor branches of
the suspensory ligament (p = 0.004). Strain waainagreater on the medial side

compared to the lateral side for all loads.
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Ligament and Tendon Strain
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o
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Figure 2.3: Graph of mean ligament and tendon strains tF¥@x: proximal; DL: distal
lateral; DM: dorsal medial; Lat: lateral; Med: malliLE: lateral extensor; ME: medial
extensor; OBL: oblique sesamoidean; Str Ses: é$irasgsamoidean; Ann: annular;
Different letters indicate significant differencgs < 0.05) between the displacements
within a given ligament or tendon.
Bone strain

The largest principal bone strain was compres8iveall locations except the
dorsolateral MC Il at the walk displacement (Figu2.4). There was a significant
displacement effect for all bone locations. In idd, there was a significant
displacement by side interaction for the proximbalanx and the maximum principal
strain on the dorsal aspect of MC Ill. For thesdbrand abaxial aspects of MC llI, the
maximum and minimum principal strains were highertlee medial side in comparison

to the lateral side. For the dorsal proximal pha)dhe strains were higher on the lateral

side.
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Figure 2.4: Graph of the mean principal bone strais.e. Max is the compressive bone
strain; Min is the tensile bone strain. DL: dorsdéral; DM: dorsal medial; Lat: lateral,
Med: medial; P1: proximal phalanx. Different leténdicate significant differences (p <
0.05) between the displacements within a given bocetion and principal strain.
Contact pressure

The recordings for the two sensing areas placetherpalmar aspect of MC lll
cut out in 4 limbs (horses 2, 4, 7, and 8) dueihalgng of the sensor where it exited the
dorsal aspect of the joint. Even with repositigniand replacement of the sensor,
recordings could not be obtained in these limbder&fore, statistics for the palmar
aspect indicated as LPSB and MPSB were performeldiding these limbs.

Average (Figure 2.5) and peak (Figure 2.6) pressurereased with increasing
load. The displacement effect was significanttfer dorsomedial and dorsolateral aspect
of MC Il (MP1 and LP1) as well as the palmar médispect of MC Ill (MPSB). For

the palmar lateral aspect, displacement was owgjyifggant for peak pressure (LPSB).

Figure 2.7 shows the pressure distribution pattegtween MC Il and the proximal
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sesamoid bones at the gallop load. The abaxiell, @nd palmar regions had the highest

pressures while the central and transverse regiadshe lowest pressures.

Average Contact Pressure

pressure (MPa)

LP1 MP1 LPSB MPSE
| m\Walk mTrot sGaIIDn|

Figure 2.5: Graph of average contact pressure + s.e. on tked dandyles of MC Il for
four areas: dorsolateral (LP1), dorsomedial (MRBImar lateral (LPSB), and palmar
medial (MPSB) at walk, trot, and gallop loads. Bi#int letters indicate significant
differences (p < 0.05) between the displacemerttsima given location.

Peak Contact Pressure

40 -

peak pressure (MPa)

LP1 MP1 LPSB MPSB
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Figure 2.6: Graph of peak contact pressure + s.e. on the distadyles of MC Il for
four areas: dorsolateral (LP1), dorsomedial (MRBImar lateral (LPSB), and palmar
medial (MPSB) at walk, trot, and gallop loads. Bifint letters indicate significant
differences (p < 0.05) between the displacemerttsima given location.
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) Transverse Ridge

with the proximal sesamoid bones at the gallop.lo&dale is in MPa.

DISCUSSION

Significant differences were found in ligament @addon strain as the limbs were
loaded at walk, trot, and gallop displacementseviér-Denoix et al. [23] found that the
strain at failure for the SDFT was 12.3% and 9.9% rformal and diseased tendons
respectively. The value of 5.6% strain found iis thtudy for the SDFT at the gallop
displacement is well within the viscoelastic rarmge¢he normal tendon. However, there
is a much smaller safety factor if the tendon sedsed. During a race, especially at the
end when fatigue is the greatest and larger magmistrains can be expected, the strains
could easily fall within the plastic range part@aty in those horses that are already

suffering from mild or even subclinical injuries.
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The strains for the SDFT, deep digital flexor temd(ODFT), suspensory
ligament (SL) and straight sesamoidean ligamerthéncurrent study compared well to
that previously published. The current study fostrdins ranging from 2.5% to 5.6% in
the SDFT under loads ranging from 1785 — 4568 Nemiersma [24] recorded strains of
approximately 4% at 2700 N to 6% at 5400 N in tmellimb SDFT. Strain in the SDFT
in the forelimb was 2.19% at the walk and 4.15%hattrot in ponies [10]. Shoemaker et
al. [25] found a 3.5% increase when the limb wasléxl from 890 N to 3115 N.

In the SL, strains up to 10% have been recordeld éds as great as 2.5 kN in
the main branch [26]. Under loads similar to tladap load in this study, Swanstrom et
al. [26] found strains to be approximately 5-6%he3e values are a little lower than that
found in this study (7.3%). However, there wermmesdlifferences in testing protocol. In
Swanstrom’s study, the SL was isolated and testiea bone — ligament — cryoclamp
setup under a strain rate of 2 Hz. In the curstidly, the strain in the SL was recorded
with the limb intact from hoof to humerus. Becaw$ehe size of the limb, there were
limitations in the loading rate that the MTS cowddhieve. The loading rate was
therefore closer to 1.2 Hz. The slower loading retuld account for the higher strain
values.

For the medial and lateral branches of the SL, éiné et al. [12] found strains
ranging from 2-6% and 4-8% respectively under lodsn 3000-5600 N. In
comparison, strains ranging from 3-7% were foundbfath the medial and lateral SL in

the current study.
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Swanstrom et al. [26] recorded approximately 4%istat 4500 N and up to 10%
at 8000 N in the straight sesamoidean ligamente dunrent study at the gallop load,
which is similar to the 4500 N load of Swanstrostisdy, found the strain to be 5.4%.

Strain values for the DDFT, which ranged from 0.7@P4.48%, were lower than
that of the SDFT. Studies vary in the values timate been recorded for the DDFT.
Riemersma [10] found strain values of 1.15% an@clf@r the walk and trot respectively
in ponies. Shoemaker et al. [25] found an increassrain of 1.4% when the load was
increased from 890 N to 3115 N. The values amgively similar despite differences in
testing parameters.

Similar to the study by Le Jeune et al. [12], thexitmum principal strain was
compressive for the dorsal aspect of MC Ill (exahptsolateral MC 1l at the walk in the
current study). The strains for the abaxial aspécMC Il were also compressive.
However in Le Jeune’s study only a uniaxial strgauge was used so principal strains
were not calculated. The values are similar, thotegd to be higher, in general for the
walk and trot loads and lower for the gallop loadthe current study compared to Le
Jeune’s study. In comparing loading protocolss tiiference is not surprising. The
loads in the current study were 1785 N, 3410 N, 4688 N compared to 1400 N, 3000
N, and 5600 N in Le Jeune’s study. In additiore thvestigators in the prior study
completely transected the long fibers of the cetlatligaments and reported values as a
change from the standing load defined as 890 Nfferehces are expected.

The side (medial vs. lateral) differences appeataty based on if the structure is
proximal or distal to the joint. The strain tendex be greater on the medial side

proximal to the joint space and greater on thedhtsde distal to the joint space for the
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bone strain. For the soft tissue structures, ttaenswas greater on the medial side for all
of the ligaments and tendons except for the extadmsmches of the suspensory ligament
and the annular ligaments in the intact joint ctodi In the disrupted joint condition,
the soft tissue strain was greater on the medial fair all of the structures.

Similar to the studies by Brahma et al. [16] andaBan et al. [17], the surface
contact pressure was found to increase with inorgdsad. Brahma et al. reported mean
pressures ranging from 5 — 35 MPa and peak pressagehigh as 45 MPa for the
proximal phalanx. In the current study, valuesem@uch lower, 7-10 MPa and 22 MPa
for mean and peak pressures respectively. How#were were a number of differences
between the two studies. In the current studyymachic sensor was placed on two
discrete areas on the dorsal aspect of the meniiblageral condyles of MC Il whereas
in the study by Brama et al., pressure film wagsgdbon the entire articulating surface of
the proximal phalanx. In addition, the loads ia tatter study were much higher ranging
from 1800 to 12,000 N.

Studies investigating the effect of cyclic loadiog cartilage have shown that
chondrocyte apoptosis can occur with cyclic loadisgow as 5-6 MPa [27,28]. D’Lima
et al. [29] showed that an impact load of 14 MPauilted in a significant increase in both
glycosaminoglycan release and chondrocyte apoptmsigpared to non-loaded control
cartilage explants. In addition, failure of theestficial cartilage layer has been shown to
occur at 14-59 MPa in bovine tissue samples [30le peak pressure of 22 MPa found in
this study could result in the initiation of caatie damage and degradation. Repetition
of these loads on already damaged tissue couldgse®do severe damage and lead to

osteoarthritis in a relatively young racehorse.

47



To the author’'s knowledge, this is the first study measure surface contact
pressure between the distal condyles of MC Ill &nhd proximal sesamoid bones.
Similar to the proximal phalanx, pressure increasét increasing load. However, the
relative increase in mean and peak pressure wah greater for the proximal sesamoid
bones. There was a 70% (mean) and 95% (peak) &&¥ea(mean) and 56% (peak)
increase in pressure for the medial and lateratipr@ sesamoid bones respectively as
the load increased from walk to gallop. In compami the percent increase in the mean
and peak pressures for the medial (28% and 26%)aadhl (39% and 40%) aspect of
the articulating surface of the proximal phalanxswauch lower. The relatively greater
increase in pressure over a smaller area may legxplain the higher incidence of
fracture in the proximal sesamoid bones in comparts the proximal phalanx.

In evaluating the pressure distribution patternMeen MC 1l and the proximal
sesamoid bones, the highest pressures were fouladlyagnd abaxially especially
towards the palmar aspect leaving a relatively foessure area in the center (Figure
2.7). This pressure distribution pattern may léadan area of high tension in the
parasagittal groove region where many condylatdras are thought to initiate.

Confounding the data is the fact that collectingad@r the open joint capsule
always occurred after the intact joint conditionthg nature of the problem. Although
the limb was preconditioned, strains could havenbesied simply due to the ligaments
being more warmed up after having gone throughinkexct testing. However when
comparing the intact to the disrupted joint comliti there were some soft tissue
structures that showed an increase in strain vatilers showed a decrease in strain when

the joint was opened. This suggests that the liwdae sufficiently preconditioned. In
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future studies however, it would be ideal to testhbforelimbs from a given horse and
randomly assign one to the intact condition andatier to the disrupted joint condition
group. As is the case with the majority of cadastrdies, the variation between
specimens is generally great leading to large stahdeviations. Although the condition
effect was not significant, there were consistéringes suggesting that opening the joint
capsule may indeed have an effect on the mechafidke joint. This may have
implications for arthrotomies. Even though thenjaiapsule is sutured, the mechanics of
the joint may be affected while the capsule isingal By testing both limbs from a given
horse, and increasing the sample size, the vatialilay be reduced allowing for a
greater sensitivity in determining the effect ofeamg the joint capsule. In any case,
further studies are warranted. To further inveggghe sequential effect of testing, after
testing the limbs in the intact group, the joinpsale could be opened in these limbs and
the testing repeated. This data could then be acedpto the data from the limbs in the
disrupted joint group. In future studies, it wowltbo be interesting to investigate the
effect of opening the joint capsule on not onlytd@fsue strain, but on bone strain as
well.

Many simplifying assumptions are made in the dgwalent of FE models. For
example, most models do not include the joint cepsuHowever, opening the joint
capsule may change the joint dynamics. While thsiseplifying assumptions are
generally necessary due to computational limitatjolt is important to realize the
limitations of the model and how these assumptiars affect the predictions obtained

from such models.
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In conclusion, the results from this study suppbet hypotheses that strain and
contact pressure increases with increasing loadtatdurther investigation of the effect
of disruption of the joint capsule is warrantedn dddition, the loading distribution
pattern on the proximal sesamoid bones provideghingto the high incidence of injury
in these bones. The peak pressures seen espeti#ilg higher loads may also help to

explain the damage that can be seen within th¢ ijoirelatively young horses.
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CHAPTER 3
DEVELOPMENT AND VALIDATION OF A THREE DIMENSIONAL ANITE

ELEMENT MODEL OF THE EQUINE METACARPOPHALANGEAL JINT

INTRODUCTION

Catastrophic injury of the equine metacarpophaahgpint (MCP) is a major
concern to the equine practitioner working withefaarses. Musculoskeletal injuries of
the MCP in general are a major reason for retirénagnd euthanasia in racehorses.
Lateral condylar fractures of the third metacatpaie (MC Ill) [2,3] and fractures of the
proximal sesamoid bones [4,5] are the most commgpast of fractures. Many times
these fractures are not able to be fixed and th& mamane decision is euthanasia on the
racetrack.

With all of the possible variations in loading paeters such as magnitude, rate,
and repetitiveness, combined with patient confoionatgait patterns, loading history,
and neuromuscular variations, the study of causdictors of fracture and injury is
difficult at best. The use of computer models ptes a method of investigating
individual variables separately and in conjunctiop allowing the user to change
parameters such as bone geometry, joint laxity, raaterial properties. In this way,

parameters that show promise of having major effeat prevention or predisposition to
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injury and disease can be determined thus narrotiegossibilities without having to
sacrifice large numbers of animals for controll@geximental studies. In addition, it can
assist in determining what information is importemtecord in prospective studies.

Finite element (FE) modeling has been used to studyultitude of problems.
They can assist in predicting bone strength andtura risk [6-8]. When based on
computed tomography (CT) and/or magnetic resonanaging (MRI) data, FE models
can provide a non-invasivéen vivo method of determining contact and pressure
distribution patterns within a joint [9]. While RBodels of other equine structures such
as the MC Il [10], the radius [11], and the ho&R{14] have been developed, to the
author’'s knowledge, there is no FE model of theregMCP. Collins et al. [13] created
a FE model of the equine digits which did include MCP. However, the model was
only used to investigate stress within the hoolsc#gand the flexor tendons. In addition
and perhaps more importantly, the model was notlad. The process of validation is
extremely important. It involves comparing the tesdrom the model to known data
from the literature or experiments. The assumpsdhen made that if the model is valid
for those parameters that can be measured, thereshés obtained for parameters that
cannot be experimentally measured are reasonablyate. Without validation, it is not
possible to have confidence in the results of tredyasis.

While the overall incidence of catastrophic failimeacehorses during racing and
training is low, 0.44 to 1 per 1000 starts [5,19;Xfey are catastrophic meaning that
they usually result in euthanasia or death of #oelorse. While some of these fractures
could be mechanically fixed, biologic complicatigparticularly support limb laminitis

many times leads to the ultimate demise of the ehorBor this reason, prevention of
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injury is especially important. The objective bist study was to create a validated three-
dimensional finite element model of the equine matpophalangeal joint that can be
used to study the risk factors associated withrynjand fracture in the hope of

developing preventative measures.

MATERIALS AND METHODS

Image acquisition and segmentation

A computed tomography (CT) scan of the right equimretacarpophalangeal joint
(MCP) from mid-MC III to mid-proximal phalanx of 4 year old gelding weighing 443
kg was obtained from a project unrelated to thislgt The scan was performed with a
PQCT scanner (Universal Medical Systems, BedfoitsHNY) at 130 kV and 150 mA
with a 1 mm slice thickness in the transverse ¢atgon. The horse had no known
history of musculoskeletal disease. Because thes€h encompassed just the area
directly around the MCP and a larger portion of MICand the proximal phalanx were
desired in order to include the origin and attadmsieof important ligamentous
structures, a CT scan of the entire forelimb frompravious project was obtained. The
scan was performed with the same CT scanner ak¥3@75 mA, and a 4 mm slice
thickness for MC lIl and a 1.5 mm slice thickness the proximal phalanx. The full
forelimb scan was not used for the entire modé¢hagesolution was not sufficient in the

area of the MCP.
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Mesh generation

The MC Il and proximal phalanx from the full fonelb scan was aligned with
the respective bones of the MCP scan. The thiteaepal bone, the medial and lateral
proximal sesamoid bones (PSB), and the proximallapla (Pl) as well as the
intersesamoidean ligament were manually segmemma the CT images using a
commercial software program (Amira, Mercury Comp@gstems, Chelmsford, MA).

The segmented geometry was imported into a mesérgion software package
(TrueGrid, XYZ Scientific Applications, Livermor&A) which was used to generate the
mesh using hexahedral elements. These elemenéscesen because they reduce the
computational time by allowing for a reduced mesngity without compromising
computational accuracy, especially in comparisotetmhedral elements, which do not
provide accurate predictions when significant begdtress/strains are imposed on the
model. The meshed surfaces (bones and intersedeamoligament) were then imported
into a finite element analysis software packagea@fils, Simulia, Providence, RI) for
analysis. The ligaments (except the intersesaranitigament) were defined in Abaqus
as non-linear springs (Table 3.1). Elements wetmided at a uniform thickness (0.85
mm, unpublished data) from the bone to representtticular cartilage. The calcified,
middle, and tangential cartilage layers were represi. The middle layer represented

the middle and deep layers of the articular cayéla

Material properties

The bone material properties were determined bypmagpthe CT density data

onto the mesh using custom written code [18]. Wetwn relationships between
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Hounsfield intensity values and orthotropic elastioduli have been established for the
metaphysis of MC I1ll [19] and the subchondral bameahe distal condyles of MC 1l

[20]. These relationships were used for all ofttbees in the MCP.

Table 3.1: List of the structures included in the finite elmmhmodel of the MCP.

Solid M eshed Structures Non-Linear Springs

Third metacarpal bone Main, medial and lateral thas of the suspensory
ligament

Medial and lateral proximalMedial and lateral collateral ligaments
sesamoid bones

Proximal phalanx Medial and lateral collateral ses@ean ligaments

Intersesamoidean ligament Medial and lateral oklisgsamoidean ligaments

Straight sesamoidean ligament

The multiphasic nature of articular cartilage isesgial to its function [21]. The
biphasic poroviscoelastic formulation which allowartilage to be characterized by a
solid phase representing the tissue matrix andiid fphase representing the synovial
fluid has been well-accepted to approximate its m@ssive mechanical behavior [22].
However in this current study, the equilibrium etas opposed to the dynamic or
instantaneous state was of the most interest. efdrey, the modeling of the middle and
tangential layers of cartilage was simplified tgéaselastic which still allows for a non-
linear response to increasing load. The middle tamdjential cartilage layers were
defined as hyperelastic using a Mooney-Rivlin modéte hyperelastic coefficients were
calculated [23] using a Poisson’s ratio of 0.1 [24H an elastic modulus of 17.9 MPa
[25]. The calcified cartilage was defined as astt material with a Poisson’s ratio of
0.3 and an elastic modulus of 1500. This was dorepresent the transition between

articular cartilage and the subchondral bones itmportant to represent this transition in
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order to decrease potential artifacts due to tharpsithange in material properties
especially at the osteochondral interface [18,26].

The ligaments were defined as non-linear sprirgysguthe stress-strain data from
the study by Swanstrom et al. [2]. The suspenBgaynent data was used to define the
properties for the suspensory ligament and brancAdse collateral ligament data was
used for the collateral and collateral sesamoidig@ments. The straight sesamoidean
ligament data was used for the straight and oblggsamoidean ligaments. The data was
then adjusted in order to account for the absehteecsuperficial and deep digital flexor

tendons which are important supporting structures.

Boundary conditions and loading

The center of the coordinate system was defindzktat the center of rotation of
the MCP. Positive x was directed medially, positwwas directed dorsally, and positive
z was directed distally along MC Ill. Surface amitbetween MC Il and the proximal
phalanx and the proximal sesamoid bones was deéiadthite frictionless sliding. The
proximal phalanx was initially constrained in omligplacement and a concentrated load
of 5 N, 5 N, and 50 N in the x, y, and z directiaespectively was applied to the
proximal aspect of MC Ill. This was done to alldar settling of the bones. The
proximal phalanx was then constrained to allow ordiation around the x-axis. A
concentrated load of 120 N, 385 N, and 4568 N eéxhy, and z direction respectively
was then applied to the proximal aspect of MC These loads were based on the gallop

load found during then vitro experiments (Chapter 2)
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Convergence

Converging the model is an important step in theettgpment of FE models in
order to ensure that accurate predictions are beiage in the minimum amount of
computational time. In order to perform convergenmodels with different mesh
resolutions are created for convergence studiehe [Bwer resolution models are
compared to the highest resolution model. If thH&eknce between a lower resolution
model and the highest resolution model is withia ¢bnvergence criterion, that model is
said to be converged. If none of the lower resmtumodels fall within the convergence
criterion, the process is repeated. The highestludon model becomes the lowest
resolution model and additional models are creatitd greater mesh density. For the
purposes of this study, three initial models ofyiragy mesh density labeled as low,
medium, and high were created. Strain energyityeasthe different bony and soft
tissue structures from the low and medium resatutieshes was compared to the high
resolution mesh [27]. Convergence criterion walindd as at5% difference from the

high resolution mesh.

Validation

Validation is a crucial part in the developmentol computer model in order to
have confidence in its predictions. The converG&dmodel was validated using data
from the literature as well as a series of cadavexperiments (described in Chapter 2).
Surface contact pressure, bone strain, and ligasteain data were compared to the
predictions from the FE model using boundary aratlileg conditions from then vitro

experiments.
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RESULTS

A model of the equine metacarpophalangeal joirg sueccessfully created based
on CT image data (Figure 3.1). The model inclufieel structures (four bones and the
intersesamoidean ligament) meshed with hexahedehents and ten ligaments

represented with non-linear springs (Table 3.1).

Figure 3.1: Medial view of finite element model

of the equine MCP at the gallop load. A: MC I,
B: proximal phalanx, C: medial proximal
sesamoid bone and intersesamoidean ligament.

Convergence

Three models ranging from 78,148 to 158,756 elésnemere created (Table 3.2).
Table 3.3 shows the results from the comparisaheftrain energy density between the
lower resolution models and the highest resolutmael. Convergence withtb% was
obtained for the medium resolution model.

Table 3.2: Convergence parameters for the three models.

Resolution # of Nodes # of Elements Degrees of Freedom

Low 85181 78148 285993
Med 121533 112633 404709
High 169749 158756 555969
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Table 3.3: Percent difference in strain energy density of bHomy and soft tissue
structures between the selected model and therbgg#lution model averaged over the
walk, trot, and gallop loads.

Lat Med MC 11 PSB
Resolution MC I | PI PSB PSB Cart Pl Cart | Cart
(Low - High)
High -4.26%)| -4.20%| -4.49%| -0.84%| -0.78%]| -8.90%| 0.13%
(Med - High)
High 0.97%| -1.21%| 4.12%| 3.08%| 1.15%]| -3.81%| 0.74%

Lat: lateral, Med: medial, Cart: cartilage

Validation

The medium resolution model was within the coneerg criterion for all
structures. Based on the convergence resultspdttum resolution model was chosen
and used for validation purposes. Figure 3.2 shtbesomparison of the surface contact
pressure values. The model tends to underestithateressure at the walk and trot
loads. However at the gallop load, model and erpmrtal values are in good
agreement. The values reported for Brama et 8] ifZlude the whole articulating
surface of Pl as opposed to being broken down letvilee medial and lateral aspects.

A comparison of the pressure distribution pat@nnMC Il due to contact with
the proximal sesamoid bones found duringitro experiments and from the FE analysis
is shown in Figure 3.3. There is good agreemertwdesn the modelin vitro
experimental values, and data from the literatune mhaximum principal bone strain

(Figure 3.4) and ligament strain (Figure 3.5) ai.we
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Figure 3.3: Pressure distribution pattern on MC Il due to teoch with the proximal
sesamoid bones at the gallop load fromvitro experiments (top) and FE model
(bottom).
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DISCUSSION

A converged, validated model of the equine metagarplangeal joint was
successfully created. The model contained 121re8es, 112,633 hexahedral elements,
and 10 non-linear springs. Validation is an esakmiart of the creation of a finite
element model. The model created in this study wedislated based on surface contact
pressure, bone strain, and ligament strain data.

There was good agreement between the model andimeptal data for the
contact pressure especially at the gallop load. e Btandard deviations for the
experimental data were large due to the difficuttynserting the sensors into the joint
and problems with the sensor being pinched astieéxhe joint. In addition, each of the
four sensing areas only covered a 14 x 14 mm aréhese issues could lead to

differences between the model and experimentalegakspecially at the walk and trot
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loads where part of the sensor was not in the afeantact. At the gallop load where
the sensors were in the major area of contactyshees compared well. There is very
little data on pressure distribution in the equW®€P joint in the literature. Brama et al.
(2001) used pressure sensitive film to investigaessure distribution and magnitude of
the proximal phalanx. The values obtained were hmhigher than that found in this
study. However in the study by Brama et al., theére articular surface of the proximal
phalanx was covered with pressure sensitive filnenels in the current study the sensors
were placed on the dorsal aspect of the distal ydeadof MC Ill where Pl would
articulate. The sensors only covered a 14 x 14 anea on the medial and lateral
condyle. Brama et al. found that the highest press/as located at the dorsal articular
margin of the proximal phalanx. Although the semswere placed as dorsally as
possible on MC I, it is possible that they dict mover this area of highest pressure.

To the author’'s knowledge, no other study has |ldakiethe pressure distribution
due to the proximal sesamoid bones. Similar toptfleximal phalanx, values compared
well to the experimental data especially at théogalbad. In addition as seen in Figure
3.3, the pattern between experimental data andrEhanalysis was very similar. Both
showed higher pressures in the axial and abaxgibme and relatively low pressure in
the parasagittal groove and central condyle area.

The majority of the equine MCP bone strain datthe literature is for the mid-
diaphysis of MC Ill. One study [1] did investigat&ain at the dorsal midpoints of the
medial and lateral MC Il condyles just proximaltte articular cartilage as well as at the

medial and lateral edges of MC Il just proximalthee origin of the short fibers of the
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collateral ligaments. The model was in good agexenwith both this study and the
experimental data.

In order to reduce the complexity of the modeé& Huperficial and deep digital
flexor tendons were omitted from the model. Bothtlee flexor tendons represent
important support structures of the MCP. The niatgroperties of the suspensory
ligament and the distal sesamoidean ligaments aditested in order to compensate for
the lack of these support structures. Ideallyflgwor tendons would have been included
in the model. A CT and MRI of the forelimb in stanposition would be necessary to
obtain accurate starting positions of the softugsstructures in order for this to be
possible. However as seen in Figure 3.5, thenstralues for the suspensory ligament
and distal sesamoidean ligaments obtained from nioelel compare well to the
experimental data and that found in the literatsuggesting that the adjustment in
material properties compensated adequately foiattkeof the flexor tendon support.

While simplifying assumptions have been made ie theation of the finite
element model of the equine MCP, model results @etgp well to experimental and
published data. Future studies can use this mdsiudy such things as the effect of
material properties and bony geometry on stregslaison patterns within the joint. In
addition, the model can be further developed ttubte the flexor tendons and investigate

their role in the incidence of injury.
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CHAPTER 4
EFFECT OF BONE GEOMETRY ON CONTACT STRESS IN THE BIQE

METACARPOPHALANGEAL JOINT

INTRODUCTION

The metacarpophalangeal joint (MCP) is one oftilost commonly injured joints
in Thoroughbred racehorses. The lateral condytbethird metacarpal bone (MC III)
and the proximal sesamoid bones are the most frélgueactured [1-5]. These injuries
are generally career ending and many times lifergnds well. Prevention is key due to
the catastrophic nature of these injuries as wethair associated complications making
treatment difficult at best. Therefore, determimatof factors that can identify horses at
risk for failure is essential for the wellbeingtbe racehorse and the sport itself.

Previous studies have shown that conformationj@ntigeometry are risk factors
for musculoskeletal injury in the Thoroughbred faurse. Offset knees and an increase
in front pastern length [7], hoof shape and balgB8¢eand the ratio of lateral to medial
condylar width and the radius of curvature of tietad condyles of MC Il [9] have all
been shown to be indicators of increased risk jofyn

As injuries to the MCP account for the majority thfe career ending and
catastrophic injuries in Thoroughbred racehorshks, dbjective of this study was to

determine how geometric variations in the MCP mesdgpose a horse to injury. In
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order to accomplish this, a converged, validataddielement (FE) model of the equine
MCP (Chapter 3) was morphed to create 3 FE modelseoMCP from three different
horses: one that had suffered a catastrophic factuthe lateral condyle, one from the
contralateral limb of a horse that had sufferedatastrophic fracture of the lateral
condyle, and one from a control horse. Specificatiiwas hypothesized that there would
be differences in the stress distribution pattetwken the three groups that could help

further elucidate the pathogenesis of fracturdénequine MCP.

MATERIALS AND METHODS

Selection of bone geometry data
Computed tomography (CT) data for three MCP joirdsn three different horses

were selected from a dataset of 100 horses: 50ataartd 50 that had suffered from a
condylar fracture. The dataset was split intoéhgeoups: control, fractured, and non-
fractured (limb contralateral to the fractured Iymb Previous studies have shown
significant differences in the ratio of the lateaald medial condylar width as well as the
radius of curvature between the three groups [Slection of the joints was based on
determining the joint that best represented theameecondylar width ratio and radius of
curvature measurements of each respective group.thé fracture group, due to the
disruption of the bony geometry caused by the @rastthe joint in the non-fractured

group that best represented the fractured groupchasen.
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Mor phing the model

The converged, validated model developed as destrih Chapter 3 was
morphed based on the CT data to create three fei@ment (FE) models. Surface
reconstructions of the bones from the CT data wesated using a commercial software
program (Amira 4.1.1, Mercury Computer Systems, [@sford, MA). The base FE
model was imported into the program and was morpisdg the Landmark Surface
Warp function [10]. The morphed mesh was compéaoeithe surface reconstruction in

order to ensure an accurate geometric represemizttite joint surface.

Boundary conditions and loading

The morphed models were imported into a FE aralgsbgram (Abaqus 6.9,
Simulia, Providence, RI) for analysis. Boundarynditions and loading were as
described in Chapter 3. Briefly, the coordinatstssn was defined with the center at the
center of rotation of the MCP, positive x directeedially, positive y directed dorsally,
and positive z directed distally. The proximal lainx was constrained to allow only
rotation around the x-axis. A concentrated loadl®® N, 385 N, and 4568 N was
applied in the x, y, and z directions respectivelhis load was chosen to simulate the

stance phase of gallop as found duringithétro experiments (Chapter 2).

Analysis
The von Mises stress was subjectively compared degiwwhe control, fractured,
and contralateral MCP models for the cartilage lamae of the distal condyles of MC IlI.

In addition, the average von Mises stress for tediat and lateral parasagittal grooves at

74



30° palmar to the transverse ridge was compared bativeethree condyles. This area

was chosen as fractures of the lateral condyl¢éhaneght to initiate in this location.

RESULTS

Three finite element models were successfully eckdiy morphing the base

model created in Chapter 3. There was good agrmdmetween the morphed model and

the actual geometry especially in the areas ofamriFigure 4.1).

Figure4.1: (A) CT image of a transverse cut
through the distal condyles of MC Ill, (B) a
frontal cut through the proximal phalanx, and
(C) a transverse cut through the proximal
sesamoid bones. Red line indicates the
segmentation of the bones. Blue line
indicates the fit of the morphed model. M:
medial, L: lateral

Palmar

Figure 4.2 shows the von Mises stress for thelaggiand bone for the control
condyle. The figure shows an area of high stresshe cartilage in the area of the
transverse ridge. The gross picture (Figure 42)fi a condyle that depicts the
osteoarthritic changes that can be seen. As caedre there were severe changes in the

area of the transverse ridge where the highesilaggtstresses occurred. While the
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stress was still highest in the area of the trarseveidge on the bone, the stress was
spread out over a greater area on the condyless#teamon the cartilage.

Figure 4.3 and Figure 4.4 show the von Mises stfesghe control (CTL),
fractured (FX), and contralateral nonfractured (NFE$ndyles on the cartilage and the
bone respectively. As can been appreciated franigjures, there were some noticeable
differences in the stress pattern between the ttoedyles. For the CTL condyle, the
area of highest stress in the cartilage occurreithenregion of the transverse ridge. In
contrast, the highest stresses in the NFX and FXlyles tended towards the region of
the parasagittal grooves and°3@almar region respectively. The bone stresse® wer
more diffuse over the condyles in all three conglyleHowever, they showed distribution
patterns similar to those found on the cartilage.

Figure 4.5 shows the von Mises stress for the X, and NFX condyles on a
30° palmar slice. In all three condyles, there wasi@a of increased stress in the region
of both the medial and lateral parasagittal groovégure 4.6 compares the average von
Mises stress for the medial and lateral parasagitteves at the 30° palmar section. The
stress was higher in the medial parasagittal greemea than the lateral parasagittal
groove area for all three condyles. The highessstoccurred in the medial parasagittal
groove of the FX condyle. Figure 4.7 shows how gtress varied across the condyle
from lateral to medial at 30° palmar. As can bensm the figure, the FX condyle had
the greatest variation in stress across the condyleddition, for all condyles, the areas
of highest stress occurred at approximately thepoiids of the medial and lateral
condyles while the area of lowest stress occuretd/iden the midsagittal ridge and the

lateral parasagittal groove.
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Figure 4.2: The von Mises stress on the
cartilage and bone for the control condyle.
The gross image [6] is for comparison to
show where typical osteoarthritic changes
occur. Scale is in MPa.
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Figure 4.3: Comparison of the von Mises stress
on the cartilage between the CTL, FX, and NFX
condyles. Scale is in MPa
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Figure 4.4: Comparison of the von Mises stress
on the bone between the CTL, FX, and NFX
condyles. Scale is in MPa.
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Figure 4.5: Comparison of the von Mises stress

between the CTL, FX, and NFX condyles at 30°
palmar. Scale is in MPa.
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DISCUSSION

This study used computed tomography data to mamamverged, validated finite
element model of the equine metacarpophalangeal joi order to represent varying
geometries found within the joint. It was showrattlthe landmark based morphing
function of a commercially available software pagkawas an effective method of
creating additional models based on subject spdoaifage data.

Results from this study supported the hypothdsas there would be differences
in the stress distribution pattern due to variagiom bone geometry in the equine MCP.
The areas of highest stress in both the cartilageb@ne tended to occur more palmarly
and abaxially in the FX condyle when compared te tBTL and NFX condyle
respectively. In the 3Qpalmar section, increased stress was found inthetmedial and
lateral parasagittal grooves in all three condyleRrevious studies have shown that
fractures of the lateral condyle originated in dstefnt areas namely the distopalmar
aspect of the lateral parasagittal groove. Them avas a common site for macroscopic
defects in the articular cartilage and underlyingchondral bone. In addition, CT scans
revealed radiolucent areas in this area as wellLP]1

Figure 4.5 shows an area of increased stresipaimar aspect of the lateral and
medial parasagittal groove that extends proximallyall three models. This stress
distribution pattern can help explain why fractuoeginating in the palmar aspect of the
parasagittal grooves are one of the most commoastyyd catastrophic injury in the

equine racehorse.
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The medial parasagittal groove area had grea&sssin comparison to the lateral
parasagittal groove. While lateral condylar fraetuare far more common, medial
condylar fractures can be seen as well [13,14]A multitude of other factors could be
responsible for the higher incidence of lateraldydar fractures in comparison to medial
condylar fractures. These factors could includaeebmaterial properties, variations in
muscle forces, or side to side differences in ligatmaxity. In addition, in investigating
the stress pattern along the length of the condlytgn be seen that there was a gradual
increase in stress from the midsagittal ridge nmilgdia mid medial condyle. In contrast,
while there is relatively low stress in the latgpatasagittal groove, it was surrounded by
two areas of higher stress. It is thought thatri#lative change in stress may play a
larger role than the absolute stress at a giveatitmt as long as the absolute stress is less
than the yield or ultimate strength. Additionaléstigations with larger sample sizes are
needed in order to further examine this hypothesis.

The yield and ultimate strength of the equine nataal condyle in the 30°
palmar location has been reported as 62.69 + 181P@& and 74.77 + 25.14 MPa
respectively [15]. The von Mises stress founchim ¢urrent study was less than this in all
three condyles including the fracture condyle. ddscussed above, the stress gradient
may play a role in fracture. As can be appreciatdeigure 4.7, the fracture condyle had
the largest variation in stress along the lengtthefcondyle. In addition in the control
condyle, the stress was relatively constant inldkteral parasagittal groove area. There
may be a number of other factors that also playle. r Again, further studies are

warranted.
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There are a number of limitations to this stu@hronic cyclic loading leading to
focal remodeling has been shown to occur in thenaakspect of the lateral parasagittal
groove where fractures are thought to initiate [1d]herefore, the material properties
between the three condyles may in actuality be wbfferent and could contribute
significantly to the stress patterns found in tloedyle. However, in this study, the
material properties were consistent between theethmodels. Keeping the material
properties consistent allowed for a better comparisf the variation in stress patterns
due solely to joint geometry. However, the vaadatin joint geometry undoubtedly
affects bone adaptation [16-18] due to differencehow the bones are loaded. In
addition, a study by Firth et al. [19] showed diffleces in mineralization in the area
where lateral condylar fractures are thought ttiate before race training had begun.
This suggests that some horses may be predispodeacture based on initial material
properties. In future studies, it would be intéresto define the bony material properties
for each model in the FX, NFX, and CTL groups basedthe CT data that each
respective model is based on.

Likewise, ligament and tendon material propertias vary between individual
subjects. Subclinical to mild injuries of the seispory apparatus have been shown to
increase the risk of further musculoskeletal inji2§]. Again, the material properties in
the models were held consistent to better studyetffiect of geometry. However,
variations in the soft tissue material propertiesld lead to changes in how a joint is
loaded and consequently the contact stress witjomg[21].

Another possible limitation to this study is theotce of the failure criteria used.

The von Mises stress was used in this study to eoentghe overall stress distribution
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pattern between the three models as well as thegeestress value in the parasagittal
grooves. Some studies have argued that otherdathiteria are better. Multiple studies
have looked at strain based criteria [22,23], @ladrstress based criteria [24], and still
others at criteria specifically for anisotropic el [25]. Although there is much debate
in the literature as to the appropriate failuréecra to use, multiple studies have used von
Mises stress to predict fracture location with oemble accuracy [26,27]. For this
reason, the von Mises stress was chosen for thdy.stin future analyses, it may be
beneficial to compare the different criteria aslegapto the study of catastrophic injury in
racehorses. However, that is beyond the scog@irvestigation.

The landmark based morphing method did a good fj@basphing the base model
providing a relatively efficient method of creatirspecimen specific models from a
converged and validated model. Although the imasipesved relatively good agreement
between the morphed model and the CT scan it wssdban, the landmark method does
require a certain amount of interpolation betweaohelandmark. Too few landmarks
can result in the smoothing over of important geiced differences. However, too
many landmarks can lead to irregularities due tadever-constrained. It would be
interesting to look at the effect of the numbetasidmarks on the model analysis results
or compare the landmark based morphed model wsthrface based method.

The results presented herein are based on thesngms, one in each group.
However, the results based on just these three lsanspowed that there were some
stress distribution patterns in the equine MCP thate similar between the FX, NFX,
and CTL condyles and were consistent with areasateacommonly fractured. Other

stress distribution patterns were different betwéen three condyles and could help
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better elucidate the pathogenesis of fractureemrdicehorse. While it is difficult to draw
any definitive conclusions from such a small sangige, this study shows that further
studies are warranted. These include increasiegntimber of models investigated,
expanding the model to include the flexor tendonsl anore distal and proximal
structures, and modifying material properties. HWNifurther studies, a better
understanding of the pathogenesis of catastropijiciés in Thoroughbred racehorses
will be realized which ultimately can lead to otnildy to decrease the incidence of these

career and sometimes life ending injuries.
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SUMMARY AND FUTURE DIRECTIONS

This study has set the framework for future inigadions into the stress
distribution patterns and possible mechanisms tdst@phic failure within the equine
metacarpophalangeal joint using finite element rtinde Thein vitro portion of this
project has provided a robust data set that cansbd to validate future finite element
models. In addition, between the third metacatpaie and the proximal sesamoid
bones, an area of high pressure axially and abaxiéth a relatively low pressure area in
the center was found. This type of pressure Oigtion pattern may lead to undue stress
in the area of the parasagittal groove where mamgdylar fractures are thought to
initiate.

The second portion of the study created a condeagel validated finite element
model of the equine metacarpophalangeal joint. [&iany other finite element models
of various equine bones have been created, naéstpoint have been used to study the
possible mechanisms of catastrophic injury in tletamarpophalangeal joint. The use of
finite element models provides a fantastic way rofestigating various parameters by
allowing the user to change individual parameteichsas bone geometry and material
properties and then determine what effect if amgéhproperties have on the stress within
a joint. This can help direct clinical studieshaitit having to sacrifice a large number of

research animals for controlled experimental stidie
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The use of the finite element model to study tifiece of bone geometry provided
insight into the pathogenesis of fracture. Incedastress was found in the parasagittal
groove area just palmar to the transverse ridgéis @rea is where many condylar
fractures are thought to initiate. In additionerdh were noticeable differences in the
stress distribution pattern between the contralgtfired, and non-fractured contralateral
limb models. Further study of these differencesfualp lead to a better understanding of
the factors that predispose one horse to catastrégilure while another horse can have
a successful racing career.

There are many directions that the research cainogo here in order to have a
greater understanding of the pathogenesis of capdst failure in Thoroughbred
racehorses. Additional work on the model to ineltlde flexor tendons as well as more
distal and proximal structures will be an importatart. Extending the scope of the
model may allow for the inclusion of muscle forcefvestigating the role of material
properties, both bone and soft tissue, will likedpd to significant differences as well.
This study represents just the beginning. With tiomed work and a better
understanding, it is hoped that we can ultimatedgrdase the incidence of catastrophic

injury and improve the welfare of Thoroughbred tamrses.
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