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ABSTRACT

Musculoskeletal conditions and exercise-inducednpulary haemorrhage are commonly
diagnosed in Thoroughbred racehorses worldwide hand serious consequences for
racehorse welfare and the racing economy. Despteasing interest in the study of
genetic susceptibility to disease from the veteyimasearch community as a whole over
past decades, the Thoroughbred has been largelyeidms a study group. The availability
of software capable of complex genetic analysasgusirge, unbalanced pedigrees has
made the study of genetic susceptibility to diseassalistic prospect for veterinary
researchers. This study aimed to complete pretingianalyses of the genetics of a
number of important musculoskeletal conditions, ahelxercise-induced pulmonary
haemorrhage, in two different Thoroughbred popateti Multivariable regression
analyses were performed to identify important esminental risk factors for each
condition in each population, and heritability aysas were conducted. Genetic
correlations between disease conditions were alsstigated. Fracture, tendon injury,
suspensory ligament injury, osteoarthritis and H&listaxis were found to be heritable
traits in the Hong Kong population. Distal limla¢ture, SDFT injury and epistaxis were
also found to be heritable in the UK Thoroughbregdylation. Most heritability estimates
were small or moderate in magnitude. Selectivedirg strategies that identify those
animals with low genetic risk could play a parfuture efforts to reduce the incidence of
these conditions, in conjunction with favourable@iesnmental manipulations based on
research evidence. Due to low heritability, mdghe conditions studied here would
reduce in incidence slowly if selective breedingevenplemented, thus strategic
environmental manipulations would be warranted gémle such longer-term efforts to

provide effective incidence reductions.

A number of conditions were found to be positivggnetically correlated, suggesting that
risk reduction through breeding could reduce thk of multiple diseases concurrently.
For example, fracture and osteoarthritis were fauonioe positively genetically correlated
(0.85 - 0.89) in the Hong Kong racehorse populatidowever, using the Hong Kong
Thoroughbred population dataset, EIPH/epistaxistandon injury were negatively
genetically correlated, which suggests that redaath genetic risk of one of these may
lead to increased genetic risk of the other.



Measures of the durability and performance of racss were investigated to assess
whether they were heritable traits in the UK anahgi&ong racehorse populations, and to
assess their relationship to the disease condisitutied. Selection based on more holistic
measures of horse health and longevity such asécéngth’ could be a more attractive
prospect for stakeholders, as this could foregom#exl to select for many different traits
individually. Career length, number of starts otrex career, and the level of earnings
were all heritable traits in both populations. 3@dolistic traits were found to have
variable relationships with the disease conditstuslied in each population. These
analyses are the first to assess the genetic batitm to risk for many important diseases
in the Thoroughbred. They provide a starting p&iotn which further investigations into
the applicability of genetic manipulations coulélyi realistic and achievable tools for

racing stakeholders to use to ‘improve’ the breefiiture.
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1. CHAPTER I. INTRODUCTION



1.1 General introduction

Horseracing is one of the oldest and most popylectator sports worldwide. The
popularity of betting on horses has continued twdaase in recent years despite widespread
economic difficulties in the developed world. 8@ injuries to racehorses are lamentably
common in all types of racing, and fuel much delrathe media on the ethics of the sport.
Injuries cost the racing industry a great dealugfowastage of horses, veterinary bills,

and importantly, through negative publicity. Mastydies have been conducted in the past
to better understand the epidemiology and riskofadior injuries, but few have led to
widespread changes in horse management, and neashidsequently been proven to
have reduced injury incidence. Past studies h&ea differed in case definition,

statistical power, and the population of horsedistli(amongst other aspects), meaning
that clear, coherent advice for stakeholders on tooregduce injury incidence has not been

forthcoming.

The Thoroughbred has been selectively bred for 806ryears to produce a superior
athlete with a unique physiology. It is the breealst frequently used for racing

worldwide, and is the focus of this study. Reahtances in equine genetics, such as
mapping of théequus caballus genome by the Broad Institute in 2007 (using theADifla
Thoroughbred mare called Twilight) and developnedrihe lllumina Equine SNP50
BeadChip, have fuelled a wealth of research inteege diseases of the horse (Wade et al.,
2009) . Much progress has been made in identiffnegcausal mutations of many
monogenic diseases; indeed genetic tests are novewcially available for many of

these conditions, for example Foal ImmunodeficieBggdrome (Bannasch, 2008;
Brosnahan et al., 2010). However, as in human cmegiunderstanding multifactorial
diseases, i.e. those for which multiple genes hadtvironment interplay to lead to
disease, poses a more difficult challenge to eqgémeticists. Dissection of the sources of
variation in a population with respect to a diseasables a better understanding of its
aetiology, and can focus efforts to reduce incigenthe availability of computing power
and user-friendly software mean that the studyngfdisease should now include analysis

of the possible contribution of genetic susceptiptb the overall disease prevalence.

Fracture and other musculoskeletal injuries areouhtedly heavily influenced by
environmental factors, but, far from precludingitigenetic analysis, this indicates that a

holistic approach to risk analysis is warrantegeeglly in instances where environmental
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risk factors are impractical or impossible to martepe, for example sex, year of racing
and racing yard of origin (Boden et al., 2007; Leinal., 2007a; Ramzan and Palmer,
2011). Research-led modification of risk factasslsas the hardness or composition of
the racing surface could potentially lead to sweffuctions in risk of injury to all horses,
and therefore such modifications are to be welcontdéolwever, some environmental
influences are likely to be difficult to record acately and also to model. Reduction of
the risk conferred through the genes could enabdelaction in disease incidence even
where environmental manipulation is unsuccessfuindeasible, provided the condition in
question is, at least in part, heritable. A th@lounderstanding of both the environmental
and genetic influences of a trait and how thesecesuof variation work together in
production of a disease phenotype is an importaat of veterinary research. What
follows constitutes an important milestone on ththgowards this aim for a number of
significant veterinary conditions, in two geogragaily separate populations for the

purpose of maximising global applicability of thesults.

The success of the racing industry as a whole Bingehe ability of owners, trainers and
racing employees to maintain the health and welfétbeir charges, in order that they
may perform well. As such, sound, reliable adwinghe prevention of important

veterinary diseases must be generated, dissemiaatedcted upon by stakeholders.

1.2 Horseracing and the Thoroughbred

1.2.1 Horseracing industry

1.2.1.1 United Kingdom horseracing

Horseracing in the United Kingdom (UK) has a lomg @stablished history, with the first
recorded races taking place around 1174 undeetge of King Charles II. Currently, UK
racing has the second largest capital expendifuaeysport (following football), and

plays a vital role in the British economy (BHA, B)0

The British Horseracing Authority (BHA) is the gaweng and regulatory body of
horseracing in the UK (www.britishhorseracing.corihe remit of the BHA covers all
areas of Thoroughbred racing, including personnélaurse licensing, racing rules, drug

testing and horse identification verification. Aflthe 60 racecourses in the UK must be
3



constructed and maintained to standards preschipéide BHA, which include rules on
course width, length, maximum number of runnerstadtie construction and placement,
watering facilities, and ground surface qualitthe BHA also oversees the veterinary care

of all horses attending UK racecourses for the psep of competing in registered races.

At least two course-employed Veterinary Technici@fibs) must be present at every flat
race fixture, and at least three at every jump fixtere. The VTs are responsible for
much of the hands-on care of horses at the raéetad work closely with the BHA-
employed Veterinary Official (VO). There must beedvO at every race fixture in the
UK, and their principal responsibilities includaifing with course stewards to ensure
adherence to BHA rules, drug testing and recordingeterinary diagnoses. The VTs and
VOs work together to ensure that horses that dfietarrace are identified to the course
stewards so that they may be prohibited from comg@eand to deliver veterinary care to
any horses suffering iliness or injury before, dgrior after a race

(www.britishhorseracing.com/resources/media/pubibos_and_reports/BHAGIS_31.03.1
2.pdf).

Before every race fixture, the VO and steward$efdourse populate a list of horses to be
examined before racing, and the identity of alldesrarriving at the course is verified by
microchip scanning and/or passport checks. Hdhsgsare noted include any that are
aged 14 years or older in jump races, and 11 ywaskler in flat races, those that were
reported lame at their last fixture, those that hadraced in the previous 12 months, or
those that failed to complete four out of theit kig races. If the VO detects any medical
reason why these horses are unfit to race, theetravill be notified and these horses will
be removed from the race. All unexpectedly poafgsmances in races must be reported
by the jockey or trainer to the VO with their expddion of why the performance was
suboptimal. If a veterinary reason is suspecteglMO or VTs can examine the horse. All
diagnoses and prognoses gathered from a racediaterentered by the VO into a central
database using a tick-box system, and an optidirah@racter free text entry section.

Racing in the UK is either competed on flat groon@dver jumps. Flat racing occurs on
turf or all-weather synthetic surfaces. The hasdr{ggoing’) of turf tracks must be
monitored and reported before each race meetinyexcessively hard or soft conditions
can lead to cancellation of racing. All coursesstrhave watering systems that are

employed to avoid excessively hard ground. All-tkeatracks must be made of approved
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substances and an annual report on their conditidnvarious performance criteria must
be submitted to the BHA. All jump racing is onftudump races are either hurdle or
steeplechases, and jump courses must be widefl#aace courses to allow for lay-bys
adjacent to obstacles. Hurdle races have atéggist hurdles over a two mile distance,
with one additional hurdle for each subsequenttguanile of track. Hurdles are smaller
and more angled than steeplechase fences. Steapéeraces have at least twelve large,
upright fences per two mile course, with an addaicsix fences per additional mile.
Some of these fences can be preceded by an opén alid at least one is usually a water
jump. The number of runners permitted in each tgge (‘field size’) is set and enforced
by the BHA. Hurdle and steeplechase races areatmdely known as National Hunt (NH)
races, which also incorporates National Hunt M) events. NHF races serve as an
introduction to racing for horses intended for juraping in future, but are themselves
without obstacles, and usually take place on hardéeirses after the hurdles have been

removed.

The BHA regularly publishes descriptive facts aigtifes about the British racing
industry. The following facts are drawn from thel&8 Fact Book 2011/12 (Akesson et al.,
2008). In 2011, there were 14435 horses in trgiair825 registered training yards. Of
these horses, 8636 (59.8%) were in training fdrrélaing only, 4541 (31.5%) for jump
racing only, and 670 (4.6%) were in training foatpurpose racing (plus 588, 4.1% in
training as hunter chasers). Table 1-1 gives tmber of horses in training for various
racing disciplines in the UK in 2011. Table 1-2ag the number of training yards that

housed each group size of horses in training, irl20

Table 1-1. Data from the BHA Factbook 2011/2012e fiumber of horses of different ages in
training for different racing disciplines in the UK 2011.

Horse age
2 years old 3 years old 4 years old 5+ years old Total
Flat racing only 3043 2587 1264 1741 8636
Jump racing 0 109 587 3845 4541
only
Dual purpose 0 62 169 439 670
All horses 3043 2758 2020 6025 13847




Table 1-2. Data from the BHA Factbook 2011/2012e fiumber of training yards in the UK that
had between 1 and 10, or 11 and 15 etc. horsésiiming.

Number of horses in training yard

1-10 11-15 16-20 21-30 31-40 41+ Total

Flat racing 250 a7 37 34 18 60 446
Jump racing 537 41 18 15 12 17 640
Dual purpose 252 3 1 0 0 0 256

In 2011, 4635 live foals were produced by the Ut€gistered studs. UK racehorses are
exported all over the world, and in 2011, of altofe8633 exported Thoroughbreds, 1261
were sent to France, and 106 were sent to Hong Kdhg remaining 2266 horses were

exported to more than 14 other countries on fouatinents.

The racing industry employed 4358 full time persgrand 2124 part time personnel in
2011. In that year, 896 flat racing fixtures whetd, 570 jump racing fixtures and 3
mixed fixtures. In terms of racing surfaces, iri 202245 races were run on all-weather
tracks (20355 starts), 4025 on flat turf (3923 Ttsjaand 3873 races were run over jumps
(34735 starts).

The field size in UK racing in 2011 varied by rdagpe as shown in Table 1-3.

Table 1-3. Data from the BHA Factbook 2011/2012e fiumber of races of different field sizes,
of flat and jump racing in the UK in 2011.

Field size
1-5 6-10 11-15 16+ Total
Flat racing 632 3346 2030 262 6270
Jump racing 673 1995 1022 187 3877

The BHA works alongside Wetherbys, which among mathwer duties, is responsible for
maintenance of the General Stud Book in the UK (wwatherbys.co.uk). The first
edition of the stud book was published in 1791, laal been published every four years
since. Admittance to the stud book is only allovi@dthose horses whose parents are
already registered, and that have not been conteisieg artificial insemination. Since
1999, all racehorses have been required to be ahigped to verify identity, and since
2001 DNA-based parent verification has been implast



The training, management and veterinary care @hases in the UK is predominantly
outwith the control of the BHA, and horses are uritedly subjected to an almost
limitless range of different environmental condiso There is currently no provision for
systematic recording of management techniquesramdrtg regimens of all registered
racehorses in the UK.

1.2.1.2 Hong Kong horseracing

The Hong Kong Jockey Club (HKJC), established i84.&ecame a professional
organisation in 1971 (http://www.hkjc.com/home/esigindex.asp). Unlike in the UK,

the HKJC is responsible for all aspects of horgagaéncluding the housing, training and
medical management of all Thoroughbreds in Honggkonhe HKJC also licenses
jockeys, trainers and trainers’ assistants, andlaggs which horse names are available for
use. The sport continues to grow in popularityeyating HK$71,000 million in betting
over the 2009/2010 season, and attracting in exafe$30,000 spectators in 2011 (HKJC,
2010, 2011). There are two racecourses in HonggKlooth of which are flat. Happy
Valley hosts most racing fixtures on its turf traakd Sha Tin is the site of most training,
using both turf and all-weather tracks.

The HKJC annually houses around 1500 horses alBhracecourse in the New
Territories. Around 400 horses are retired frogirrg annually, often to commercial

riding establishments. Compulsory retirement i®eed by the HKJC for horses
reaching 11 years old, those with a low performaatieg at the end of a racing season,
horses that are blind or missing one eye, follovthrge episodes of epistaxis or three
episodes of cardiac arrhythmia. The owner or énragan opt to voluntarily retire a horse at
any time. The racing year commences in July, widst races held between September
and June. Approximately 80 race meetings and &0&srare held annually, with the

majority run on turf.

The Veterinary Regulatory and Veterinary Clinicadartments conduct the veterinary
care of all racehorses. Horses that are eighsyadrat the end of a racing season are
required to pass a clinical examination before teyallowed to race in the following
season. Any horse that has not raced for 12 montis$ undergo a barrier trial and pass a
clinical examination before it can be permitteddoe. One of the chief methods used by

the HKJC for ensuring horse health is the Offidaterinary Examination (OVE) system.
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OVEs can be issued by the chief stipendiary stewaafficial regulatory veterinary

officer when a horse gives an unacceptable perfocean a race, a veterinary problem is
detected in a post-race examination, or when tyelagory department is advised by the
clinical department of a horse with a significargghosis. The horse’s trainer is informed
of the OVE, and must work with the veterinariansdatify the problem and restore the
horse to health (where possible), before it carebabmitted for an OVE, which it must
pass before being allowed to resume racing. Tdieer may alternatively decide to retire
the horse. The OVE consists of an examinatiorabgand a barrier trial, and a further
examination one hour later. Horses with only mipeblems may only be required to

pass a clinical examination without a gallop test.

All episodes of epistaxis must be reported to tkdE veterinary team on the same day
that it occurred. Tracheobronchoscopy is not nalyi performed to confirm exercise-
induced pulmonary haemorrhage, and the horse istoned for further episodes and
banned from racing for a period of three monthshi/d episode of epistaxis requires
compulsory retirement. Cardiac arrhythmias argmtaed either by auscultation or
electrocardiography. Following a first or secopisede of arrhythmia, the horse is

banned from racing for six months, and a third @ésrequires retirement.

1.2.2 Injuries sustained during racing and training

1.2.2.1 Overview

The investigation of the incidence of injuries &@ehorses, and their associated risk
factors, has frequently been conducted using rdittexd case definitions in the past.

Table 1-4 lists a number of these investigatiorts wie case definitions used. Use of such
broad definitions enables a general overview otcthradition, and generates generic risk
factors, but can be misleading when the readeitésasted in a more specific injury,

which may contribute few cases to the amalgamateuwlpg



Table 1-4. Examples of published literature thatehiacluded case definitions pertaining

to injuries.
Subject Definition Published Literature
Generic groups:
- . . . Cohen et al. 2000,
Injury Any injury or n;?]((jjl(;?:yes\i/(?z;]lt:gg:iﬁzignby observation Pinchbeck et al. 2004,
Stephen et al. 2003
Lameness Lameness from all causes, based on owner ‘diagnosis’ Murray et al. 2010

Days lost from training Days lost from training due to any cause

Musculoskeletal Injury Trainer or veterinary diagnoses of injury or abnormality

(MSI) to any part of the musculoskeletal system
Injury to any part of a limb from the carpus/tarsus
Lower limb MSI distally, which was associated with training and resulted
in >7 day interruption to training
Veterinary-diagnosed MSI during or immediately
Serious MSI following a race, resulting in euthanasia or failure to

race for 6 months from the date of injury

MSI necessitating euthanasia during or immediately

Catastrophic MSI )
following a race

Euthanasia or death at the racetrack, or within 24hrs of

Fatality
arace
Fracture related groups:
Fracture Veterinary diagnosed fracture

Distal limb fractures (inclusive of carpus/tarsus) leading

Fatal distal limb fracture to euthanasia at the racetrack

Third
metacarpal/metatarsal
(MC/T3) fracture

Fracture of any part(s) of the third metacarpal or
metatarsal bones

Pelvic and tibial stress

Veterinary diagnosed pelvic or tibial stress fractures
fracture

Uni- or bilateral fracture of the proximal sesamoid
bones

Proximal sesamoid bone
fracture

Tendon/ligament related groups:

Veterinary diagnosis of tendon injury leading to

Tendon injury retirement
Tendonitis Ultrasound (veterinary) diagnosis of tendon
inflammation

Injury to the suspensory ligament, proximal sesamoid
bones of the forelimb, or distal sesamoidean ligaments,
reported by trainer

Suspensory apparatus
(SA) injury

Suspensory ligament (SL)

injury Veterinary-diagnosed suspensory ligament injury

Veterinary-diagnosed injury to the superficial digital

Superficial digital flexor
flexor tendon

tendon (SDFT) injury

Dyson et al. 2008,
Taylor et al. 2012

Cogger et al. 2008,
Ramzan et al. 2011

Perkins et al. 2005

Bailey et al. 1998

Beisser et al. 2011

Boden et al. 2007,
Johnson et al. 1994

Ely et al. 2004, Kaneko
et al. 1996, Oikawa et
al. 2005, Verheyen et al.
2007

Parkin et al. 2004

Boyde et al. 2005,
Jacklin et al. 2012,
Parkin et al. 2006, Riggs
et al. 1999, Stepnik et
al. 2004, Whitton et al.
2010

Verheyen et al. 2006

Anthenill et al. 2010,
Kristoffersen et al. 2010,
Kristoffersen et al. 2010

Lam et al. 2007, Lam et
al. 2007

Kalisiak et al. 2012

Perkins et al. 2005

Ely et al. 2004,
Kasashima et al. 2004
Ely et al. 2004,
Kasashima et al. 2004,
O’Meara et al. 2010,
Perkins et al. 2005,
Reardon et al. 2012,
Thorpe et al. 2010




1.2.2.2 Fracture

Most injuries sustained by racehorses are injudebe musculoskeletal tissues (MSI), and
most MSI are fractures (Johnson et al., 1994; M¢cH885; Stephen et al., 2003; Boden et
al., 2005). Three main forms of fracture are rexegd in horses, namely fatigue,
monotonic and pathological forms (Riggs, 2002; Esife et al., 2008; Kristoffersen et al.,
2010a). Pathologic fractures are those that oeithier spontaneously or upon application
of moderate forces to ‘abnormal’ diseased bonegxample following osteoporosis or
infection. These are thought to represent a vergllgproportion of racecourse fractures,
as serious pathology leading to weakening of bavadd be likely to be addressed at an
early stage, with the horse being withdrawn froming. Monotonic fractures occur in
previously healthy bone, and are the result ofgh@ication of excessive loads to bony
tissues, such that the bone is deformed beyomdassic threshold resulting in fracture
(Riggs, 2002). Such injuries are often sustaiméidwing falls or collisions, and are
identifiable by their unpredictable locations aracture patterns, and their association
with traumatic events. The third, and most comnfiorm of fracture is the fatigue or
‘stress’ fracture. These have been recognisednmam and equine medicine for many
years, and are thought to be the result of accuedidamage to musculoskeletal tissues
(Lanyon, 1987; Riggs, 2002; Shelton et al., 20@8pBik et al., 2004; Entwistle et al.,
2008; Kristoffersen et al., 2010a; Ramzan and Palgtd1). Many studies have shown
that training and racing activities allow adaptatad equine bone in particular locations,
resulting in increased bone density (Nunamakel. €1290; Reilly et al., 1997; Stepnik et
al., 2004; Boyde and Firth, 2005; Anthenill et 2D,10; Whitton et al., 2010; Beisser et al.,
2011; Shi et al., 2011). This remodelled bonevadithe formation of micro-cracks, which
are protective against macroscopic fractures, dem/they are not too numerous. With
time, this microscopic damage will heal by ostestitaresorption followed by osteoblastic
bony proliferation, rendering the bone thicker iandeter than before, and less porous
(Lanyon, 1987; Loitz and Zernicke, 1992; Riggslet1®99; Davidson, 2003; Boyde and
Firth, 2005). Continued cyclical loading of borsedfering such microdamage, without
sufficient rest periods to allow for healing, caad to propagation of cracks and eventual
catastrophic failure, i.e. a fatigue fracture. Da¢heir pathophysiology, these fractures
are identifiable by their characteristic locatioegidence of histopathological changes of
some duration in the fracture region, and the alseha traumatic event in the history.
Many studies have identified their presence inghst, but few have attempted to quantify

the relative proportion of fatigue fractures toatforms of fracture in the racing
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Thoroughbred (Nunamaker et al., 1990; Reilly et197; Riggs, 1999, 2002; Davidson,
2003; Parkin et al., 2006; Verheyen et al., 2006stkffersen et al., 2010a; Ramzan and
Powell, 2010; Whitton et al., 2010). Fractureshaf third metacarpal or metatarsal bones
were thought to be fatigue-related in the past,dwer more recent studies have suggested
that only those fractures originating within thendglar groove show stress-related
pathology, with a significant proportion of fracdgroriginating outside the condylar
groove (Riggs, 1999; Shelton et al., 2003; Reartal., 2012). Similarly, fractures of the
proximal sesamoid bones have been shown to beiatsbwith increased bone density in
one study, but were not associated with an inccekese! of microdamage compared to
unfractured sesamoid bones in an earlier studys{éffersen et al., 2010a; Shi et al.,
2011).

Previous studies have reported fracture rateslafioll.5 per 100 horse months in training,
and more variable rates in racing, depending onyhe of race (Ely et al., 2004; Dyson et
al., 2008; Ely et al., 2009). The number of fraetuper 1000 race starts has been reported
as 0.4 in flat racing, rising to 9.2 in Nationaltiuacing (Stephen et al., 2003; Parkin et
al., 2004a; Ely et al., 2009). These and othatistuhave shown an increased risk of
fracture in jump racing compared with racing onflaé Most fractures are serious,
requiring euthanasia, retirement or a protractetbgef rest (Johnson et al., 1994;
Pinchbeck, 2004; Beisser et al., 2011).

Most studies of fractures in Thoroughbreds havatitled that the distal forelimb is most
at risk, however the predominating fracture typesensvary in different jurisdictions, on
different surfaces and whether fracture occurrethduacing or training. In the UK, one
study found that overall, the lateral condyle @& third metacarpal bone was most
commonly fractured, whereas on all-weather trackstarf tracks, the proximal sesamoid
bones and proximal phalanx were at greater rigpeetively (Parkin et al., 2004b). When
fractures occur in training in the UK, pelvic amoidl fractures tend to predominate (Ely et
al., 2004; Verheyen et al., 2006).

Many traditional epidemiological studies have beenducted in the past in the hope of
identifying important modifiable horse-, course+ace-level risk factors for fracture.
Course-level risk factors previously identifiedlumte the type of ground on which racing
occurs, and the hardness of the ground (Parkih, &4b; Oikawa and Kusunose, 2005;

Kristoffersen et al., 2010b). One study suggesiatithe association between fracture risk

11



and ground hardness could be explained by racel sggean intervening variable, with
higher speed races occurring on harder ground {@ikend Kusunose, 2005). Race type
has also been associated with the risk of fracuiejury. Races with obstacles (i.e.
hurdle and steeplechase) pose a greater risk ldtaiaces (Bailey et al., 1998; Parkin et
al., 2004b). Exercise history has been shown tasiseciated with MSI risk, and with
fracture risk in training, however, the precisatenship has proven difficult to quantify
(Cogger et al., 2006; Verheyen et al., 2006). €ndy found that fracture risk was
reduced if the horse in question was the firsttpanf its mare, or if the mare was young
when the horse was born (Verheyen et al., 2007ijh We exception of hardness of the

racing surface, these risk factors are difficultropractical to modify.

1.2.2.3 Musculoskeletal injury

Musculoskeletal injuries (MSI) on the whole are thest common injuries of racing
Thoroughbreds. For the purposes of this study, M8Ildefined as musculoskeletal
injuries not including fractures, which will be dieaith separately. Excluding fracture,
tendon and ligament injuries are the most commoth NPgevalence of MSI varies with
race type, with the highest prevalence occurringrethorses must clear large obstacles
(i.e. steeplechase) (Ely et al., 2004; PinchbeBR42. In flat racing, Bailey et al. (1998)
reported a prevalence of 0.29% MSI, which rose 4% in steeplechase racing. Stephen
et al.(2003) reported a similar prevalence of 0.6% ihié&ing and 3.1% in steeplechase

racing.

The most common tendon to be injured by racehassibe superficial digital flexor
tendon (SDFT) (Thorpe et al., 2010). The SDFT playnajor role in ambulation through
aiding flexion of the limb, and storing large amtaiaf energy which can be released in
the swing phase of the gait. Injuries to thisdrte often occur following accumulation of
damage to the tendon parenchyma, although the Ipgtbal mechanisms underlying this
damage are poorly described (Thorpe et al., 20I8g prevalence of SDFT injuries is
high, and re-injury is common (O'Meara et al., 2007 all retirements from racing in
Hong Kong, 3.2% were caused by tendon injuries (keaad., 2007a). In 2011, Ramzan et
al. found that 10.8% of injuries in racehorses at thra@ing yards in Newmarket, UK,
were SDFT injuries (Ramzan and Palmer, 2011). Makyfactors for SDFT injury have
been identified in past studies. Both male sexiaagasing age have been repeatedly

found to be associated with increased SDFT injigly (Kasashima et al., 2004; Perkins et
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al., 2005a). Various aspects of a horse’s traiaimg) exercise history have also been
associated with SDFT injury risk; however, thedatr@enships are complicated and have
been contradictory in different studies (Perkinalgt2005a; Cogger et al., 2006; Lam et
al., 2007b; Reardon et al., 2012). Two studiesdoa significant association between the
season in which racing occurred and the risk of BDkury (Perkins et al., 2005a;
Reardon et al., 2012). In the UK study, racingummer months was associated with
increased risk; however, the New Zealand studyddbat SDFT injury risk was less in
the period November to April compared with AugusQictober, i.e. the risk was greater in
winter versus summer. The reason for this disecreyp& unknown. Reardon et al. (2012)
reported a number of significant race-level ristdas associated with increasing risk of
SDFT injury, including increased race distancegtwhthe race (afternoon versus morning
or evening), fewer runners per race, and carryingernweight (Reardon et al., 2012). Itis
impractical to consider modifying many of the asatad risk factors found in these
previous studies, such as gender and racing seddany of the race and exercise history-
related risk factors identified by Reardon et 2012) and others could be modified;
however, this study was limited to Thoroughbreasn@gover hurdles in the UK, thus the
conclusions may not be applicable to other groups.

The suspensory ligament (SL) is the most commamignt to be injured in the racehorse.
In the UK, 9.1% of MSI have been shown to be igsiio the SL (Ramzan and Palmer,
2011), and in flat racing in Japan 3.6% of injuirglved the SL (Kasashima et al.,
2004). The incidence rate of SL injury in one gtuwds 0.2-0.57 per 100 horse months in
three and two-year olds respectively (Dyson e28l08). Injuries to the SL are common,
but many studies have found them to occur at arldweguency than injuries to the SDFT
(Ely et al., 2004; Kasashima et al., 2004; Cogget.e2008; Dyson et al., 2008; Ramzan
and Palmer, 2011). Although tendon and ligamgnuties are often considered together as
a single condition, the gross and histological amgt role and properties of these
structures vary considerably, and there is evidémaerisk factors for them differ, thus
they should be considered as separate entitiese(Ely, 2004; Perkins et al., 2005a).
There is a paucity of published literature exangrtime pathophysiology of damage to the
SL specifically, or identifying risk factors for Shjury.

Osteoarthritis (OA) is a common diagnosis in raceés, and describes degenerative
changes to joints including articular cartilageséoa, subchondral bone sclerosis and

osteophytosis (Brommer et al., 2004; Neundorf e28110). The initial insult causing
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joint inflammation could be trauma, osteochondrosige-related wear, or idiopathic, but
the subsequent pathophysiological processes ararsimespective of the primary cause.
The metacarpophalangeal joint (MCP) is the mostmomsite of OA in the horse, where
histopathological changes can involve the articslafaces of the third metacarpal bones,
the proximal sesamoid bones or the proximal phalanany combination of these
(Neundorf et al., 2010). It is thought that tlosj is more at risk than the
metatarsophalangeal (MTP) joint due to its diffét@nkinetics and loading patterns
during exercise (Brommer et al., 2004). The prewe¢ of OA in the MCP joints of
Thoroughbreds that died or were subjected to easgiarwithin 60 days of racing was
reported to be 33% in two and three year old hoeas increased with increasing age up
to 6 years old (Neundorf et al., 2010). Literatciteng the prevalence of OA in
Thoroughbreds is sparse, as are studies of théaasbrs of this condition. Both articular
fractures and Osteochondrosis Dissecans (OCD e ajanental orthopaedic condition,
are known to increase a horse’s risk of develof#g The goal in treatment of OA is to
control pain, as the changes to the cartilage ahdreondral bone are typically irreversible.

To this end, many different pharmaceutical prepanatare employed in OA treatment.

1.2.2.4 Exercise-induced pulmonary haemorrhage and epistaxis

Exercise-induced pulmonary haemorrhage (EIPHMsrg common condition of
racehorses, with previous studies reporting prexad¢o be up to 100% (Meyer et al.,
1998; Davidson et al., 2011). EIPH is thoughteaabsociated with poor performance, and
has been linked to sudden death (Boden et al.,; 20@8hcliff et al., 2005; Newton et al.,
2005; Davidson et al., 2011). There are two comgeheories surrounding the
mechanisms by which haemorrhage is induced inuihg parenchyma. One theory
suggests that forces generated by forelimb foatiialing canter and gallop are transmitted
as pressure waves to the dorso-caudal lung fieldish are recognised as the most
common sites of haemorrhage (Schroter et al., 1988)alternative theory, which has
received greater attention in recent years, inwottie generation of excessively high
capillary transmural pressures as a result of kegly cardiac output during exercise,
leading to stress failure of capillary walls andukéing in haemorrhage (West and
Mathieu-Costello, 1994). A further study implicaten impaired innate immune response
of macrophages in EIPH-sufferers as a contributeayure of the condition (Michelotto et
al., 2011). Diagnosis of EIPH relies upon the tdmation of sufficient numbers of

haemosiderophages in broncheoalveolar lavage (BAid) samples, but the invasive
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nature of this procedure means that studies of Eifeéh rely upon visual examination for
bilateral epistaxis (blood at the nostrils) as@xgr assuming that all bilateral epistaxis
occurs as a result of EIPH (Stephen et al., 200&8idé/man et al., 2004). A recent study,
however, has suggested that assessment of cirgulatiels of the hormone Angiotensin
Converting Enzyme (ACE) may be of benefit in thaghosis of EIPH without the need

for BAL (Costa et al., 2012). Epistaxis followiegercise is much less prevalent than
EIPH, and is thought to occur only in serious El¢ddes (Takahashi et al., 2001; Williams
et al., 2001; Hinchcliff et al., 2005; Newton et @&005). Williams et al. (2001) reported
that the prevalence of epistaxis varied with ddferrace types from 0.29 episodes per
1000 starts in National Hunt flat racing, up to@edpisodes per 1000 starts in steeplechase
racing. Overall, this study reported that 7.8%amiehorses experienced at least one
episode of epistaxis between 1996 and 1998. Ittalkeya variable length of time for
haemorrhage of pulmonary origin to reach the nigsthus studies in which epistaxis
prevalence was considerably lower may have exanfinesks too soon following exercise
and missed eventual cases of epistaxis (Steptan 2003). Due to negative public
perception of racehorses demonstrating epistangdae to the perceived welfare
implications of EIPH, drug therapy has been impletaé in some areas and research
conducted into the aetiology and prevention ofdbredition. Some racing jurisdictions,
most notably the USA, allow the use of furosemideaicehorses to reduce the incidence of
epistaxis at the racecourse. Furosemide is usep i0 92% of US Thoroughbreds, and its
efficacy at reducing the incidence and severitiz ibfH have been proven (Hinchcliff et al.,
2009). This drug is banned in racehorses in theab&Hong Kong due to its perceived

performance enhancing effects.

Past risk factors that have been associated witleased risk of EIPH and/or epistaxis
include colder air temperature, jump racing comgaveh flat racing, racing over hard
ground, longer career length, being older thanyears at the time of racing, short race
length and being female (Lapointe et al., 1994;ahashi et al., 2001; Newton et al., 2005;
Hinchcliff et al., 2010).
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1.3 Equine genetics

1.3.1 The Thoroughbred

The origins of the Thoroughbred date back nearly yiars, when native British mares
were crossed to imported Barbs, Turks and Aralti@apsoduce a horse capable of great
speed. The Thoroughbred Studbook was first puddish 1791 (Weatherby, 1791), and
since then the breed has remained effectively digSenningham et al., 2001). Almost all
paternal genetic diversity in the modern Thoroughhran be traced back to one of three
stud horses that were popular around 1700; the IBbitioArabian, the Byerly Turk and
the Darley Arabian. In modern times, nearly 95%aternal lineages can be traced back
to the Darley Arabian, through his great-great-gsmm Eclipse (Cunningham et al., 2001).
Only 28 mares contributed about 89% of modern Thgihbred maternal lineages. The
modern studbook contains in excess of 300,000 korgerification of the identity of
individuals in the studbook was previously perfodnusing blood-typing, but this practice
was superseded by DNA profiling in 2001. Breedihdhoroughbreds in the UK takes
place principally at 300 full-time studs, with athier 4400 part-time breeding
establishments also contributing to the populasionually (BHA, 2009). Around 4000
foals are produced in the UK every year followiragural mating, as artificial insemination
is prohibited.

In a closed population such as that of the Thorbuggh genetic diversity can suffer due to
a lack of introgression of novel genes, especiahgre mating is non-random. The level
of inbreeding in the Thoroughbred has been questiam the past, with the suspicion that
the mating of close relatives has led to suboptierdlity, prevalent musculoskeletal
disorders and a failure of performance to improver @enerations (Corbin et al., 2010;
Binns et al., 2012). To this end, a number of istsitlave estimated the current degree and
rate of inbreeding, and the genetic diversity &f ineed. Binns et al. (2012) found that the
average inbreeding coefficient of the populatiod tended to increase with subsequent
cohorts between 1961 and 2006, and also reportettegase in homozygosity, an
indicator for inbreeding. Most of the increasenibreeding over that time period had been
concentrated in the last 10 years, which the astescribed as not excessive, but
worrisome. Prior to this study, Mahon et al. (1p8orted the average inbreeding
coefficient over the 21.5 generations since thadation of the breed to be 12.5%, which

is the equivalent of mating grandfathers to grandtiéers (Mahon and Cunningham,
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1982). Despite this, no statistically significaissociation was found between inbreeding
coefficient and fertility. Effective populationza is the theoretical number of breeding
individuals that would be required to produce thie of inbreeding seen in the current
population. A small effective population size msiadicator of a lack of genetic diversity.
Corbin et al. (2010) estimated this number in therdughbred to be around 180, having
reached a peak two generations previously of 190h(i@ et al., 2010). Although small
compared with other horse breeds, the effectivelladipn size of the Thoroughbred was
reported to have increased over the preceding a@rggons (Hamann and Distl, 2008).
Other measures of genetic diversity include the lmemof alleles per locus, the average
proportion of alleles shared by all individuals @Pand the level of observed compared
with expected heterozygosity. Cunningham et @l0{2 investigated all of these in the
Thoroughbred, and found relatively low numbersl@i@s per locus, less heterozygosity
than expected, and comparatively high APS, all loctvindicate comparatively poor
genetic diversity (Cunningham et al., 2001). Far population of Thoroughbreds between
1987 and 1996, an average inbreeding coefficieB&6 was calculated, indicating the
presence of significant inbreeding. However, thesl of APS in the Thoroughbred was
lower than would have been expected under randoimgnauggesting that close matings
were being avoided. This combination of findingggest that the Thoroughbred is at risk
of losing genetic diversity, and suffering the enguadverse effects, if the issue of

inbreeding is not addressed and monitored in future

1.3.2 Genetic diseases of the domestic horse

The domestic horse has 64 (2N) chromosomes, amgetieme is diploid, meaning that
each cell carries two copies of each gene. Matstelgous traits are encoded on alleles
that are said to be ‘recessive’, i.e. their effecessmasked by other more ‘dominant’
alleles, such that clinical manifestation of theattrs only observed when the individual
possesses two copies of the allele (homozygousseed. Diseases that are determined
by a single gene like this are said to be ‘monogeand can arise in any population. The
domestic horse is recognised to suffer from a nurabenportant monogenic diseases.
Inbreeding leads to an increase in homozygositypopulation, thus emergence of
previously ‘hidden’ recessive traits tends to iase Many methodologies including
candidate gene approaches, association analysésararygosity mapping have enabled

the identification of the genes responsible for nobghe important monogenic diseases of
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the horse (Bannasch, 2008). Genetic tests areamauable for many of these conditions,
so that in theory, no horse should be born witlsé¢hmonditions in future if breeders

employ a suitable test on candidate sires and gaeamating.

As in human medicine, most common equine genetieadies are not coded for by a single
gene, but are instead the product of a complexaaten between many genes of small
effect, and environmental influences (polygenianptex diseases) (Brosnahan et al.,
2010). Since the horse genome was sequenced h 23@arch into these challenging
conditions has accelerated. Much has been leain@at musculoskeletal conditions such
as osteochondrosis (Wittwer et al., 2008; van Greuaéet al., 2009; Jonsson et al., 2011),
lower airway diseases (Ramseyer, 2007; Swinburaé,62009; Shakhsi-Niaei et al.,
2010), and other traits which are deemed impottabteeders such as conformation, coat
colour and temperament, but much of this work rexgected the Thoroughbred in favour
of other breeds (Oki et al., 2007; Oki et al., 20R&der et al., 2008; Mittmann et al.,
2010; Schroderus and Ojala, 2010; Stewart et@.02Tozaki et al., 2012). Investigation
of these multifactorial traits is complex, involgithe dissection of sources of variation
into genetic and environmental parts. Progressaerstanding their underlying
mechanisms is therefore somewhat slow, but is gathpace with the advent of powerful,

flexible, commercially available software.

1.3.2.1 The genetics of fracture

In human research, studies of the genetics ofdradtave focussed on osteoporosis and
the inheritance of bone mineral density (BMD), &iosv these are related to fracture
(Duncan et al., 2011). BMD has been shown to gklhiheritable in humans (Duncan et
al., 2011). The fractures occurring in osteop@asise due to weaknesses conferred by
abnormally low BMD, rather than the increased BMi3@rved in equine stress fractures
(Shi et al., 2011).

In horses, no previous studies (at the time ofimg)jthave been published on fracture
genetics. Alterations in BMD have been shown touoin Thoroughbreds as a result of
training, and this increase has been shown to acsites of fatigue fracture (Lanyon,
1987; Riggs, 2002; Entwistle et al., 2008; ShiletZz®11). The heritability of BMD in the

racing Thoroughbred is yet to be reported.
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1.3.2.2 The genetics of musculoskeletal conditions

1.3.2.2.1 Osteoarthritis and osteochondrosis

Osteochondrosis (OC) is a disorder of ossificatiat leads to flattened bone contours,
focal necrosis and bone fragments in the jointsahy species. When bone fragments are
free within the joint space, the condition is cdlf@steochondritis Dissecans (OCD). It has
long been known that OC (and OCD) has a multiféataetiology, with diet, growth rate,
sex and genetics all playing a part (Philipssoal.etl993; Ytrehus et al., 2007; Jonsson et
al., 2011). In the horse, genetic studies of OZHhanded to focus on non-Thoroughbred
breeds, and have varied greatly in population sanesprevalence of OC. Heritability
estimates for OC ranged from 0.09 to 0.34 in Stadiwtads (Philipsson et al., 1993), 0.05
to 0.13 in Swedish Warmbloods (Jonsson et al., R@id was reported as 0.23 in Dutch
Warmbloods (van Grevenhof et al., 2009). One stfdiie Italian Maremmano breed
found similar estimates of OC to those listed abbw none were found to be statistically
different from zero (Pieramati et al., 2003). Amrher of studies have found that the
heritability of OC varies by joint (van Grevenhdfat., 2009; Jonsson et al., 2011). The
magnitude of these heritability estimates sugdesttargeted breeding strategies could be
of benefit in reducing OC incidence in the populas in question. A number of single
nucleotide polymorphisms (SNPs) have been idedtifiat were significantly associated
with OC in a Southern German Warmblood populateanpngst other breeds, and one
study identified a single genome-wide significaNiFSon ECA3 in the Thoroughbred
(Wittwer et al., 2008; Corbin et al., 2012). Thees been limited agreement between
studies of OC-associated SNPs in the horse, pduyto a lack of power as a result of
small sample sizes. Definitive diagnosis of OGegebn arthroscopy, an invasive and
costly procedure, which is not performed in allpct cases, therefore a degree of
misclassification bias could be occurring in stgdaich rely upon radiographic diagnosis
alone, or whose ‘control’ animals have not alsonb&gbjected to arthroscopy to confirm
the absence of disease. Larger studies with nre@ge inclusion criteria are warranted to
allow confidence in relevant SNP identificationdastudies may need to focus on
individual breeds, as these have been shown terdifftheir SNP-profiles for OC (Corbin
etal., 2012).

Following OC, inflammation is often incited in ta#fected joint, which can progress to
OA. This is only one possible aetiology of OA Irethorse, but many different causes are

possible. OA has been extensively studied in thhedn. Numerous associated genes have
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been identified, some of which are specific toetéint ethnic groups, or OA of different
anatomical locations (Meyer et al., 1998). Heiltgbhas been estimated from twin
studies to be between 0.39 and 0.65. Human OAagena number of different
pathophysiological disorders, based on radiograghimcal and sometimes surgical
definitions. It appears that these different ‘dudpotypes’ are conferred by different sets
of causative genes, which are beginning to be @hiea’by genetic studies (Meyer et al.,
1998). OA in dogs is a known sequel to joint ibgity arising due to heritable
orthopaedic disorders such as hip and elbow dyigglaand is often not studied as a
standalone trait (Malm et al., 2008; Lewis et2010). The difficulties encountered in
attempting heritability studies of OA in dogs ind&uthe phenotypic diversity of OA in
terms of joint(s) affected, severity of cartilagesson, radiographic appearance and degree
of clinical compromise, as well as the genetic msitg of the species. The prevalence and
appearance of OA varies across breeds, meaningghatarge sample sizes would be
required to estimate OA heritability whilst takibgeed and OA phenotype into account.
Hip and elbow dysplasia are conditions that areassbciated with equidae, thus genetic
studies of OA in dogs are not applicable to horgesnetic studies of OA in horses are
lacking.

1.3.2.2.2 Tendon conditions

Oki et al. (2008) published one of the only studies of theegjen of equine tendon injury,
based on Thoroughbred racehorses in Japan (Okj 2088). This study focused on
injuries to the SDFT. Flat racing Thoroughbredsdabetween 2 and 5 years were studied,
and data were analysed using threshold animal mad#i a 3-generation pedigree. The
heritability of SDFT was estimated to be 0.17-0(4.@¢. 0.05), which the authors deemed
‘moderate’ and modifiable through appropriate bnegdtrategies. No studies have
followed to identify the genes responsible for thesitability. Reports of investigations

into the heritability of other tendon conditionsather species are sparse, and likely not to

be applicable to the horse due to its unique anatom

1.3.2.2.3 Ligament conditions

Ligament injury heritability studies in animals teto be focused on cranial cruciate

ligament rupture, and its predisposition withintaar dog breeds (Wilke et al., 2006). The

heritability of cranial cruciate ligament ruptureNewfoundland dogs was estimated to be
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moderate at 0.27. Unlike cruciate ligament ruptardogs, ligament injuries of the horse
tend to be more chronic and degenerative in nasuigggesting a very different underlying
aetiology in this species, thus it is likely thia¢ tgenetics of these conditions are very
different. To date, no studies of the genetickgaiment injuries in racing Thoroughbreds
have been published. The prevalence of thesdesjur the population, coupled with their
economic impact on the racing industry, meansdbaetic studies are warranted to gain a

fuller picture of their aetiology in order to reautheir incidence most effectively.

1.3.2.3 The genetics of EIPH

Only one study in recent times has attempted totifyahe effects of genetic influences
on the occurrence of EIPH-related epistaxis in é®(8Veideman et al., 2004). The
presence of blood at the nostrils of 51465 Soutidrican Thoroughbreds post-exercise
was noted and assumed to be due to EIPH, and hiagéaywere analysed using
generalized linear mixed models. The heritabiitgpistaxis as related to EIPH was
found to be 0.40 using a logistic sire model, ar&B@sing a logistic animal model, both
of which were significantly different from zero (\Weman et al., 2004). The authors
concluded that the heritability of epistaxis astedl to EIPH in this population was of a
magnitude whereby targeted breeding strategiesliaoake fairly swift progress in
reducing disease incidence. No other studieseofiimetics of EIPH were found in the
literature at the time of writing. Future studéee warranted to examine the genetic and
phenotypic relationships between epistaxis and EiPtHe Thoroughbred, and to generate
estimated breeding values for breeding animal&abgenetic gain can be achieved.
However, this would require major cooperation fritre Thoroughbred industry, as the

prevalence of the condition is high.

1.3.3 Genetic concepts and their applications

1.3.3.1 Heritability

Heritability is a key concept in animal breedingis defined as the proportion of variance
between individuals which is accounted for by gendifferences. More specifically,
heritability is additive genetic variance dividegthe total phenotypic variance, both of
which are subject to change both within and betwsmulations. Total phenotypic
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variance is defined as the variation in a trakméiccounting for variance attributable to
known fixed effects such as age and sex, anccangposed of both genetic and

environmental parts;
2 _ L2 2
EQ.1 oy = 04 + 0g

whereg denotes variance, amgg ande refer to phenotype, genotype and environmental
parts, respectively (Falconer and Mackay, 1996)thBjenotypic and environmental parts
of this equation can be further subdivided. Gepiatyariance encompasses the additive
effects of genes, as well as dominance and epsiasithe effects of genes at the same
locus, and interactions between genes at difféoent Environmental variance in this
sense means all variation not due to genetic inflas, including the effects of being from
a certain litter, for example, or the plain of midn experienced, as well as measurement
error and individual stochastic effects. Theseetdivo are known as the residual error.

Thus, the equation above can be expanded as follows

EQ.2 of = 0f +0f +0f +0f + 07

where subscripts, d, i, f ande refer to additive genetic, dominance and episgitetic
effects, fixed environmental effects and residusdre respectively (Falconer and Mackay,
1996). In reproduction, genes rather than whol®tges are transmitted from parents to
offspring, thus the effects of dominance and epistare not inherited. For this reason,
‘narrow-sense’ rather than ‘broad-sense’ heritgbii used, that is to say that only the
additive genetic variance, as a proportion of tpte#notypic variance, accounts for
differences between individuals, and not geneticanae as a whole. Narrow-sense

heritability can therefore be written as (Falcoaed Mackay, 1996);

EQ. 3 h? =

”Sqwls:qw

As can be seen from the definitions above, botmtlreerator and denominator of the
definition of heritability can change, both spdjigbetween populations) and temporally
(within populations). Thus theoretically, heritigtyiis a feature of a specific population at
a specific time, and should not be extrapolateatiher scenarios. However, in practice,

estimates of heritability for traits are remarkasimyilar across populations and through
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time, such that it becomes a very useful paranieterzomparison of the relative genetic

contribution to variation between different traotsdiseases (Visscher et al., 2008).

Low heritability implies that only a small propaiti of variation between individuals for
the trait in question is determined by additiveeef§ of genes, and the environment plays a
greater part. However, this does not indicate sk&ction for genetic improvement will
be fruitless. Response to selection is determiyetthe additive genetic variance and the
correlation between phenotype and genotypéhe square root of heritability).

Heritability of a trait may be modest, but the digi genetic variance may be large, thus
selection response could be more favourable thehéhitability alone would suggest.
High heritability means that the phenotype is adgpedictor of the genotype. In this
scenario, it is important not to assume that phgreis determined by genotype alone, as
environmental factors can always modify the phepetyHeritability can be manipulated
by altering the contributions of the parts of tleedminator to the overall phenotypic
variance. For example, a reduction in measureereot through more precise recording
(e.g. disease diagnosis of orthopaedic problemsdoais radiography or computed
tomography rather that clinical examination) wordduce this source of error and
heritability would increase. Similarly, reducingumonmental variation more globally, by
ensuring as much similarity between individual$aictors such as housing, feeding and
management, would allow an increase in heritahilitpugh a reduction in phenotypic

variance.

The numerator in the definition of narrow-sensetability is also known as the ‘breeding
value’ (BV). The BV of an animal is the sum of terage effects of the individual's
genes which give rise to the mean genotypic vafukeir offspring. Estimated BVs
(EBVs) have been used extensively in livestock stdes to rank breeding individuals to
ensure maximal response to selection. The EBMW ahanals in a pedigree, irrespective
of whether they have procreated yet or not, caolained using modern statistical

techniques.

Historically, heritability was estimated using seslof regression of offspring on parents,
twin studies and correlation between half and $udlings. These balanced designs were
superseded by linear mixed model methodologiessldemf incorporating information on
every type of relationship within a pedigree, artdol are more robust with unbalanced

data.
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1.3.3.2 Genetic correlations

Pleiotropy is the phenomenon whereby a gene infleethe expression of a number of
traits rather than just one. Pleiotropy, alongMiihkage of genes, gives rise to the concept
of genetic correlation, where traits are relatethée positively or negatively) through their
genes. This is distinct from phenotypic correlatizwhich relates to traits which are
significantly more likely (or less likely) to occand be outwardly detectable in an
animal’s phenotype. Genetic correlation is impatrta consider, because it will
determine, to some extent, how selection basederirait might influence the correlated
trait. For example, if trait A were positively gaitally correlated with trait B, and we
selected for trait A in the population, we may affan increase in trait B concurrently,
which could be desirable or deleterious dependmthe nature of the traits in question.
Phenotypic correlation combines information on bgethetic, and environmental
correlations. If the heritabilities of the tra@se low, then the phenotypic correlation is
mostly determined by the environmental correlatlmnt,if heritabilities are high, the
genetic correlation is more informative. If trAitvas more heritable than trait B, but of
less importance in an economic or welfare senskftase traits were positively
genetically correlated, selection based on the @iype of A (which, due to high
heritability, is a reasonable predictor of geno}ygauld progress and improvements in
trait B might be achieved without having to relytbe somewhat uninformative
phenotypic expression of trait B. Negative genetigelations suggest that selection for
an increase in one trait will effect a reductionyige versa, in the correlated trait. Genetic
correlations are therefore important consideratiorimeeding programmes, and must be

examined in order to maximise genetic gains, amddaynintended consequences.

1.3.3.3 Genomic selection

Genomic selection (GS) is a relatively new methedsked by Meuwissen et al. (2001) to
estimate breeding values (Meuwissen et al., 20@&S.offers potentially large
improvements in the accuracy of breeding values traditional EBVs. The method
involves genotyping and phenotyping a large ‘tragndataset’ of animals, so that the
effects of each SNP in linkage disequilibrium (Lijh a quantitative trait locus (QTL)

are estimated. Following this, young animals fittve breeding population need only be
genotyped, and the effects of their SNPs summeithddheir genomic estimated breeding

value (GEBV). In this way, breeding animals neetibe phenotyped, allowing a large
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reduction in the generation interval for traitsttban only be measured in mature animals.
GS has been implemented in dairy cattle, and has s®idied as a possible route to faster
genetic gain in performance of sport horses (Hayes., 2009; Haberland et al., 2012).
The accuracies of GEBVs depend upon the linkagedst SNPs and QTL, the size of the
reference population, the heritability of the taaiid the distribution of QTL effects (Hayes
et al., 2009). In a lowly heritable trait, mangoeds are required to achieve GEBV of
sufficient accuracy; however, Haberland et al. @&howed that GS can be of use in
selection against a trait with a heritability o19.(Haberland et al., 2012). Another benefit
of GS over traditional EBV ranking is that inbreagliappears to increase more slowly
under GS than using ‘best linear unbiased preaic{BLUP) estimation, although this
benefit needs to be balanced against the largetieds in generation interval that may be
possible (Daetwyler et al., 2007). GS coulddmesible in the Thoroughbred for
conditions of moderate or low heritability, and nadfer a route to faster genetic gain

versus traditional EBV use, through a reductiothegeneration interval.

1.3.4 Aims and objectives

This study was conducted with the following aims:

* Identify important musculoskeletal diseases oftloag Kong and UK
Thoroughbred populations with the available data

» Assess the presence/absence and magnitude obiigyitar each condition

* Determine the best type of generalized mixed madelse for each of these
analyses

* Examine the possible environmental influences @t €andition using the
available data

» Examine whether genetic correlations exist betwhbeeases

* Identify any trends over time in genetic diseask im the populations studied

* Compare and contrast the findings from each pojounlat
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2. CHAPTER II.

MATERIALS AND METHODS
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2.1 Datasets

Two datasets were available for use in this stodg was supplied by the British
Horseracing Authority (BHA), and one by the Hongnigalockey Club (HKJC). They will
be referred to as the BHA data and the HK (or HKd&#, respectively.

2.1.1 Hong Kong data

2.1.1.1 Data source

The data used in this part of the study were pexvidy the Hong Kong Jockey Club
(HKJC). All Thoroughbreds under the care of theJdkare housed together at Sha Tin
Racecourse in the New Territories and manageduag.aAs there are no stud facilities in
Hong Kong, all HKJC Thoroughbreds are importedl rAting is on two flat courses:
Happy Valley in Hong Kong city, and Sha Tin, in thew Territories. Racing surfaces are
composed of all-weather ‘dirt’ or sand based tdrhe HKJC employs a team of full-time
veterinarians who are responsible for the clingzak of all horses. Compulsory retirement
is enforced for horses that reach 11 years old tiaee officially recorded episodes of
EIPH or have three occurrences of cardiac arrhyahriRetirement for other medical
conditions, or for managemental reasons, at theratisn of the veterinarian, trainer or
owner, can occur at any time. Horses are contynuaported and retired throughout the
racing year, with the racing season taking plasefSeptember to June. The health and
pedigree records used in this study were colleloyeithe HKJC and stored in a purpose-
built Microsoft Access database. During the pero@hich the data for this study were
collected there were a median of 1028 horses pmrmann training. Disease information
was contained in two tables; one contained recofdlse results of Official Veterinary
Examinations (OVES) carried out between 1995 aridZ04886 records), and one table
contained free text entries detailing the reasdiofs)etirement from racing of all horses
retired between 1992 and 2010 (5521 records). GAr&soded as ‘pass’, ‘fail’ or
‘request’. A ‘request’ is a record of the reaslattthe veterinarian, owner or trainer has
examined the horse. Following a ‘request’, a hoesebe passed, failed, or retired. A
‘fail’ indicates that the horse is not sufficientigalthy to continue racing, and must pass a
subsequent OVE before it can be allowed to retumating (or it may be retired). Many
‘pass’ records contain little or no extra healtformation, therefore they were excluded

from the OVE data records summary below, but wectided in the genetic analyses to
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capture the maximum amount of health informati@mly retirement and OVE records
created from T September 1996 onwards were used, due to signifizaounts of
incomplete information prior to that date. Pedegm&formation included the name of the
sire, dam, paternal and maternal grandsires fdr barse. Missing or erroneous parental
pedigree information was corrected using the Thgihbued pedigree information site

www.pedigreeinfo.com

2.1.1.2 Content analysis

Both the OVE and retirement tables were uploadexidantent analysis software
WordStat v6.1 (Provalis Research). Content amnajysicedures were guided by Lam et
al. 2007, with some modifications to suit the cotréata. Following preliminary
examination of a proportion of free-text recordsumber of categories of disease (or
reason for retirement) were defined by the creaiodictionaries listing words or phrases
thought to be specific to that disease (or reastm)ial categories included; fracture,
tendon/ligament injury, bleeding, poor performaradd,age, voluntary retirement,
musculoskeletal condition, medical condition, arehagement decisions. Further
dictionaries were subsequently created to furtbbdwide these categories, e.g. sesamoid
fracture, ligament injury, EIPH, osteoarthritisadh word or phrase was verified as
pertaining to its disease category by assessmeéheodkeyword in context’ strings.
Uncategorized records were examined, and updatesmede to dictionaries to include
spelling errors and synonyms in an iterative preaetil all records had been categorized.
Dictionaries used to categorize OVE and retiremecwrds differed slightly due to
different terminologies used in each. What follag/a brief summary of the OVE and

retirement data considered separately.

2.1.1.3 OVE records summary

After exclusion of ‘pass’ OVEs, 8762 records renedinwhich were from 3516 horses,
99.4% of which were male. The number of OVEs mesé ranged from 1 to 16 (mean
2.49, median 2, mode 1). Forty six trainers wessgned to the 3516 horses, with each
horse having OVEs under up to 4 different trairferean 1.23, median 1, mode 1 trainers
per horse). Each trainer trained between 3 anchaages (mean 92.28, median 98, mode

113 horses per trainer) over the period coverethéylata.

28



Where OVE or retirement categories could overlapekample with ‘musculoskeletal’
and ‘fracture’, the categories are mutually exslasso that fracture would be excluded
from musculoskeletal diagnoses amck versa. The number of OVESs reported annually
was proportional to the number of horses at riglu§ed and in training with the HKJC)
(Figure 2-1). The greatest proportion of OVEs waréour year-old horses, and most
horses retired at age 5 years (Figures 2-2 and Ph@) most common cause of OVEs was
a musculoskeletal problem (not including lamenBsf) etc.), followed by lameness
(Figure 2-3).
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Figure 2-1. The number of OVESs reported yearly flt896 to 2009, and the mean number of
horses under the care of the HKJC over that time.
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Figure 2-2. The number (and percentage) of OVE&doses of between 2 and 10 years old.
Percentages are the number of OVEs of that agegtieided by the total number of OVEs
(n=8762).
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Figure 2-3. The number (and percentage) of OVEBswhee reported to be due to the listed
categories. An OVE may report more than one cdbsegfore percentages exceed 100%. All
categories are mutually exclusive.

Figure 2-4 gives the number of fractures of varianatomical sites diagnosed in Hong

Kong over the study period.
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Figure 2-4. The number of horses which had at leastOVE reported for the listed fracture types.
Multiple OVEs for different fractures were possikdes were multiple fractures diagnosed at a
single OVE. MC/T3 stands for the third metacarametatarsal bone.

2.1.1.4 Retirement records summary

There were 5089 retirements from racing in theqaebietween September 1996 and
December 2010. Almost all (99.3%) of these hovea® male. The annual number of
retirements has stayed stable at around 350 hoveeshe study period (Figure 2-5). For
the complete years between 1997 and 2010 the anaodler of retirements ranged from
315 to 450. Horses were retired from racing betwtbe ages of two and eleven, and the
most common age at which horses retired was fiaesyeld (Figure 2-6). Most
retirements were on medical grounds (veterinargribaes excluding those included in
other categories in Figure 2-7, e.g. cardiologyndgology), with musculoskeletal
conditions being the second most prevalent retirgmeason (Figure 2-7). Seven percent
of OVEs were for EIPH/epistaxis, and eight peradnetirements stated bleeding as a
cause (due to terminology difficulties, EIPH coulat be specifically distinguished from
other bleeding problems in the retirements datapase retirement records were simply
labeled as ‘bleed’, ‘bled’ or ‘bleeder’) (Figures32zand 2-7). The most common fracture
reported at an OVE was fracture of the MC/T3 diaghyhowever proximal sesamoid
bone fractures were more commonly a cause of ne¢ingé from racing (Figures 2-4 and 2-
8).
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Figure 2-5. The number of horses retiring annuatign the HKJC, between 1996 and 2010. The
first year shown (1996) was restricted to retiretaerter ' September.
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Figure 2-7. Number (and percentage) of retiremecnds that reported the listed reasons for
retirement. Multiple reasons for retirement weosgible, thus percentages do not sum to 100%.
All categories are mutually exclusive.
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Figure 2-8. The number of retirements that wereneg to be due to the listed fracture types.
Multiple fractures in a single retirement recordevpossible. MC/T3 stands for the third
metacarpal or metatarsal bone.

2.1.1.5 Variables and summary of merged HK datasets

The OVE and retirement data were merged after imdexy alphanumeric horse
identification codes, and only horses that hadedtwere included in this final dataset.
The final dataset therefore comprised all horsasrttired from racing over the period of
the study and their full OVE history during theme in Hong Kong. The presence or
absence of each disease category (coded 1 or@cmhorse was exported as a Microsoft
Excel spreadsheet. In this final dataset, eacbehwas included only once, thus its
‘disease status’ was 1 for a condition if it haérelveen diagnosed with that condition,
whether during an OVE, or as a reason for retireapmrboth. Repeated diagnoses of the
same condition were not used. All text or alphaetowvariables were numerically
recoded before heritability analyses were performBade final HKJC data contained

records of 5062 horses.

After cleaning, the final HKJC data contained 18alales. From these, a further 10
variables were created in Microsoft Excel, as dbedrin Table 2-1. Table 2-2 describes
the continuous variables available within the HKdBEaset, and Table 2-3 lists the number

of horses that were imported from different cowedri The horses in the final dataset were
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born between September 1985 and November 2007 impaeted into Hong Kong
between July 1989 and July 2010, retired betwe@teSder 1996 and December 2010
and included 99.3% males and 93.6% neutered anir&lsse horses descended from
1294 sires and 4553 dams. Each sire contributiedelea 1 and 167 offspring to the final
dataset (mean 3.9, median 2, mode 1) and each alanbcited between 1 and 5 offspring

(mean 1.1, median 1, mode 1).

Table 2-1. HKJC data variables with their derivasipwhere appropriate. Blank cells indicate that

a variable was available and used unchanged frerorifjinal data.

Variable Name

Source

Description

Date of retirement
Year of retirement
Age at retirement
Sex
Neuter status
Country of origin
Continent of origin
Hemisphere of origin
Sire country of origin
Dam country of origin
Sire of dam country of origin
Date of birth
Year of birth
Date of import
Year of import
Stakes won in career
Number of career starts
Trainer at time of retirement
Date of first race
Career length in days

Career length in years

Racing intensity (average
number of weeks between
races over whole career)

Date of retirement

Traditional terms e.g. colt, gelding,
converted to male or female

Extracted from traditional sex
definitions

Country of origin

Country of origin

Date of birth

Date of import

Date of retirement minus date of first
race

Career length in days divided by 365

Career length in weeks (career length
in days / 7) divided by the number of
career starts

Microsoft Excel date format, e.g.
40909 (01/01/2012)

Four-digit number e.g. 1999
Years, range 2 to 11
Male 1, female O

Neutered 1, not neutered 0

Coded numerically, alphabetically,
from 1to 16

Coded numerically from 1 to 6

Northern 1, Southern 2

Coded numerically, alphabetically,
from 1 to 16

Coded numerically, alphabetically,
from 1 to 16

Coded numerically, alphabetically,
from 1 to 16

Microsoft Excel date format, e.g.
40909 (01/01/2012)

Four-digit number e.g. 1999

Microsoft Excel date format, e.g.
40909 (01/01/2012)

Four-digit number e.g. 1999
Continuous, HKD*

Whole numbers, 0 to 112

Trainer initials numerically recoded
alphabetically, 1 to 46

Microsoft Excel date format, e.g.
40909 (01/01/2012)

Continuous, 0 to 2826

Continuous, =0

Continuous, 0 to 78.14

*Hong Kong Dollars
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Table 2-2. Range, mean and median of continuouablas in the HKJC dataset.

Variable Range Mean Median
Age at retirement (yrs) 2-11 5.6 5
Stakes won in career (HKD) 0-7.5x10" 1.5x10° 8.6x10°
Number of career starts 0-112 225 18
Career length (yrs) 0-7.7 2.4 2.2

Intensity (average number of weeks between

. 0-78.1 6.15 5.46
adjacent races over whole career)
Number of OVEs 0-27 29 2
Number of horses per trainer at time of retirement* 1-266 110 113

*No trainer is permitted to train more than 65 lesrat any one time. These data refer to the total
number of horses trained by each trainer over th@evperiod of the study.

To ensure adequate representation at all levedadif categorical variable, all country of
origin variables were grouped as follows: groupAustralia and New Zealand, group 2 —
UK, Ireland and the USA, group 3 — all others. Qtoies were also investigated as
continent groups: groupl — Europe, group 2 — Alesra, group 3 — North America, group
4 — all others. All horses that retired aged 1Qreater were grouped together, as were
horses born in 1985 to 1987, and 2006 to 2007.
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Table 2-3. Number of horses imported from differemiintries between September 1996 and 2010.
Parental and grandparental country origins reféiheéanumber of horses whose relative originated
from that country, e.g. there were 15 horses wloss originated from Argentina, but the horse
itself may have originated elsewhere.

Sire’s country of Dam'’s country of Sire of dam’s

Country of origin - . L
origin origin country of origin

Argentina 40 15 39 26

Brazil 3 1 3 0

China 0 1 2 1

Great Britain 390 449 436 648

Ireland 715 696 685 735

Japan 5 11 5 4

South Africa 42 8 33 15

Zimbabwe 2 0 0 0

Table 2-4 lists eight important veterinary condisaletected in the HKJC data by content
analysis, with the number and proportion of hotkas were diagnosed with each

condition.
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Table 2-4. Number and percentage of horses diagnesle each of the listed conditions (OVE and
retirement datasets merged). Distal limb fractwese a subset of all fractures.

Condition Number (%) of diagnosed horses (n=5062)
Degenerative joint disease 269 (5.3)
Distal limb fracture 152 (3.0)
EIPH 987 (19.5)
Fracture 677 (13.4)
Ligament injury 585 (11.6)
Osteoarthritis 510 (10.1)
Suspensory ligament injury 524 (10.4)
Tendon injury 957 (18.9)

Pedigree information for the HKJC dataset contaidedtities of 12169 horses, and up to

eight generations of information per horse.

2.1.2 BHA data

Information on all equine injuries reported atdalthe UK'’s sixty racecourses between
January 2000 and January 2010 were available fnenrBHA in a Microsoft Excel
spreadsheet (900775 starts). Every race in thésldidmpulsorily attended by two
racecourse veterinarians (three for jump races) eaery equine medical event must be
recorded using a Racecourse Veterinary Consult&oom. A BHA Veterinary Official
must also be present at every race meeting, andhi¢ Official’'s responsibility to upload
the medical information into a central BHA databdl®wing every meeting. Each
medical event is categorized using one or morelimkes available from a large set of
possible diagnoses in the BHA database. Diagrargesiade using clinical examinations
on site, without extensive use of diagnostic aigshsas radiography or ultrasonography in
the majority of cases. For use in this study,ahlpeevalent conditions were selected for
investigation, namely distal limb fracture (inchusiof carpus/tarsus), epistaxis and SDFT

injury.

Variables available for use in the BHA data wemedand type of race (flat, hurdle,
steeplechase or National Hunt flat), horse namedattity of the parents and

grandparents, date of birth, winnings over theihfe of the horse (British pounds) and sex
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(colt, filly, gelding, mare or rig). Sex was comntezl to male (0) or female (1) for analyses.
The number of starts by each horse was derived fh@mumber of records each horse
contributed to the dataset. The length of ‘carees calculated by subtracting the date of
the first race from the date of the last race plus (this variable therefore excludes the
initial training period before the first race isju Career length in years was calculated by
dividing this value by 365. The ‘intensity’ of iag was calculated by dividing the

number of starts by the career length in days.e€&dength, number of starts, and intensity
of racing must be interpreted with caution as sbrses may not have completed their
racing careers during the study period. Continw@ugbles are described in Table 2-5.
Race type was used to create a racing ‘profileefrh horse’s career, which contained
either all flat races, all jump races or a mixtafdlat and jump races. Racing profile was

also investigated by categorizing all horses dseeitaving run only flat races, or not.

During the time in which these data were collec8tB80 races were run over 3464 race
meetings, and 78151 horses were represented dathset, 63.7% of which were males
(49804 of 78151). Of these races, 52254 (61.9%¢ Wat, 16636 (19.7%) were hurdle,
2161 (2.6%) were NHF, and 13329 (15.8%) were stebplse races. The size of the field
ranged from 2 to 40 horses per race. The mean euaflounners per race for flat, hurdle,
NHF and steeplechase races were 11.0, 11.2, 18.8.anrespectively. All horses were
born between April 1983 and June 2007, and desddnde 3089 sires and 39033 dams.
Each sire contributed between 1 and 618 offsponpé dataset (mean 25.3, median 4,
mode 1), and each dam contributed between 1 andd@ing (mean 2, median 1, mode
1). Each horse contributed between 1 and 17%&dtathe data (mean 11.5, median 7,

mode 1).
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Figure 2-9. The number of horses per year of lgiothort that contributed phenotypic information
to the BHA dataset (n = 78151).

The number of horses that only competed in flaésaar only competed in jump races
were 38016 (48.6%) and 28491 (36.5%), respectivEhere were 11644 (14.9%) horses

that competed in a mixture of flat and jump races.

Table 2-5. Description of continuous variableshe BHA dataset.

Variable Range Mean Median

Career length (yrs)* 0.00-9.72 1.53 1.02
Number of starts’ 1-177 11.53 7

Intensity of racing* 0.00-1.00 0.14 0.03

Winnings (British Pounds) 0-4.4x10° 13702 1841

*Career is defined as the number of years betweefirth and last race dateSThis was

calculated from the available data as the numbegaxirds per horsélntensity is the number of
starts divided by the career length in days (lasumifirst race date, plus 1). Some horses may not
have completed their racing careers within theyspetiod, therefore these variables should be
interpreted with caution.

The number of horses diagnosed at least once vegital imb fracture, epistaxis or SDFT
injury were 797 (1.0%), 1667 (2.1%) and 2070 (2.6%8pectively. The number, and
proportion, horses diagnosed with each conditiah®wvn in Table 2-6. Table 2-7 shows
the distribution of distal limb fracture diagnosesoss all race types.

41



Table 2-6. The number of horses with one or moagmtdses of distal limb fracture, epistaxis or
SDFT injury during, diagnosed at each race type.

Steeplechase

All race types Flat races Hurdle races NHF races races
(n=78151) (n=49660) (n=31644) (n=13949) (n=16390)
pista imb 797 (1.0%)* 290 (0.6%) 267 (0.8%) 42 (0.3%) 198 (1.2%)
racture
Epistaxis 1667 (2.1%) 592 (1.2%) 599 (1.9%) 23 (0.2%) 520 (3.2%)
SDFT injury 2070 (2.6%) 223 (0.4%) 1110 (3.5%) 55 (0.4%) 709 (4.3%)

*Percentages are calculated as the number of hawifeghe appropriate diagnosis made during the
appropriate race type, divided by the total numiiiehorses that competed in that race type. A
single horse may have been diagnosed with a conditi races of more than one type, thus the
number of horses diagnosed in different race typey exceed the total number of horses
diagnosed with that condition.

Table 2-7. Distal limb fracture rate per race typ8HA data.

Distal limb fracture rate per

Number of distal limb fractures Number of starts 1000 starts
All race types 797 900757 0.89
Flat 291 573264 0.51
Hurdle 267 186106 1.43
NHF 42 27920 1.50
Steeplechase 198 113476 1.74

For heritability analyses, the BHA data were usetiio ways. All records and variables
described above were used to generate repeatabiidgls. This ‘full’ dataset will be
referred to as the ‘repeatability’ (REP) datasktese data were also collapsed to produce
one record per horse, with disease variables ndwating whether each horse had had
one or more diagnoses of each condition over thegbef its racing history covered by

the data, i.e. binary data (O indicated a horseneagr been diagnosed with that condition,
1 indicated a horse had been diagnosed at leastvaitit that condition). This dataset will
be referred to as the ‘per horse’ (PH) datasetialdkes used in the PH dataset were as
follows: sex, date of birth, number of career stardcing profile, career length, intensity of

racing and winnings.

Pedigree information for the BHA dataset includé8138 horse identities, and up to 4

generations of information per horse.
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2.2 Model building

2.2.1 Univariable analyses

In both the HK and BHA datasets, the relationst@pwieen every combination of
explanatory variables and all possible diagnoses wwestigated by univariable logistic
regression analyses, using R v.2.15.1 (R Develop@ere Team, 2008). Each
explanatory variable was plotted against the logsaaf the outcome to assess linearity,
and where non-linear relationships were found ablgt transformations were investigated.
Variables were retained for multivariable analyi$éiseir p-value was <0.2. All retained
variables, for each diagnosis, were ordered byikaedjhood (highest to lowest) of the

univariable model (Dohoo et al., 2003).

2.2.2 Multivariable analyses

Sire or animal random effects variables were usedach model to incorporate genetic
relationships. All variables found to be assodatgth each condition were sequentially
added to the appropriate sire or animal linearaogistic regression model in order of
descending log likelihood, and retained if thewalue was <0.05, and the likelihood ratio
test (LRT)p-value was also <0.05. The general form of thedimmodel was:

EQ. 4 Y=Xb+Za+e

where Y is the vector of observations, X and Z lanewn incidence matriceq is the
vector of fixed effectsa is the vector of random additive genetic effectshwhe
distribution assumed to be multivariate normal vggrameters (@21) for sire models and
(0,02A) for animal models,e is the vector of residuals with multivariate notma
distribution and parameters ¢@3]), and wherel denotes an identity matrix, A is the
numerator relationship matrix, aaed denotes variance (van der Werf, 2012). The génera

logistic model form was:

EQ.5 1og(lf;p)=Xb+Za+e
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wherep denotes the probability of the condition in theplation, and all other
components are as before. Potential correlatiensden explanatory variables were
investigated by generating correlation coefficidrgveen every pair of retained variables
in every model. All correlation coefficients of B0were investigated by removal of each
of the correlated variables in turn, to assessmipact on the log odds of the remaining
variable. All pair-wise interactions between alfained explanatory variables were
investigated, and were retained if all varigtealues remained <0.05 with a significant
likelihood ratio testg-value <0.05) (Dohoo et al., 2003). Finally, tigngficance of the
genetic random variable (sire or animal) to theraNdét of each model was assessed by
likelihood ratio tests. All model building was pammed in R v.2.15.1 (R Development
Core Team, 2008).

2.2.3 Heritability, genetic correlation and EBV est  imation

Where inclusion of a sire or animal random effadt mbt significantly improve the fit of
any of the final models (animal or sire, linearlagistic), it was assumed that there was
insufficient evidence in the current data to detsstitability, and it was not investigated
further. These conditions were degenerative jdis¢ase (DJD) and distal limb fracture in
the HKJC data. The heritability of each remaintogdition was estimated using Residual
Maximum Likelihood (REML) with ASReml v.3 geneticnhalysis software (VSN

2
International). Residual variance in logistic misdeas set to’;—. Heritability in sire

models was determined by:

O'SZX4

2
Op

EQ. 6 h? =

where 2 is sire variance, andg is total phenotypic variance, composed of sire and

residual variance (Williams et al., 2001). Animabdel heritability was determined by:
EQ. 7 h? =%

whereo? is the additive genetic variance.
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Genetic correlations were determined using REMIgéwyeration of appropriate bivariate
sire and animal linear models without fixed effect$ie genetic correlation between flat
and jump racing populations in BHA data were deteeth by using bivariate models with

flat or jJump racing as dependent variables.

EBVs were produced in ASReml during linear animabdel heritability estimation.

Accuracy of EBVs was calculated as follows:

EQ. 8 accuracy = (1— i )

A+f)oj

wheres is the standard error of the breeding value esérfatindividuali provided by
ASReml,f; is the inbreeding coefficient of individuialands? is the genetic variance (van
der Werf, 2012).

2.2.4 BHA Repeatability

The BHA REP dataset was used to calculate herityabihd repeatability of each of the
three traits studied. Both animal and sire modele used to calculate repeatability. The
general repeatability model form was as follows:

EQ.9 Y=Xb+Za+Zp+e

wherep is the vector of permanent environment effectsyaeed to be multivariate normal
with parameters (ngelp), lp is an identity matrix of appropriate orderﬁe IS permanent
environmental variance, and all other componergsaardescribed previously (Williams et

al., 2001). In sire repeatability models, heritability was aetaed by:

2 _ 0'52X4
EQ. 10 h* = p
and repeatability was:

_ 40%+0pe
Q- 11 = Froferod
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In animal repeatability models, heritability wadetenined by:

EQ. 12 h? = %

2, 2 2
oa+ Opetog

and repeatability was:

EQ. 13 r = _Jatope

2, .2 2
og+0petog
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FRACTURE ANALYSES
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3.1 Hong Kong fracture analysis results

The HKJC data contained records of 677 (13.4%ldfakes) horses that had been
diagnosed with a fracture, and of these, 152 (0%l horses) that had been diagnosed

with a distal limb fracture.

3.1.1 Multivariable analysis

Table 3-1 shows results of the significant fixefiéets in final models of fracture. Only
year of birth was significant in the multivarialsiedel of fracture. Increasing year of birth

was associated with increased odds of fracture.

Table 3-1. Results of multivariable sire regressiadels on linear and logistic scales.

Linear model Logistic model
Wald p-value Wald p-value Odds ratio 95% CI*
Year of birth <0.001 <0.001 1.115 1.009-1.114

*Confidence interval (1.96 x standard error).

Inclusion of animal or sire in the final models tbstal limb fracture did not significantly
improve the fit of any of these models, thus héiiity analyses were not conducted on
this outcome (Table 3-2). Both sire and animadinand logistic regression models of

fracture were significantly improved by additiontbé genetic variablg{value <0.05).
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Table 3-2. Likelihood ratio test statistics gmnualues of final models of distal limb fracture dan
fracture. LRT statistic is determined leogqu” - logLred) wherelL is likelihood, andull and

red indicate the final model, and the ‘reduced’ finradel, i.e. minus the genetic random variable
only (sire or animal).

Condition Model Form LRT stat istic p-value
Distal limb fracture Linear 0.50 0.48
Animal
Logistic -242.24 NA
Linear 1.78 0.18
Sire
Logistic -453 NA
Fracture Linear 5.28 0.02
Animal
Logistic 382.84 <0.001
Linear 7.24 0.01
Sire
Logistic 163.36 <0.001

3.1.2 Heritability and genetic correlation estimati  on

Table 3-3 shows heritability estimates of fractwith their standard errors. All estimates
of fracture heritability exceeded their respecst@ndard error, but all 95% confidence

intervals spanned zero.

Table 3-3. Heritability estimates of fracture frammal and sire linear and logistic regression
models.

Model form h? Standard error 95% CI*
Sire Linear 0.0400 0.0248 -0.0086 — 0.0886
Logistic 0.1087 0.0632 -0.0152 — 0.2326
Animal Linear 0.0283 0.0187 -0.0084 — 0.0650
Logistic 0.0470 0.0315 -0.0147 — 0.1087

*Confidence interval (1.96 x standard error).

Table 3-4 contains genetic and phenotypic coraiatbetween fracture and all other
‘heritable’ conditions analysed in the HKJC datadépper 95% confidence interval limits
that exceed 1 are theoretically impossible, buy Hre included for completeness. Positive
significant genetic correlations were found betwianture and ligament injury, OA and

suspensory ligament injury. A significant positpleenotypic correlation was found
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between fracture and osteoarthritis, and negatmem@typic correlations were found

between fracture and EIPH/epistaxis and tendomyinju

Table 3-4. Genetic and phenotypic correlationshwtandard errors and 95% confidence intervals)
between fracture and the named conditions. Simehmesults appear above animal model results,
which are in bold type. P-values are based on b&Ween the unconstrained model and the same
model with the genetic correlation constrained.@001. ‘EIPH’ includes diagnoses of epistaxis.

rg* se.t 95% Cl# b- oS se. 95% Cl
value

0.1784 0.1963  -0.2060 - 0.5631 0.35 -0.0536  0.0141  -0.0810 - -0.0260

=l 01430 0.1906 -0.2306—05166 044  -0.0537 00142 -0.0815 - -0.0259

Ligament 0.5660 0.2671 0.0425 - 1.0895 0.03 -0.0029 0.0141 -0.0310 - 0.0247
injury 0.4193 0.2655 -0.1011 -0.9397 0.11 -0.0027 0.0141  -0.0303 —0.0249

0.8499  0.1347 0.5859 - 1.1139 <0.001 0.1682 0.0138 0.1412 - 0.1952

Osteoarthritis  'gq37 01422  0.6143-11717 <0001 0.1662 0.0138  0.1392 — 0.1932

Suspensory 0.5902 0.2941 0.0138 - 1.1666 0.05 -0.0051 0.0141  -0.0220 - 0.0225
ligamentinjury 0.4225 0.2912  -0.1483 -0.9933 0.14 -0.0049 0.0141  -0.0325-0.0227

0.0570 0.2345  -0.4030 - 0.5166 0.81 -0.1069 0.0140 -0.1340--0.0790

Tendoninury 54479 02127 -0.5648—0.2690 050  -0.1081 00140 -0.1355 - -0.0807

*Genetic correlationistandard errokconfidence intervaPphenotypic correlation.

3.1.3 Estimated breeding values for fracture

EBVs were extracted from animal linear and logistiedels. Only EBVs for animals that
had a recorded date of birth were used. Accuraaieged from 0.14 to 0.73 from the
linear animal model, with a mean of 0.24. Accugadrom the logistic animal model
ranged from 0.07 to 0.73, with a mean of 0.20.ufag 3-1 and 3-3 chart the mean EBV
and accuracy per year of birth cohort between E3®62007, from linear and logistic
animal models, respectively. There was an incngaisend in both mean EBV and EBV
accuracy from both models over the specified timeoal. Figures 3-2 and 3-4 show
frequency histograms of EBV accuracy based ontiagd logistic animal models of

fracture.
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Figure 3-1. Mean EBV and mean EBV accuracies par gebirth cohort for fracture, derived
from the final linear animal model.
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Regression of logistic EBVs on year of birth wasieglent to an increase of 0.0013 +

0.0002 grades per annum, indicating a small buifsignt increasing (worsening) trend.

Spearman

rank correlation coefficient for EBVs gatexl using linear and logistic models
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was 0.997 with g-value <0.001, indicating close agreement in tim&irey of animals

based on either model.

3.1.4 Hong Kong fracture discussion

The prevalence of fracture in the population ofsesrin Hong Kong between September
1996 and December 2010 was 13.4%. Three percéwirsés were diagnosed with a
distal limb fracture over the same period. Thégerés are in agreement with previous
studies of fracture prevalence (Ely et al., 200dthéyen and Wood, 2004). The most
prevalent fracture sites diagnosed at OVEs weréitiqghysis of the metatarsal or
metacarpal bones, the carpus and proximal sesaroagks, in descending order (Figure 2-
4). However, in retirement records, the most pentdracture sites diagnosed were the
proximal sesamoid bones, carpus and proximal pkdkigure 2-8). This suggests that
diaphyseal fractures are not as commonly careengrad proximal sesamoid bone
fractures. The three most prevalent fracture tyfi@gnosed at OVEs and the five most
prevalent types diagnosed in retirement recorde akifractures of the distal limb
(inclusive of carpus/tarsus). This finding reitesathe importance of distal limb fractures
to the overall fracture caseload in this populati@ase numbers of specific fracture types
(e.g. proximal sesamoid bone fracture, proximalgiafracture) were too few to enable
modelling of heritability. Although the prevalenckdistal limb fracture was high enough
to enable modelling, there was insufficient evidemcthe current dataset to warrant
heritability analysis (Table 3-2). This does netlade the possibility of a heritable
component to distal limb fracture risk, but rateeggests that there were insufficient cases

in the data to detect such an effect.

For binary data, heritability on the observed stakn underestimate of heritability on the
continuous liability scale (Gianola, 1982); howeussth linear and nonlinear methods
have been employed in the analysis of binary daaduez et al., 2009; Pritchard et al.,
2012). The fact that sire or animal random vaaalslignificantly improved the fit of both
logistic and linear models of fracture can be ta&gmighly suggestive of significant

heritability.

Only one explanatory variable was found to be aased with fracture risk. The odds of

fracture increased as year of birth increaseds gossible that year of birth is partly
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accounting for different genetic groups of horses] thus effecting a change in the odds
of fracture over time. Alternatively, changes twde management, and sensitivity of
veterinary diagnoses may have resulted in thigrijd If true, this association indicates a
worrying trend towards increasing fracture riskhe future, which is supported by the
broadly increasing trend in genetic liability showmrFigures 3-1 and 3-3.

Heritability estimates of fracture ranged from 0t603®.11 with large standard errors. Itis
possible that the heritability of specific fractuypes exceeds these estimates, but it was
not possible to model such specific outcomes im shidy due to limited case numbers.
Fracture was modelled as a binary trait, and thkdriheritability estimates obtained with
logistic models suggest that these are more appteghan linear models in this instance,
as they capture more of the genetic variance. t&lelity estimates obtained using animal
models of fracture were consistently lower thamestes obtained using sire models. This

may have occurred if there were many full-siblingflies in the pedigree, as the genetic
covariance of full siblings % o2 +%a§ (where subscripd stands for dominance), which

may have inflated the estimate of additive geneditance for the sire model. Standard
errors associated with animal model heritabilityreates were smaller than those of sire
models, suggesting that heritability of fracture b& estimated with greater confidence

using the animal model approach (Weideman et @04 2Stock and Distl, 2006).

Three significant, positive genetic correlationgevund between fracture and other
musculoskeletal conditions. Sire model geneticetations between fracture and ligament
injury, and fracture and suspensory ligament injueye significantly greater than zero,
and both animal and sire model genetic correlatimta/een fracture and OA were
significant. Positive genetic correlations ariséween conditions if the genes coding for
these conditions are the same (i.e. the genexhi@teng pleiotropy), or are in linkage
disequilibrium with each other. In an animal hieaontext, positive genetic correlations
between deleterious conditions can be useful, lastsee breeding that reduces the
incidence of one condition, may effect a reductiothe correlated condition concurrently.
One study has linked injury of the suspensory liganwith lateral condylar fractures of
the third metacarpal bone (Le Jeune et al., 2008)s study posited that damage to the
medial branch of the suspensory ligament led teeamed surface bone strains in areas that
were subsequently more likely to fracture. Thighpgenesis suggests an ‘environmental’
rather than genetic correlation between suspengament injury and fracture, whereas in

the current study, there was no significant phgoiotgorrelation between fracture and
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conditions of the suspensory ligament. Fracturthiscontext encompassed all types and
locations of fracture, thus relationships of subsdtfractures (e.g. lateral condyle) to

suspensory ligament injury could not be ascertained

OA has long been known as a possible sequel wutatifracture. These conditions were
shown to be strongly genetically correlated in 8tigdy, suggesting pleiotropy of
underlying risk alleles, or linkage between theajgnareas responsible for conferring risk
of each condition. As well as this genetic relasgioip, it is also possible that the
conditions may be environmentally linked, as dabsation of a joint through articular
fracture, with subsequent inflammation, could atiiinflammatory pathways leading to
OA (provided the diagnoses of fracture and OA o@xlim the same area of the same
limb).

The genetic correlation, using an animal modelvben all ligament injuries, and
suspensory ligament injury was 0.99 (s.e. 0.03) (Beapter 4), indicating that these
conditions can be considered as the same genditig, elespite the inclusion of injuries to
alternative ligaments in the definition of ‘liganteronditions’.

No significant genetic correlation was found betw&acture and EIPH/epistaxis in this
study. It is possible that, when called to exanair®rse that has a suspected fracture, the
attending veterinarian would be unlikely to recepistaxis concurrently, as the
seriousness of a fracture would ‘outweigh’ thab@ase of EIPH/epistaxis. This could
account for a negative phenotypic correlation. sTgostulated hierarchy of ‘importance’ in
recording of clinical problems may also explain significant negative phenotypic
correlation between fracture and tendon injuryaleernatively, clinical signs of one of
these conditions could mask those of the othdinely occurred in the same limb (e.qg.

lameness, swelling, pain).

Despite the positive genetic correlation betweanttrre and suspensory ligament injury
(sire model), these conditions were not phenotyyicarrelated. Despite pleiotropy or
linkage of the causative genes, environmental @mites may have had an opposing effect,

thus no phenotypic correlation was found.

Figures 3-1 and 3-3 depict how mean EBYV for frastyer year of birth cohort, has

changed over approximately twenty years. Bothrégishow an overall increasing trend
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of EBVs, with many fluctuations. For a binary trahere 1 indicates a disease state and O
indicates freedom from the disease, positive EB&cdbe animals that are more likely to
suffer the disease compared with their peers. fféml is worrisome, and the reasons
behind this increase in risk are unknown. Mean EEB¥uracies were disappointing at
0.24 for linear models and 0.20 for logistic mod#i$racture. Highly accurate EBVs

allow faster responses to selection, thus breeatjagnst fracture using the current
estimates would offer only slow reductions in genask. Mean accuracy of EBVs
appeared to have increased over the study periadamsistent trend, thus continued
selection based on fracture EBVs would enable acabn in genetic gain. This increase
in accuracy may be reflecting the greater amouirtfofmation available in the latter

years of the study.

In conclusion, the heritability of fracture in thleng Kong population appears to be low,
but significant. Animal models on the logistic lecahould be used to analyse fracture as a
binary trait, as they take into account all relasibips in a pedigree and give estimates with
narrow standard errors. The genetic risk of fractn the population increased over the
study period, but EBV accuracies improved, thue&ele breeding in the countries of
origin would be timely and viable. Positive genetorrelations between fracture and OA,
and between fracture and suspensory ligament infayld potentially be utilised to

reduce the risk of all of these conditions conautiye

3.2 BHA fracture analysis results

Of 78151 horses in the BHA data, 797 horses wexgndised with distal limb fractures,
giving a crude prevalence of 1%. Over all raceesyphere were 0.89 fractures per 1000
race starts (799 in 900757 starts). Per 1000stets, the number of fractures recorded
during flat, hurdle, NHF, and steeplechase races @1, 1.44, 0.18 and 1.75,

respectively.

Table 3-5 shows the results of a bivariate animadiehanalysis of flat and jump racing as
dependent variables. In this analysis, a horsecleasified as a flat racing horse if it

competed in any flat races, and jump racing honsae those that competed in any jump
races. Both heritability estimates are large agdifscant indicating the propensity for the

progeny of flat racing horses to be involved irt fizcing, and likewise for jump racing
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horses’ progeny. Due to the significant large tiggagenetic correlation between flat and
jump racing, they were considered as separate g, and distal limb fracture was
analysed for the entire population, as well adldteracing and jump racing populations

separately.

Table 3-5. Estimated heritability of competing lisit fracing and competing in jJump racing, and the
genetic correlation between them.

Estimate Standard error 95% ClI
Flat racing h? 0.9131 0.0054 0.9025 — 0.9237
Jump racing h? 0.5442 0.0075 0.5397 — 0.5589
65 BT IR CYRIES -0.8569 0.0059 -0.8685 - -0.8453

racing horses

*Genetic correlation.

3.2.1 Results from analysis using all horses

3.2.1.1 ‘Per Horse’ (PH) dataset multivariable anal ysis

Table 3-6 gives thp-values of likelihood ratio tests performed on aigimb fracture final
models, to ascertain whether addition of the gematidom effect variable improved the
model. This was the case for all models exceptdbpistic sire model, where addition of
sire significantly worsened the log likelihood.

Table 3-6. Likelihood ratio test statistics gmelalues of final models of distal limb fractureRT
statistic is determined lﬁ,(logqu,, - logLred) wherel is likelihood, andull andred indicate

the final model, and the ‘reduced’ final model, n@nus the genetic random variable only (sire or
animal).

Model form LRT Statistic p-value

Sire Linear 22.38 <0.001
Logistic -9703.74 NA

Animal Linear 24.06 <0.001

Logistic 32764.62 <0.001

Two fixed effects were found to be associated wisital limb fracture (Table 3-7). Race
profile describes whether a horse exclusively tanréces (coded group 1), or whether it
ran any jump races (coded group 2). Those honsgup 2 were up to twice as likely as

group 1 to sustain a distal limb fracture. Inchegsiumber of starts was associated with
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increased odds of distal limb fracture. Logistiodal results suggest that for every 100

additional starts a horse made over its careeidds of distal limb fracture doubled.

Table 3-7. Results of multivariable sire regressimtels on linear and logistic scales. Two fixed
effects were significant in the final models; ragprofile of the horse, and number of starts in the
career.

Linear model Logistic model
Wald p-value wald p- Odds 95% ClI
value ratio
Race profile 1* <0.001 <0.001 1 (REF)
27 2.008 1.705 - 2.366
Number of career <0.001 <0.001 2.123 1.348 - 3.344
starts (hundreds)

* Horses that competed exclusively in flat racihdiorses that competed in any jump racing.

3.2.1.2 PH dataset heritability and genetic correla  tion estimation

Table 3-8 gives the heritability estimates for aisimb fracture based on sire and animal
linear and logistic models. All estimates werendigantly greater than zero. Logistic
heritability estimates were 15 to 22 times larg@ntlinear estimates. Confidence intervals
for linear model estimates overlap each other casotfidence intervals for logistic

models. Animal and sire model estimates were amd each other in both linear and

logistic models.

Table 3-8. Heritability estimates of distal limaéture in the BHA PH dataset.

Model form h? Standard error 95% CI*
Sire Linear 0.0096 0.0026 0.0045 — 0.0192
Logistic 0.2161 0.0637 0.0536 — 0.3786
Animal Linear 0.0102 0.0026 0.0051 — 0.0204
Logistic 0.1553 0.0462 0.0248 — 0.1801

*Confidence interval (1.96 x standard error)

Genetic and phenotypic correlations between distdl fracture, epistaxis and SDFT
injury in the PH BHA dataset are shown in Table. 3Bstal limb fracture and SDFT
injury were found to be significantly geneticallgreelated, with a correlation coefficient

of 0.43 to 0.47. No significant genetic correlatiwas found between epistaxis and distal
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limb fracture. There were no statistically sigréfint phenotypic correlations found

between any pair of conditions.

Table 3-9. Genetic and phenotypic correlationshwtandard errors and 95% confidence intervals)
between fracture , epistaxis and SDFT injury. $oelel results appear above animal model
results, which are in bold type. P-values are thasel RT between the unconstrained model and
the same model with the genetic correlation comstchto 0.00001.

rg* se.' 95% CI* p- value M s.e. 95% ClI
Epistaxis 0.1985 0.1221 -0.0408 — 0.4378 0.71 0.0004 0.0036 -0.0067 — 0.0075
P 0.1753 0.1166 -0.0532 — 0.4638 0.24 0.0003 0.0036 -0.0068 — 0.0074

SDFT 0.4661  0.0996 0.2509 - 0.6613 <0.001 -0.0140 0.0036 -0.0211 - 0.0069
injury 0.4268 0.0961 0.2385 - 0.6152 <0.001 -0.0141  0.0036 -0.0212 - 0.0070

*Genetic correlationistandard errorconfidence intervaﬁphenotypic correlation.

3.2.1.3 PH dataset estimated breeding values for di  stal limb fracture

Figures 3-5 and 3-7 show the mean EBYV for distablfracture, and the mean accuracy of
EBVs per year of birth cohort. Both appear to shioat distal limb fracture EBVs reduced
(improved) over the study period, becoming negatiweaverage, around the year 2000.
Regression of logistic EBVs on year of birth wasieglent to a decrease of -0.0049 +
0.0001 grades per annum, indicating a small buifstggnt decreasing (improving) trend.
Mean EBV accuracy was 0.21 for logistic models gea.06 — 0.59) and 0.26 for linear
models (range 0.10 — 0.70) (Figures 3-6 and 3t8e mean EBV accuracy per year of
birth cohort appeared to increase over the studgghe Spearman rank correlation
coefficient for EBVs generated using linear anddtig animal models was 0.99@-yalue
<0.001).
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Figure 3-5. Mean EBV and mean EBV accuracies par gf birth cohort for distal limb fracture,
derived from the final linear animal model.
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Figure 3-6. Frequency histogram of the accuradyB¥'s for distal limb fracture derived from the
final linear animal model.
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Figure 3-7. Mean EBV and mean EBV accuracies par gebirth cohort for distal limb fracture,
derived from the final logistic animal model.
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Figure 3-8. Frequency histogram of the accuradyR¥¥s for distal limb fracture derived from the
final logistic animal model.
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3.2.1.4 BHA Repeated Records (REP) dataset heritabi lity and repeatability

Heritability, repeatability and permanent enviromta¢ variance estimates are shown in
Table 3-10. Sire and animal model heritabilitiiraates were similar to each other.
Permanent environmental variance was negligibleih models, and repeatability was
similar to heritability in the animal model.

Table 3-10. Heritability, repeatabilty and permaramvironmental variance of distal limb fracture,
based on linear repeatability models.

h** (s.e.) Foe' (s.€) r¥

Sire model 0.0010 (0.0002) <0.0000 (<0.0000)  0.0002 (0.0001)

Animal model 0.0009 (0.0002) <0.0000 (<0.0000)  0.0009 (0.0002)

*Heritability;t permanent environmental variancegpeatability.

3.2.2 Flat racing population model results

3.2.2.1 Multivariable analysis

Two fixed effects were found to be associated wigtal limb fracture in the flat racing
Thoroughbred population. There were 49660 hotssiscompeted in any flat race over
the study period, of which 56.7% (28142) were mdalaese horses were diagnosed with
419 distal limb fractures at the racecourse, 3577%) of which were diagnosed in males
and 102 (24.3%) in females. Female sex was asedamth decreased odds of distal limb
fracture compared to male sex, and increased claregih in years was associated with
increased odds of distal limb fracture (Table 3-11)

Table 3-11. Results of multivariable sire regressiwdels on linear and logistic scales. Two fixed
effects were significant in the final models: sex @areer length in years.

Linear model Logistic model
Wald p-value Wald p-value Odds ratio 95% CI*
Sex Male <0.001 <0.001 1 (REF)
Female 0.454 0.357-0.577
Career
length <0.001 0.002 1.085 1.029-1.145
(years)

*Confidence interval (1.96 x standard error)
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In all models of distal limb fracture in flat ragrorses, inclusion of a sire or animal

random effect significantly improved the fit of theodel p-value <0.05) (Table 3-12).

Table 3-12. Likelihood ratio test statistics gnadalues of final models in the flat racing horse
population of distal limb fracture. LRT statistscdetermined b)Z(logqu” - logLred) whereL

is likelihood, andull andred indicate the final model, and the ‘reduced’ finadel, i.e. minus the
genetic random variable only (sire or animal).

Model form LRT statistic p-value
Sire Linear 7.60 0.006
Logistic 6599.40 <0.001

Animal Linear 8.16 0.004
Logistic 20169.42 <0.001

Heritability estimates of distal limb fracture hetracecourse among flat racing horses
ranged from 0.01 to 0.20 (Table 3-13). All estiesatvere significantly greater than zero.
Logistic estimates were 20 to 28 times larger thstimates on the observed binary (linear
model) scale. Heritability estimates using siredele were similar to estimates using
animal models. Standard errors of heritabilityreates from linear models were very
similar, whereas the logistic animal model standardr was smaller than the logistic sire

model standard error.

Table 3-13. Heritability of distal limb fracture thin the flat racing population in the PH BHA
dataset.

Model form h? Standard error 95% CI*
Sire Linear 0.0071 0.0030 0.0012 - 0.0130
Logistic 0.2024 0.0920 0.0221 - 0.3826
Animal Linear 0.0073 0.0029 0.0016 — 0.0130
Logistic 0.1464 0.0678 0.0136 — 0.2792

*Confidence interval (1.96 x standard error)
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3.2.3 Jump racing population model results
3.2.3.1 Multivariable analysis

Table 3-14 shows the results of multivariable miaiglof distal limb fracture among
horses that competed in jump racing during theyspatiod. Of 40135 horses that
competed in jump racing over the study period, 30&%.9%) were male. These horses
were diagnosed with 545 distal limb fractures, 88 4%) of which occurred in males and
96 (17.6%) in females. Only sex was found to lm®eaated with distal limb fracture.

Female sex was associated with reduced odds af dmb fracture.

Table 3-14. Results of multivariable sire regressimdels on linear and logistic scales. Only sex
was significant in the final model.

Linear model Logistic model
Wald p-value wald p- Odds ratio 95% ClI*
value
Sex Male <0.001 <0.001 1 (REF)
Female 0.681 0.539 - 0.860

*Confidence interval (1.96 x standard error)

The inclusion of animal or sire as a random genetr@ble significantly improved the fit

of every model of distal limb fracture in jump nagihorses (Table 3-15).

Table 3-15. Likelihood ratio test statistics gndalues of final models in the jump racing horse
population of distal limb fracture. LRT statisticdetermined b)Z(logqu,, - logLred) whereL

is likelihood, andull andred indicate the final model, and the ‘reduced’ finadel, i.e. minus the
genetic random variable only (sire or animal).

Model form LRT statistic p-value
Sire Linear 14.72 <0.001
Logistic 5850.70 <0.001

Animal Linear 15.48 <0.001
Logistic 16960.72 <0.001

Heritability estimates of distal limb fracture hetracecourse among jump racing horses
ranged from 0.01 to 0.24 (Table 3-16). All estiesatvere significantly greater than zero.
Estimates made on the logistic scale were 12 tini@s larger than those on the observed
binary scale. Linear model estimates from sireamchal models were similar, as were

logistic model estimates. Linear model standardremwere identical to four decimal
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places, but the logistic animal model standardrexas smaller than the standard error

from the logistic sire model.

Table 3-16. Heritability of distal limb fracture thin the jump racing population in the PH BHA
dataset.

Model form h? Standard error 95% CI*
Sire Linear 0.0129 0.0044 0.0043 — 0.0215
Logistic 0.2390 0.0845 0.0735 — 0.4045
Animal Linear 0.0132 0.0044 0.0046 — 0.0218
Logistic 0.1583 0.0574 0.0459 - 0.2707

*Confidence interval (1.96 x standard error)

3.2.4 BHA distal limb fracture discussion

The prevalence of distal limb fracture was simitaprevious studies, with the exception
of NHF distal limb fracture prevalence, which wa/ér in the current study compared
with Parkin et al. (2004) (Parkin et al., 2004lmdPibeck, 2004). Fracture prevalence was
greater in jump racing compared to flat racinghas been found in previous studies
(Parkin et al., 2004b; Kristoffersen et al., 2010bhis relationship was also observed in
the multivariable modelling section, where the &aofile’ of a horse was associated with
the risk of distal limb fracture. Jump racing @aextra strain on musculoskeletal tissues,
especially upon landing from fences. It is thoutjlat these strains are an important
contributor to increased fracture risk, along vathigher risk of falls and collisions during
racing (Pinchbeck, 2004; Boden et al., 2005). Bhisly showed that horses that compete
in flat racing are genetically distinct, based asigmificant negative genetic correlation,
from those that compete in jump racing. For te@son, the heritability of distal limb
fracture was also modelled in these populationarsegly.

The number of starts was found to be associatddincteased odds of distal limb fracture
when all horses were considered together. It othesised that most distal limb fractures
are fatigue fractures, therefore running more raepsesents accumulation of more
microdamage, possibly leading to fracture. Thisae may also be more simply
explained as a measure of increased time at fiskascertain which of these explanations
Is correct, histological studies would be needeeit@mine the relationship of
microdamage with the number of starts . This waghd the scope of this study, but
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accumulation of microdamage and functional adagatf bone to exercise have been
demonstrated extensively in literature (Lanyon,7;98unamaker et al., 1990; Reilly et al.,
1997; Boyde and Firth, 2005; Entwistle et al., 2008

The heritability estimates of distal limb fractunethis study were significantly greater
than zero, which, combined with the LRAvalues in Table 3-5, provide strong evidence
that distal limb fracture is a heritable conditiarthis Thoroughbred population. Based on
linear models, distal limb heritability was estimatat around 0.01, and logistic model
heritability estimates were large at 0.16 and @a22nimal and sire models, respectively.
Animal models on the logistic scale gave largethbility estimates with comparatively
narrow confidence intervals, and produced EBVswee ranked very similarly to those
derived from linear models, thus they are suggesseitie most appropriate model type for
this condition in this population. It should ben@mbered that the dependent variable in
this section of the BHA data is distal limb fracat the racecourse, and does not include
any fractures sustained or diagnosed away fromaitetrack. The constraint of the case
definition to include only fractures at the racessumay have led to many ‘heritable’
fractures sustained during training being misseth the effect of an artificial reduction in

heritability estimates.

Distal limb fracture was found to be positively génally correlated with injury to the
SDFT. This finding suggests that a proportionhaf genes giving rise to the risks of these
conditions exhibit pleiotropy, or are in linkageselguilibrium with each other. Molecular
genetic studies would be needed to ascertain wjeales of importance for distal limb
fracture and SDFT injury are related in this wae sign of the correlation indicates that
a favourable response in one of the conditions ogayr when the other condition is

targeted by selective breeding.

Estimated breeding values for distal limb fractsinewed an improving trend over the
study period, becoming negative (i.e. reducednesitive to the population) around the
year 2000. It is unknown why this trend was odagrr EBV accuracies also improved
over the same period, meaning that the resporseldotive breeding based on these EBVs

would have accelerated over time. EBV accuracgisulated as follows:

s.e.?
accuracy = |1 — m
l a
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wheres.e. is the standard error of the best linear unbiasedigtion ('BLUP’) breeding
value (‘BV’) (square root of prediction error vamize) produced by ASReml, ahd the
inbreeding coefficient of animal Accuracy therefore increases with increasing
inbreeding, increasing additive genetic variancelexreasing BLUP BV standard error.
Average inbreeding was negligible in all but onaryef birth cohort (information not
shown), therefore it is thought that a change Iomeéeding coefficient is not responsible for
the changing EBV accuracy. The mean standard groduced by ASReml) of the
estimated breeding values per year of birth colsshown in Figure 3-9.
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Figure 3-9. Mean standard error of distal limb fuae EBV (logistic model) per year of birth
cohort.

The number of horses that contributed phenotygarmmation to the BHA data per year of
birth cohort showed the same trend as Figure 3#rs&ed (Figure 2.9). The greater the
amount of information on which the BVs are bashkd,rmore accurate they will be,
therefore, the smaller the standard errors of teeding values, and the greater the EBV
accuracy. To ascertain whether alterations ocdurréhe genetic variance for distal limb
fracture over the study period, the data were split year of birth cohort groups and
animal models of distal limb fracture were run gsihe same model form as used
previously. The genetic variance is shown beloab(& 3-17).
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Table 3-17. Genetic variance of distal limb fraetower the study period. Genetic variance was
calculated by ASReml based on identical logistiicreah models of distal limb fracture, with fixed
effects of racing profile and number of starts ligield.

Year of hirth cohort group Number of horses in group Distal limb fracture genetic variance
1983-1989 713 n/a*
1990-1994 7515 0.8519
1995-1999 24102 0.6729
2000-2004 32372 0.5682
2005-2007 13449 1.4481

*Non-convergence of model.

The values of genetic variance in Table 3-17 demnatesthat mean genetic variance is a
function of the amount of data available, thusrtitee information included in the
calculation, the smaller the mean variance asgt@grhes the true population mean.
Thus, the changing EBV accuracy in the BHA datddbe due to altered genetic
variance, BLUP EBV standard error, and/or the nunolbé&orses per year of birth cohort,
which affects both.

Repeatability of distal limb fracture was low to devate, and was accounted for almost
entirely by the heritability, with negligible perment environmental effects detected.
Repeatability may be artificially low in this studg distal limb fracture was recorded as a
binary trait, rather than a continuous or polycihaobos variable. These results indicate
that genetic influences are more important thampeent environmental effects in the risk

of distal limb fracture.

As mentioned above, flat and jump racing populaiaere also considered separately in
this part of the study. Distal limb fracture wagnsficantly heritable in all models of both
flat and jump racing populations. Whereas racirgdile and number of starts were
associated with fracture risk when all horses wergsidered together, significant fixed
effects in flat and jump racing populations difigren flat racing, sex and career length
were associated with distal limb fracture, andump racing, only sex was found to be
associated. The effect of sex on the risk of tistd fracture in the population as a whole
may have been masked by the strong relationshipdftvetween race profile and distal
limb fracture, where jump racing was associateth witreased odds of up to 2.4 times.
Female sex was associated with reduced odds afifeain both flat and jump racing.
This could be a sex hormone effect, but the trasare behind this association remains
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unknown. Previous studies have detected an associstween sex and serious injury,
and males have been shown in these studies toiber@sed risk (Estberg et al., 1996;
Estberg et al., 1998; Cohen et al., 2000; Hernaertla, 2001).

Horses that had longer flat racing careers wenecatased risk of distal limb fracture, but
this association was not seen in jump racing. 8lezage length of racing career for jump
racing horses in this study was 1.9 years, anfldbracing the average career length was
1.5 years. Over this time, flat racing horsesaearage, competed in 13.5 races, whereas
jump racing horses competed in only 12.2 races adsociation found between career
length and distal limb fracture in flat racing, mait jump racing could reflect the shorter
careers of flat racing horses, in which more razesun compared with jump racing. This
intensity and duration of racing (and presumaldyning) activity could have led to faster

accumulation of microdamage in skeletal tissueth am ensuing risk of fracture.

The prevalence of distal limb fracture on the racese in this study was higher in jump
racing compared to flat racing. More falls andis@ns occur in jump racing compared
with racing on the flat, and all fracture types ercluded in the case definition for this
study. Because falls and collisions, and theredtse the monotonic fractures they cause,
can occur at any time in a racing career, any #&ssot between accumulated exercise and

increased fracture risk could have been maskdoeiBBHA dataset.

The heritability of distal limb fracture was estited at 0.01 using the observed binary
scale (linear models). Logistic model estimatesavagound 0.15 to 0.24 for models where
all horses were considered together, and alsairafid jump racing horses. All

confidence intervals for linear model heritabilggtimates overlapped, suggesting that they
were not significantly different from each oth&imilarly, all confidence intervals for

logistic model estimates overlapped.

3.3 General fracture discussion

At the time of writing, no studies have been puidis that estimate the heritability of
fracture in the racehorse. This study providesreges based on two separate populations
of Thoroughbreds, where fracture was recordedffgrdnt times (in racing, or in racing

and training), and used both linear and logisticnahand sire models. In both datasets,
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fracture (or distal limb fracture) prevalence wasikar to previous studies. Differences

between the two datasets will be discussed furtharater general discussion.

Racing over jumps has been shown to be a riskrifémtserious musculoskeletal injuries
in past studies (Bailey et al., 1998; Parkin et2004a; Boden et al., 2005). Analysis of
distal limb fracture on British racecourses in pinesent study also showed an increased
risk in steeplechase or hurdle races comparedflaithaces. This study has shown that
the populations of racehorses that compete irafldtjump races are genetically distinct,
evidenced by the significant negative genetic dati@ between these groups (Table 3-9).
Distal limb fracture heritability was similar in ttojump and flat racing. The greater
prevalence of distal limb fracture in jump racirappared to flat racing may therefore be
due to increased numbers of ‘non-heritable’ fraedun jump racing, i.e. monotonic
fractures sustained during falls or collisions. thi jump racing, the prevalence of distal
limb fracture was greater in steeplechase compaithchurdle races. Height, style and
placement of jumps vary between racecourses ardypes, which may account for the

difference in fracture prevalence.

Heritability of fracture was estimated in the HKtal# be between 0.03 and 0.11. All
fractures were included in this analysis, and disgs could happen during racing or
training activities. BHA heritability estimates distal limb fracture during racing were
consistently close to 0.01 using linear models, ramdied from 0.15 to 0.24 using logistic
models. Both the BHA and HK data show evidencthefsignificance of fracture
heritability, despite the different approaches usdayher heritability estimates from the
BHA data compared to the HK data may reflect tdéferent case definitions (fracture
versus distal limb fracture), when records werdectdd (at the racecourse or at any time),
or may be due to the genetic differences betweemanse populations in question. The
magnitude of the heritability in both datasetsas megligible, and suggests that genetic

risk could be amenable to change following targstddctive breeding.

The current study is not designed to investigate tie genes underlying fracture are
involved in its aetiopathogenesis. The heritapibit fracture could be explained by at least
two different theories. The genes responsible emypde an anatomical weakness in
specific sites that render the bone vulnerabletoplete failure, which may be more likely
during racing, training and particularly jumpingnepared with resting. Alternatively, the

underlying genetic risk could be due to a defechanormal response of musculoskeletal
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tissues to exercise. Should the biochemical aldlaeprocesses that underpin healing of
microdamaged bone be deranged, those sites thahdee greatest strains would be the
most likely to fail. Fractures of the distal lippbedominate in most racing jurisdictions,
and a large proportion of these are fatigue frestutherefore it is postulated by the author
that one or more fatigue fracture sites on theatishb are responsible for the heritable
nature of fracture reported here. This may explagnhigher heritability estimates of distal

limb fracture in the BHA data compared with alldnares in the HK data.

In order to determine the underlying pathogeneisgenetically-mediated fractures,
further large studies of more specific fractureetyare warranted. Both anatomical
specificity and histopathological diagnoses wowddhieeded in order to identify the precise
definition of a ‘heritable fracture’. The EBVs gaated from these future studies would
be likely to be more accurate, and therefore seketireeding away from heritable fracture
types would be more realistic than attempting eedraway from all fracture types at
once. Alternatively, once the characteristicsarithble fractures are identified, genomic
selection (GS) could be implemented to produce genestimated breeding values
(GEBVs) for fracture, which would further enhanbe taccuracy of selection, at the same
time as reducing the generation interval, leadingrt increased response to selection. If
GS were to be attempted, a suitable Thoroughbrpdlation of sufficient size (likely over
1000 animals) would need to be identified. Thipydation would need to contain animals
from the same genetic lines as the young stocle tasied for breeding, in order that the
SNPs are in LD with the relevant QTL. In a praaiti®ense, for Hong Kong this would
mean that the reference population must includeslirom all the exporting countries from
which Hong Kong accepts racehorses. All of thisahpopulation would need to be
genotyped and phenotyped for the heritable fragthenotype, in order that the effects of
the SNPs involved could be estimated. Young harsekl then be genotyped and their
GEBYV ascertained from the summation of the effe€the SNPs they carry. The
publication of mare and stallion GEBVs for fractemuld be used to allow breeders to
make informed decisions and avoid producing foatsgh risk of fracture.

Another possibility would be to conduct studiesstertain the genes responsible for a
large proportion of fracture risk. Commercial sesbuld be offered that genotype horses
at those important sites. This is risky, howew®srinterpretation of these tests in the
context of an individual’s risk is difficult. Thedentification of one or more risk alleles in

an individual’'s genome does not equate to any lefveértainty that that individual will
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sustain the injury in question, as many other ganedsikely to influence the injury risk, as
well as a plethora of environmental influencesedgters would require a large amount of
guidance from the test providers and veterinariand,would need to be counselled that a
horse carrying risk alleles may never fracture, nghe one with no risk alleles is still
susceptible to fracture.

Regardless of which approach is taken in futum@itimise genetic risk, environmental
risk will always remain significant in disease pagenesis. Further high quality studies of
environmental risk factors for fracture would beusk, but more importantly, the
prominent findings of these studies must be compaiad clearly to owners and trainers.
Identification of modifiable risk factors is of e unless they can affect a change in the
training or management of racehorses to minimisadufracture risk. For this reason,
validation of the useful findings of previous steslis essential, as is ensuring that
communication within the racing industry allowssimination of coordinated advice to

all stakeholders to maintain the integrity of ttesearch in the public sphere.
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4. CHAPTER IV. MUSCULOSKELETAL CONDITIONS
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4.1 Musculoskeletal disorders in Hong Kong

4.1.1 Ligament injuries

Both ligament injuries as a whole and suspensganiient injuries specifically were
modelled in this study. A total of 585 (11.6%) $&s were diagnosed with at least one
ligament injury over the study period. There wetg1.2%) horses in which the ligament
involved was not the suspensory ligament (e.g.lchgament, sesamoidean ligament), or
the ligament involved was not named. Thus 5244@%).horses were diagnosed with a
suspensory ligament injury. As mentioned previgusie genetic correlation found
between ligament and suspensory ligament injuingus linear animal model without
fixed effects was 0.986 (s.e. 0.027), which suggtstt they can be considered the same
genetic trait. For this reason, only results oflelbng suspensory ligament injury will be

presented.

4.1.1.1 Results of multivariable modelling of suspe nsory ligament injury

Table 4-1 shows the LRT statistics of final multiadle models of suspensory ligament
injury in the Hong Kong Thoroughbred populationll ®odels were significantly

improved by addition of the genetic random varigptealue <0.05).

Table 4-1. Likelihood ratio test statistics gnealues of final models of suspensory ligament
injury. LRT statistic is determined ®(logLs,;; — logLy.q) WhereL is likelihood, andull and

red indicate the final model, and the ‘reduced’ finradel, i.e. minus the genetic random variable
only (sire or animal).

Model form LRT statistic p-value
Sire Linear 5.90 0.015
Logistic 351.92 <0.001
Animal Linear 5.72 0.017
Logistic 630.46 <0.001

Three fixed effects were found to be significarbsociated with suspensory ligament
injury. The results of these models are shownahl& 4-2. The odds of suspensory
ligament injury were found to increase with inciagsage at retirement. Increasing

number of starts was associated with reduced @adkoriginating from Australasia or
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North America compared to Europe was associatddeduced odds of suspensory
ligament injury.

Table 4-2. Results of multivariable sire regressimwdels of suspensory ligament injury on linear
and logistic scales.

Linear model Logistic model
Wald p-value V\\//zllﬂep- Odds ratio 95% ClI
Age at retirement (yrs) <0.001 <0.001 1.454 1.344-1.573
Number of starts <0.001 <0.001 0.986 0.980 — 993
Continent group 1* <0.001 <0.001 1 (REF)
2" 0.707 0.554 — 0.902
3* 0.607 0.432 - 0.852
4§ 0.553 0.230-1.332

*Europe; tAustalasia; $North America; §other.

Table 4-3 shows the results of heritability anasystsuspensory ligament injury in the
Hong Kong study population. All estimates exceeitheit standard errors, but some
confidence intervals spanned zero. Logistic esemwere two to three times larger than
estimates made on the observed binary scale (Imedels). Sire model estimates
exceeded animal model estimates.

Table 4-3. Heritability estimates of suspensorgingnt injury.

Model form h? Standard error 95% CI*
Sire Linear 0.0602 0.0303 0.0008 — 0.1196
Logistic 0.1703 0.0906 -0.0073 - 0.3479
Animal Linear 0.0471 0.0239 0.0003 - 0.0939
Logistic 0.0683 0.0424 -0.0148 - 0.1514

*Confidence interval (1.96 x standard error)

Genetic and phenotypic correlations between sugpgtigament injury and the other
conditions studied in the HKJC data are shown inl@4d-4. Only suspensory ligament
injury and fracture were (positively) geneticallyrelated (sire model). Suspensory
ligament injury was negatively phenotypically céated with EIPH/epistaxis and tendon

injury, and positively phenotypically correlatedtivDA.

75



Table 4-4. Genetic and phenotypic correlationsh(wtandard errors and 95% confidence intervals)

between suspensory ligament injury and the namedittons. Sire model results appear above
animal model results, which are in bold type. Riga are based on LRT between the
unconstrained model and the same model with thetigecorrelation constrained to 0.0001.

rg* se. 95% CI* P- rod se. 95% Cl
value

EIPH -0.0139  0.2470  -0.4980 - 0.4702  1.0000 -0.0301 0.0141 -0.0577 - -0.0025
-0.3382  0.2406  -0.8098-0.1334 0.1380 -0.0299 0.0141 -0.0575 - -0.0023

Eracure | 05902 02941 00138-11666 00455 -0.0051 00141  -0.0327 - 0.0225
04225 02912 -0.1483-0.9933 0.1435 -0.0049 00141 -0.0325—0.0223

oA 01162  0.2426  -0.3593-0.5917 0.6390 0.0333 00141  0.0057 — 0.0609
0.1326  0.2389  -0.3356-0.6008 05716 0.0339 0.0141  0.0062 — 0.0615

Tendon -0.1302  0.2914  -0.7013-0.4409  0.6547 -0.0636 0.0140 -0.0914 - -0.0362
injury -0.1217  0.2645  -0.6401-0.3967  0.6547 -0.0637 0.0141 -0.0913 — -0.0361

*Genetic correlationistandard errokconfidence intervaPphenotypic correlation.

EBVs were extracted from final animal model anatysand their accuracies calculated.

The EBV accuracy in linear models ranged from @20.75 (mean 0.31), and logistic

models ranged from 0.08 to 0.74 (mean 0.25). M&EBY and accuracy for each year of

birth cohort based on linear and logistic mode¢ssdmown in Figures 4-1 and 4-3. Figures

4-2 and 4-4 show frequency histograms of the EB3teaxies from linear and logistic

models, respectively.
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Figure 4-1. Mean EBV and mean EBV accuracy for saspry ligament injury in Hong Kong by
year of birth cohort, derived from the final linesmimal model.
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Both linear and logistic model EBVs show a simttend. EBVs for suspensory ligament
injury appeared to improve (become more negatimehdrses born in the 1990s, but since
that time, have worsened greatly, particularly sig604. Regression of logistic EBVs on
year of birth was equivalent to a decrease of ZB&10.0004 grades per annum, indicating
a small but significant decreasing (improving) tt@verall. EBV accuracy has steadily

risen over the study period.
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Figure 4-2. Frequency histogram of EBV accuracysf@pensory ligament injury, derived from
the final linear animal model.
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Figure 4-3. Mean EBV and mean EBV accracy for snspgy ligament injury by year of birth
cohort, derived from the final logistic animal made
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Figure 4-4. Frequency histogram of EBV accuracysf@pensory ligament injury, derived from
the final logistic animal model.

Spearman rank correlation coefficient between EB#&fserated using linear and logistic
animal models of suspensory ligament injury wa®®.@-value <0.001), indicating good
agreement between the ranking of animals baseldese two model forms.
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4.1.1.2 Suspensory ligament injury discussion

The prevalence of suspensory ligament injury incilmeent population was 10.4%
(524/5062). Suspensory ligament injury accounte®9.6% of all ligament injuries. The
prevalence of suspensory ligament injury founchia study exceeds estimates from
previous studies (Kasashima et al., 2004; Dysah. £2008). The study of Japanese
Thoroughbreds by Kasashima et al. (2004) only ohetuflat racing horses, and the UK
study by Dyson et al. (2008) restricted prevaleonc2 and 3 year old horses, thus estimates
of prevalence may not be directly comparable ta¢heported here.

Risk factors found to be associated with suspenggaynent injury in this study were the
age at retirement, number of starts over the wbateer and being imported from certain
continents. Sex was not found to be associatddsugpensory ligament injury in this
study, despite the findings of previous studiewlich male sex has been found to be a
risk factor (Kasashima et al., 2004; Perkins et2fl05a). Other studies have also failed to
show an association between sex and risk of tendbgament injuries (Cogger et al.,
2008; Ely et al., 2009). However, there were \fery female horses in this study (0.7% of
horses), thus this lack of association should texpneted cautiously, and is more likely to

represent a lack of statistical power to identifgls an association, should it exist.

The positive association found here between suspgligament injury and age has been
found in previous studies (Hill et al., 2001; Walins et al., 2001; Kasashima et al., 2004;
Perkins et al., 2005a; Ely et al., 2009). Thesdisst all found that the risk of ligament
(and tendon) injuries increased with increasing dges unknown precisely what
pathophysiological mechanisms are responsiblenfserassociation, but it is likely that it
reflects either accumulated changes following egerleading to increased susceptibility,
or that normal ageing changes in ligament tissulkeentanore vulnerable to damage. The
results of this study confirm that older racehord®suld be monitored closely for signs of
ligament injury due to the serious nature of theditoon, and its increased likelihood in
this population.

Horses that were imported from Australasia or Némterica had reduced odds of
suspensory ligament injury in this study comparéti those imported from Europe. All

of these areas have their own Thoroughbred stublsheath thriving breeding industries.
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Importation of racehorses to North America and Aalasia is not prohibited, but it is

likely that the majority of the racing populatianeéach area originated from that area. It is
likely, therefore, that horses originating fromfeient geographical areas are, at least in
part, genetically distinct from Thoroughbreds regied in different stud books. Therefore
the ‘continent group’ variable used in the finalltrmariable model here may reflect
different genetic groups of horses. An alternaéxplanation is that the environment
experienced by racehorses from different areagsaperhaps due to differences in

training practices.

Table 4-1 provides evidence that suspensory ligamgmy may be a heritable condition
in this Thoroughbred population. Despite this,fm®nce intervals of estimates of
heritability from logistic models spanned zero (TBa-3). Heritability ranged from 0.05
to 0.17.

Animal model heritability estimates were smallaarttthose from equivalent sire models.
This relationship has been found in other horsaufations (Weideman et al., 2004), and
in heritability analyses of other conditions in therent study. The standard errors
associated with these heritability estimates wepeenthan two times larger using sire
versus animal models. For this reason it is suggddabkat animal models are most

appropriate for modeling suspensory ligament inpsya binary trait in racehorses.

Only one statistically significant genetic corre@atwas found between suspensory
ligament injury and another condition. Fracturesvi@und to be positively associated (sire
model) with this outcome. This finding suggestst tither the genes that confer risk of
these conditions are the same, or are in linkagje @ach other such that they are likely to
be inherited together. Suspensory ligament injuetg found to be significantly negatively
phenotypically correlated with EIPH/epistaxis aaddon injury. No genetic correlation
was found between these conditions, suggestinghibatource of the negative correlation
is environmental in origin. As has been previousbntioned, when multiple conditions
occur in a racehorse concurrently, HKJC staff maylisinclined to enter details of both
into health records, especially if the horse ibéaetired. This disinclination may be
because the clinical signs of one condition matobesimilar to those of another condition
(e.g. heat, pain and swelling associated with terada ligament injuries), such that
diagnosis of both together would require diagnastiaging.
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Accuracies of EBVs for suspensory ligament injusrevdisappointing. Linear model
EBV accuracies were slightly greater than thodegistic models. Estimated breeding
values per year of birth cohort followed the ineeof the trend of the number of horses
contributing phenotype information to each cohbigre 2-1). Based on these results, it
is suggested that EBVs produced using the methaodisiata shown here would not be

useful for swift selective breeding against suspgnigament injury.

4.1.2 Tendon injury

The prevalence of tendon injury in the current setavas 18.8% (952/5062). Records that
cited tendon injury rarely noted the specific temdgured, therefore more specific case
definitions such as SDFT injury could not be moeldieparately. However, given the
high proportion of tendon injuries found to be s to the SDFT in other publications of
racehorse musculoskeletal disease, it is likelytth@avast majority of tendon cases
reported here refer to the SDFT (Ely et al., 2@@iachbeck, 2004).

4.1.2.1 Multivariable analysis

Table 4-5 gives the results of likelihood ratiotsesn final models of tendon injury in
Hong Kong. In all models, addition of the genetindom effect (animal or sire)

significantly improved the model fit.

Table 4-5. Likelihood ratio test statistics gmualues of final models of tendon injury. LRT
statistic is determined lﬁ,(logqu,, - logLred) wherel is likelihood, andull andred indicate

the final model, and the ‘reduced’ final model, h@nus the genetic random variable only (sire or
animal).

Model form LRT statistic p-value

Sire Linear 16.58 <0.001
Logistic 276.38 <0.001

Animal Linear 32.36 <0.001
Logistic 566.64 <0.001

Results of multivariable modeling of tendon inj@y a binary trait are shown in Table 4-6.

Fixed effects found to be associated with tendqurynwere the intensity of racing
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(number of weeks between successive races), thbaerurh career starts, the continent
group from which the horse was imported, and thgtle of racing career in years. The
odds of tendon injury increased with increasing hanof weeks between races
(decreasing intensity), and longer career len@hginating from Australasia or ‘other’
areas compared to Europe was found to be a risérfar tendon injury, whereas
originating from North America was associated waHuced odds compared to originating

from Europe. The odds of tendon injury reducedhwitreasing numbers of career starts.

Table 4-6. Results of multivariable sire regressimdels of tendon injury on linear and logistic
scales.

Linear model Logistic model
Wald p-value Wald p-value Odds ratio 95% ClI
g]dt;ncsc;% E‘;"gggs between <0.001 <0.001 1.037 1.023 — 1.052
Number of starts <0.001 <0.001 0.950 0.938 — 0.962
Continent group 1* 0.029 0.029 1 (REF)
2" 1.663 1.394 - 1.983
3* 0.746 0.569 — 0.979
4§ 2.282 1.419-3.671
Career length (yrs) <0.001 <0.001 1.405 1.248 — 1.583

*Europe; tAustalasia; $North America; 8other.

The heritability of tendon injury was estimate®mbetween 0.09 and 0.20 (Table 4-7).
The largest estimate of heritability was producsithgi the logistic sire model. All

estimates of heritability were significantly greatiean zero.

Table 4-7. Heritability estimates of tendon injumyHong Kong Thoroughbreds.

Model form h? Standard error 95% CI*
Sire Linear 0.1265 0.0386 0.0508 — 0.2022
Logistic 0.2027 0.0685 0.0684 — 0.3370
Animal Linear 0.1423 0.0347 0.0743 — 0.2103
Logistic 0.0879 0.0289 0.0313 — 0.1445

*Confidence interval (1.96 x standard error)

Table 4-8 shows genetic and phenotypic correlatimt&een tendon injury and the named
conditions, with the statistical significance oéthenetic correlations. The only

statistically significant genetic correlation wasifid between tendon injury and
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EIPH/epistaxis. This correlation was negativeigmsand restricted to the animal model
only. Tendon injury was significantly negativellggnotypically correlated with all other

conditions.

Table 4-8. Genetic and phenotypic correlationshwtandard errors and 95% confidence intervals)
between tendon injury and the named conditionse 18bdel results appear above animal model
results, which are in bold type. P-values are thasel RT between the unconstrained model and
the same model with the genetic correlation comstchto 0.00001. ‘EIPH’ also contains diagnoses
of epistaxis.

rg* se. 95% CI* b s se. 95% Cl
value

EIPH -0.2829 0.1632 -0.6028 -0.0370 0.0919 -0.1118 0.0140 -0.1392 --0.0844
-0.3574 0.1394  -0.6306 - -0.0842  0.0145 -0.1123 0.0142 -0.1401 - -0.0845

0.0570 0.2345 -0.4026-0.5166 0.8065 -0.1069 0.0140 -0.1343--0.0795

Fracture 0.1479 02127 -0.5648-0.2690 0.4976 -0.1081 0.0140 -0.1355 - -0.0807

0.1903 0.1633 -0.1298- 0.5104 0.2435 -0.0595 0.0142 -0.0873--0.0317

O 0.0599 0.1506  -0.2353 -0.3551  0.6892 -0.0592 0.0143 -0.0873 --0.0312

Suspensory  -0.1302 0.2914  -0.7013-0.4409 0.6550 -0.0636 0.0140 -0.0910 - -0.0362
ligamentinjury -0.1217 0.2645 -0.6401-0.3967 0.6550 -0.0637 0.0141 -0.0913 - -0.0361

*Genetic correlationistandard errokconfidence intervaPphenotypic correlation.

EBVs extracted from the results of linear and logianimal models of tendon injury are
shown in Figures 4-5 to 4-8. There appeared @ (very small) downward (improving)
trend in EBVs for tendon injury as horses were Hater in the study period. Regression
of logistic EBVs on year of birth was equivalentatalecrease of -0.0024 + 0.0006 grades
per annum, indicating a small but significant dasmeg (improving) trend. The majority
of values of mean EBV were negative, indicating@uced genetic risk relative to the
population. EBV accuracies ranged from 0.37 t® @rBean 0.48) from the linear model
and 0.10 to 0.76 (mean 0.32) from the logistic nho&pearman rank correlation
coefficient between EBVs generated using linearlagistic models was 0.97%{alue
<0.001).
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animal model.
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4.1.2.2 Tendon injury discussion

The prevalence of tendon injury in this study exlegepublished figures from other
populations (Lam et al., 2007b; Oki et al., 2008nzan and Powell, 2010). The great
majority of injuries to tendons or ligaments argiiies to the SDFT, although few studies
specifically target this outcome to determine SB¥pEcific risk factors and prevalence
(Brommer et al., 2004; Ely et al., 2009; Neundadréle 2010). One study published
recently examined in detail the possible environtalensk factors involved in SDFT

injury in hurdle racing Thoroughbreds (Brommerlgt2004). This study found twenty
significant risk factors related to the track, racainer and horse. In the present study,
five risk factors were found to be associated wethdon injury. As the average number of
weeks between adjacent races increased (redudarsity of racing), the odds of tendon
injury increased. This finding is contrary to tedsom previous studies, where
increasingly intense training regimes appeareddoease risk (Brommer et al., 2004;
Perkins et al., 2005a; Lam et al., 2007b; Ely et28109). However, the relationship
between exercise history and risk is not straighwérd, as running more races, over a
shorter career length, appears to reduce the figndon injury in the present study.
These findings seem to imply that lay-ups durirgyréicing career should be avoided. Of
course, these measures of exercise history aratlgtoo ‘crude’ to reveal subtle
relationships between exercise and injury as thkg into account the whole racing career
or a large portion of it. Assessing more recemtreise history for evidence of association
with injury may be more beneficial in future stuglie

Increasing age has been shown numerous timesaaible factor for tendon injury, or

injury to tendons and ligaments (Kasashima e2804; Perkins et al., 2005a; Lam et al.,
2007b; Oki et al., 2008; Ely et al., 2009; Neundgirél., 2010). In the present study, age
at retirement was not associated with tendon injouy increased career length (years) was
found to be a risk factor. Ageing change in tendarenchyma may render it more
susceptible to damage, but the precise mechanibimdthis association is unknown
(Dudhia et al., 2007; Costa et al., 2012).

As with ligament injuries, the present study faitedshow an association between sex and
tendon injury, as has been identified in many presistudies (Kasashima et al., 2004;
Perkins et al., 2005a; Oki et al., 2008; Neundbdlg 2010). This is likely due to the
small number of female horses in the dataset.

86



The geographic area from which a horse originatasl mked to tendon injury risk in the
present study. Unlike risk of suspensory ligamejtry, European horses compared to
those from other areas were at a lower risk fodo@nnjury. Again, it is possible that
different genetic groups are represented by théreamt groups, but horse management
differences may also play a part. Average caeggth, number of starts, and intensity of
racing while in Hong Kong do not differ significiyybetween the four continent groups
(data not shown), therefore differences betweetiments in the distribution of these
variables do not appear to be responsible forfitnikng.

Tendon injury is a heritable condition in the paiigdn studied here. Evidence for this
includes the results shown in Table 4-5, and thdidence intervals of Table 4-7.
Addition of sire or animal as a random genetica@ftegnificantly improved the fit of most
of the final multivariable models for binary tendimjury, and all heritability estimates
were significantly greater than zero. Estimategea from 0.09 to 0.20, with the sire
logistic model producing the largest estimate, dr@dsmallest confidence intervals were
from the estimate based on the logistic animal rho@ieese estimates are in close
agreement with estimates of heritability of SDFjuig produced by Oki et al. (2008),
based on a Gibbs sampling method in Japanese Tdtdroeds (Oki et al., 2008). As has
been seen previously in this study, it is not ualifor estimates of heritability from sire
models to exceed those from animal models, espedigthe pedigreed population
contains many full siblings, which inflate the geo@ariance through inclusion of
dominance effects. Unlike other conditions in #tisdy, the heritability estimates of
tendon injury were not always larger from logistiodels compared with linear models.
This may suggest that tendon injury may indeedrballaor-nothing event in some cases,
without a more graduated, unseen, underlying dewedmt towards complete failure. It
must be remembered, however, that all types ofalemajury were included in the case
definition in this part of the study, and thereforpuries to structures other than the SDFT
may have altered the risk factor analyses away trosmSDFT associations. Most tendon
injuries in other studies were injuries to the SDB{t a proportion involved other
tendinuous structures (Ely et al., 2004; Pinchb26k4). Additionally, some injuries to
tendons may have been traumatic ruptures and ‘otmg@redictable’ injury types, rather
than exercise-related wear and tear, meaning tiraage of heritability may have been
reduced. Tendon injury in the present populatsoofimoderate heritability, which could

be targeted by selective breeding strategies.
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EBVs for tendon injury were moderate to poor, wdwed an improving pattern in later
year of birth cohorts. Linear and logistic EBV kargs were highly correlated, thus either
model form could be employed to generate thempa@ih accuracies were better for linear
than for logistic model estimates. As seen in jonev sections of this study, EBV
accuracy improved steadily per year of birth cohettich was most likely an effect of

increasing amounts of available information inda@enerations.

Tendon injury, and in particular injury to the SOQRJ a serious, time-consuming outcome,
with a high likelihood of re-injury due to the akel physical properties of healed tendon
tissue (Brommer et al., 2004; O'Meara et al., 20H@rpe et al., 2010). The results
presented here are in agreement with Oki et a0&gQ@hat reducing incidence could be
attempted using selective breeding based on EB¥¢slastion criteria, or that molecular
genetic studies are now warranted to examine thesggenderlying the risk of tendon

injury.

4.1.3 Osteoarthritis and joint disease

There were a total of 508 (10%, n=5068)ses diagnosed at least once with OA in the

HKJC data.

4.1.3.1 Multivariable analysis

Table 4-9 shows the results of likelihood ratidges final multivariable models of OA in
HK Thoroughbreds. Both logistic animal and siredels were significantly improved by
addition of the random genetic variable, but neitsifehe linear models was improved.
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Table 4-9. Likelihood ratio test statistics gmnualues of final models of OA. LRT statistic is
determined b)Z(logqu” - logLred) wherelL is likelihood, andull andred indicate the final
model, and the ‘reduced’ final model, i.e. minus genetic random variable only (sire or animal).

Model form LRT statistic p-value

Sire Linear 2.76 0.10
Logistic 146.82 <0.001

Animal Linear -218.14 n/a
Logistic 335.38 <0.001

Only the year of retirement was found to be assediwith OA (Table 4-10). Retiring

later in the study period was found to be assodiaiéh increased odds of OA.

Table 4-10. Results of multivariable sire regressimdels of OA on linear and logistic scales.

Linear model Logistic model
Wald p-value wald p- Odds ratio 95% ClI*
value
Year of retirement <0.001 <0.001 1.426 1.377-1.478

*Confidence interval (1.96 x standard error).

Heritability estimates of OA with their standardas are shown in Table 4-11.
Heritability ranged from 0.01 to 0.15. Confidentervals spanned zero, but most

heritability estimates exceeded their standardgrro

Table 4-11. Heritability estimates of OA in Hongr&pThoroughbreds.

Model form h? Standard error 95% CI*
Sire Linear 0.0342 0.0250 -0.0148 — 0.0832
Logistic 0.1461 0.0830 -0.0166 — 0.3088
Animal Linear 0.0073 0.0154 -0.0229 — 0.0375
Logistic 0.0539 0.0412 -0.0269 — 0.1347

*Confidence interval (1.96 x standard error)

OA was found to be positively genetically corretht@th EIPH/epistaxis (animal model
only) and fracture (Table 4-12). OA was also pesly phenotypically correlated with
fracture and suspensory ligament injury, and neghtiphenotypically correlated with

tendon injury.
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Table 4-12. Genetic and phenotypic correlationsh(siandard errors and 95% confidence
intervals) between OA and the named conditionse @obdel results appear above animal model
results, which are in bold type. P-values are thasel RT between the unconstrained model and
the same model with the genetic correlation comstchto 0.00001. ‘EIPH’ includes diagnoses of
epistaxis.

T ¥ - §
rg* se. 95% Cl vale o se. 95% Cl
EIPH 0.2344 0.1347  -0.0296—0.4984  0.0773 -0.0081 0.0143  -0.0361—0.0199
0.2732 0.1333  0.0119-0.5345 0.0368 -0.0106 0.0144 -0.0388 —0.0176
0.8499 01347 05859 -1.1139 <0.001 0.1682 0.0138  0.1412-0.1952
Fracture

0.8930  0.1422 0.6143 - 1.1717 <0.001 0.1662 0.0138  0.1392-0.1932

Suspensory 0.1162 0.2426  -0.3593-0.5917 0.6390 0.0333 0.0141  0.0057 — 0.0609
ligamentinjury 0.1326 0.2389  -0.3356 - 0.6008 0.5720 0.0339 0.0141  0.0063 — 0.0615

0.1903 0.1633  -0.1298 -0.5104  0.2435 -0.0595 0.0142 -0.0873--0.0317

Tendoninjury 55599 01506 -0.2353—-0.3551  0.6892 -0.0592 00143  -0.0872 - -0.0312

*Genetic correlationistandard errokconfidence intervaPphenotypic correlation.

Mean EBYV per year of birth cohort, and mean EBVuaacy are shown in Figures 4-9 and
4-11. Figures 4-10 and 4-12 show frequency histogrof EBV accuracies for OA over
the study period. These figures show a very smeaieasing (worsening) trend in EBVs
over the period in question, with the majority ofam EBV values lying above zero.
Regression of logistic EBVs on year of birth wasieglent to an increase of 0.0007 +
0.0001 grades per annum, indicating a small buifsggnt increasing (worsening) trend.
EBV accuracy appeared to increase steadily ovesttity period. Spearman rank
correlation coefficient between linear and logistiodel EBVs was 0.97%+{value

<0.001). Linear model EBV accuracies ranged frod3@o 0.70 (mean 0.08), and logistic
model EBV accuracies ranged from 0.02 to 0.72 (nfedd).
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Figure 4-9. Mean EBV and mean EBV accuracies par g&birth cohort for OA, derived from the
final linear animal model.
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model.
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4.1.3.2 Joint disease multivariable analysis

The OA and DJD status of each horse were combmtedhi single binary variable called
‘joint disease’, which was coded ‘1’ if a horse vea®r diagnosed with OA or DJD or both
(n=749, 15%), and 0 if that horse had never beagntised with either condition. This
disease category was modelled in the same way athat conditions, and the results of
this modelling are shown below. Table 4-13 giveslikelihood ratio test results for joint
disease final models, and Table 4-14 gives thdteestifixed effects found to be
significantly associated with joint disease. Samil to OA, only logistic models of joint
disease were improved by the addition of a gematidom variable.

Table 4-13. Likelihood ratio test statistics grdalues of final models for joint disease. LRT
statistic is determined I@(logqu” - logLred) whereL is likelihood, andull andred indicate

the final model, and the ‘reduced’ final model, h@inus the genetic random variable only (sire or
animal).

Model form LRT statistic p-value

Sire Linear 2.26 0.122
Logistic 173.44 <0.001

Animal Linear 0.88 0.348
Logistic 248.20 <0.001

Two fixed effects were found to be associated yaiht disease; year of retirement and
age at retirement (years). The odds of joint diseacreased with later year of retirement,
and older age at retirement.

Table 4-14. Results of mutivariable sire regressmmaels of joint disease on linear and logistic
scales.

Linear model Logistic model
Wald p-value wald p- 5445 ratio 95% ClI
value
Year of retirement <0.001 <0.001 1.134 1.110-1.158
Age at retirement (yrs) <0.001 <0.001 1.275 1.218-1.335

Heritability estimates for joint disease are shaowiiable 4-15. All confidence intervals
for heritability estimates spanned zero. The hbility of joint disease ranged from 0.02

to 0.11. The highest estimate of heritability wasduced by the logistic sire model.
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Table 4-15. Heritability estimates of joint diseas&long Kong Thoroughbreds.

Model form h? Standard error 95% CI*
Sire Linear 0.0398 0.0285 -0.0161 — 0.0957
Logistic 0.1080 0.0688 -0.0269 — 0.2428
Animal Linear 0.0150 0.0184 -0.0211 - 0.0511
Logistic 0.0312 0.0318 -0.0311 - 0.0935

*Confidence interval (1.96 x standard error)

4.1.3.3 Osteoarthritis and joint disease discussion

At 10% of horses affected, the prevalence of Ofnis population is somewhat less that
has been previously found in other Thoroughbredifadjmns. However, previous studies
tended to use radiographic diagnosis rather tharcal signs, therefore some subclinical
OA cases will have been missed in this study (Netdret al., 2010). Also, some horses
suffering from OA may have been retired previodslyother reasons, and in some cases
the OA detected may not have been severe enougartant an OVE or lead to
retirement. It is not clear whether terminologlatieg to OA, and to degenerative joint
disease (DJD), were used interchangeably by HKI€imaliagnosis of joint disease.
Many equine clinicians use the terms OA and DJByasnyms. However, DJD is
occasionally reserved for cases of primary OA, whey inciting cause can be found
(Mcllwraith and Vachon, 1988). For this reason, @#&l DJD were modelled separately
in this population initially. The prevalence ofDivas 5%, and due to this low case
number, model convergence was not achieved (datshoavn). Results of a bivariate
animal model devoid of fixed effects between OA 83D revealed a significant negative
genetic correlation between these diagnoge(74, s.e. 0.13-value <0.001), but no
significant phenotypic correlation. These ressitggest that OA and DJD are genetically
different entities in this population, if they halveen classified correctly. Nevertheless,
incase DJD and OA terms were used to describeatine $rait, both were combined into a
disease category called ‘joint disease’. For a&do be positive for joint disease in the
HKJC dataset, it must have been diagnosed atdeastwith either OA, or DJD, or both.
There were 749 (15%) horses with joint diseaserit&tslity estimates of joint disease
were larger than estimates of OA heritability, the differences were not significant.
Both OA and joint disease were associated witlyda of retirement. These similarities
suggest a commonality between joint disease and Génetic correlations and EBVs
were not estimated for joint disease due to nonistgint heritability estimates.
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This study provides some evidence that OA (DJ) hieritable condition in this
population, although this evidence is somewhat wea&teoarthritis is a term meaning
inflammation of the bone and joint tissues, whiah arise for many different reasons. For
example, inflammation can be caused by traumajsepgo-immunity, or as a result of
developmental orthopaedic conditions such as OTie equine metacarpophalangeal
joint is known to be at greatest risk of OA, prolyaiiecause of the stresses this joint is
subjected to during exercise (Neundorf et al., 2010 most cases, the inciting cause of
the OA (DJD) diagnosed in the HKJC data was notmor not specified, and the joint or
limb involved was not always stated, thereforedage definition contained all sites and
causes of OA (DJD). In humans, OA is known to hagtrong genetic component, which
appears to vary upon ethnicity and the joint(splwed. However, it is possible that most
OA (DJD) seen in the current equine population sexndary to other more prevalent
conditions such as OCD, rather than being prim&g.records from the HKJC contained
diagnoses of OCD. Horses were imported into Hoogd<at an average age of 2.8 years
(range 1.7 to 7.0, mean 2.8, median 2.8, modee&arsy. OCD is known as a
developmental disorder, and therefore may be reddor diagnoses of arthropathy in
young horses, therefore the joint pathology diagddsy the HKJC team would have been
more likely to be classified as OA (DJD). If thésthe case, then heritability estimates of
joint disease or OA shown here would be artifigiddiw. Heritability of primary OA in

this population would be being masked by secondasgs, and the heritability of OCD
would be only partially captured through caseseaibsidary OA. More specific case
definitions, probably with the use of visual diagtioc aids such as radiography, would be
required in future studies to ascertain the natfitbe heritable component of joint disease

shown here.

4.1.4 Hong Kong musculoskeletal condition discussio n
Musculoskeletal disorders are prevalent in the Héogg Thoroughbred population. This
study provides some evidence that a number of tbasditions are, in part, heritable, and

are in many cases positively genetically correlatét each other, suggesting that

breeding strategies for reducing incidence mayca#enumber of conditions concurrently.
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Past studies have often tended to combine injtmiégsndons and ligaments into a single
case definition, and study the risk factors fosthajuries combined (TLI). This may be
the case because of the proximity of the digietdk tendons to the suspensory ligament
on the palmar/plantar aspect of the distal limbakimg ultrasonographic interpretation of
the health of these structures easy to assesgdharsame examination. Similar clinical
signs are involved when damage to these ligamernendons occurs. However, tendons
and ligaments occupy different anatomical locatiand structural properties, and are
important to locomotion and joint stability in déflent ways. The results presented here
show that the risk factors associated with injuteetendons, and to the suspensory
ligament are different, and a positive genetic&atron does not exist between them.
These findings suggest that combination of tendwhligament injuries into a single

dependent variable in epidemiological and gengtidiss of risk factors is inappropriate.

EBV accuracies for each of the musculoskeletal timms studied here were small or
moderate in size. Selection using EBVs with theasmuracies would not deliver swift
reductions in genetic risk. To improve selecti@sdx on this method, more specific and
accurate diagnoses would be required, with largerlrers of case and control horses than

were available in the current study.

4.2 Musculoskeletal disorders in the BHA dataset

4.2.1 BHA model results using all horses

Two thousand and seventy horses (2.6%, 2070/784&®¥ diagnosed with at least one
occurrence of injury to the SDFT in the BHA dataf these horses, 81% (1680) were
male. There were 49660 horses that competed ifi@macing, and 40135 that competed
in any jump racing. Of the horses that competéthirracing, 688 (1.4%) were diagnosed
with an SDFT injury, compared to 1928 (4.8%) juraping horses.

4.2.1.1 PH dataset SDFT injury multivariable analys is

The results of multivariable models of SDFT injumythe BHA ‘per horse’ (PH) data are
shown in Tables 4-16, 4-17 and 4-18. Table 4-IHvstthe results of likelihood ratio tests
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of SDFT injury final models. Addition of the geretandom variable (sire or animal)

significantly improved the fit of all models.

Table 4-16. Likelihood ratio test statistics gndalues of final models for SDFT injury. LRT
statistic is determined I@(logqu” - logLred) whereL is likelihood, andull andred indicate

the final model, and the ‘reduced’ final model, n@nus the genetic random variable only (sire or
animal).

Model form LRT statistic p-value

Sire Linear 139.28 <0.001
Logistic 11617.62 <0.001

Animal Linear 157.90 <0.001
Logistic 11861.68 <0.001

Four fixed effects were found to be significantbsaciated with SDFT injury in the BHA
data (Table 4-17). Competing in any jump racing wstaongly associated with increased
odds of SDFT injury. Increasing number of cargarts was also associated with
increased odds, whereas being female comparedl& amal accruing more winnings over
the career were found to be associated with redoddd of SDFT injury.

Table 4-17. Results of multivariable sire regressimdels of SDFT injury on linear and logistic
scales.

Linear model Logistic model
Wald p-value | Wald p-value Odds ratio 95% ClI
Racing profile 1* <0.001 <0.001 1 (REF)
27 8.523 6.944 — 10.459
Sex Male <0.001 <0.001 1 (REF)
Female 0.306 0.204 — 0.459
Number of starts <0.001 <0.001 1.011 1.008 - 1.014
Winnings (thousands) 0.019 <0.001 0.995 0.993 - 0.998
Interaction 1# <0.001 <0.001 2.334 1.527 — 3.567

*Horses that competed exclusively in flat raciesiorses that competed in any jump rategst
order interaction between racing profile and sex.
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4.2.1.2 PH dataset SDFT injury heritability and gen  etic correlation estimation

Heritability estimates of SDFT injury ranged fron®4 to 0.24 (Table 4-18), and all
estimates were significantly greater than zeroe [Bingest heritability estimate was

generated from the logistic sire model.

Table 4-18. Heritability estimates of SDFT injury.

Model form h? Standard error 95% CI*
Sire Linear 0.0385 0.0049 0.0289 — 0.0481
Logistic 0.2373 0.0390 0.1608 — 0.3137
Animal Linear 0.0450 0.0052 0.1395 — 0.2207
Logistic 0.1372 0.0222 0.0937 — 0.1807

*Confidence interval (1.96 x standard error)

Table 4-19 contains results of bivariate analysiésimvthe BHA PH dataset. SDFT injury
was found to be significantly positively genetigatbrrelated with both distal limb
fracture, and epistaxis. SDFT injury was also tiggly phenotypically correlated with

distal limb fracture, but not with epistaxis.

Table 4-19. Genetic and phenotypic correlationsh(siandard errors and 95% confidence
intervals) between SDFT injury, distal limb fractland epistaxis. Sire model results appear above
animal model results, which are in bold type. Riga are based on LRT between the
unconstrained model and the same model with thetigecorrelation constrained to 0.00001.

ro* se.' 95% CI* p- value rp® s.e. 95% CI¥

Distal limb 0.4661 0.0996 0.2709 —0.6613 0.0003 -0.0140 0.0036 -0.0211 —-0.0069
fracture 0.4268 0.0961 0.2384 —0.6152 0.0001 -0.0141 0.0036  -0.0212 - -0.0070

Epistaxis 0.2942  0.0748 0.1476 —0.4408 0.0013 0.0067 0.0036 -0.0004 —0.0138
P 0.3021  0.0697 0.1655-0.4387 0.0001 0.0066 0.0036  -0.0005-0.0137

*Genetic correlationistandard errokconfidence intervaPphenotypic correlation.

4.2.1.3 BHA PH dataset SDFT injury estimated breedi ng values

EBVs were extracted from the results of final SORjlry animal models on the linear and
logistic scales. Mean EBV and mean EBV accuracgézh year of birth cohort are
shown in Figures 4-13 and 4-15. Histograms of E8¥uracies are shown in Figures 4-14
and 4-16. In both linear and logistic models, iiean EBV per year of birth cohort
appeared to improve (become more negative) ovesttlty period. Regression of logistic
EBVs on year of birth was equivalent to a decreds8.0127 + 0.0002 grades per annum,
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indicating a small but significant decreasing (impng) trend. Mean accuracies increased
somewhat over this period, but logistic model ER¥w@aacies showed less of an
improvement than those from linear models. EBMWiaacies ranged from 0.21 to 0.90
(mean 0.41) and 0.01 to 0.62 (mean 0.26) in liagarlogistic models, respectively.
Spearman rank correlation coefficient between lieea logistic EBVs was 0.956-(

value <0.001).
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Figure 4-13. Mean EBV and mean EBV accuracies par gf birth cohort for SDFT, derived from
the final linear animal model.
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Figure 4-14. Frequency histogram of SDFT EBV acciess derived from the final linear animal

model.
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Figure 4-15. Mean EBV and mean EBV accuracies par gf birth cohort for SDFT, derived from
the final logistic animal model.
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Figure 4-16. Frequency histogram of SDFT EBV acciess derived from the final logistic animal
model.

4.2.1.4 BHA REP dataset heritability and repeatabil ity of SDFT injury

Table 4-20 contains results of linear repeatabitiydels of SDFT injury in the BHA
repeated records (REP) dataset. Heritability actmlifor 23% and 24% of repeatability
in sire and animal models, respectively, with parerd environmental effects accounting
for 94% and 76% of repeatability.

Table 4-20. Heritability, repeatabilty and permaramvironmental variance of SDFT injury.

h* (s.e.) a2, (se.) r* (s.e.)
Sire 0.0145 (0.0013) 0.0589 (0.0008) 0.0625 (0.0008)
Animal 0.0150 (0.0012) 0.0476 (0.0012) 0.0626 (0.0008)

*Heritability;T permanent environmental variancespeatability.

The REP dataset was divided into two separate elstasne containing all records from
horses that competed in at least one flat racettendther containing all records from
horses that competed in at least one jump race.r@sults of repeatability models of
SDFT injury within these two datasets are showhahle 4-21. Permanent environmental
effects accounted for 74% and 94% of variationD¥$ injury using sire models in flat

and jump racing populations, respectively, and 46fb 74% using animal models.
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Table 4-21. Heritability, repeatabilty and permaremvironmental variance of SDFT injury, in

both flat (upper) and jump (lower) racing populato

h% (s.e.) a2, (s.e.) r* (s.e.)
Sire 0.1071 (0.0066) 0.0780 (0.0010) 0.1047 (0.0018)
0.0114 (0.0014) 0.0449 (0.0009) 0.0477 (0.0009)
. 0.0523 (0.0024) 0.0440 (0.0020) 0.0963 (0.0012)
Animal

0.0125 (0.0014)

0.0353 (0.0015)

0.0478 (0.0009)

*Heritability;t permanent environmental variancegpeatability.

4.2.2 Flat racing population

4.2.2.1 Multivariable analysis

SDFT injury was modelled within the flat and jungezing populations in the BHA PH

dataset separately. Table 4-21 shows resultgelfibod ratio tests of the final SDFT

models in the flat racing population. Additionagenetic random variable improved the

fit of all models except the logistic sire model.

Table 4-22. Likelihood ratio test statistics gndalues of final models for SDFT injury in flat
racing horses only. LRT statistic is determinedz@ogquu - logLred) whereL is likelihood,
andfull andred indicate the final model, and the ‘reduced’ finradel, i.e. minus the genetic

random variable only (sire or animal).

Model form LRT statistic p-value

Sire Linear 96.16 <0.001
Logistic -9115.16 n/a

Animal Linear 105.66 <0.001

Logistic 25537.60 <0.001

Only two fixed effects were found to be associatéth SDFT injury in flat racing horses;

career length (years) and sex (Table 4-23). Longezers were associated with increased

odds of SDFT injury, and being female compared &berwas associated with reduced

odds.
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Table 4-23. Results of multivariable sire regressimdels of SDFT injury on linear and logistic
scales.

Linear model Logistic model
Wald p-value Wald p-value Odds ratio 95% ClI
Career length (yrs) <0.001 <0.001 1.406 1.356 — 1.457
Sex Male <0.001 <0.001 1 (REF)
Female 0.480 0.388 — 0.594

Estimates of the heritability of SDFT injury in tHat racing population ranged from 0.05
to 0.52, and all estimates were significantly gee#éttan zero (Table 4-24). Logistic
models produced larger heritability estimates camgh#o linear models. The largest

heritability estimate was generated by the logisitie model.

Table 4-24. Heritability estimates of SDFT injurythe flat racing BHA population.

Model form h? Standard error 95% CI*
Sire Linear 0.0491 0.0072 0.0350 — 0.0632
Logistic 0.5161 0.0932 0.3335-0.6987
Animal Linear 0.0497 0.0067 0.0366 — 0.0628
Logistic 0.2460 0.0423 0.1631 - 0.3288

*Confidence interval (1.96 x standard error)

4.2.3 Jump racing population

4.2.3.1 Multivariable analysis

Likelihood ratio test results of final models of EDinjury in the jump racing population
are shown in Table 4-25. All models were signffittaimproved by the addition of a

genetic random variable.
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Table 4-25. Likelihood ratio test statistics gndalues of final models for SDFT injury in jump
racing horses only. LRT statistic is determinedz()&)gqu” - logLred) whereL is likelihood,

andfull andred indicate the final model, and the ‘reduced’ finradel, i.e. minus the genetic
random variable only (sire or animal).

Model form LRT statistic p-value
Sire Linear 51.48 <0.001
Logistic 2810.98 <0.001

Animal Linear 55.94 <0.001
Logistic 10057.60 <0.001

Three fixed effects were found to be associated @DFT injury in the jump racing
population; career length (years), sex and the mumbstarts (Table 4-26). Both female
sex and increased number of starts were assoaeigtededuced odds of SDFT injury.
Longer career length was associated with increaddd of SDFT injury.

Table 4-26. Results of multivariable sire regressiwmdels of SDFT injury on linear and logistic
scales.

Linear model Logistic model
Wald p-value wald p- 445 ratio 95% ClI
value
Career length (yrs) <0.001 <0.001 1.272 1.229-1.316
Sex Male <0.001 <0.001 1 (REF)
Female 0.815 0.721-0.922
Number of starts <0.001 <0.001 0.982 0.977 - 0.988

Table 4-27 shows the heritability estimates of Shijliry in the jJump racing population
of the BHA data. Heritability estimates rangedir6.03 to 0.17, all of which were

significantly greater than zero. The logistic sitedel produced the largest heritability
estimate.

Table 4-27. Heritability estimates of SDFT injurgrn the jump racing BHA population.

Model form h? Standard error 95% CI*
Sire Linear 0.0289 0.0059 0.0173 — 0.0405
Logistic 0.1739 0.0363 0.1027 — 0.2451
Animal Linear 0.0309 0.0059 0.0193 — 0.0425
Logistic 0.1085 0.0225 0.0644 — 0.1527

*Confidence interval (1.96 x standard error)
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4.2.4 BHA SDFT injury discussion

The prevalence of SDFT injury at the racecoursented here is lower than reports of
SDFT injury in literature (Oki et al., 2008; Ramzamd Palmer, 2011). However, these
studies included SDFT injuries diagnosed durinopiing activities, whereas the current
study focused only on racing-related SDFT injultyhas been found in previously
published literature that the majority of tendojuiies occur during training rather than

racing, therefore the lower prevalence reporteé feeexpected (Ely et al., 2009).

The risk of SDFT injury in jump racing appearedtsignificantly greater than flat
racing. This finding has been identified previguStephen et al., 2003; Neundorf et al.,
2010). The current study also identified an inseghrisk of SDFT injury for males
compared with females, which has also previousgnideund (Kasashima et al., 2004;
Perkins et al., 2005a; Oki et al., 2008; Kalis2812).

The number of career starts was found to be adsdardth SDFT injury in all horses as a
single population, and also in jump racing horbesyever, the direction of the association
differed. Increasing numbers of starts was assatiith an increase the risk of SDFT
injury when all horses were considered togetherwas associated with reduced risk in
jump racing. This variable was not included in final model of SDFT injury among flat
racing horses. This finding may be an example‘bgalthy horse effect’, where healthy
horses are free to run more races, thus as theetuhbtarts increases, the risk of SDFT
injury reduces. Alternatively, this explanatoryiahle may be a measure of time spent at
risk. Both flat racing and jump racing final SDEjury models contained the career
length variable, with increased odds of injurylas ¢areer length grew, suggesting again

that increased time at risk was the more imporariable.

In the model of SDFT injury for the whole BHA poptibn, total winnings (in thousands
of British pounds) was negatively associated witlréased risk. Horses that accrue large
amounts of winnings may be more robust and thezedbte to race more often, and are
possibly cared for more diligently than those herégat are not expected to accrue
winnings. This variable was not included in theafimodels from flat or jump racing

populations.
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The significant interaction term between racingfig@nd sex in the final model of SDFT
injury in the whole BHA population was included base more males than females

compete in jump racing.

SDFT heritability is moderately to highly heritalbitethis population, and is of a
magnitude that selective breeding could be useddoce genetic risk in future. The
models that produced the largest estimates ofatdity in the current study were logistic
sire models. Jump racing was found to be assalcvaith increased risk of SDFT injury,
although the heritability estimates of this outcdnoen the jump racing population are
somewhat smaller than estimates from the flat gapopulation. This finding suggests
that, although SDFT injuries are more likely to wcm jump racing, those SDFT injuries
that are genetically predisposed do not occur rfrecpiently in this population. A
proportion of SDFT injuries may have been inciderita example as a result of traumatic
transection of the tendon during a collision oalg find these would not have contributed

to the heritability of the condition.

Permanent environmental effects contributed subathnto the repeatability of SDFT
injury. What these effects were is unknown, belythre hypothesized to be due to two
causes. Healed tendon tissue displays markedbreiit mechanical properties to healthy
tissue, and the degree of tendon ‘scarring’ maytheenced by environmental factors
such as exercise during the healing period, nomdti plane etc. This alteration to the
tendon tissue may, in part, constitute a permagevironmental effect, which would
render the tendon susceptible to re-injury. Alédrrely, some treatment methods may be
employed that also increase the likelihood of rgge&DFT injury episodes. For
example, firing of tendons is an antiquated, billtuged ‘treatment’ for tendon injury.

This intervention is used to initiate an acute imggbrocess in a chronically damaged
tendon, with the hope that this will lead to resioln of the injury. The efficacy of the
procedure has not been proven, but it continuég foracticed in the UK. The resulting
tendon damage may indeed lead to a ‘healed’ tendomne that is devoid of active
inflammation, but which has areas of scar tissueudfhout the parenchyma. However,

such tissue may be more susceptible to future damag
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4.3 General musculoskeletal conditions discussion

The importance of musculoskeletal conditions teshmacing cannot be understated. MSI
are the most common medical problem affecting raxssds, and are prevalent in all
jurisdictions, and across all race types (Williashsl., 2001; Stephen et al., 2003; Perkins
et al., 2005b; Wilsher et al., 2006; Ramzan andhBgl2011; Bolwell et al., 2012).
Financial and welfare implications of these comais have led to a plethora of scientific
articles exploring the factors involved in diffet@onditions, but variation in case
definitions, study power, and population charasters mean that risk factor analyses are
not usually comparable across studies. Here weeptessults of studies of the genetic risk
of a number of important conditions in two racinggdictions. It is hoped that through
genetic analyses, risk of these conditions coulddmeased in future populations in

conjunction with appropriate environmental modifioas.

Tendon injury, or injury to the SDFT, was showrbtomoderately to highly heritable for a
binary trait in the current study. Oki et al. (B3)@Qsed different methods to those used
here, but also found that SDFT injury was a hel@aondition in the Japanese racing
population (Oki et al., 2008). Results of SDFTungjanalyses shown here suggest that
greater care should be taken with older male jumepg horses, as their risk of SDFT
injury appears to be greater than other horsegeréstingly, the estimated heritability of
SDFT injury was somewhat higher in horses that ategin flat races than those that
competed in jump races, in Great Britain. Destiig, SDFT injury prevalence was
greater in jump racing compared to flat racing.isTuggests that environmental effects
are acting to comparatively reduce SDFT injurydecice in flat racing, or increase it in
jump racing, or both. The most logical explanaseems to be that jump racing affords
more potential for idiosyncratic traumatic evenistsas falls or collisions between
runners, which would increase SDFT injury prevaéewithout increasing heritability.
Indeed, repeatability models of SDFT injury usiegards from flat racing or jump racing
horses separately, showed that permanent envirdahedfects account for a larger
proportion of repeatability in jump racing thanfiat racing. Tendon injury heritability
estimates were of sufficient magnitude that seledtreeding based on EBVs as selection
criteria could be useful in reducing future genesg.
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Estimates of the heritability of OA and suspendmgment injury were not always
significantly different from zero. There were faveases of OA and suspensory ligament
injury compared to tendon injuries in the HKJC dathich could have been one reason
for the non-significant heritability estimates seddespite the increase in case numbers
when OA and DJD were combined and modelled ast‘gisease’, the heritability was still
non-significant. In the case of suspensory ligangary, sensitivity and specificity of
diagnosis may have been low if the findings oficlhexaminations were not always
augmented by ultrasonography. Similarly, diagnosi®A would only have been
attempted in horses showing overt clinical sighasta proportion of subclinical cases
would have been omitted, and without radiographd,aad OCD could not have been
differentiated reliably. Rather than these coondsibeing lowly heritable, it is possible
that these factors have acted to artificially redberitability estimates in the HK
population (Bishop and Woolliams, 2010). Furthedges incorporating diagnostic
imaging in case definitions are warranted. Howgerarch larger study sizes may be

required if these injury definitions are very syieci

The EBVs generated from animal models of the camttstudied here were of poor
accuracy overall. EBV accuracy is directly relatedhe speed of response to selection,
thus selective breeding would only afford slow r@tens in genetic risk, based on the data
and case definitions used here. However, fractaefound to be genetically correlated
with both OA and suspensory ligament injury in HKJC dataset, indicating that
reductions in risk of all of these conditions cobklachieved by selecting based on one
condition alone. The best condition to select @uld be the one most easily and cheaply
phenotyped, with the highest heritability, and ¢badition with the greatest EBV
accuracies. Similarly, distal limb fracture andFSDinjury were found to be genetically

correlated in the BHA dataset.
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5. CHAPTER V. EXERCISE-INDUCED PULMONARY
HAEMORRHAGE AND EPISTAXIS
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5.1 Hong Kong EIPH/epistaxis analyses

In the HKJC data, there were 981 (19.4%) horsesnbee diagnosed with at least one
episode of EIPH/epistaxis. The proportion of hergat were subjected to BAL and
cytology for definitive diagnosis of EIPH was natdwn, therefore the case definition
used here may include cases of both EIPH and gE<&ither related to EIPH or due to

other causes).

5.1.1 Multivariable analysis

Table 5-1 shows the results of likelihood ratidgesf multivariable sire and animal models
of EIPH/epistaxis. Addition of a genetic randonmiahle (sire or animal) significantly

improved the fit of all models.

Table 5-1. Likelihood ratio test statistics gmelalues of final models of EIPH/epistaxis. LRT
statistic is determined k@(logqu” - logLred) whereL is likelihood, andull andred indicate

the final model, and the ‘reduced’ final model, n@nus the genetic random variable only (sire or
animal).

Model form LRT statistic p-value

Sire Linear 58.10 <0.001
Logistic 290.16 <0.001

Animal Linear 85.12 <0.001
Logistic 636.88 <0.001

Two fixed effects were found to be significantlyasiated with EIPH/epistaxis;
hemisphere of origin, and career length (yearshl@g-2). The odds of EIPH/epistaxis
increased with increasing career length. Origntatrom the Southern hemisphere

compared to the Northern hemisphere was found torisk factor for EIPH/epistaxis.
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Table 5-2. Results of multivariable sire regressimuels of EIPH/epistaxis on linear and logistic
scales.

Linear model Logistic model
Wald p-value V\\l,zlﬂep- Odds ratio 95% ClI
Hemisphere 1* <0.001 <0.001 1 (REF)
2" 1.487 1.249 - 1.769
Career length (yrs) 0.008 0.009 1.056 1.015-1.098

*Northern hemisphere;t Southern hemisphere.

5.1.2 Heritability and genetic correlation estimati  on

Estimates of the heritability of EIPH/epistaxisgdaheir confidence intervals are shown in
Table 5-3. The heritability of EIPH/epistaxis radgrom 0.13 to 0.33, and all estimates
were significantly greater than zero. The largssimate was produced using a logistic

sire model, and the most precise estimate was peadusing a logistic animal model.

Table 5-3. Heritability estimates of EIPH/epistaxishe HKJC data.

Model form h? Standard error 95% ClI
Sire Linear 0.2094 0.0422 0.1267 — 0.2921
Logistic 0.3337 0.0741 0.1885 — 0.4789
Animal Linear 0.1930 0.0361 0.1222 — 0.2638
Logistic 0.1274 0.0270 0.0745 - 0.1803

Table 5-4 shows the results of bivariate analy$&dPH/epistaxis with the named
conditions. Genetic and phenotypic correlatiomsraported, with their standard errors.
EIPH/epistaxis was found to be positively genelycabrrelated with OA (animal model),
and negatively genetically correlated with tendgany (animal model). Significant
negative phenotypic correlations between EIPH/apistand fracture, suspensory

ligament injury and tendon injury were also found.
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Table 5-4. Genetic and phenotypic correlationsh(wtandard errors and 95% confidence intervals)
between EIPH/epistaxis and the named conditiom® nSodel results appear above animal model
results, which are in bold type. P-values are thasel RT between the unconstrained model and
the same model with the genetic correlation comstchto 0.00001.

rg* se.' 95% CI* p- value M s.e. 95% CI¥
Fracture 01784 01963  -02063-05631 03587 -0.0536 0.0141 -0.0812--0.0260
0.1430 0.1906 -0.2306-0.5166  0.4386 -0.0540 0.0142 -0.0815 - -0.0259
OA 0.2344 0.1347 -0.0296-0.4984  0.0773 -0.0081 0.0143 -0.0361—0.0199
0.2732 0.1333 0.0119-0.5345  0.0368 -0.0106 0.0144 -0.0388 —0.0176
S‘ﬁsg%”esr?try 10.0139 0.2470 -0.4980-0.4702  1.0000 -0.0301 0.0141 -0.0577 - -0.0025
ﬁ’njury .0.3382 0.2406 -0.8098-0.1334  0.1380 -0.0299 0.0141 -0.0575 - -0.0023
Tendon  -0.2829 0.1632 -0.6028—0.0370  0.0919 -0.1118 0.0140 -0.1392 - -0.0844
injury -0.3574 0.1394 -0.6306--0.0842  0.0145 -0.1123 0.0142 -0.1401 - -0.0845

*Genetic correlationistandard errorconfidence intervaﬁphenotypic correlation.

5.1.3 EIPH/epistaxis estimated breeding values

Figures 5-1 and 5-3 show mean EBV for EIPH/epistaaind mean EBV accuracy per year
of birth cohort, based on linear and logistic medetspectively. EBV accuracies
appeared to increase somewhat over the study péubdnean EBV per year of birth
cohort showed no distinct trend. Regression aStagEBVs on year of birth returned
non-significant p-values >0.05) values of the intercept and coefficof year of birth.
EIPH/epistaxis EBV accuracies ranged from 0.42.82 @mean 0.51) using the linear
model, and from 0.18 to 0.78 (mean 0.36) usinddgestic model. Spearman rank
correlation coefficient for EBVs from linear andjlstic models was 0.96p-{alue

<0.001).

112



0.03
0.02 ”’———-"’___ﬂfﬂ——-———— 44,_--__———-—--.-~v’/~\--
0.01 —— A —
>
o
w
[ O LI T LI T T T W T 1§ W
8 N O N0 O O d N OO < 1D OO0 OOl d /NN SN O N
00 00 0 0 0 O O O OO OO OO OO OO OO OO O O/ 0 O O O ©O ©o
E a OO O o)) OO OO O O OO OO OO OO O O O O O
D B e o B O B T B TR e I e B e B IR = I R o I o A o I o VA o VY o VI o\ A o\ I o
-0.01
-0.02 |
-0.03
Mean EBV Mean EBV accuracy

Figure 5-1. Mean EBV and mean EBV accuracies par g&birth cohort for EIPH/epistaxis,

derived from the final linear animal model.
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Figure 5-2. Frequency histogram of EBV accuraae$lPH/epistaxis, derived from the final

linear animal model.
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Figure 5-3. Mean EBV and mean EBV accuracies par gebirth cohort for EIPH/epistaxis,

derived from the final logistic animal model.
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logistic animal model.
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5.1.4 Hong Kong EIPH/epistaxis discussion

The prevalence of EIPH/epistaxis in this study W@% overall. Most studies of EIPH
focus either on epistaxis (using visual inspectiofihe nares only) or EIPH (using
tracheobronchoscopy and/or BAL), but few combireséhdefinitions. The reason for
doing so in this study was that records of trache@athoscopic examinations, or BAL
cytology were not available, thus diagnoses ofédkss’ could have included both
epistaxis and EIPH cases. The prevalence repbeeis low compared to published
EIPH prevalence, but high compared to previouslyliphed epistaxis prevalence
(Takahashi et al., 2001; Hinchcliff et al., 2009).

Fixed effects found to be associated with EIPH#tegis in this study were the hemisphere
of origin and career length. The variable of hgrhese of origin may describe different
genetic groups of horses, or different managemetipes prior to import into Hong

Kong that have long lasting effects on the rislet®H/epistaxis. The odds of
EIPH/epistaxis were found to increase with incnegsiareer lengths. Three recorded
episodes of epistaxis necessitate compulsory net¢iné for Thoroughbreds in Hong Kong,
therefore horses that are ‘bleeders’ might be expeto have shorter career lengths,
although this is at odds with the association detecAn alternative explanation for this
relationship would be that the lungs or other pafthe respiratory system of older horses
are more susceptible to EIPH/epistaxis for whatesason, or the training of young horses
may differ from the training of older animals, l&aglto increased risk in the latter.

Longer careers have also been found to increasisthef epistaxis in other studies
(Newton et al., 2005), and these temporal varialhée® been posited to be proxies for
‘time spent racing’, leading to increased likelidoaf EIPH/epistaxis as a type of

‘repetitive strain injury’ to lung parenchyma.

The heritability of EIPH/epistaxis in this study svaigh for a binary trait, at 0.13 to 0.33.
These estimates are comparable to Weideman @084), who reported heritability of
epistaxis (assumed to be due to EIPH) to be 0.4@aslogistic sire model, and 0.23 using
a logistic animal model. In both the current stualyd the study by Weideman et al.
(2004), the largest estimates were achieved ugiagogistic models. Due to the
magnitude of the heritability of this condition)esaive breeding could be effective in

inciting change in genetic risk. EBVs for this ddion were found to be moderately
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accurate, thus the speed of genetic gain couldvmdble should such breeding strategies

be widely implemented.

EIPH/epistaxis was found to be positively genelycabrrelated with OA, using an animal
model. Perhaps genes that encode common inflamyrathways exhibit pleiotropy,
leading to increased frailty of pulmonary capikarifollowing exercise-induced insult, and
also to inflammation of joint tissues. Molecul@ngtic studies would be required to
identify the nature of this association. It iseirgsting to note that EIPH/epistaxis was
negatively genetically correlated with tendon igjur this study. It is not clear why genes
that confer risk of EIPH/epistaxis might also betpctive against tendon injury, and this
relationship may instead be due to the genes ieddbeing sited close together in the
equine genome, but again a detailed analysis aje¢hes involved is warranted to identify
the underlying nature of this correlation.

5.2 BHA epistaxis analysis results

5.2.1 Results from analyses using all horses

There were 1667 horses that were diagnosed atdeastwith epistaxis in the ‘per horse’
(PH) dataset (n=78151, 2.1%). In the ‘repeatedro=t (REP) dataset, there were 1960
cases of epistaxis recorded, giving an incidenteab2.2 cases per 1000 starts
(n=900757). When only horses that competed irastlone flat race were considered, the
incidence rate of epistaxis was 1.5 cases per $@0& (1036/670322), and when only
horses that competed in at least one jump race eegr®dered, the incidence rate was 2.9
cases per 1000 starts (1411/490659).

5.2.1.1 PH dataset multivariable analysis

Results of multivariable modeling of epistaxis e BHA PH dataset are shown below.
Table 5-5 shows likelihood ratio test results abggxis final models. All models were

significantly improved by the addition of a genetiamdom variable.

116



Table 5-5. Likelihood ratio test statistics gmualues of final models of epistaxis. LRT statis
determined b)Z(logqu” - logLred) wherelL is likelihood, andull andred indicate the final
model, and the ‘reduced’ final model, i.e. minus genetic random variable only (sire or animal).

Model form LRT statistic p-value

Sire Linear 56.64 <0.001
Logistic 120.66 <0.001

Animal Linear 70.96 <0.001
Logistic 674.10 <0.001

Table 5-6 shows the significant associations of foeed effects with epistaxis, and an

interaction between career length and racing @rofithe odds of epistaxis were found to

increase with increasing career length (yearsyeaming number of starts, and with jump

or mixed race type horses compared with exclusiftatyracing horses. Being female was

found to be protective.

Table 5-6. Results of multivariable sire regressimwdels of epistaxis on linear and logistic scales.

Career length (yrs)
Number of starts

Racing profile

Sex

Career length*profile 2

Career length*profile 3

1*

27

37

Male

Female

Linear model Logistic model
Wald p-value Wald p-value Odds ratio 95% ClI
<0.001 <0.001 1.441 1.352-1.536
<0.001 <0.001 1.011 1.007 - 1.016
<0.001 <0.001 1 (REF)
2.534 2.076 - 3.092
3.510 2.725-4.522
<0.001 <0.001 1 (REF)
0.777 0.680 — 0.886
<0.001 <0.001 0.908 0.855 - 0.963
<0.001 <0.001 0.766 0.717 - 0.817

*Horses that competed exclusively in flat racifigforses that competed exclusively in jump
racing;+Horses that competed in both flat and jump racing.
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5.2.1.2 Heritability and genetic correlation estima  tion

Heritability estimates of epistaxis and their cdefice intervals are shown in Table 5-7.
All heritability estimates were significantly greathan zero. Estimates ranged from 0.02

to 0.26, and the sire logistic model provided #drgést estimate.

Table 5-7. Heritability estimates of epistaxistie BHA PH data.

Model form h? Standard error 95% ClI
Sire Linear 0.0226 0.0034 0.0159 — 0.0293
Logistic 0.2625 0.0430 0.1783 — 0.3467
Animal Linear 0.0238 0.0034 0.0171 — 0.0305
Logistic 0.1698 0.0253 0.1203 — 0.2194

Epistaxis was found to be positively geneticallyretated with SDFT injury (Table 5-8),

but no other genetic or phenotypic correlationsengegnificant.

Table 5-8. Genetic and phenotypic correlationsiwitindard errors and 95% confidence intervals)
between SDFT injury, distal limb fracture and egmxgt. Sire model results appear above animal
model results, which are in bold type. P-valuesharsed on LRT between the unconstrained
model and the same model with the genetic coroglatonstrained to 0.00001.

ro* se.' 95% CI* p- value rp® s.e. 95% CI¥

Distal limb 0.1958 0.1221  -0.0435-0.4351 0.7083 0.0004 0.0036 -0.0067 —0.0075
fracture 0.1753 0.1166  -0.0532 —0.4038 0.2401 0.0003 0.0036  -0.0068 —0.0074

SDET iniur 0.2942  0.0748 0.1476 — 0.4408 0.0012 0.0067 0.0036 -0.0004 —0.0138
Y 03021 0.0697 0.1655 — 0.4387 0.0001 0.0066 0.0036 -0.0005 - 0.0137

*Genetic correlationistandard errokconfidence intervaPphenotypic correlation.

5.2.1.3 Estimated breeding values for epistaxis

Animal models of epistaxis were used to extract EBAhd mean values per year of birth
cohort are shown in Figures 5-5 and 5-7. The naeanracies of these EBVs were
distributed as shown in Figures 5-6 and 5-8. MeBN appeared to become more
negative through the twenty-first century, and aacies tended to improve until the last
few years of the study period. Regression of ligEBVs on year of birth was equivalent
to a decrease of -0.0070 + 0.0002 grades per anndioating a small but significant
decreasing (improving) trend. EBV accuracies rdrfigem 0.08 to 0.90 (mean 0.27) from

linear models, and from 0.05 to 0.68 (mean 0.28)gmstic models. Spearman rank
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correlation coefficient between EBVs generatedi®sé two model forms was 0.9 (
value <0.001).
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Figure 5-5. Mean EBV and mean EBV accuracies par gtbirth cohort for epistaxis, derived
from the final linear animal model.
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animal model.
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Figure 5-8. Frequency histogram of EBV accuradcespistaxis, derived from the final logistic
animal model.

5.2.2 BHA REP dataset heritability and repeatabilit vy

The BHA REP dataset was used to estimate heritglbiipeatability and permanent
environmental variance (the effects of environmlentiuences that last for the lifetime of
the horse) of epistaxis in the UK, using lineae sind animal models (Table 5-9).
Permanent environmental variance was negligibteeranimal model, where heritability

accounted for all of the repeatability of the caiwat.

Table 5-9. Heritability, permanent environmentaiiaace and repeatability of epistaxis in the
BHA REP dataset.

h% (s.e.) oZt(s.e) r#(s.e.)
Sire 0.0020 (0.0003) 0.0058 (0.0002) 0.0053 (0.0002)
Animal 0.0017 (0.0003) 0.0000 (0.0000) 0.0017 (0.0003)

*Heritability; T permanent environmental variance;} repeatability.

5.2.3 Flat racing population

Within the population of horses that competed iy féatt races in the BHA data, 865

horses were diagnosed at least once with epistaxi%, n=49660).
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5.2.3.1 Multivariate analysis

Significant improvement in model fit was seen ihnabdels of the flat racing population,

when sire or animal were added as random effeetisI€T5-10).

Table 5-10. Likelihood ratio test statistics gndalues of final models for epistaxis in flat ragin
horses. LRT statistic is determinedz(yogqu” - logLred) wherelL is likelihood, andull and

red indicate the final model, and the ‘reduced’ finradel, i.e. minus the genetic random variable
only (sire or animal).

Model form LRT statistic p-value
Sire Linear 47.46 <0.001
Logistic 5940.16 <0.001

Animal Linear 122.62 <0.001
Logistic 9579.27 <0.001

Length of racing career, number of starts and seneviound to be associated with
epistaxis in the flat racing population. Both &sed career length and increased number
of starts were associated with increased oddsagaih female sex was associated with
reduced odds of epistaxis (Table 5-11).

Table 5-11. Results of multivariable sire regressiwdels of epistaxis in flat racing horses on
linear and logistic scales.

Linear model Logistic model
Wald p-value V\\l,zlﬂep- Odds ratio 95% ClI
Career length (yrs) <0.001 <0.001 1.317 1.248 — 1.389
Number of starts <0.001 <0.001 1.010 1.005-1.014
Sex Male <0.001 <0.001 1 (REF)
Female 0.539 0.418 - 0.695

Heritability estimates of epistaxis in the flatiragpopulation ranged from 0.02 to 0.28
(Table 5-12). The logistic sire model producedl#drgest estimate, and the two linear

estimates were almost identical.
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Table 5-12. Heritability estimates of epistaxiglat racing horses in the BHA data.

Model form h? Standard error 95% ClI
Sire Linear 0.0180 0.0040 0.0103 — 0.0252
Logistic 0.2763 0.0614 0.1560 — 0.3967
Animal Linear 0.0180 0.0038 0.0106 — 0.0255
Logistic 0.1761 0.0362 0.1051 - 0.2471

5.2.4 Jump racing population

Within the population of horses that competed iy jamp races in the BHA data, 1204
horses were diagnosed at least once with epis{axi%o, n=40135).

5.2.4.1 Multivariable analysis

Within the jump racing BHA population, all model&re significantly improved by

addition of a genetic random variable (Table 5-13).

Table 5-13. Likelihood ratio test statistics gnadalues of final models for epistaxis in jump ragin
horses. LRT statistic is determinedzfyogquu - lOQLred) wherelL is likelihood, andull and

red indicate the final model, and the ‘reduced’ finradel, i.e. minus the genetic random variable
only (sire or animal).

Model form LRT statistic p-value
Sire Linear 68.72 <0.001
Logistic 4771.36 <0.001

Animal Linear 122.62 <0.001
Logistic 9579.27 <0.001

Length of career, number of starts and sex weredda be significantly associated with
epistaxis in the jump racing population. Thes@eissions were similar to those seen in
the flat racing population; however, there was alsignificant interaction between career

length and number of starts in the jump racinglfimadels (Table 5-14).
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Table 5-14. Results of multivariable sire regressiwdels of epistaxis in jump racing horses on
linear and logistic scales.

Linear model Logistic model
Wald p-value V\\l,zlﬂep- Odds ratio 95% ClI
Career length (yrs) <0.001 <0.001 1.359 1.296 — 1.425
Number of starts <0.001 <0.001 1.048 1.038 - 1.059
Sex Male 0.003 <0.001 1 (REF)
Female 0.759 0.643 - 0.896
Interaction* <0.001 <0.001 0.993 0.991 - 0.994

*First order interaction between career length (geand number of starts.

Epistaxis heritability estimates among jump radwogses ranged from 0.03 to 0.26. Again
the logistic sire model gave the largest estinate, both animal and sire model linear

estimates were similar (Table 5-15).

Table 5-15. Heritability estimates of epistaxigump racing horses in the BHA data.

Model form h? Standard error 95% ClI
Sire Linear 0.0310 0.0060 0.0197 — 0.0429
Logistic 0.2640 0.0531 0.1599 - 0.3681
Animal Linear 0.0309 0.0056 0.0199 — 0.0418
Logistic 0.1498 0.0296 0.0919 — 0.2078

5.2.5 BHA epistaxis discussion

The prevalence of epistaxis in this study was Hrosithilar to published figures

(Williams et al., 2001; Weideman et al., 2004; Hholdf et al., 2009). A total of 1667
horses were diagnosed at least once with episfaxi%o). This figure was 1.7% when
only flat racing horses were considered (865/496&0) was 3.0% when only jump racing
horses were considered (1204/40135). Among a#l rgues, the incidence rate of
epistaxis was 2.2 cases per 1000 starts (1960/900¥8Bhen only starts from horses that
competed in flat races were considered, there Wéreases of epistaxis per 1000 starts
(1036/670322), and when only starts from horselsatimpeted in jump races were
considered, there were 2.9 cases per 1000 st#14/90659).
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The heritability of epistaxis was found to be sammong flat racing and jump racing
horses, and when all horses were considered tageflnese estimates were lower than
those reported by Weideman et al. (2004), who tedan estimated heritability of 0.23 to
0.4. Nevertheless, these estimates indicate #isagnt genetic component to the risk of
epistaxis in this population, which appears toib@lar across different types of horse with
different racing profiles. Logistic sire modelsne@eonsistently shown to produce the

largest estimates of heritability.

The length of racing career and number of starte@ssociated with epistaxis risk in all
models. A similar association between career leagt epistaxis has been identified
previously (Newton et al., 2005). Other studiagenidentified an association between
horse age and epistaxis, and this could be a rdsond both the association of epistaxis
with career length, and with the number of stark@hashi et al., 2001; Watkins and
Stewart, 2008). Jump racing compared to flat abi@s been shown to be a risk factor for
epistaxis, and this was also seen in this studtheprevalence and incidence rates of
epistaxis were greater for jump racing compardthtaacing (Takahashi et al., 2001;
Newton et al., 2005).

Within the jump racing BHA population, an interactiterm between career length and the
number of starts was significant. This interacticas not significant in the flat racing
population. In jump racing, this interaction susjgethat career length and number of
starts are both important in epistaxis risk, bethlso influence each other, as may be
expected (i.e. longer careers contain more stants horses that start more races have
longer careers). However, in flat racing, cateagth and the number of starts were not
shown to interact with each other, suggestingftaatace horses could have long careers
with few starts, or shorter, more intense racingess, but that no consistent relationship

exists between these variables.

Results of repeatability models in the current gtsldowed that permanent environmental
effects are not important to the repeatability pbtaxis in this population. Heritability
based on repeatability models was very low at atdufi02. Due to the large difference in
heritability estimates between repeatability anaetder model types, it is suggested that
these models are not appropriate for use with pidata of this nature.
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5.3 General EIPH/epistaxis discussion

Epistaxis is often assumed to be caused by haeagedf pulmonary origin, and is used
as a convenient marker of serious EIPH in riskdiaahalyses (Takahashi et al., 2001;
Weideman et al., 2004; Newton et al., 2005). Unifaaitely, these studies do not often
confirm that all cases of epistaxis occur as alre$ieIPH. A proportion of cases of
epistaxis may be caused by alternative problemis astiead trauma, which may reduce
the number and strength of associations foundk faigors found to be associated with
epistaxis include increasing age, female sex, shaate distances, harder going and
racing over jumps (Takahashi et al., 2001; Newtoal.e2005). Risk factor analyses of
EIPH have failed to demonstrate similar associatitimerefore it is unknown whether risk
factors for EIPH and epistaxis differ (Hinchclitf&., 2010). It is possible that factors that
increase the risk of pulmonary haemorrhage are diffigrent to those of epistaxis, and
epistaxis-related risk factors reflect the rislbtifod travelling from the lungs to the
nostrils (and not being swallowed), rather thae fpulmonary haemorrhage. Epistaxis has
been found to have a significant genetic comporritthe genetics of EIPH specifically
have not been studied. It may therefore be the ttet EIPH itself is not heritable, but
factors such as anatomical variations in pulmotiaspes and the propensity for EIPH to
be of sufficient seriousness to cause epistaxiqirtiest epistaxis is heritable. This

guestion cannot be answered until genetic studie&$RiH are conducted.

Previous studies have identified jump racing aslafactor for epistaxis, which was also
found in this study (Takahashi et al., 2001; Witiget al., 2001; Newton et al., 2005). In
the UK data in the current study, some evidencefauasd that jump racing horses were a
different genetic group to flat racing horses, tthus risk factor may be partly genetic in
origin. Jump racing may also provide added ridkapistaxis through the increased forces
generated through the limbs, and transmitted téuithgs (Schroter et al., 1998). This
impact-induced haemorrhage theory was posited hyo&er et al. (1998), and although a
link between locomotor impacts and EIPH was fouh, increase in risk of EIPH may
subsequently increase the risk of epistaxis. fasry of EIPH pathogenesis may be
supported by the finding that running on hardeuguobis associated with increased risk,
although this risk factor was not available for therent study (Newton, 2008). The
action of jumping may also favour movement of bidan lung tissue towards the
nostrils, and jumping may be associated with grezffert, thus be more likely to result in

haemorrhage through capillary stress failure (Viiast Mathieu-Costello, 1994). The
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prevalence of epistaxis was higher in jump raciagés compared with flat racing horses
in the current study, but heritability estimatespfstaxis were similar in both groups.
This suggests that jump racing exposes horsesvimemental risk factors that increase

the likelihood of epistaxis.

The only significant risk factor found to be assbed with EIPH (of all levels of severity)
in veterinary literature was colder air temperatwyeHinchcliff et al. (2010), using a

cohort of Australian flat racing Thoroughbreds.isiactor has not been found to be
associated with epistaxis in any studies. Theareabehind this association are unknown,
but the authors suggested that there was a linkdeet cold air inhalation at exercise and
pulmonary inflammation (Hinchcliff et al., 2010EIPH of more serious grades was found
to be associated with increased numbers of staeisalifetime, with races of moderately

long distance, and with increased winnings.

An opposite direction of association between heeseand epistaxis risk was found in this
study compared to previous studies (Takahashi,e2@01). This study found that males
were more at risk than females, whereas Takahashi @001) found that females were
more at risk compared with sexually intact mal8gx could not be adequately examined
in the HKJC data due to the small number of ferhalses in the data. The reason for the
discrepancy found is unclear. No association betmiE&PH and horse sex was found by
Hinchcliff et al. (2010).

Increased age was found to be a risk factor fastapis in previous studies (Takahashi et
al., 2001; Williams et al., 2001). Both careerggmand number of starts in the current
study could reflect a similar accumulation of tiateisk, or of ageing change, but age
itself was not found to be independently associatighl epistaxis risk. Hinchcliff et al.
(2010) found that an increased number of starts thnvelifetime of the horse was
associated with increased risk of EIPH of gradewalor equal to 1. These findings
collectively suggest that older horses that havep=ied in more races are predisposed to
EIPH and subsequent epistaxis, suggesting eithacaumulation of damage to the tissues
involved, age-related susceptibility, or simplytthime at risk is important in this

condition. It has been proposed in previous stuthiat age, career length, number of starts
and other time-related variables are proxies forétspent racing’ (Binns et al., 2012), and
that EIPH is a type of ‘repetitive-strain injurg tung parenchyma. The nature of this

accumulated lung damage has not been fully elusidand validated, however one study
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found an association between EIPH and veno-oc@ussions in areas of lung tissue
where bleeding and remodeling were evident (Wilsahal., 2008). This histological
alteration provides one explanation for an incrdds@lihood of EIPH/epistaxis following

increased time spent racing (or exercising).

EIPH has long been thought to affect horse heatatively. Some studies have recorded
racehorse deaths attributable to severe pulmorsembrrhage (Johnson et al., 1994;
McKee, 1995; Lyle et al., 2012). The number oftdsaecorded is extremely low when
the very large prevalence of EIPH is taken intooaot. It is unknown whether these
horses reflected a separate, more extreme populaitialPH sufferers with their own set
of risk factors. Studies of the effects of mil@@PH, or of epistaxis, on horse health are
lacking. Poor performance has been linked to bpthtaxis and serious cases of EIPH,
and this link has fuelled much of the EIPH/epistangisearch that has been conducted to
date. Further genetic studies of EIPH or epistalk@uld be very careful to identify their
breeding goals, and be clear as to whether thmaik goal is to improve and safeguard
horse health and welfare, or to improve performartevelfare is not affected by
epistaxis, and it is purely a cosmetic, publictieles or performance issue, veterinary

research should only proceed with caution, to nagairthe integrity of the profession.

Interestingly, epistaxis was positively geneticabyrelated with SDFT injury in the BHA
data of this study, but EIPH/epistaxis was negétigenetically correlated with tendon
injury in the HKJC data. Obviously, these condiiare not defined identically in the
HKJC and BHA data, thus they are likely to reflsightly different spectra of conditions.
Despite this, the different direction of correlatis notable. It seems unlikely that the
difference between epistaxis at the race coursdeditid/epistaxis in racing or training, or
between SDFT injury in racing and tendon injuryacing or training, are significant
enough to produce this discrepancy in correlatiohs.alternative explanation is that
Hong Kong and UK Thoroughbred populations are dhiffé genetic groups, with different
genetic bases to these conditions. This may ntesdrilie genes or even genetic
aetiologies involved in epistaxis risk vary in @ifént populations. Molecular genetic

studies could be undertaken to ascertain whetlerstthe case.

This study provides further evidence to Weidemaal.g2005) that epistaxis is a heritable
condition in racing Thoroughbreds. An unknown mnjon of the population of

Thoroughbreds in Hong Kong may have been confirasethleeders’ through the use of
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tracheobronchoscopy, thus the case definitionisagart of the study was EIPH/epistaxis.
Whether the pathogenesis of true EIPH involvessstfailure of capillaries under high
pressures, locomotory-impact induced trauma, ingdaimnate immunity or a combination
of these factors, the involvement of genetic righroot be stated with confidence based on
existing research (West and Mathieu-Costello, 1$#roter et al., 1998; Michelotto et
al., 2011). Epistaxis as related to EIPH is hbkgabut whether this heritability reflects
the underlying heritability of EIPH, or of factonghich make blood travel more swiftly and
easily to the nostrils from the alveoli, is uncleamnd bears further scrutiny.
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6. CHAPTER VI. PERFORMANCE AND LONGEVITY
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6.1 A review of literature

Horseracing is a commercial enterprise that relgs the provision of healthy animals,
capable of competing at their maximum level of gffdNaturally, there is turnover of the
horse population due to old age, unavoidable healtiterns or managemental decisions.
Poor racing performance is also a significant cadiseastage of horses. Trainers and
horse owners are interested in retaining the gaoadity animals they have by preventing
health problems, but are also bound to be motivimt@dcrue the best performing animals
possible. Research has been conducted in mamgragisdictions to attempt to identify
genetic parameters associated with performandbgihope that careful mating decisions,
and/or genetic screening tests could identify treogmals likely to be capable of top class
performances in later life. A number of moleciganetic studies have identified SNPs
associated with racing performance, the most netabivhich was the g. 66493737C>T
on ECA Equus caballus chromosomg. 8, close to th#STN (myostatin) gene, but many
others have been identified (Gu et al., 2009; Mc@yvet al., 2009; Hill et al., 2010;
Schroder et al., 2011; Hill et al., 2012; Tozakakt2012). Typically, these SNPs are
close to genes associated with muscle strengttecefaatures, fat oxidation, and
mitochondrial actions. Understanding the mechasisahind the genes identified will
provide insights into the nature of elite physigaiformance. Since 2010, some
commercial genetic tests have become availablectivaggenotype individuals for panels of
exercise-related SNPs, or single SNPs such as4§3687C>T (www.equinome.com).
Interpretation of these test results for individnaises, or as part of breeding programs, is
of paramount importance, as eventual phenotypesndepn many more genes than are
interrogated as part of these tests, as well afisignt environmental influences. Client
education is therefore essential if the use of sests for multifactorial traits is to become
widespread. An understanding of the likely projorf variance in the performance
phenotype associated with individual or groupsNPS is essential to managing the

expectations of horse breeders that intend to wse genetic tests.

Other studies of equine performance genetics haugsed on the heritability of different
racing-related traits as a whole. Many of thesdist used racing time as the dependent
variable in their analyses, in the hope that thesmost appropriate measure of
performance, taking the effects of competitors atoount (Mota et al., 2005; Ekiz and
Kocak, 2007; Buxadera and da Mota, 2008; Bakhtiad Kashan, 2009; Park, 2011).

Heritability estimates of racing time have beensistently reported to be between 0.04
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and 0.35, with repeatability of racing time estiethato be up to 0.59 (Mota et al., 2005;
Ekiz and Kocak, 2007; Buxadera and da Mota, 20@&hBari and Kashan, 2009; Park,
2011). The heritability of racing time was fourmddecrease with increasing race distance
in all of these studies, suggesting that longeesagive more time for environmental
effects to play a part. The effects of the conterapy group and of the jockey were found
to contribute significantly to racing time in onedy, and the variation attributable to the
jockey increased as the race distance increasekl, @4.1). Racing time is a relatively
easy variable to measure, and can be ‘calculatedidn-placed horses based on distance
behind the winner, for races where race time igoatinely recorded for horses coming
fourth or later (Mota et al., 2005). Significawusces of variation in racing time include
the going, jockey, starting position, age and dek® horse (Mota et al., 2005; Buxadera
and da Mota, 2008; Bakhtiari and Kashan, 2009; FP20k1). This variable has the
advantage of being a repeated measure on the sdiviglual, thus repeatability models

can be used to assess inter- and intra-animalticaria

Studies of horse performance have also used eatnimgnsity of racing, and coefficients
of racing success as dependent variables in hiitjyamalyses (Sobczynska, 2010; Tozaki
et al., 2012). Tozaki et al. (2012) studied thetiine earnings of Japanese racehorses, and
found that the heritability of this trait was beewe0.11 and 0.25 for linear and non-linear
models, respectively. In a study of Polish Arabiarehorses, Sobczynska et al. (2010)
used coefficients of success (CS) and intensity ¢Ctacing, which are used to rank
horses currently. The CS was defined as the roeseiual earnings divided by the mean
earnings of horses of the same age and sex, corgpetihe same year. Cl was defined as
the number of starts a horse completed in a gieasa, compared to the mean number of
starts by horses of the same sex in that seasotin ddefficients were investigated for
horses of three or four years of age only. Heititglestimates for Cl at ages three and
four years were low, whereas estimates of thedtglity of CS were higher, at 0.41 and
0.18 for three and four year olds, respectivelize iumber of races a horse runs per
season is partly determined by its health, bulsig kargely a factor of human decision-
making. In this study, CS did not take into acdadhe number of starts per horse, thus
earnings was a crude measure of performance, wigebrtheless was moderately
heritable (Sobczynska, 2010).

These studies have shown that performance (basextimy times or earnings-related

factors) is a heritable trait, thus we may be ablenprove the overall performance of a
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population of Thoroughbreds through careful selechireeding based on overt
phenotypes, with or without the use of genotypegjg. It is hoped that this improvement
could reduce the wastage of horses from racingaridnger term, and might be a proxy
measure for optimized horse health, since onlyfittest and most healthy animals will be
capable of good performances. Selective breeditigpse horses with the most perceived
‘talent’ has been performed since the sport of @oasing was conceived, and continues
today. Choices on which horses are to be crogsepgradominantly made without
consideration of the results of genetic testiatt been noted elsewhere that racehorse
performances have improved little if at all ovee thst century, despite this selective
breeding (Gianola, 1982; Verheyen and Wood, 20@4s thought that this apparent lack
of improvement is partly due to the use of depenhdariables that do not accurately
reflect performance, or that are indirect measatdxest. If there has truly been no
improvement in performance over this time, this rhaypecause a horse’s performance is
affected by a large number of different, occasilyreahitagonistic variables such as
musculature, weight, long bone length or abiliticompetitors. Selective breeding that
favours only some of these aspects may lead taimegeffects on others, thus producing
no discernible difference in overall racing perfamoe. Future genetic studies designed to
investigate the most important factors in racinggrenance would bring some clarity to
this problem, and may allow for faster genetic gairere more arbitrary choices of

matings have failed to lead to performance improyaisover past generations.

Although every trainer and racehorse owner hasit@ndst in winning races, the quality of
events varies greatly, and a proportion of stalad#rslcan be profitable by concentrating
their efforts on producing consistent winners wéo-ranked races, rather than striving for
elite-level animals. The durability of horses latevels of racing is, however, important,
as maximal financial gains can only be made whaoh @nimal is robust enough to run a
number of races, with a good chance of winningessithe horse is of such quality that it
Is capable of winning a small number of very lum@ataces. The number of races a horse
may run over its career is heavily affected by ng@naental decisions, but is in part
determined by that animal’s athletic ability, temgraent, and health. If durability (i.e. the
number of starts in a career) were the breeding gos possible that both performance
and horse health would be improved concurrentlyhéobenefit of owners, veterinarians,
and most importantly, horse welfare. Investigatiohthe heritability of measures of
performance and durability must include geneticedations with health traits, to ensure

that breeding goals would not inadvertently incesidi® risk of adverse health events.
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To investigate measures of performance and dugbilihe current datasets, and their
relationship with various health concerns, a nunadbéraits were subjected to heritability
analyses in HK and BHA data; length of career (§garumber of career starts, and career
earnings. The methods and results of these arsaligbew.

6.2 Horse durability

6.2.1 Career length

6.2.1.1 HKJC career length heritability analyses
6.2.1.1.1 Results

Length of racing career in years was defined asitimber of days between the first race
run and the date of retirement, divided by 365cafeer length of zero indicated horses
that were recorded as retiring on their first rdag, or those that did not race. This
variable was distributed as shown in Figure 6-1Shapiro-Wilks test of normality
revealed a significant departure from the Normatrdiution @-value <0.05), therefore the
variable was log-transformed after adding one dahé length of each career (to avoid
generating log(0)). This derived dependent vaeialll be referred to as CL. Model
building proceeded as described previously (se@t€h&), using linear animal models of

CL and testing potential fixed effects that weredipreviously.

The final linear animal model of CL included thedfd effect of the year of birth (where
1985 to 1987 were grouped, years between 1988 @0l \Rere individually coded, and
2006 and 2007 were grouped), which was signifieaptvalue <0.001. Addition of
animal as a random variable, where the non-inderaredof animals was defined through
the pedigree, significantly improved the fit of tieal model p-value <0.001).

Heritability of CL was estimated to be 0.2167 (£.€400, 95% confidence intervals
0.1383 to 0.2951).
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Figure 6-1. Frequency histogram of the career lenfdate of first race to date of retirement) of
horses that retired from racing in Hong Kong betw8eptember 1996 and December 2010.

Genetic and phenotypic correlations of CL with tiealth traits studied previously in the
HKJC data are shown in Table 6-1. CL was founbletgignificantly genetically
correlated with both OA and tendon injupsfalue <0.001, LRT between unconstrained
model and model constrainedr{p=0.00001). Phenotypic correlations were found
between CL and EIPH/epistaxis, ligament injury &l

Table 6-1. Genetic and phenotypic correlationslofs@h health problems in HKJC data.

rg* (Cl), p-value err ((®2)]
EIPH/epistaxis 0.1121 (-0.1339 — 0.3581), 0.38 0.0709 (0.0425 — 0.0993)
Fracture 0.1982 (-0.1575 — 0.5539), 0.30 0.0035 (-0.0239 — 0.0309)
Ligament injury 0.0371 (-0.3567 — 0.4309), 0.89 0.0347 (0.0069 — 0.0625)
OA 0.4371 (0.2090 - 0.6652), 0.00 0.0945 (0.0663 — 0.1227)
Tendon injury 0.4743 (0.2164 — 0.7322), 0.00 0.0145 (-0.0139 — 0.0429)
Suspensory ligament injury -0.1052 (-0.5640 — 0.3536), 0.67 0.0248 (-0.0030 — 0.0526)

*Genetic correlation; Tphenotypic correlation. @dlicates confidence intervals (+ 1.96 x standard
error).
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Figure 6-2 shows the mean EBV of CL per year ahbilRegression of EBVs on year of
birth was equivalent to a decrease of -0.0010 @@@rades per annum, indicating a

small but significant worsening trend.
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Figure 6-2. Mean EBYV for CL by year of birth cohoError bars indicate mean EBV + mean
standard error per year of birth.

6.2.1.1.2 Discussion

In Hong Kong, based on our definition of CL, a leisscareer’ begins when it starts its
first race in Hong Kong. No horses are bred in ¢&iong, therefore all racehorses
originate from different countries, and may or nmay race before being imported.
Typically, flat racing horses begin their caredr2 gears of age, but only 3% of HK
imports (156/5062) over the study period were 2ye#d, thus many may have raced
previously (data not shown). Also, no account te&en of training that occurred before
the first race, as details of this were not avé@athus the CL variable does not necessarily
include all time spent at risk of exercise-relgteoblems. Retirement was taken to be the
end of the career of HK Thoroughbreds. Horses Ipgasetired at any time, based on

health, performance, or management grounds.
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CL was found to be a significantly heritable traitth a moderate heritability of 0.22,
indicating a significant genetic component. Hons&h longer careers were found to be
more likely to suffer some musculoskeletal condisiowhich is not surprising given the
age-related nature of many of these traits, andased time at risk. Breeding for longer
career lengths could be possible, although greamghasis on the avoidance and treatment

of OA and tendon injuries would need to be encoenlag

The number of starts in Hong Kong over the caress mot included in the final model of
CL. Horses that run many races may be those adrl@ability, if perceived ‘good’ horses
are saved for infrequent but more prestigious ramethe alternative may be true, and
‘good’ horses may be entered into as many racpsssble to maximize the chances of
earning prize money. The relationship of CL withmber of starts will be discussed
further below.

6.2.1.2 BHA career length heritability analyses

6.2.1.2.1 Results

In the BHA PH dataset, ‘career length’ was cal@daby subtracting the first from the last
race date, plus 1, and these data were logarithignicansformed to account for their non-
Normal distribution (CL). Career length was distiied as shown in Figure 6-3. The
overall mean career length for all horses was §€ea8s, and 59.8% of horses started racing
as 2 or 3 year olds (data not shown). Thereforensure that information on career length
included a majority of horses that had completeir ttareers, the PH dataset was reduced
to include only horses that were born in 2005 oliexan=70387).
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Figure 6-3. Distribution of career lengths (datdist race to date of last race) of horses in the
BHA PH dataset.

Fixed effects found to be significantly associateth CL were the intensity of racing
(number of starts divided by the career lengthaysq, racing profile (flat, jump or mixed),
sex, year of birth, and an interaction betweemaaitensity and year of birtip-{values all
<0.001). The inclusion of animal as a random ¢fégmificantly improved the fit of the
final model p-value <0.001). The heritability of CL using adar animal model was
estimated to be 0.1630 (s.e. 0.0091, 95% confidemnervals 0.1452 to 0.1808).

Genetic and phenotypic correlations between Cltablisnb fracture, epistaxis and SDFT
injury are shown in Table 6-2. CL was significgmkgatively genetically correlated with
SDFT injury p-value <0.001, LRT between unconstrained modelraadel constrained

torg =0.00001). CL was positively phenotypically céated with all three conditions.

Table 6-2. Genetic and phenotypic correlations betwCL and important conditions in the BHA
PH reduced dataset.

rg* (Cl), p-value err ((®2)]
Distal limb fracture 0.2017 (0.0177 — 0.3857), 0.06 0.0117 (0.0043 — 0.0191)
Epistaxis 0.0759 (-0.0627 — 0.2145), 0.33 0.0944 (0.0870 — 0.1018)
SDFT injury -0.2998 (-0.4005 — -0.1991), 0.00 0.0628 (0.0552 — 0.0704)

*Genetic correlation; Tphenotypic correlation. @dlicates confidence intervals (+ 1.96 x standard
error).
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Figure 6-4 shows mean EBVs per year of birth cohetiveen 1983 and 2005 for CL.
Regression of EBVs on year of birth was equivateran increase of 0.0052 + 0.0001
grades per annum, indicating a small improvingdrdut this was not found to be
statistically significant.
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Figure 6-4. Mean EBV for CL by year of birth cohoError bars are mean EBV + mean standard
error per year of birth.

6.2.1.2.2 Discussion

CL in the BHA PH reduced dataset was associatdd imiensity of racing. As the number
of career starts per unit time increased, the @uced. Racing intensity was a variable
generated using career length as the ratio denéonjrihus it should be interpreted with
caution (see Chapter 2.1.2). CL was also assalcveité racing profile, where jumping or
mixed racing careers were generally longer thanrdleing careers. Females were found to

have shorter careers than males (mean 1.1 yeanssverean 1.9 years) (data not shown).

CL in this BHA dataset was found to be moderatelgthble (0.16). This heritability is of

a magnitude that selective breeding could be impteed to alter career length in this
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population, and due to a significant genetic catreh, it is likely that SDFT injury would

become less common if racing careers became longer.

No trend in EBVs per year of birth could be idaetifas standard errors spanned zero,
however, mean EBVs appeared to increase towardattee years. This trend was not

significant.

6.2.2 Number of career starts

6.2.2.1 HKJC number of starts heritability analyses

6.2.2.1.1 Results

The number of starts made (in Hong Kong) by eackehbefore its retirement was
available in the HKJC data, and was distributedremvn in Figure 6-6. These data were
not Normally distributed, and 628 horses had ndsta Hong Kong before retirement,
therefore the variable was grouped as follows: grbe no starts (n=628), group 2 =1to
14 starts (n=1540), group 3 = 15 to 29 starts (@¥),2and group 4 = more than 30 starts
(n=1617). This variable will be referred to as NS.
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Figure 6-5. Frequency histogram of the numberartsiper horse over the racing career in Hong
Kong.

NS was modelled as described in Chapter 2 usiimgearlanimal model. The only fixed
effect found to be significant in the final NS mbdas the length of career (years). The
heritability of NS was estimated to be 0.2556 (8.6432, 95% confidence intervals
0.1709 to 0.3403).

Table 6-3 contains genetic and phenotypic coraiatbetween NS and important medical
conditions. No significant genetic correlationsg&éund p-values >0.05). NS was
positively phenotypically correlated with EIPH/ejaisis, ligament injury and suspensory
ligament injury, and was negatively phenotypicakyrelated with tendon injury.
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Table 6-3. Genetic and phenotypic correlations betwNS and selected medical conditions in the

HKJC dataset.

rqg* (Cl), p-value

rp' (Cl)

EIPH/epistaxis -0.3525 (-0.7898 - 0.0848), 0.11
Fracture 0.6169 (0.0193 — 1.2145), 0.05
Ligament injury -0.0722 (-0.7606 — 0.6162), 0.85

OA 0.3222 (-0.1651 — 0.8095), 0.20

Tendon injury -0.1118 (-0.6275 — 0.4039), 0.70
Suspensory ligament injury -0.1569 (-0.9615 — 0.6477), 0.72

0.1049 (0.0773 — 0.1325)
0.0255 (-0.0021 — 0.0531)
0.0506 (0.0230 — 0.0782)
0.1113 (0.0839 — 0.1387)

-0.0493 (-0.0769 - -0.0217)

0.0564 (0.0288 — 0.0840)

*Genetic correlation; Tphenotypic correlation. @dlicates 95% confidence intervals (+ 1.96 x

standard error).

Figure 6-6 shows mean EBVs per year of birth fernbhbmber of career starts in Hong

Kong. Regression of EBVs on year of birth was egleint to an increase of 0.0124 +

0.0004 grades per annum, indicating a small buifst@nt increasing trend.
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error.
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6.2.2.1.2 Discussion

Many horses (n=628) in the HKJC data were not aEmbias having started any races over
their Hong Kong racing career. Because of thisais thought best to group the starts data
into a number of levels, one of which containedydrdrses that had no starts (Tozaki et
al., 2012). This grouped variable had a modergtefeant heritability (0.26), and was

not correlated with any of the important healthitsratudied. The number of starts a horse
is capable of making could potentially be increassidg selective breeding strategies
based on EBVs of NS, without significantly incremsthe genetic risk of any of the

medical conditions studied here.

The number of starts a horse completes over itecalepends on many factors, and one
found to be significant in the final model of NSé&ewas the length of career. A horse
that fails to start many (or any) races is likaybe retired early, and therefore have a short
career, and will also, therefore, be less likelpeéosubjected to many OVEs as it spends

little time at risk.

6.2.2.2 BHA PH number of starts heritability analys  es

6.2.2.2.1 Results

The number of starts for each horse was calcufabved the BHA REP dataset, by
summing the number of records for each horse. Vdngble was distributed as shown in
Figure 6-7. Due to this non-Normal distributiolme humber of starts was log transformed,
before model building commenced as per Chapteg@naising only horses that were
born before 2006 to ensure most horses had cordplete careers. This log-transformed
version of the variable will be referred to as NS.
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Figure 6-7. Frequency histogram of the numberartsiper horse over the racing career.

Addition of animal as a genetic random variabléh®final model of NS significantly
improved model fitg-value <0.001). Fixed effects found to be sigmifity associated
with NS were intensity of racing (number of statigded by the career length in days),
racing profile (flat, jump or mixed), sex, yearhdfth, and first order interactions between
intensity and sex, intensity and year of birthjmggrofile and year of birth, and racing
profile and sex (alp-values <0.05). The heritability of NS was estiethto be 0.2933
(s.e. 0.0101, 95% confidence intervals 0.273534.31).

Genetic and phenotypic correlations between NSrapdrtant health conditions in the
BHA data are shown in Table 6-4. The only sigmificp-value <0.001) genetic
correlation was found between NS and SDFT injungl was negative in sign.

Table 6-4. Genetic and phenotypic correlations betwNS and important conditions in the BHA
PH reduced dataset.

rg* (Cl), p-value err ((®2)]
Distal limb fracture 0.0301 (-0.1324 — 0.1926), 0.75 0.0172 (0.0098 — 0.0246)
Epistaxis -0.0090 (-0.1297 — 0.1117), 0.89 0.1130 (0.1056 — 0.1204)
SDFT injury -0.3828 (-0.4702 - -0.2954), 0.00 0.0487 (0.0411 — 0.0563)

*Genetic correlation; Tphenotypic correlation. @idlicates confidence intervals (+ 1.96 x standard
error).
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Figure 6-8 shows mean EBVs for NS per year of lmdhort. Regression of EBVs on year
of birth was equivalent to an increase of 0.0082G001 grades per annum, indicating a

small but significant increasing trend.

0.8

0.6

0.4

0.2

Mean EBV
o
-
4
o
O
2
Z
N
4
1000
1333
aTa¥Ya¥al
ZUUU
aYaVall
ZUU L
ja¥aYalal
yAvivra
ja¥aYalel
FAvViIVie]
ZUUS
aYa¥alud
ZUUJ

—I300A4
I

1

o

N

]

|
1007
1IJOO
1 QL
.I.gOJ
1006
1TJ00
10
LJS
EWa)
LJS
1000
1J0T
100040
LIJ0
1001
[ B N
10
L39
1002 1
1IJ09 1
10
.ng
1 Q0L
i B b )
10Q0L6
1LIJ0
1007
LIIT7

——1998 ————

Year of birth

Figure 6-8. Mean EBV for NS in BHA PH dataset riestid to horses born before 2006. Error bars
indicate £ 1.96 x standard error.

6.2.2.2.2 Discussion

The number of starts in a career, modelled as-#réogsformed variable, was found to be
moderately heritable at 0.29. Racing intensity walsulated using the number of starts as
the ratio numerator, therefore interpretation o gignificant fixed effect should be
approached with caution. Flat racing horses raavanage of 12 races over their careers,
and jump racing horses ran 8 races on averageridashown). Male horses ran more

races than females (mean of 14 compared to 9).
If selective breeding for increased number of casésrts were to be performed, a

concurrent reduction in the genetic risk of SDFjliip may be affected, due to the

negative genetic correlation found between theststr
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6.3 Performance criteria

6.3.1 Career earnings

6.3.1.1 HKJC earnings heritability analyses
6.3.3.1.1 Results

Career earnings for each horse in the HKJC dateset available in Hong Kong Dollars
(HKD). A large number of horses earned nothingréfore the variable was grouped as
per work by Tozaki et al. (2012). Groupings wesdalows: group 1 = no earnings
(n=1043), group 2 = 1 to <1.5 million HKD (n=226@ypup 3 = 1.5 million to <3 million
HKD (n=1075), group 4 = 3 million HKD and over (nFH. This grouped variable will be
referred to as WG. Model building was performegasChapter 2.

Seven fixed effects were found to be significamagociated with W&fvalue <0.05).

Fixed effects included age at retirement (year#) W0 and 11 grouped together), number
of career starts, length of career (years), intgmdiracing (number of starts divided by
career length in days), year of retirement, traatghe time of retirement, and neuter status
(neutered or not neutered). A higher WG was faionioe associated with older ages at the
time of retirement, having started more races tiveicareer and retiring in later years of
the study. WG was found to be negatively assatiaith the career length and racing

intensity, and being female.

Inclusion of animal as a random effect significamthproved the fit of the final model of
WG (p-value <0.001). Heritability of WG was estimatedoe 0.1232 (s.e. 0.0308, 95%
confidence intervals 0.0628 to 0.1836).

Genetic and phenotypic correlations between WGimpartant health traits are given in

Table 6-5. WG was found to be significantly negally genetically correlated with
EIPH/epistaxis.

146



Table 6-5. Genetic and phenotypic correlations betWWG and selected medical conditions in the
HKJC dataset.

rqg* (Cl), p-value err cn
EIPH/epistaxis -0.5007 (-0.8551 - -0.1463), 0.01 0.0526 (0.0246 — 0.0806)
Fracture -0.0630 (-0.5620 — 0.4360), 0.81 -0.0140 (-0.0416 — 0.0136)
Ligament injury -0.2229 (-0.7619 — 0.1361), 0.44 0.0655 (0.0379 — 0.0931)
OA -0.2875 (-0.6215 — 0.0465), 0.09 0.1204 (0.0926 — 0.1482)
Tendon injury -0.3139 (-0.6975 — 0.0697), 0.15 -0.1200 (-0.1474 - -0.0926)
Suspensory ligament injury -0.1513 (-0.7805 — 0.4779), 0.66 0.0742 (0.0466 — 0.1018)

*Genetic correlation; Tphenotypic correlation. @dlicates 95% confidence intervals (+ 1.96 x
standard error).

Figure 6-9 shows mean EBVs per year of birth cofmrWG. Regression of EBVS on
year of birth was equivalent to an increase of 83068 0.0003 grades per annum,

indicating a small but significant improving trend.
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6.3.3.1.2 Discussion

A horse can only accrue earnings if it is enteredaces, and is placed in at least one of
those races. The magnitude of prizes for eachaaedetermined by economic factors,
and by the quality of the race. To some degregetbre, environmental effects will
determine how much a horse is likely to earn. Deghis, WG was significantly heritable
in this population, with a moderate heritability@fi2. Due to the negative genetic
correlation between EIPH/epistaxis and WG, if WGVSBvere to be used as selection
criteria to selectively breed for increased WGgduction in EIPH/epistaxis may be seen
concurrently. This finding supports the theorytth#PH/epistaxis is associated with poor
performance, but is the first time this link hagibeshown to be at least partly due to

common genetic factors.

Horses that were older at the time of retirementldde more likely to have run more
races, and thus had more chances to accrue prizeynawer their careers. Having more
career starts, and retiring at older ages werecaged with increased career earnings in
the present study. The relationship between thgttheof career and WG was found to be
negative, however, therefore shorter careers wseceted with higher winnings in this
population. It is hypothesized that this relatlwpsoccurs because the most profitable
racehorses are sent to stud early to obtain maxinetumns on breeding, or that it was
relatively common practice to import horses intcmgld&kong for a short time to enter high
stakes races only, leading to short ‘careers’ indddong but potentially greater earnings.

The identity of the trainer at the time of retirathevas significantly associated with WG.
Although trainers undoubtedly have an importar¢@ftipon the success of the horses
under their care, this relationship should be prieted with caution, because each horse
could have multiple trainers over its career, dacta variable amount of time. The effects
that a trainer has on a horse’s ability to winld&ely to be cumulative to some degree,
thus the current trainer is not necessarily thetbaehad most influence over a horse’s
performance phenotype at any one time. The agswtizetween neuter status and WG
should also be interpreted cautiously, as 99% (EUB2) of horses were male, and of
those 94% (4740/5028) of horses were neutered.

Later years of retirement were associated withémngarnings. It is thought that this is
probably partly an economic effect of the availdpibf prize money, as well as being due
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to a marginal improvement in horse performancaegesrded by an increasing trend in

WG over the study period.

6.3.3.2 BHA earnings heritability analyses

6.3.3.2.1 Results

Lifetime earnings (in British pounds) for each leoveere available in the BHA data.
Horses born in 2006 or later were excluded to enthat those remaining were likely to
have concluded their careers. Horses were groapaatding to their lifetime earnings as
per the work by Tozaki et al. (2012). Group 1 hackarnings (n=33417), group 2 earned
between £1 and £4999 (n=11194), group 3 earneceket®’5000 and £49,999 (n=21794),
and group 4 earned £50,000 or more (n=3982). driable will be referred to as WG.
Model building was carried out as per Chapter 2.

Fixed effects found to be significantlg-yalue <0.001) associated with WG were the
number of career starts, sex, year of birth anohgagrofile (flat, jump, or mixed racing).
Inclusion of animal as a random effect significamthproved the fit of the final modep{
value <0.001). Heritability of WG was estimated®0.3564 (s.e. 0.0108, 95%
confidence intervals 0.3352 to 0.3776).

Genetic and phenotypic correlations between W@Galdisnb fracture, epistaxis and SDFT
injury are shown in Table 6-6. WG was positivegngtically correlated with distal limb
fracture and SDFT injurypfvalue <0.05, LRT between unconstrained model aodeh
constrained tog =0.00001).

Table 6-6. Genetic and phenotypic correlations betwWG and important conditions in the BHA
PH reduced dataset.

rg* (Cl), p-value rpT ((®2)]
Distal limb fracture 0.1930 (0.0346 — 0.3514), 0.02 0.0213 (0.0139 — 0.0287)
Epistaxis 0.1146 (-0.0005 — 0.2297), 0.06 0.0651 (0.0575 — 0.0727)
SDFT injury -0.1048 (-0.1861 - -0.0235), 0.01 0.0219 (0.0141 - 0.0297)

*Genetic correlation;Tphenotypic correlation. @dlicates confidence intervals (+ 1.96 x standard
error)
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Figure 6-10 shows the mean EBV for WG in the BHAadaer year of birth. Regression
of EBVs on year of birth was equivalent to an irmse of 0.0209 + 0.0003 grades per

annum, indicating a small but significant improvingnd.
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Figure 6-10. Mean EBV for WG per year of birth calion BHA PH data. Error bars indicate +
1.96 x standard error.

6.3.3.2.2 Discussion

The heritability of WG in the reduced BHA PH datasas high at 0.36. The amount of
available prize money in any one year is determimethany economic and human

factors; however, the career earnings of each ravesstrongly genetically determined.

WG was positively genetically correlated with disimb fracture, suggesting that if career
earnings were to be maximized through selectiveding) based on EBVs of WG, the risk
of these fractures may increase. The magnitudei®torrelation was moderate at 0.19
with wide standard errors. The heritability oftdldimb fracture was found to be low in
this study (see Chapter 3), thus it is hoped 8taiuld WG be selectively bred for,
environmental manipulations could avoid an actealincrease in distal limb fracture
incidence. Such breeding strategies may also ldmese welfare by reducing SDFT
injury risk concurrently, although the size of tnetic correlation between SDFT injury
and WG was small at -0.10.
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6.3.4 Durability and earnings compared

6.3.4.1 HKJC data

Table 6-7 shows Pearson correlation coefficienteéen the three measures of durability
and performance used in the HKJC data. All ofvidwgables were positively correlated,

with the greatest correlation between CL and NS.

Table 6-7. Pearson correlation coefficients betw@erfcareer length, see 6.2.1.1), NS (number of
career starts, see 6.2.2.1) and WG (earnings gead6.2.3.1). Figures in parenthesegpare
values.

cL NS WG
cL

NS 0.81 (<0.001)

WG 0.42 (<0.001) 0.60 (<0.001)

Table 6-8 shows the genetic and phenotypic coroglsbetween the same three durability
or performance variables, with their heritabiligtienates as shown earlier. None of the
genetic correlations were significantpatalue of <0.05. CL and NS, and WG and NS

were positively phenotypically correlated with eaxther.

Table 6-8. Heritability estimates (on diagonagngtic correlations (below diagonal, with their
values italicised following the estimate) and phgpm correlations (above diagonal) between CL
(career length, see 6.2.1.1), NS (number of cateets, see 6.2.2.1) and WG (earnings group, see
6.2.3.1). Confidence intervals are + 1.96 x stath@aror.

cL NS WG
cL 0.2167 0.0562 0.0096
(0.1383 — 0.2951) (0.0284 — 0.0840) (-0.0186 — 0.0378)
NS 0.3351, 0.16 0.2556 0.8127
(-0.0947 — 0.7649) (0.1709 — 0.3403) (0.8033 — 0.8221)
WG -0.1413, 0.45 0.6734, 0.10 0.1232
(-0.4782 — 0.1956) (0.3782 — 0.9686) (0.0628 — 0.1836)

6.2.4.2 BHA data

Table 6-9 contains Pearson correlation coefficibetsveen CL, NS and WG in the BHA
PH reduced dataset. All correlations were sigaiftty greater than zero, and positive in

sign. CL and NS were highly correlated.
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Table 6-9. Pearson correlation coefficients betw@krfcareer length, see 6.2.1.2), NS (humber of
career starts, see 6.2.2.2) and WG (earnings gsa@6.2.3.2). Figures in parenthesepare
values.

cL NS WG
cL

NS 0.85 (<0.001)

WG 0.34 (<0.001) 0.46 (<0.001)

Table 6-10 shows genetic and phenotypic correlatimiween CL, NS and WG with their
heritability estimates as calculated previouslyl variables were genetically and

phenotypically correlated with each other.

Table 6-10. Heritability estimates (on diagonadnetic correlations (below diagonal, with their
values italicised following the estimate) and phgpm correlations (above diagonal) between CL
(career length, see 6.2.1.2), NS (number of cateets, see 6.2.2.2) and WG (earnings group, see
6.2.3.2). Confidence intervals are + 1.96 x stath@aror.

cL NS WG
L 0.1630 0.8480 0.3359
(0.1452 — 0.1808) (0.8458 — 0.8502) (0.3286 — 0.3432)
NS 0.2485, <0.001 0.2933 0.4627
(0.1476 — 0.3494) (0.2735 - 0.3131) (0.4562 — 0.4692)
WG 0.3517, <0.001 0.3994, <0.001 0.3564
(0.2931 - 0.4103) (0.3541 — 0.4447) (0.3352 — 0.3776)

6.4 Discussion

Pearson correlation coefficients between CL, NS\&@&lshowed that all three of these
variables have a tendency to increase linearly @aith other, although this relationship
was less clear between CL and WG. Bivariate lia@amal models were constructed to
assess whether these correlations could be dwentig factors. No significant genetic
correlations between CL, NS or WG were found inkk&JC data, but all of these
variables were significantly (positively) genetigatorrelated with each other in the BHA
data. The size of these correlations were moddtaeefore it is likely that a proportion
of the genes that are common to each variablehared. In Hong Kong, the previous
racing careers of imported horses were not includékdese analyses. In the BHA data, it

was not certain when a horse had finished its gacaneer, therefore only horses born
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before 2006 were included in the analyses. In dathsets, the time spent training before

the first race was started was not included.

The length of ‘career’ was investigated here t@sssvhether it was a variable associated
with health or with performance, and if so, whetievas heritable. CL was found to be
heritable in both study populations (0.22 HKJC6BHA), despite the somewhat
different definitions of CL in these groups. Longareers were associated with greater
earnings and more starts, although this relatigndid not appear to be due to genetic
factors in the HKJC data. In the BHA data, CL \gasetically correlated with both NS
(0.25) and WG (0.35). Longer career lengths indHiiong were genetically correlated
with OA and tendon injury, suggesting that breedmgicrease CL would increase risk of
these conditions. In the BHA data, longer careegihs were genetically correlated with
reduced risk of SDFT injury. These findings suddleat the genes associated with CL
may be different in BHA and HKJC populations. Glniot an appropriate target for
selective breeding in Hong Kong, as the currerdyshas shown that it is not correlated
with performance-related traits (WG), and may iaseethe risk of OA and tendon injury.
Conversely, in Britain, breeding to increase CL read to a reduction in SDFT injury,
and greater career earnings. The heritabilityloffrCBHA data was, however, lower than
the heritability of WG or NS, thus these may be enappropriate breeding targets. In both
datasets, the activity of horses during their ‘edrevas not recorded, and it must be noted
that those horses undergoing active race trainiag Ioe placed at higher risk of adverse
health events than those horses that are not bethgly trained for variable periods of

time.

Horses capable of running more races would be néfitedo horse owners and trainers,
where the chances of recouping a proportion ottsts of housing and training would be
increased. It is not clear whether the best haseseserved for fewer more prestigious
races, or whether horses of high ability are edtéreas many races as possible. Decisions
such as these rely on human decision making anddel economic circumstances. It
can be supposed, however, that only healthy heveatd be capable of running many
races, thus increasing the number of starts ead® ltan make is of veterinary interest.

NS was significantly heritable in both datasetsdusere (0.26 HKJC, 0.29 BHA),
suggesting a large genetic component to this vigiadS does not appear to increase the
genetic risk of any of the health conditions stddend may in fact reduce the risk of

SDFT injury as NS increases. The genetic factodetlying NS also act to increase WG
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and CL in the BHA data. Horse ability, as relatedfetime earnings, is not associated
with the number of starts in HK, but in the BHA @atappears that horses of greater
ability run more races. These findings combinegiyest that selective breeding for
increased NS in either HK or BHA may be possible] af benefit to the horse population
and stakeholders.

Prize money is generally only available for horbed finish first to third in races. To win
or be placed in a race depends on the horse’s ewarmance, but also the performance
of its competitors, and how the environment intesaath horse performance. The size of
available cash prizes depends on the race, anacahdconomic circumstances. Some
horses may not have the chance to earn large amibuinéy are only entered in lower-
class races, or are consistently raced with hamkgeeater ability. All of these factors
could be supposed to blur the relationship betveaeeer earnings and horse ability.
Despite this, WG was significantly heritable in HKdata (0.12), and was highly heritable
in BHA data (0.36). This latter estimate excedubsé of Tozaki et al. (2012), where
lifetime earnings were found to have a heritabiisgimate of 0.25. In the HKJC data,
longer career lengths were associated with lowexezaearnings, suggesting that horses
with more ability are retired earlier, perhaps ¢éodxported to stud or to racing yards
elsewhere. There was no association found betaae®er length and career earnings in
the BHA data. Breeding for increased earningd abwious interest to owners, but should
only be of interest to veterinarians if horse Hedatalso improved. In the HKJC dataset,
WG was significantly negatively genetically cortel with EIPH/epistaxis (-0.50), and in
the BHA dataset WG was significantly negatively gfgrally correlated with SDFT injury
(-0.10). Unfortunately, a positive genetic cortiela between WG and distal limb fracture
in the BHA data was found, suggesting that increa8VG would lead to increased risk of
this condition. However, the heritability of distanb fracture was found to be low in this
population (see Chapter 3), so if selective bregflinincreased WG were to be
conducted, appropriate environmental modificatiomsld be made to reduce individual
fracture risk. Using the BHA data, breeding farreased WG would be more successful
than breeding for either CL or NS, due to its hégimated heritability; however, all of
these factors would be expected to increase thanissitive genetic correlations between

them.

Only a select few health traits were considereth@se analyses, although they were

deemed to be important to each population. Thexglme more positive correlations
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between CL, NS or WG with adverse health trait$ wexre not investigated in this study.
For this reason, further work would need to be dortboroughly investigate the possible
outcomes of breeding for these performance andodityaraits in the UK, and in those

countries supplying racehorses to Hong Kong, irnfihére.

An alternative approach to selective breeding afgrmance or durability based on EBVs
could be to offer commercial genotyping of pandlsmportant associated SNPs, to inform
future matings or evaluate young stock. Such coruialgests exist in the public domain
currently, for assessing the most appropriate ditances for individual horses, and to

attempt to identify horses capable of elite perfanges Www.equinome.com Due to the

polygenic nature of these traits, assessment ahalf selected SNPs can only ever
provide an estimate of the genetic value of arviddial, and client education is essential
to avoid misunderstandings surrounding the proligtihsed nature of test results.
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7. CHAPTER VII. General discussion
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Heritability analyses are an important componerdiséase research. They shed light on
the sources of variation in a trait within popuwat, and allow comparison between
populations and traits in terms of the relative ami@nce of genetic influences. Following
such analyses, research efforts can be focusdukeanast fruitful courses of action to
manipulate risk, and studies at the molecular leaal help investigate causative pathways
and generate commercial applications for animaddiireg. The generation of estimated
breeding values as part of heritability analyseslm@aused to rank animals on relative
genetic merit, and are a vital part of animal bregdor improved performance,
production, or reduced disease risk (Hoque eR2@0y7; Thomson et al., 2010; Webbon,
2012). These values can also be used to investigatchange in population risk of
disease over time, or appreciate the effects ettek breeding interventions. Unlike
food animals such as cattle and pigs, Thoroughboesks in the UK have yet to be
subjected to extensive selective breeding measisieg genetic indices, but certain breeds
in other countries are being ‘improved’ using EB@sperformance indicators (Bugislaus
et al., 2006; Schroderus and Ojala, 2010; Suontdrah, 2012). Given the formidable
size and importance of the Thoroughbred horseranuhgstry, genetic research and
selective breeding are not only feasible, but cuévide real benefits to horse health and
performance, and may help safeguard the breedeputation of the veterinary profession
and the reputation of the racing industry. Thegdies were conducted to investigate a
number of diseases that are prevalent in raceharsttee hope that the results would give
clear indications of how best to direct effortgeduce future risk. Additionally, a number
of performance and longevity traits were subjettekderitability analyses, to assess
whether they might be appropriate breeding targetd,avoid the need to select horses
based on many individual disease traits concugreritbr most of the health traits studied,
this report constitutes the first attempt to quarthe genetic contribution to risk in the
Thoroughbred. For those conditions previously yse&l elsewhere, the results reported
here offer validation and interesting comparis@msl help shed light on whether the

nature of genetic determination of conditions dgfm different racing jurisdictions.

Two very different sources of data were used ia ¢udy. The HKJC supplied two
sources of horse health information, gathered amezighteen year period. These data
reported diagnoses and investigations of healthteyehether associated with exercise or
rest periods. The reason(s) behind retirementalsasprovided for a large number of
horses, which were not restricted to medical cau3ég main benefit of using HKJC data

for heritability analyses was that horses undeictire of the HKJC could be expected to
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experience a similar environment (feeding, housiragning etc.), during their time in
Hong Kong. This similarity of environment may haeeluced the environmental variance,
compared to the supposedly more varied environeguegrienced by horses in the UK, for
example. Such a reduction may have minimised gigpiwovariance, leading to inflated
heritability estimates. However, imported racebersriginated from a number of
different countries, and arrived in Hong Kong dfedent stages of their career. Thus their
previous environmental exposures would have beesrsk, and the overall effect on
heritability may have been modest. Some duplicadiinformation occurred both within
the OVE data, and between the OVE and retiremdat ddecause this could not be
adequately rectified, analyses were conducted edtkrcing the data down to a single
binary disease ‘profile’ per horse. Repeated nmesswere not available, and graduated
scales of clinical significance were not reportedhie original diagnoses. Binary data
have been used extensively in disease studie® ipast (Stock and Distl, 2006; Oki et al.,
2007; van Grevenhof et al., 2009; Vazquez et D92 Schurink et al., 2011; Pritchard et
al., 2012). It has been frequently noted that ahuliseases can often be expected to
follow an unseen, underlying pattern of liabilitytkva di- or polychotomous phenotypic
outcome (Falconer and Mackay, 1996; Matos et 8871Stock and Distl, 2006; Oki et al.,
2008; Schurink et al., 2011). Using modelling t@ges that take this liability into
account often produces higher heritability estirmaté/hen disease is recorded as either
present or absent (binary), logistic regressiontmemployed to similar effect. Using the
log odds of an outcome, based on prevalence, aloadiction of the effects of

explanatory variables without values being restddb O or 1.

HKJC data required the use of content analysigsddycre an analysable numeric dataset
for heritability analyses. This is a process comiyemployed in data mining projects,
where manual categorisation of text strings wowdibfeasibly time consuming and prone
to human error. The method was proven to be usethk interrogation of equine health
data from the same source by Lam et al. (2007)efGlgpopulation of the dictionaries
used is essential, and without visual verificatbevery record, misclassification of a
small proportion of records is possible. Howeteis risk was minimised by extensive use
of the ‘keyword in context’ function of the conteartalysis software, and frequent
verification of classifications. Human error intalanput can reduce the sensitivity of
content analysis, as spelling mistakes and altemabmenclature can lead to
classification errors or omissions. The conteriysis procedures were conducted in an
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iterative process in this study, until 100% of HKi#Cords had been classified, and no

systematic errors in the dictionaries were evident.

Diagnoses of medical conditions included in OVEadirement records were not
accompanied by details of the methods of diagnoaikether visual diagnostic aids such
as radiography or ultrasonography were involvethisrefore, unknown. The validity of
diagnoses made using clinical examination only wdid expected to be variable,
depending on the condition present and the sewafritlinical signs. A displaced mid-
body cannon bone fracture, for example, would kagitforward to diagnose, but a mild
suspensory desmitis or fracture to an individugbabbone would be much more difficult.
The sensitivity and specificity of HKJC diagnosesrg&vassumed to be low, giving rise to
artificially small heritability estimates, and ioree cases, a lack of clarity about the
significance of genetic variance (Bishop and Waaofls, 2010). Validation of a proportion
of the diagnoses would have supported our useesktdata for heritability analyses, but
was not possible. Also, over the study periodrgmeay have been changes in veterinary
personnel, diagnostic capabilities and alteratinribe prevalence of the conditions
studied, none of which were incorporated here.

The second dataset used in this study was prowigéde BHA, and contained information
on every start on British racecourses between 2002010. No information on horse
health away from the racetrack was available. tHeaformation provided was in the

form of binary ‘profiles’ for each horse followirgach start, detailing the presence or
absence of a diagnosis of distal limb fracturestagis, or SDFT injury at that race.

Again, information on the severity of these cormhi was not available, and most
diagnoses would have been made without the usbhblogies such as radiography, thus
errors in diagnosis may have reduced sensitivityspecificity. However, repeated
measures were available, as most horses completechlder of starts over the study

period.

The method used to estimate heritability and geroetirelations for both datasets in this
study was residual maximum likelihood (REML). Thisa powerful method employed in
animal breeding programmes, which is capable ahesihg variance components despite
very unbalanced data. An alternative approachBbRfor heritability and genetic
correlation estimation is the Markov-Chain Montal@®&ayesian (MCMC) approach

using Gibbs sampling. This method has been emgloyborse genetic studies in the
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past, but REML remains the most popular methodtduis flexibility and computational
ease (Oki et al., 2008). Comparative studies geBi@n and frequentist approaches to
heritability analysis have suggested that both odslare susceptible to bias, particularly
in cases of extreme prevalence, heritability orlss@anple size (Stock et al., 2007). Using
univariate models of binary traits, as was moste/¢ase in this study, Gibbs sampling and
REML produce similar estimates, and animals arkedrsimilarly on genetic merit.

Gibbs sampling may outperform REML where multivegimnodels are needed,

particularly where binary or categorical traits ameolved. In situations where trait
heritability is high, prevalence is low and the plgpion is small, breeding values from
Gibbs sampling are more reliable than those fronvIREStock et al., 2007). In most
cases, the conditions studied here were of lowdderate heritability, prevalence was low
or moderate, and population size was moderatag@e |#hus it can be assumed that REML
was a suitable and reliable method of estimation.

Estimated breeding values derived from animal madalyses allow comparison of the
relative genetic merit of individuals for the trbging studied. An EBV value describes
how the potential offspring of an animal would cargto the mean of the population with
respect to a given trait. The usefulness of EBMsmited by their accuracy, which
describes how close to the ‘true’ hierarchy of giermaerit the rankings of animal EBVs
are, i.e. how close to the breeding value they &®Vs of low accuracy approach the
mean of the population, whereas the higher theracguthe more extreme (positive or
negative) the EBV values may become, and the nmr®dence we may have that
selection based on these EBVs could be efficibtmgeneral, the EBVs produced in the
analyses of this study were of low to moderate @y and as such would not be of great
use in producing rapid change in genetic merihefgopulations studied.

Accounting for sources of similarity between indivals in a population is a key
component in heritability analyses. Individual $&8 in a racing jurisdiction are not
independent units, because they are related to degree through their pedigree. REML
allows the inclusion of this source of non-indepamze by calculating the expected
proportion of genes shared by every pair of indieid in the pedigree. The tendency for
cases or controls to be more common among moreedeladividuals is then evaluated.
Two ways of approaching this evaluation are tosisemodels, or animal models. Sire
models contain the identity of the sire as a rand@anmable, thus half-sibling groups are

identified and expected to share 25% of their gemeaterial. Dam relationships are not
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included, sires are assumed to be unrelated toaheh, and random mating is assumed.
Sire models are widely implemented in animal bregdind genetics research, due to their
computational ease and appropriateness in poputatibiere there are few offspring per
dam (Gianola, 1980; Matos et al., 1997; Sun eR8D9; Stewart et al., 2012).
Alternatively, animal models use all relationships pedigree to account for non-
independence of individuals. Animal models cardresiderably more computationally
intensive than sire models, and convergence prabtam be an issue. Whether sire or
animal models produce larger heritability estimatmses depending on the population
structure, and whether sires or dams are undetegrealection pressure. Genetic
correlations using sire or animal models tend tiedin magnitude but are similar in

significance and direction (Stock and Distl, 2006).

Both sire and animal models can be constructeth®wlbserved or logistic scales, to
account for the binary nature of the data. Logistodels tend to produce larger
heritability estimates, as they suffer less lospretision and can capture more of the
genetic variance of a trait. For categorical deleem variables, post-hoc conversion of
heritability estimates on the observed scales eam&de as per Dempster and Lerner
(1950):

whereh? is heritability on the continuous liability scalé is heritability on the observed
binary scalep is the prevalence of the condition, and the mean liability of individuals
with the condition in question at prevalenzen units of standard deviation from the
population mean (Dempster and Lerner, 1950). Hlatity estimates on the continuous
liability scale in this study, based on this comswen, occasionally exceeded 1, and often
produced very large estimates, especially wheregpeace was low and heritability on the
observed scale was moderate or high (see Table R-dps thought preferable to adjust
for the binary data nature by using logistic regi@s, rather than this post-hoc conversion

for the conditions studied here.
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Table 7-1. Comparison of heritability estimatesdobsn three methods.

Dataset  Data subset Condition Model Prevalence h2o* h3' h2:t
form (%)

Animal 13 0.03 0.05 0.02

Animal 10 0.05 0.07 0.14

Animal 19 0.14 0.09 0.30

Animal 10 0.01 0.05 0.03

Animal 19 0.19 0.13 0.40

Animal 1 0.01 0.16 0.14

Animal 2 0.02 0.17 0.19

Animal 3 0.18 0.14 1.24

Animal 1 0.01 0.15 0.12

Animal 2 0.02 0.18 0.16

Animal 1 0.05 0.25 0.54

Animal 1 0.01 0.16 0.15

Animal 3 0.03 0.15 0.19

Animal 5 0.03 0.11 0.07

*Observed linear scale;tLogistic scale; I Linear scale estimate converted to underlying liability
scale as per Dempster and Lerner (1950).
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Heritability estimates derived from binary datatba observed scale are related to the
prevalence of the condition, as can be seen ineTall. Higher prevalence tends to lead
to larger estimates, however estimates on the vbdescale tend to be smaller than those
from logistic models overall. More of the genatariance can be captured when the
logistic scale is used, as the predicted values@tenger restricted to being zero or one.
This tends to lead to larger heritability estimatda the present study, logistic estimates
frequently exceeded linear estimates, as has lesnpseviously (Matos et al., 1997;
Pieramati et al., 2003). Instances where logistigtability estimates were smaller than
those on the linear (observed) scale were regdricc@animal models (tendon injury and
EIPH/epistaxis analyses in HKJC). Table 7-2 cart@&xamples of published literature

using both animal and sire linear and logistic medegenetic analyses.

Table 7-2. Examples of the use of animal and sdets on linear and logistic scales in published
literature.

Model form Scale Literature

Vazquez et al. (2009)
Sire Linear (observed) Pritchard et al. (2012)
Matos et al. (1997)

Logistic Vazquez et al. (2009)

van Grevenhof et al. (2009)
Stock et al. (2007)*
Lewis et al. (2010)

Animal Linear (observed) Matos et al. (1997)
Stock et al. (2006)*
Pieramati et al. (2003)*
- van Grevenhof et al. (2009)
Logistic

Suontama et al. (2012)

*Heritability estimates on the observed scale ierasformed to the underlying liability scale as
per Dempster and Lerner (1950).

Fractures sustained by racehorses are alwaysiotiseroncern, and often fatal (McKee,
1995; Parkin, 2008). Whether they occur duringngcraining or rest periods, their
impact on horse welfare is considerable. Due ¢ddlge size and ungulate anatomy of the
domestic horse, orthopaedic repair of many limbttrees is unfeasible, impossible, or
undesirable due to the inevitable restriction eféimimal’s normal behaviours for an
extended period of time. Many fractures occurmyiraces, where the public are exposed
to upsetting scenes, fuelling debate over the gificacing, and research into methods to
reduce fracture incidence. Horseracing is a glotghistry, and it is probably highly
unlikely that a curtailment of the number or tygeace meetings would be enforced on

welfare grounds alone, thus the racing industry\gtdrinarians have a responsibility to
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make racing as safe as possible in its current.f@tudies into the causes and risk factors
for fracture and other injuries have been appearingterinary literature for decades.
Unfortunately, sound generic advice on injury aaoicke for all racing stakeholders has not
been forthcoming, for a number of reasons. Noy dolpublished studies differ in the
characteristics of the study population (e.g. ag&,distribution, breed), the injury studied,
and the type of activities involved (e.g. racingjriing), but significant relationships
between risk factors and outcomes have been difficinterpret and occasionally
antagonistic between studies. This library of infation is undoubtedly useful in the
study of equine disease, and helps us to bettearstahd the risks involved; however, it
has not been possible to extrapolate importantrfgelconfidently and communicate these
to trainers and owners. It also remains to be gdwther such advice would be actively
implemented by stakeholders, given the heritage@tport and the tendency for skills
and knowledge on horse training to be passed dbevgenerations within families.

In this study, we identified that fracture, or didimb fracture, is significantly heritable; a
novel finding in these populations. In the Hongiggopulation, the heritability of all
types of fracture, whether during racing or tragpiaccounts for up to 7% of the total
variation. Due to modelling difficulties and thatare of the data available, the ‘true’
heritability of fracture may be considerably gredtan this. It has been shown previously
that the nature of fractures differs between tsastained in racing or in training activities
(Verheyen et al., 2006; Parkin, 2008). Also, iidikely that monotonic fractures have a
significant genetic component to their aetiologgida from the possible role of heritable
behavioural traits. If the case definition usetHong Kong could be made more specific,
heritability could possibly be a great deal highBlevertheless, the findings reported here
are noteworthy, and provide good evidence thahé&unvork in this area is warranted.

Fractures of the distal limb, sustained at theqaoese, were found to be significantly
heritable in this study. Analyses using BHA ddtawed that the heritable component of
variation may be as large as 23%, which is highafbmary trait. Such fractures are
common in racing, and many are hypothesised t@bsed by accumulated microdamage
and fatigue (Parkin et al., 2006; Kristoffersemlet2010a; Whitton et al., 2010). Certain
environmental exposures make these fractures rkalg (e.g. racing over jumps), but
genetic inheritance of risk alleles also playsmpartant part. These ‘fracture genes’ may
cause a susceptibility to accumulation of microdgea tendency for such damage to fail

to heal in a timely fashion, or some other compéidebiomechanical fault that renders
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bone susceptible to catastrophic breakdown. Uwiderinechanisms will remain

unknown until molecular studies can identify th@gginvolved. This section of the study
was not able to include the time spent at riskatture away from the racecourse. As
mentioned, many fractures occur during trainingl amproportion occur during rest
periods. The heritable component of fracture nisly not be restricted to ‘racing
fractures’, or there may be multiple types of tadsié fracture with different underlying
causative pathways. Future studies with more 8pagise definitions and accurate

diagnoses are warranted to answer these questions.

The results from the BHA and HKJC data are notatiyecomparable, due to the
aforementioned differences in case definitionsweler, both serve to increase the index
of suspicion that a proportion of our efforts ojumy reduction should be focused upon
genetic studies in future. Not only do we stanbdtier understand the nature of fractures
in Thoroughbreds, but the horse may serve as alusetel species for human fracture
research, thus fostering cross-species reseaichdimd bolstering the concept of ‘one
health’.

Tendon and ligament injuries are very common ielnacses, and necessitate extended rest
periods or retirement (Hill et al., 2001; O'Meatalk, 2010). Re-injury is common, and
interventional therapies differ widely in efficacZertain horse characteristics have been
repeatedly linked to increased risk, such as metgand many exercise-, course- and race-
level risk factors have been identified (Brommealet2004; Kasashima et al., 2004; Lam
et al., 2007b). Tendon injuries have received natiention by the research community
than ligament injuries, with several high-qualitydies being published in recent times
(Brommer et al., 2004; O'Meara et al., 2010; Thapal., 2010). The SDFT is by far the
most common tendon injury diagnosed in racehotkesgfore most studies focus on this
condition specifically (Brommer et al., 2004; Kasiasa et al., 2004). A significantly
heritable component to SDFT injury was reportedDiry et al. (2008), but to the author’s
knowledge no further studies of the genetics ofrdbghbred SDFT injury followed. The
findings reported here show that both ‘all tendganes’ in Hong Kong, and SDFT

injuries in the UK, are significantly heritable,abund 19% and 24%, respectively. In
both jurisdictions the EBVSs for tendon injury shaiiee significant trend towards reduction
in genetic risk. As has been found previouslyreige history plays a key part in the
environmental variation of risk, but interpretatiointhe relationship is not straightforward.

The magnitude of heritability of tendon injury seeta be high for a binary trait, and
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certainly of sufficient magnitude that selectivedxing could affect a reduction in future
genetic risk. Given the difficulties in interpratan of how environmental risk factors
affect the risk of tendon injury for individual he@s, interventions that target the
underlying genetic susceptibility to SDFT injuryutd provide a vital alternative for
stakeholders. The use of published EBVs (or GEBa&&d on GS) for careful mate
selection is possible, and following future molecuhvestigations, commercial tests could
be used to identify individuals carrying risk aflel The integration of sound advice on
training and management, with knowledge of a herselividual genetic risk, should be
the future of control of tendon injuries in racedes. High re-injury rates, coupled with
often ineffective treatment modalities make it imgive that this information is used to

avoid injury in the first place.

A similar stance should be taken with regard tarfignt injuries. Although somewhat less
prevalent in many jurisdictions, injuries to ligam are also serious and career-limiting.
They do not necessarily have the same risk faet®tendon injuries, and are genetically
different from tendon injuries as seen in this gtuBor this reason, ligament injuries
should be considered as important conditions iim tven right, and not coupled with
tendon injuries in future genetic or environmestaldies. The heritability of injuries to
the suspensory ligament in Hong Kong Thoroughbveats highly significant, and the
highest estimate was around 16%. Should EBVaiportant diseases be considered for
use in Thoroughbred breeding schemes, indicestmbine information on many
conditions are warranted, in a similar way to tidices for cattle breeding that are used
currently (Pritchard et al., 2012). Thus breeaessld be free to choose the combination
of genetic attributes in a stallion that would céempent their mares, to influence the
conditions most important to their enterprise.etastingly, a positive genetic correlation
between fracture and injury to the suspensory lgganf about 60% was identified here.
This finding gives hope that these conditions cdaddargeted together in breeding
schemes, but may also help to increase our knowletithe genetic pathways underlying
the risks of these conditions. Studies of the gemeolved are warranted. For both tendon
and ligament injuries, future genetic studies usiaye specific case definitions, and
diagnostic imaging, are required to better undadsthe underlying genetic implications.
Whether these studies are forthcoming or not, itlairfgs presented here give further
evidence that veterinarians and trainers shoulddlant, particularly with older male
horses competing in jump races, as these appéarnwst at risk of tendon or ligament

injury.
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Pathology of articular joints is common in Thorobgids, and can stem from many causes
(Mcllwraith and Vachon, 1988; Jeffcott, 1997; Sahiset al., 1998; Brommer et al., 2004;
Neundorf et al., 2010; Corbin et al., 2012; Reedle2012). Trauma, fatigue, infection
and developmental disorders, amongst others, t#madlto alterations in the normal
anatomy and physiology of the cartilaginous and&seous joint tissues. ldentification of
the inciting cause, or most likely aetiology, iseof possible via the use of sophisticated
imaging technologies such as magnetic resonanagingnand computed tomography. In
some cases, the pathology identified cannot bgrasdito a specific underlying cause.
Without the use of such diagnostic imaging techgiels, the clinician is restricted to
evaluation of clinical signs, perineural or intnéi@lar anaesthesia and careful
consideration of the history to make tentative dasgs. Swelling, heat, pain, reduced
range of motion and lameness may all ensue, batifbation of the joints involved is not
always easy. Inthe HKJC data used here, mangfaevere diagnosed as having
osteoarthritis or degenerative joint disease. ube range of differing pathological
mechanisms involved both within and between theseps, and the absence of
information on the diagnostic aids used, the casimition of joint disease used in this
study may have suffered from low specificity andsstvity. Had heritability of joint
disease been found to be moderate or large, argliivoeal in significance, the use of
selective breeding based on EBVs could have beesidered. Unfortunately, this was
not the case, probably because of the lack of iogytaf the causes of joint disease
phenotypes. Due to the prevalence of joint proklemracehorses, it would be beneficial
to repeat heritability analyses with larger casmbers and specific case definitions, in
order to identify the nature of the joint patholegithat gave rise to the findings reported
here, and to provide targets for future breedingtasgies.

Exercise-induced pulmonary haemorrhage occursceh@ses worldwide. A number of
theoretical aetiologies have been posited to explee condition, but none has been shown
to be dominant. It has been generally accepteadhkgrevalence of EIPH is high in all
types of racing, in all breeds of racehorse andsscall racing jurisdictions (Lapointe et

al., 1994; Takahashi et al., 2001; Newton et 805). The association of EIPH and
related epistaxis have been accepted by most ag bedated to poor performance, thus
interventions such as the pre-race use of furosgaitd research into causative
mechanisms and risk factors have been implememteddny groups. Furosemide is

prohibited for use during racing in the UK and Hd€mng, due to its performance-
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enhancing effects, as well as to maintain the gndilic image of the sport. Whether
EIPH and epistaxis compromise horse welfare is i@ but studies have shown a link
between severe pulmonary haemorrhage and suddtn tleaefore reduction of EIPH
incidence is of veterinary interest (Johnson etl#®l94; McKee, 1995). It is unknown at
the time of writing whether horses that die assalteof such severe haemorrhage
constitute a different genetic group to the vagonitg that experience a lesser degree of
EIPH. Only one study in recent times has estim#tecderitability of epistaxis as related
to EIPH, and this study found a highly significéetitability of 0.23 to 0.4 (Weideman et
al., 2004). The results presented here agreethatistudy. EIPH/epistaxis diagnosed
during racing or training in Hong Kong, partly bigwal inspection without
tracheobronchoscopy in all cases, was found to hadwexitability of up to 28%. Epistaxis
at the racecourse in the UK was 26% heritable, indrdtiorses were jump racers, flat
racers, or mixed racing horses. Diagnosis of apistrelies on trainers or veterinarians
noticing what may be a small volume of blood atribstrils following exercise, which
may be difficult in the busy atmosphere of the cacese, or if bleeding occurs after some
delay. These figures give strong evidence thaHEpistaxis is a highly heritable trait,
which may be manipulated using selective breedihguld the racing industry adopt an
attitude conducive to change. Compelling studfab® possible benefits to welfare,
performance and racing economics may be requirtdosubstantial changes in breeding
strategy are adopted by the industry wholesaleodamide (‘Lasix’) is widely used in the
USA to prevent epistaxis during racing. This dhag been shown to have performance-
enhancing effects (Gross 1999). Horses that weeendd likely to ‘bleed’ during racing
may have been selected for breeding over thosevirat not likely to ‘bleed’, as their
performance may have been improved by the admaistr of furosemide. This selective
breeding could have led to an increase in the peaea of EIPH in the population over
time. Despite this, no trend in EBVs for EIPH/¢@igs was found over the study period.
This may be due to horses being imported from\adt the world to Hong Kong, including

from the UK where the use of furosemide is prokeibit

Historically, animal breeding has been implementeithprove production in farm animal
species. More recently, inclusion of factors asded with animal welfare and longevity
have been incorporated, to comply with animal welfagislation and to improve animal
health and wellbeing in a more holistic fashiont@Pard et al., 2012). It has been noted
that inclusion of longevity traits in animal breegiimproves profitability for farmers in

the longer term, despite possible reductions imlpcton in the immediate short term
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(Pritchard et al., 2012). Bull breeding indicesntine a number of production and
welfare traits into a profile for each animal, whiallows farmers to choose animals that
best complement their existing stock. The Profgalifetime Index (EPLI) is used in the
UK to identify bulls whose offspring are likely generate more income for the farmer
than lower ranked bulls. The £PLI incorporates ynagritable traits related to production
(e.g. kilograms of milk), along with traits for Haand longevity, to enable farmers to
maximise income whilst safeguarding the welfareaifle. Negative genetic correlations
between production and health traits have beendfaqudairy cattle in previous studies,
such as between milk yield and resistance to nmstoth are included in bull indices,
but weighted according to their socioeconomic ingrace for the industry so that a
balance can be struck between lost profits andaorgments in animal welfare (Oltenacu
et al., 2010). In a similar fashion, it would Hegoeater benefit to the Thoroughbred
breeding industry on the whole if breeding indicembined information on many disease,
performance and longevity traits, rather than foayen individual conditions. This
approach may help to avoid the pitfalls associatitll strong selection of correlated traits,
whereby unintended negative consequences may ettdgalso important that the goals
of horse breeding be made as desirable to stakeisadd possible, by incorporation of
factors that will improve returns and/or directhyprove performance. In an ideal world,
improvement in horse performance and longevity wdnd closely coupled with good
health and welfare, such that veterinary and ecamorterests would be perfectly aligned.
In this study, we investigated three variables @ssed with performance or durability, to
identify whether they were heritable themselves, anstudy their associations with
important disease conditions. These performancaiility traits would be deemed useful
if they were heritable, and negatively geneticatiyrelated with binary diseases. Career
length, number of career starts, and winnings \a#n@oderately or highly heritable in
both study populations. Some showed favourabletgenoorrelations with diseases, and
some showed deleterious correlations. Overallervoere perfectly aligned with horse
health, and all carry caveats to their interpretatiMore sophisticated measures of
performance or longevity may be investigated imfetstudies, and their relationships to
horse health in a wider context investigated, twielate more clearly whether this

approach to breeding racehorses could be useful.

The data used in the analyses of horse healtheldtygand durability in this study were a
valuable resource. The quality of these data edgteliminary analyses of heritability,
and allowed the overall aims of this study to be. mkaiture analyses of the diseases
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studied here would benefit from the use of moredigediagnoses with, in some cases,
larger sample sizes and more complete pedigremsutamise heritability estimate
accuracy and avoid computational difficulties. Sutvestigations, alongside molecular
genetic studies, could yield further informatioroabthe fundamental nature of each
disease entity. The findings reported here sugpasturther work to define and analyse
the heritability of more holistic traits could pewmore fruitful for the practical
manipulation of the Thoroughbred horse populataangpposed to focusing on individual
diseases alone. In short, the heritability analysesented here provide the first steps
towards better understanding of the nature of nmiapprtant diseases in Thoroughbred
racehorses, and serve as a starting point fromhwfhtare work could lead to the
production of practical advice for stakeholdershow to make genetic improvements to
racehorse populations. Should this work influetheediscovery of genetic markers for
any of the diseases featured, the information @oedkin this thesis should help the end
user understand what a positive test result folh sumarker may mean in terms of the risk
of the disease outcome. In reality, discoveryroiralividual marker for disease, or even a
panel of such markers, may not mean a great deatnms of the likelihood of developing
the outcome in an individual. However, this doesunderplay the importance of the
development of such markers, as it will always bmterest to know if an individual is at
even slightly increased risk so that their envirentrcan be duly modified in the hope of
avoiding the deleterious outcome. The size okfifect of each marker must always be
taken into account and emphasised when choosintheter not to subject animals to

testing.
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Appendix

A. Dictionaries used in contents analysis of HKJC dé&tatries in bold type are

category names, and entries in normal font are svorgohrases pertaining to that category.

* indicates a word fragment.

a) Fracture dictionary.

Fracture Fracture — Carpus Fracture — MC/T3 Diaphysis
BROKE_DOWN C2* CANNON
BREAKDOWN CARP* DIAPHY*
BROKEN_DOWN CAPAL CN
CATASTROPHIC CARRAL

CHIP Fracture — Tibia
CN Fracture — Sesamoid TIB*
COMMINUATED SEGAMOID*
COMMINUTED SESAMOID* Fracture — Patella
COMPOUND PATELLA
COPMMINUTED Fracture — Condyle of MC/T3
FACTURE CONDYL* Fracture — Navicular
FRACTURE* NAVICULAR
FRACUTRED Fracture — Skull
FRACUTRE SKULL Fracture — Splint
SLAB* SPLINT

Fracture — Pelvic

Fracture — Other Sites COXAE Fracture — Scapula
FETL* ILI* SCAPULA
FTK ILLAL_WING
HOCK PELV* Fracture — Ulna
KNEE* ILLIAL_WING OLECRANON
STIFL*
SHOULDER Fracture — Humerus Fracture — Distal Phalanx

HUMER*

PEDAL

Fracture — Proximal Phalanx

P1* Fracture — Radius
PASTERN RADI*
b) Tendon condition dictionary.
Tendon Ligament Ligament - Sesamoidean
DIGITAL_FLEXOR DEMITIS SESAMOIDEAN
FLEXOR DESMITIS
PERITENDINUOUS LEGAMENT Ligament - Check
SDF* LIGAMENT* CHECK
SUPERFICIAL_DIGITAL SL
TEDON* SUPSENS* Ligament - llliac
TEND* SUSPEN* ILLIAC
TENO* SUSPL
TN_INJURY Ligament - Suspensory
WINDGALL Ligament - Collateral SUPENS*
COLLATERAL SUSPEN*
SUPSEN*
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c) EIPH and bleeding dictionary

Bleeding Bleed- Once Bleed - Twice
BLED 1ST SECOND
BLEED* FIRST 2ND
BLLEDING ONCE
BLOOD ONEC Bleed - Three Times
EIPH* 3RD
EPIH* CHRONIC
d) Poor performance dictionary
Poor Performance LOST_ABILITY PERFORMANNCE
ABILITY LOST_INTEREST PERFORMS
BARRIER LOW_RATING POOR_FORELIMB_ACTION
CL NON_COMPETITIVE* POOR_FORM
CL6 NON_STARTER* POOR_HIND_LIMB_ACTION
CL6* NON_STRATERS POOR_PERFORMANCE
CLASS NOT_GOOD_ENOUGH NO_ABILITY
CLASS 4 NOT_INTERESTED PROFORMANCE
CLASS 5 NO_GOOD RATED
CLASS_6 NO_LONGER RATE_BELOW
FORM NO_ROOM_FOR_IMPROVEMENT SPEEDY_CUTTING
GATE* PEAK_LEVEL STIFFNESS*
INABILITY PERFMORANCE UNCOORDINATED
INTEREST PERFORMAENCE USELESS
LACK_OF _ABILITY PERFORMAMCE UNSUITABLE
LIMITED PERFORMANACE
LOSS_OF _FORM PERFORMANCE*

e) Musculoskeletal condition dictionary

Musculoskeletal FETLOCK* LEG_PROBLEM
ACCIDENT FOOT LUXATED
BAD_LEG GULTEAL LUXATION
ATROPHY HEAD MUSCLE
BRUISING INJURY PASTERN*

BURSA JOINT SACROILIA*
CAPITIS KNEE SESAMOIDITIS
CARPITIS LAME SORE_SHIN
CHONDRITIS LAMENESS SPLINT
COFFIN LAMENSS SUBLUXATION
CRACK LAMINITIS TRAUMA
DISLOCATED LAMNITIS UNSOUND
DISLOCATION LEGS VERTEBRAE
f) DJD and OA dictionary
DIJD DEGEMERATIVE OSTEOARTHRITIS
ARTHRITI* DEGENERATIVE_JOINT OSTEOURTHRITIS
ASTEOARTHRITIS OSTEOPHYTE
CHRONIC_DEGENERATIVE_DISEASE OA
DID OA

172




g) Medical condition dictionary
Medical EUTHANASED NEUROLOGICAL
ABDOMINAL EVISCERATION NOSTRILS
ANAEMIA EYE NOSTRIALS
ANAPHYLACTIC FIBRILLATION PAIN
ANAPHYLAXIC FIBROSIS PALATE*
AORTIC FRACTIOUS PARALYSIS
ARRHYTHMIA G/A PEDAL
ARYTENOID* GA PEMPHIGUS
ATAXI* GASTRIC PENIS
ATRIAL GLUTEAL PERITONITIS
AUTOIMMUNE HAEMATURIA PHARYNGEAL
BEHAVIONAL HAEMOLYTIC PLEUROPNEUMONIA
BEHAVIOR HAIR POOR_CONDITION
BEHAVIOUR HEALTH POOR_HEALTH
BLIND HEART PYREXIA
BLINDNESS HEAT_DISTRESS RECALCITRANT
BOX_WALKER HORMONE RECTA*
BRAIN HUMANITARIAN RESPIRATORY
BREATHING HYGROMA RHYTHM
BRONCHOPNEUMONIC IMPACTION SCOUR*
CAECAL INAPPETENCE SEPSIS
CAECUM INFECTED SHOCK
CARDIO INFECTION SKIN
CELLUCITIS INTESTINAL STALLS
CELLULITIS INTESTINE STOMACH
coLIC INTRACTABLE SUDDEN_DEATH
COLITIS IRREGULARITY TEMPER*
COLLAPSE* JUGULAR THORAX
CONGESTIVE LACERATIONS THROAT
CORNEAL LACEATEONS TOXIC
DEAD LARYNGAL TRACHEAL
DEATH LARYNGEAL TUMOUR
DERMATITIS LARYNGOAL TWISTED
DIAPHRAGMATIC LARYNGOPLASTY TYPHLITIS
DIARRHOEA LAYNGEAL ULCER*
DIED LESIONS UNRULY
DIFFICULT LEUCOCYTOSIS WEIGHT_LOSS
DYSPHAGIA LUNG VIRUS
ENDOTOXAEMIA MENTAL WOBBLER
ENDOTOXIC MURMUR WHITE_CELL
EPIGLOTTIC NERVOUS NEUROLOGICAL
h) Management decision dictionary
Management HOLD TRAINER
ADVICE_TO_RETIRE NO_BID* TRAINER’S_ADVICE*
FINANCIAL RESIDENCY TRANSFER
LOT STEWARDS_REQUEST STUD
MEMBERSHIP SYNDICATE UNRACED
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B. Publications based on this work

The Veterinary Journal, Jun&, 3013, pii: $1090-0233(13)00200-1. doi:
10.1016/j.tvjl.2013.05.002
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Welsh CE, Lewis TW, Blott SC, Mellor DJ, Lam KH,e8tart BD, Parkin TDH

The Veterinary Journal, Submitted Octob&2013, with reviewers at time of printing

ESTIMATES OF GENETIC PARAMETERSOF DISTAL LIMB FRACTURE AND
SUPERFICIAL DIGITAL FLEXOR TENDON INJURY IN UK THOROUGHBRED
RACEHORSES

Welsh CE, Lewis TW, Blott SC, Mellor DJ, Stirk Aafkin TDH
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