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KEY POINTS

� Orthopedic diseases in the horse constitute an important group of defects, particularly
including developmental and degenerative joint diseases, tendon and ligament defects,
and defects of the skeleton and adnexal structures.

� They frequently underlie complex genetic effects, which can be breed specific or common
in specific horse types.

� Thus, selective breeding approaches can reduce the genetic risk for orthopedic issues.

� Further support of veterinarians and breeders in the future is necessary to evaluate major
disease-causing genetic variants supporting targeted breeding against undesirable traits.
INTRODUCTION

The modern horse is regarded as an exceptionally specialized high-performance
athlete, highly selected for conformation, pronounced movement, and endurance.1,2

For this reason, disorders of the locomotor system have a significant impact on these
specific characteristics and thus severely affect the efficient use of horses in eques-
trian sports.3,4 Evenmore, diseases of the joints and skeleton were found to be amajor
cause for culling of warmblood and coldblood horses.3 Thus, because of its economic
importance to the value of a horse, prepurchase radiologic examinations are
frequently performed and used for genetic selection strategies against orthopedic
issues.5,6

Genetic dispositions for orthopedic diseases have been detected in multiple horses
and were often found within specific breeds or horse types. In particular, osteochond-
rosis (OC) and degenerative joint diseases were reported to be frequent among sports
horses.7,8 Other defects include tendons, ligaments, bone, or adnexal structures,
which underlie complex genetic effects.
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The aim of this review is to give a comprehensive overview of hereditary orthopedic
diseases in the horse in order to provide knowledge of its phenotypic occurrences,
breed dispositions, and genetic background.
OSTEOCHONDROSIS

Diseases in the joints, including developmental, acute, and chronic disorders, are
commonly observed in the horse (Table 1).8–10 They continue to plague performance
horses and are thus subject to intense research worldwide.11 One of these disorders,
particularly common in growing individuals, is OC.9 OC is proposed to result from an
abnormal chondrocyte development and maturation causing an altered endochondral
ossification.12 This focal persistence of growth cartilage can occur in the epiphyseal or
in the physeal growth plates.13 A thicker immature cartilage and lesions of retained
cartilage adjacent to the joint surface are proposed to be more susceptible to further
damage within the joint or even result in a separation of osteochondral fragments
designated as osteochondrosis dissecans (OCD).12,14 Frequently affected joints are
fetlock joints, talocrural joints, femoropatellar joints as well as the metacarpophalan-
geal and metatarsophalangeal joints.15 Furthermore, signs of OCD can also be found
in the cervical region, associated with a generalized dysmaturation and a resulting
equine cervical vertebral malformation.16 The occurrence of OC in other joints like
the shoulder and hip was also reported, but suggested to be rare.15,17

OC at different predilection sites can occur in various different horse breeds. Prev-
alence estimations in studies on OC/OCD were found to be highly variable dependent
on the study population and investigated radiographic findings.8 Estimates of as many
as 64% in Holsteiner, 20.7% in Hanoverian, 21.9% in Dutch warmblood, 12.5% in
Swedish warmblood, 23% in Australian thoroughbred horses, 9.2% in Italian Marem-
mano, and 53.9% in South German coldblood were reported.7,18–27 The prevalence in
Danish trotters, Norwegian trotters, Swedish trotters, Norwegian standardbred trot-
ters, and French trotters ranged from 10.5% to 17.0%.28–32

The cause for OC/OCD is thought to bemultifactorial, thus associated with a genetic
predisposition, weight, rapid growth, exercise, nutritional factors, and mineral imbal-
ances.12,31–36 However, despite the not fully understood etiopathogenesis, genetic
components are known to play an essential role in the development of the dis-
ease.14,31,32,37 Estimates of heritability for OC are in the low to moderate range of
0.02 to 0.36 in warmblood horses (Hanoverian, Holsteiner, Dutch warmblood, Swedish
warmblood), 0.11 to 0.45 in trotters, 0.04 to 0.16 in South German coldblood horses,
and 0.00 to 0.16 in thoroughbred horses.7,18–32,37 For OCD, estimated heritabilities of
up to 0.46 could be reached.26 Thus, various studies have been performed using high-
ly repetitive DNA sequences, designated as microsatellites, as well as single nucleo-
tide polymorphisms/variants (SNPs/SNVs), which can be found within the equine
genome, in order to identify risk loci for OC.8 So far, quantitative trait loci (QTL) are pro-
posed to be located on Equus caballus autosome (ECA) 2, 4, 5, 16, 18, and 21 in the
Hanoverian and on ECA5, 15, 16, 17, 23, 27, 28, and 31 in the South German cold-
blood.38–45 In addition to that, further QTL were found for palmar/plantar osseous frag-
ments at the attachment sites of the short sesamoidean ligaments to the proximal
phalanx in the South German coldblood, although the correlation with OC is contro-
versially discussed.32,45 Genome-wide association studies on BeadChip genotyping
data have led to the identification of OC/OCD-associated SNPs/SNVs on ECA3, 5,
10, 16, 18, and 21 in warmblood horses and on ECA3, 10, 13, 14, 15, 21, 27, and
28 in various trotters.29,46–49 Significantly associated variants with different locations
of OC lesions in Spanish purebred horses are proposed to be on ECA2 and 4, whereas



Table 1
Hereditary orthopedic diseases in the joints

Disease
Identified Genomic Region(s)
(Study Type)

Breed/Populations Under
Study Reference

OC/OCD, palmar/plantar
osseous fragments at the
attachment sites of the short
sesamoidean ligaments to
the proximal phalanx

ECA2, 4, 5, 16, 18, 21 (QTL
analysis)

Hanoverian Dierks et al,38,42,43 2010;
Felicetti et al,44 2009; Lampe
et al,39–41 2009

ECA5, 15, 16, 17, 23, 27, 28, 31
(QTL analysis)

South German coldblood Wittwer et al,45 2007

ECA3, 5, 10, 16, 18, 21 (GWAS) Dutch warmblood, Hanoverian Lampe,49 2009; Orr et al,46 2013
ECA3, 10, 13, 14, 15, 21, 27, 28

(GWAS)
French trotter, Norwegian

standardbred trotters, US
standardbred

Teyssedre et al,29 2012; Lykkjen
et al,48 2010; McCoy et al,47

2016
— Danish trotters, Swedish

trotters, Holstein, Italian
Maremmano, Swedish
warmblood, thoroughbred

Schougaard et al,30 1990;
Philipsson et al,32 1993;
Willms,19 1999; Pieramati
et al,20 2003; Jönsson et al,25

2011; Russell et al,27 2017

Podotrochlosis (navicular
disease)

ECA3, 10 (QTL analysis for
canales sesamoidales)

ECA2, 3, 4, 26 (QTL analysis for
contour)

ECA4, 7, 26, 29, 30, 31 (QTL
analysis for structure)

Hanoverian Diesterbeck et al,66 2007; Lopes
et al,57 2010; Lopes et al,67

2009

Osteoarthrosis in tarsal joints
(bone spavin)

— Dutch warmblood, German
warmblood, Icelandic horse

KWPN,18 1994; Winter et al,7

1996; Arnason &
Bjornsdottir,71 2003

Osteoarthrosis in carpal joints — Norwegian trotter Dolvik & Klemetsdal,73 1994

Identified genomic regions and studied breeds or populations are shown.
Abbreviation: GWAS, genome-wide association analysis.
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Polish sport horses are thought to harbor SNPs associated with the occurrence of OC
on ECA2, 4, 16, 18, and 28.50,51 A strong association with hock-OCD could be vali-
dated across multiple horse breeds on ECA2, 3, 4, 14, 27, and 29.8 Despite the high
number of different loci and variants identified to be associated with OC/OCD, their
role in disease development remains unclear. Some key risk genes, including insu-
lin-like growth factor-I (IGF1), runt related transcription factor 2 (RUNX2), tousled-
like kinase 2 (TLK2), matrix metalloproteinase-13 and -3 (MMP-13, MMP-3), platelet
derived growth factor subunit A (PDGF-A), Indian hedgehog homolog (IHH), and para-
thyroid hormone-related protein (PTH-RP) are thought to affect pathways involving
cartilage maturation and ossification and are thus expected to be altered in early
OC.52–56
DEGENERATIVE DISORDERS OF THE JOINTS

Apart from cases affected by the developmental joint disease OC/OCD, such signs of
lameness and altered performance can also be a result of degenerative effects on the
joints. A prevalent cause of chronic and often therapy-resistant forelimb lameness is
podotrochlosis, also called navicular disease.57 The podotrochlea is composed of
the navicular bone (os sesamoideum distale), the navicular bursa (bursa podotrochlea-
ris), the distal end of the deep flexor tendon, the 3 components that are primary
affected by pathologic alterations, as well as the sesamoid ligaments (collaterale lat-
erale/mediale, distale impar).58–60 Lameness caused by a progressive, chronic podo-
trochlosis usually occurs in mature riding horses.61 However, radiographic
appearance of the navicular bones in young horses can provide evidence for a higher
risk of disease development.58 Particularly the shape of the proximal articular border
of the navicular bone is thought to predispose horses for radiographic findings.58

Furthermore, signs of branched, deep, or lollypop-shaped canales sesamoidales,
increased numbers of canales sesamoidales, spurs at the margins of navicular
bone, or a reduced radiographic density increase the incidence of podotrochlo-
sis.58–60,62,63 The reasons these radiographic variances appear and podotrochlosis
can subsequently occur are still unclear. However, it is proposed that genetic factors
play an important role in disease development.58,64,65 Putatively linked genomic re-
gions with the occurrence of deformed canales sesamoidales were identified on
ECA3 and 10 in Hanoverian horses.57,66 Furthermore, QTL on ECA2, 3, 4, 26 were
associated with contour of the navicular bones and on ECA4, 7, 26, 29, 30, 31 with
radiologic alterations in the structure of the navicular bones.66,67 The heritability esti-
mations lie in between 0.06 and 0.34 for warmblood horses.7,68,69

Podotrochlosis is not the only condition designated as a degenerative joint disorder,
called osteoarthrosis, affected by genetic components in horses. Osteoarthrosis
means degeneration of the joint and is thus considered the right term for factors lead-
ing to the process of joint cartilage “tear and wear,” which stands for degeneration and
noninflammatory breakdown.70 The often-used term osteoarthritis is assumed to be
misleading, because inflammation is not a primary feature of the degenerative joint
disease but plays a secondary or concomitant role in this condition.70

Thus, another considerably frequent form of osteoarthrosis in horses is bone spavin,
a chronic joint-deforming disease in the tarsal joints.69 Studies in Dutch warmblood
horses estimated heritabilities of 0.16 to 0.30, whereas further investigations in
German warmblood horses showed estimations of up to 0.65.7,18,69 In Icelandic hors-
es, medium to high heritabilities of 0.1 and 0.33 were suggested.71 Furthermore, it is
assumed that bone spavin is not associated with trauma or overloading but with
conformation of the limbs and joint architecture.72
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In addition to bone spavin, osteoarthroses can be found in the carpal joints as re-
ported in Norwegian trotters with a prevalence of 10% and 27%.73 Heritability esti-
mates, based on data of 407 horses, were 0.67 and 0.25.73

In general, the cause of osteoarthrosis is thought to be multifactorial.74,75 It is a
complex disease process characterized by degeneration of the cartilage, subchon-
dral bone sclerosis, synovitis, and osteophyte formation as a sign of joint insta-
bility.76 The periarticular structures often show fibrosis leading to pain and a
decreased range of motion in affected joints.76 Osteoarthroses are classified into
3 types: type 1, a primary osteoarthrosis, often found in carpal, distal tarsal, and
distal interphalangeal joints and fetlock; type 2, usually a secondary type to other
joint-damaging conditions like intraarticular fractures, OCD, or septic arthritis; and
type 3, which displays incidental or nonprogressive articular cartilage damage.76,77

The relationship of osteoarthrosis to other orthopedic diseases supports the findings
of a positive genetic correlation of 0.25 to 0.77 between deforming arthropathy in
hock joints with osseous fragments in fetlock joints in warmblood horses.22 Although
the cause of osteoarthrosis is unclear, it is widely agreed that an increased synthesis
and activation of extracellular proteinases, mainly matrix metalloproteinases, are the
reason for the degradation of cartilage matrix components.74 In addition, a deficient
stimulation of growth factors is also thought to play a role in the degenerative pro-
cesses potentially affecting the synthesis of new matrix macromolecules.74 For
this reason, a gene transfer of interleukin-1 receptor antagonist is considered to
be a practical treatment modality in horses, which revealed a significant improve-
ment in clinical and histologic parameters in studied equine osteoarthrosis pa-
tients.78 Furthermore, metalloproteinase domain-like protein decysin-1
(ADAMDEC1), glucose-regulated protein (GRP) 94, hematopoietic cell signal trans-
ducer (HCST), Unc-93 homolog A (hUNC-93A), and ribonucleotide reductase M2
polypeptide (RRM2) were found to be significantly differentially expressed in periph-
eral white blood cells in affected horses with experimentally induced osteoarthrosis
and thus considered to be potential gene biomarkers for osteoarthrosis diagnos-
tics.79 For this reason, veterinarians could offer such a biomarker test for diagnos-
tics. However, breeders should be made aware that all these chronic as well as
developmental joint diseases are multifactorial and underlie complex genetic
mechanisms.
TENDON AND LIGAMENT DEFECTS

The locomotor system of the horse is an intricate construction of bones, joints, liga-
ments, and tendons, which can be disturbed by various effects on its individual com-
ponents. Fibrous connective tissues, including tendons attached to muscle and bone
as well as ligaments for bone-bone attachments, play an important part in this design
(Table 2).80 A common problem of the stifle joint particularly found in small ponies is a
lateral (sub)luxation of the patella.81,82 Affected horses show a lateral displacement of
the patella at rest or movement. This luxation can be recurrent or permanent.83 Horses
with a permanent lateral displacement display a characteristic, usually bilateral,
crouched hind limb stance with a flexion of the stifle as well as the hock joint.81 This
scenario occurs because of a change of the quadriceps muscles’ line of force by
the lateral displacement of the patella.81 It was demonstrated in a study of affected
Shetland ponies that the height of the medial and lateral trochlear ridge of the femur
is not significantly different from the height in unaffected horses.81 However, a broad-
ening and flattening of the distal part of the medial ridge were proposed to be a char-
acteristic feature in affected individuals leading to luxation of the patella.81 Such



Table 2
Hereditary tendon and ligament defects

Disease

Identified Genomic
Region(s) (Study
Type)

Breed/Populations
Under Study Reference

Congenital lateral
luxation of the
patella

— Shetland pony,
miniature horse

Hermans et al,81

1987; Engelbert
et al,82 1993

— Morgan horse,
standardbred

Rooney et al,84 1971

Superficial digital
flexor tendon
injury

— Thoroughbred Oki et al,87 2008;
Welsh et al,85 2013

Suspensory ligament
injury

— Thoroughbred Welsh et al,85 2013

DSLD ECA6, 7, 11, 14, 26
(QTL analysis)

Peruvian Paso Strong,90 2005

Identified genomic regions and studied breeds or populations are shown.
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hypoplasia of the lateral ridge of the trochlea was also found to be related to a lateral
patellar luxation in a Morgan horse and a standardbred.84 Experimental matings sug-
gested a monogenic autosomal-recessive mode of inheritance for this trait.81

In addition to lateral patellar luxation, a significant involvement of a genetic
component is also proposed for other ligament and tendon–related defects,
including superficial digital flexor tendon injury, suspensory ligament injury as
well as degenerative suspensory ligament desmitis (DSLD).85 In particular, racing
thoroughbreds are known to be under high risk of musculoskeletal injuries.86 The
prevalence of suspensory ligament injury and tendon injury was reported to be
10% and 19% in a study population of thoroughbred racehorses in Hong
Kong.85 In this study, a heritability of 0.047 to 0.19 for suspensory ligament injury
and 0.088 to 0.203 for tendon injury was estimated.85,87 In addition, a positive ge-
netic correlation of fracture with osteoarthritis and suspensory ligament injury was
suggested.85 The injury of the suspensory ligament is thought to be triggered by a
subclinical degeneration of the tendon matrix, which has an ultrasonographic
appearance of a clinical injury with swollen areas or a subclinical injury showing
only slight edema and heat.87

In contrast, in DSLD, disease development is more complex. DSLD affects con-
nective tissues of the cardiovascular system, patellar and nuchal ligaments, sus-
pensory ligaments, patellar ligaments, superficial/deep digital flexor tendons, and
the sclera of the eye.88 It is considered a systemic disorder characterized by an
accumulation of excessive amounts of proteoglycans in tissues and organs with
significant connective tissue component.88 For this reason, it was also named
equine systemic proteoglycan accumulation. The result is lameness at the front
legs or all 4 legs without a history of trauma.89 The high prevalence of DSLD partic-
ularly in the Peruvian Paso breed suggests a recessive mode of inheritance for the
development of connective tissue defects.90 A genome scan of DSLD affected and
unaffected Peruvian Paso horses identified a significant linkage in 5 chromosomal
regions on ECA6, 7, 11, 14, and 26.90 So far, the chondroitin sulfate proteoglycan 2
(CSPG2) gene on ECA14 was sequenced but ruled out as a potential candidate for
DSLD.
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DEFECTS OF THE SKELETON AND ADNEXAL STRUCTURES

A developing fetus of a horse underlies various genetically programmedmechanisms for
rapid early skeletal development.91 Thus, genetic variants can have a large effect on the
architectureof the skeleton, thedensity of thebones, or stability in the long term (Table 3).
In thoroughbred racinghorses, disturbances inbonemetabolismareassumed tounderlie
complexgenetic influencescausingnontraumaticdistal limbbone fracturesduring racing
or exercise.92 A genome-wide association analysis revealed significantly disease-
associatedSNPsonECA9, 18, 22, and31potentially contributing to susceptibility to frac-
ture risk.92 Furthermore, a risk of injury can also occur in sports horses by dorsiflexion of
the fetlockwith a subsequent potential effect on the proximal sesamoid bones.93 Studies
on warmblood horses estimated heritabilities of 0.11 to 0.17 for the so-called sesamoidi-
tis, which is characterized by an inflammation of the periost and bone accompanied by
secondary calcification in the ligaments.18,94,95

In addition to the long bones, the hoof can also be subject to genetically determined
defects. Unequally distributed pressure and an incorrect exterior are thought to in-
crease the risk of an ossification of the hoof cartilage (cartilaginous ungulae).93 In
German riding horses, the heritability for ossification of cartilaginous ungulae was esti-
mated to be 0.18.95 In Connemara ponies, a severe hoof wall separation disease was
described, characterized by a separation of the dorsal hoof wall along the weight-
bearing surface of the hoof in during the first year of life.96 An insertion within serpin
family B member 11 (SERPINB11) resulting in a frameshift and premature stop codon
is highly associated with this disease in Connemara ponies.96

In addition, causative variants are also known for more complex malformations of
the horse’s body. An abnormal growth of the ulna and fibula causing instability in
the tarsocrural and antebrachiocarpal joints is considered skeletal atavism. In affected
Shetland ponies, 2 large deletions associated with this trait were found in the region of
short stature homeobox (SHOX).97 Furthermore, an extreme lordosis (swayback) was
observed to be frequent in American saddlebred horses.98 The results of genome-
wide association analysis show a promising association signal on ECA20, but no caus-
ative variant is known so far.98
Table 3
Skeletal defects and disorders at adnexal structures

Disease
Affected
Gene(s)

Identified Variants
or Genomic
Region(s) (Study
Type)

Breed/Populations
Under Study Reference

Bone fracture — ECA9, 18, 22, 31
(GWAS)

Thoroughbred Blott et al,92 2014

Sesamoiditis — Dutch warmblood,
German sports
horse

KWPN,18 1994;
Winter et al,7

1996

Hoof wall
separation
disease

SERPINB11 c.504_505insC,
frameshift

Connemara pony Finno et al,96 2015

Extreme lordosis
(swayback)

— ECA20 (GWAS) American
saddlebred
horses

Cook et al,98 2010

Skeletal atavism SHOX 2 large deletions Miniature horse Rafati et al,97 2016

Affected genes, identified genomic regions, and studied breeds or populations are shown.
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SUMMARY

Orthopedic diseases in the horse constitute an important group of defects, particularly
including developmental and degenerative joint diseases, tendon and ligament de-
fects, and defects of the skeleton and adnexal structures. They frequently underlie
complex genetic effects, which can be breed specific or common in specific horse
types. Thus, selective breeding approaches can reduce the genetic risk for orthopedic
issues. Further support of veterinarians and breeders in the future is necessary to eval-
uate major disease-causing genetic variants supporting targeted breeding against un-
desirable traits.
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