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KEY POINTS

� Complex traits are controlled by many genes and environmental regulators that affect
gene expression.

� Commonorthopedic traits includehipandelbowdysplasia, ruptureof thecranial cruciate lig-
ament, patellar luxation, Legg-Calvé-Perthes disease, osteochondrosis, and osteosarcoma.

� Because they are inherited, registries for hip and elbow dysplasia are used to select
breeding dogs, and thus to reduce the prevalence and severity of these traits, but they
are either private or electively public, unlike some European registries in which all breeding
dogs are included.

� Best current breeding practices rely on the application of deep pedigree information with
orthopedic radiography and offspring follow-up, and, if available, estimated breeding
values for hip and elbow dysplasia.

� Estimated breeding values for hip and elbow dysplasia measure the genetic orthopedic
quality of a dog for transmission of its alleles to its offspring.
INTRODUCTION

Canine orthopedic traits (hip dysplasia, elbow dysplasia [ED], Legg-Calvé-Perthes
disease [LCPD], patellar luxation, osteochondrosis [OCD], and rupture of the cranial
cruciate ligament [CCL]) interrupt the structure or function of the articular surface of
synovial joints, resulting in secondary osteoarthritis and joint-related pain and dysfunc-
tion. Osteoarthritis is a progressive disease of the entire synovial joint for which there is
no specific antidote. Therefore, it seems prudent to take every opportunity to prevent
these complex diseases. Complex diseases are the result of environmental risk factors
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(eg, body weight, nutrition, growth rate) and a genetic component (multiple variants,
each of which contribute to risk of developing the disease). One nongenetic factor
that has been associated with increased risk of orthopedic disease, especially for
hip dysplasia and rupture of the CCL, is early spay/neutering. The mechanism may
be persistently elevated levels of luteinizing hormone affecting those tissues with lutei-
nizing hormone receptors.1 Body weight gain following neutering or spaying in large-
breed dogs may also influence risk of orthopedic disease.2 These effects seem less
relevant in small-breed than in large-breed dogs and Hart and Hart1 make the case
for potential risk assessment for individual dogs. Nevertheless, without carrying the
risk alleles or variants, no inherited trait can be expressed.
To prevent the transmission of disease-causing genetic variants from adults to

puppies, one must first identify these genetic variants. Until they are discovered, we
are left with visual inspection of pedigrees and radiographs of dogs in these pedigrees;
progeny testing or at a minimum, interrogating owners about parental offspring ortho-
pedic quality; application of estimated breeding values (EBVs) for hip dysplasia and
ED; and/or genomic prediction of orthopedic genetic quality.
The public registry of the Orthopedic Foundation for Animals (OFA; https://ofa.org)

is used to identify dogs seemingly free of hip dysplasia and ED. This approach to
breeder selection, although useful, is inaccurate because a dog’s genotype for a com-
plex (polygenic) trait cannot be determined from its radiographic score (phenotype).3

That is, a dog with an unaffected phenotype may carry trait-causing mutations but
insufficient to cause overt trait expression. This characteristic of complex orthopedic
traits, caused by the additive effects of many genetic variants, prevents the elimination
of these traits from pure breed dogs and their hybrids.
The combination of pedigree relationships and radiographic scores of hips and el-

bows into a linear mixed statistical model is used to estimate the genetic quality of a
dog in the form of EBVs for these orthopedic traits. A reference population, which has
been genotyped and has EBVs for canine hip dysplasia (CHD) and ED, has been used
to estimate genetic hip and/or elbow quality (genomic breeding values) of offspring
based on the offspring genotypes in a research setting.4 The prevalence and severity
of CHD and ED is reduced when hip and elbow EBVs are used in closed breeding
colonies.5

The OFA registry also includes records of less common complex orthopedic traits,
such as LCPD, shoulder OCD, and patellar luxation. A common complex orthopedic
trait, rupture of the CCL, is without a registry, yet Americans spend billions of dollars
yearly having their dog’s stifles stabilized following a CCL rupture. Here, we describe
screening methods for orthopedic traits in registries that have been available to inform
breeding decisions in the United States for decades, but these orthopedic traits
persist because of their complex genetic underpinnings.
CANINE HIP DYSPLASIA

CHD is characterized by faulty conformation and laxity of the hip joint that often affects
both hips. It is detected radiographically as subluxation between the femoral head and
acetabulum and secondary osteoarthritis of the affected hip in older dogs (Fig. 1). The
incipient synovitis, accompanied by effusion and perifoveal articular cartilage erosion,
is not detectable radiographically. Additionally, subluxation of the femoral head from
the acetabulum can be masked in the traditional extended-hip radiographic posi-
tioning used to image the hip for the OFA registry (see Fig. 1). Osteoarthritis is
detected on a radiograph as osteophytes around the femoral head and enthesophytes
at the capsular insertion on the femoral neck (Morgan’s line) and acetabulum,

https://ofa.org


Fig. 1. (A) Ventrodorsal projection of the pelvis of a dog without evidence of hip dysplasia.
The included angle drawn with the black lines is the Norberg angle. The higher the Norberg
angle the better the hip conformation. (B) Ventrodorsal projection of the pelvis of a dog
with bilateral hip subluxation, which is incontrovertible evidence of hip dysplasia. (C) Bilat-
eral hip dysplasia and severe secondary osteoarthritis. All dogs were physically mature when
the radiographs were taken. (D) Ventrodorsal projection of the pelvis of a 10-month-old
dog with fair hip conformation. (E) The same dog as in D imaged in the dorsolateral sublux-
ation (“kneeling”) position. The femoral heads are subluxated bilaterally and therefore this
dog has hip dysplasia, which is less evident in D. (F) Dog imaged in the dorsolateral sublux-
ation position with normal hip conformation in which the femoral heads contact the medial
acetabular wall at the fossa. (G) PennHIP distraction index radiographic projection of a dog
with little maximum passive laxity. (H) PennHIP distraction index radiographic projection of
a dog with passive laxity and likely hip dysplasia. I expect this dog and the dog represented
in E to have positive Ortolani sign; a physical examination sign of an unstable and likely
dysplastic hip in an adolescent or young dog and of which the OFA has no knowledge. (I)
Ventrodorsal radiographic projection of an 11-month-old dog with right Legg-Calvé-Perthes
disease.
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accompanied by a flattening of the femoral head with a shallow acetabulum. Radio-
graphic alterations are subtle in immature or mildly affected dogs.
Breed prevalence as estimated by the OFA varies from 1% to 75%, with the old

English bulldog, pug, and bulldog the highest (worst) (https://ofa.org/diseases/
disease_statistics/). The OFA does not receive all the normal or abnormal pelvic ra-
diographs taken because the dog owner’s veterinarian can evaluate them, nor are all
those submitted for evaluation published in the OFA registry, likely resulting in a
biased prevalence estimate. For the hip score based on the ventrodorsal, extended
hip radiograph of the pelvis, heritability ranges between 0.2 and 0.36,7 and as high as
0.5 to 0.6 for the distraction index and dorsolateral subluxation (DLS) score8,9 in
closed populations.

Diagnosis

Reduction following manal coxofemoral subluxation may be palpable during physical
examination in puppies and young dogs and is referred to as a positive Ortolani sign.
Once the secondary osteoarthritis is established accompanied by fibrosis of the joint
capsule, palpable hip laxity may be camouflaged. Any dog with a positive Ortolani sign
has, or is susceptible to, CHD and breeding such a dog is ill advised. A negative Orto-
lani sign may mean that the hip is normal or the acetabulum is so shallow that the

https://ofa.org/diseases/disease_statistics/
https://ofa.org/diseases/disease_statistics/
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femoral head cannot be moved into or out of the acetabulum. Radiographic imaging is
then necessary to confirm the hip conformation.
Since the 1960s, the OFA has provided a standard for radiographic evaluation of

hips based on breed, age, and conformation. Similarities of the scores for the three
major registries (OFA, European/Fédération Cynologique Internationale [FCI], and
UK/Australasia) for scoring hip conformation in the ventrodorsal hip-extended position
of the dog have been reported (Tables 1 and 2). In Switzerland, the numerical scoring
system (see Tables 1 and 2) is only used within the dysplasia score group. The final
numerical score per joint is then translated into the FCI scoring scheme A to E and
it is this FCI score that is returned to the dog owner and the breed club (personal
communication Mark Fluckiger, Zurich Switzerland, April 2023).
Under the OFA scheme, radiographs from dogs younger than 2 years of age are

given a provisional assessment of hip status, whereas dogs 2 years or older are given
a definitive hip evaluation. According to the OFA, the sensitivity of the OFA radiograph
at 12 months of age for later development of osteoarthritis in affected hips ranges from
77% to 99% depending on the severity of the CHD at the earlier age, whereas 89% of
hip evaluations between 4 and 23 months were the same as the 24-month-old or older
age hip scores.10 Others have shown that of all dogs developing hip osteoarthritis over
their life span (assuming that hip osteoarthritis is the gold standard for antecedent
CHD), only 55% had radiographic evidence of a CHD at 2 years of age.11 Hip status
is graded on a scale from “excellent” conformation to “severe” hip dysplasia; there
are seven grades in all. If the focus is to control CHD, dogs with OFA hip scores of
excellent, good, or fair hip conformation are the ones suitable for breeding and,
even then, affected puppies can result because of the complex genetic underpinnings.
The PennHIP radiographic method measures the maximum amount of lateral pas-

sive hip joint laxity (distraction index).12 There is a positive relationship between the
distraction index and subsequent development of osteoarthritis. The PennHIP series
of images entails an OFA-style ventrodorsal radiograph, a “compression” radiograph,
and a “distraction” radiograph. The PennHIP registry reports back to the owner and
the submitting veterinarian, an individual dog’s distraction index relative to the average
for the breed. Labrador retrievers with a low distraction index (less than 0.3) at
8 months of age have about a 90% chance of being normal, whereas those with a
distraction index greater than 0.8 have about a 90% chance of being dysplastic
(and succumbing to secondary hip osteoarthritis). Dogs with an index of 0.5 have
about a 50% chance of being dysplastic. Therefore, when choosing between dogs
for breeding, preferentially breed the dogs in the lower half of the distraction index
range for the breed. The best age for PennHIP screening is at early maturity (6–
8 months of age) and before breeding. A thorough comparison of the OFA and Penn-
HIP methods is found in Reagan.13

The DLS score measures the proportion of the femoral head covered by the dorsal
acetabular rim with the dog imaged in a “kneeling” and sternal position to mimic the
normal standing position of the coxofemoral (hip) joints (see Fig. 1).14 As the DLS
score drops below 50% in young Labrador retrievers, they become positive for the
Ortolani sign.14 At 8 months of age, the sensitivity and specificity of the OFA-like radio-
graph was 38% and 96%, respectively, for the distraction index (values of >0.7
considered abnormal) was 50% and 89%, respectively, and for the DLS score (scores
<55% were considered abnormal) was 83% and 84%, respectively, for secondary
coxofemoral osteoarthritis.15 For a single test, the DLS score is the most accurate
in detection of affected and unaffected dogs.16 In a closed dog colony, a combination
of the DLS score and the Norberg angle gave the best estimate of a dog’s likelihood of
developing subsequent osteoarthritis.16 The Norberg angle is a measure of femoral



Table 1
Hip screening methods based on the ventrodorsal, hip-extended projection across the major national registries using this system

FCI
Germany (Except Society for
German Shepherd Dogs)

Germany (Society for
German Shepherd Dogs)

United Kingdom, Australia,
New Zealand (Worst Joint)

Switzerland
(Worst Joint) United States (OFA) Each Joint

A, Normal A1 a, Normal 0 0 Excellent
A2 a, Normal 1–3 1–2 Good

B, Borderline B1 a, Fast normal 4–6 3–4 Good
B2 a, Fast normal 7–8 5–6 Fair

C, Mild C1 a, Noch zugelassena 9–12 7–9 Borderlineb

C2 a, Noch zugelassen 13–18 10–12 Mild

D, Moderate D1 D1 >18 13–15 Moderate
D2 D2 16–18 Moderate

E, Severe E1 E1 19–21 Severe
E2 E2 22–24 Severe

a Noch zugelassen: German, but internationally understood expression “tolerated for breeding.”
b Correct scoring not possible. Recheck after 6 months recommended.

From Fluckiger M: Scoring radiographs for canine hip dysplasia – the big three organizations in the world. Europ J Comp Anim Pract - Vol. 17 - Issue 2 October
2007 with permission.72 Slight modifications have been made to the Swiss scoring system recently (https://www.fci.be/en/FCI-Scientific-Commission-71.html)
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Table 2
Comparison of international hip scoring methods according to the orthopedic foundation for
animals

OFA FCI (Europe)
BVA/Kennel Club (UK/AU)
(Score 5 Sum of Both Hips) SV (Germany)

Excellent A-1 0–4 (no >3/hip) a, Normal

Good A-2 5–10 (no >6/hip) a, Normal

Fair B-1 11–18 a, Near normal

Borderline B-2 19–25 a, Noch zugelassen

Moderate D 36–50 Moderate HD

Severe E 51–106 Severe HD

From Fluckiger M: Scoring radiographs for canine hip dysplasia – the big three organizations in the
world. Europ J Comp Anim Pract - Vol. 17 - Issue 2 October 2007 with permission.72
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head coverage on the OFA-style extended hip radiograph. The Norberg angle ranges
from 70� to 120� (see Fig. 1). An angle greater than 105� is preferable for breeding
practices, but in one study was greater than 112� to be unequivocally phenotypically
normal.17

ELBOW DYSPLASIA

Lameness localized to the elbow of young growing dogs, without history of trauma, is
frequently a result of ED. This syndrome comprises ununited anconeal process, frag-
mented medial coronoid process (FCP), OCD of the medial humeral condyle, flexor
enthesopathy or ununited medial epicondyle, and asynchronous growth between
the radius and ulna.

Diagnosis

Examination of the dog shows a tendency toward a stiff, choppy gait characterized by
external rotation of the distal forelimb. ED is bilateral in 20% to 50% of cases but usu-
ally one elbow is more affected than the other so that lameness in one limb may pre-
dominate or the lameness may shift from one forelimb to the other. In Labrador
retrievers, heritability of elbow osteoarthritis secondary to OCD or FCP was estimated
at 0.27.18 A heritable basis for elbowOCD in rottweilers and golden retrievers has been
reported. Other breeds that are at higher risk are the Bernese mountain dog, German
shepherd, saint Bernard, great Dane, and the Newfoundland dog.19–21 The OFA main-
tains an elbow registry similar to that for CHD and requires submission of a flexed
lateral radiograph at 2 years of age, or older, for elbow morphologic certification.
On clinical examination, pain is elicited by internal and external rotation of the elbow

with the carpus held in a flexed position or on elbow extension. Effusion may be pre-
sent as an outpouching of the lateral elbow capsule, caudal to the lateral epicondyle,
underneath the anconeus muscle. Detection of elbow pain in young dogs should be
followed up with radiography, or preferably computed tomography, if surgical treat-
ment is considered. FCP is difficult to directly identify on standard orthogonal radio-
graphs (Fig. 2).
Juvenile large dogs, especially the German shepherd dog, are affected by ununited

anconeal process (see Fig. 2). Etiologies include genetic, hormonal, metabolic, nutri-
tional, traumatic, or OCD.6,22,23 A separate center of anconeal ossification has been
documented in some large breeds. The usual time of fusion of the anconeal process
to the ulna is 4 to 5 months of age, or later in giant breeds.24 The condition is bilateral in



Fig. 2. (A) Normal flexed lateral radiograph of elbow. (B) Osteoarthritic elbow caused by
elbow dysplasia. The circular markers are an internal size standard of 100 mm length. (C)
Coronal computed tomography showing ununited medial coronoid process (the most com-
mon form of elbow dysplasia, arrow) and secondary osteoarthritis with osteophytosis and
sclerosis of the medial coronoid bed and radial head. (D) OCD lesion (arrow) on articular sur-
face of the medial humeral condyle. (E) Ununited anconeal process (arrow) on a flexed
elbow radiograph.
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approximately one-third of dogs. The flexed lateral radiographic view is helpful for
diagnosis. Secondary osteoarthritis is evident radiographically if the animal is old
enough.
FCP is the most common developmental condition affecting elbows of growing

dogs, especially of retrievers, rottweilers, and German shepherd dogs (see Fig. 2).
Heritability of ED (mostly attributable to FCP) seems to be approximately 0.225 but
can be higher depending on the breed and pedigree used in the estimation. Cause
of FCP is controversial26; it is more common in male dogs and often bilateral. Elbow
incongruity from asynchronous growth between radius, ulna, and humerus that results
in a shortened radius and longer ulna, or vice versa, may lead to FCP. The classic
radiographic fingerprint signs of FCP are sclerosis of subchondral bone beneath the
coronoid processes; osteophytes on the medial coronoid process and cranial radial
head; and entheses along the dorsal olecranon, caudal to the anconeus, where the
joint capsule attaches. Orthogonal radiographs of the elbow are preferable to a single
projection to gain the clearest picture of articular bony anatomy.
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The clinical signs of medial humeral OCD are similar to those of FCP and sometimes
the two conditions occur in the same joint (see Fig. 2). The diagnosis is made radio-
graphically based on subchondral lucency of the medial humeral condyle or, occa-
sionally, a flap of articular cartilage with some mineralized tissue is seen with a
separation from the subchondral bone on the cranial caudal radiographic projection.
As with CHD, because of the voluntary nature of reporting dogs affected with ED,

the OFA registry is assumed to be biased. However, the breeds that have the highest
disease frequency in the OFA database are the chow chow, followed by the American
bully, rottweiler, bulldog, pug, and boerboel (https://ofa.org/).

MEDIAL PATELLAR LUXATION

Generally, medial patellar luxation occurs in small or miniature breeds. Lateral patellar
luxation occurs more commonly in large breeds but large-breed dogs can also
develop medial patellar luxation. Dogs present to veterinarians with intermittent lame-
ness when the patella luxates spontaneously to chronic lameness and disability for
irreducible patellar luxations. Radiographs are helpful to assess accompanying long
bone deformities but the definitive diagnosis is made by palpation. The OFA maintains
a database for medial patellar luxation based on physical examination. Heritability of
patellar luxation (predominantly medial direction) was reported as 0.17 to 0.44 in three
different dog breeds (Dutch kookier, flat-coated retriever, and Thai Pomeranian)
across two continents.27–29

CRANIAL CRUCIATE LIGAMENT RUPTURE

Rupture of the CCL is a common cause of hind limb lameness in dogs. Most dogs with
CCL rupture have a chronic course, without a distinct history of contact trauma. Diag-
nosis is made by direct palpation of instability and radiography of affected stifles.
Breeds predisposed to CCL rupture include the Newfoundland, Labrador retriever,
rottweiler, chow chow, and mastiff, but any breed and mixed breed dog can suffer
a damaged CCL. The Newfoundland breed has a heritability of 0.27 for CCL rupture30

and the Labrador retriever has a heritability estimate of 0.48 to 0.89.31,32

OSTEOCHONDROSIS (OTHER THAN OF THE MEDIAL HUMERAL CONDYLE)

OCD is a well-described, but incompletely understood, systemic disease of endo-
chondral ossification. Dogs usually develop articular cartilage flap-like lesions with
the caudal humeral head as the most common location. Various causes have been
proposed including traumatic, vascular, genetic, endocrine/sex hormonal, conforma-
tional, and nutritional/environmental. Shoulder OCD has been estimated to have a her-
itability of 0.5 to 0.7 in Labrador retrievers.33 In rottweilers and Bernese mountain
dogs, heritability of OCD was reported as 0.1 and 0.45, respectively.33–35 Males
outnumber female dogs in incidence and the condition is bilateral in 20% to 85% of
cases.
The diagnosis is based on clinical signs, palpation, and radiography (see Fig. 1).

Plain lateral shoulder radiographs may reveal evidence of an osteochondritis disse-
cans flap or piece of cartilage. Computed tomography can provide the definitive diag-
nosis. Both the medial and lateral femoral condyles are affected by OCD but the lateral
condyle may be affected more often. The talar ridges are affected by OCD in young
growing dogs. Older dogs with enlarged hocks may have suffered from talar OCD
at a young age and later, the secondary osteoarthritis results in large crepitant hocks
with reduced range of motion.

https://ofa.org/
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LEGG-CALVÉ-PERTHES DISEASE

Hip pain in immature toy and small-breed dogsmay be caused by LCPD, or aseptic ne-
crosis of the femoral head (see Fig. 1). The clinical signs develop between 4 and
11 months of age and the condition is often unilateral and the diagnosis is confirmed
radiographically. Histologic findings suggest that the disease is a result of infarction
of epiphyseal and metaphyseal bone but the cause is still unknown. Compared with
mixed-breed dogs, odds ratios for developing this trait range from 4.8 in dachshunds
to 191.4 inAustralian shepherdswith odds ratios for the trait in cairn terriers,Chihuahua,
Lhasa Apso, miniature pinscher, miniature poodle, toy poodle, West Highland white
terrier, and Yorkshire terrier breeds lying between these odds.35 The heritability of
LCPD is approximately 0.8 in an experimental pedigree of Manchester terriers.36 How-
ever, in this pedigree anda toypoodle pedigree,37 neither amajor locuswith incomplete
penetrance nor an autosomal-recessive mode of inheritance could be excluded.

COMPLEX TRAIT GENETICS

Complex orthopedic traits are controlled by mutations in at least several genes, called
quantitative trait loci, and whose expression is affected by environmental regulators.38

The interaction of thesemutations with each other and nongenetic factors (eg, plane of
nutrition, growth rate, neuter status, and exercise level) influence the final clinical
(phenotypic) expression of each trait. Estimates suggest that 70% of the mutations
responsible for these traits are not in coding (exonic) regions but are in regulatory re-
gions, which affect gene expression. The entire genetic cause of complex orthopedic
traits in dogs is unknown. One gene, fibrillin 2, has a deletion that segregates with CHD
across several breeds.39 These orthopedic traits are quantitative in nature, that is, they
are expressed on a continuum from imperceptible to severe forms. They have herita-
bilities of about 0.2 to 0.7 depending on how and at what stage of development the
trait is measured, and the size and extent of the pedigree where the heritability was
estimated. A trait that was only caused by genetics would have a heritability of 1.

GENOME-WIDE ASSOCIATION STUDIES FOR COMPLEX ORTHOPEDIC TRAIT
PHENOTYPES

Although the gold standard would be to sequence the entire genome of dogs of inter-
est, a more cost-effective method is to genotype each case and control dog at single-
nucleotide polymorphisms (SNPs) using a genotyping array. Current canine arrays
include the canineHD 173k and 220k arrays (Illumina, San Diego, CA) and the Axiom
670k array (Affymetrix, Santa Clara, CA). These genotyping data from multiple pheno-
typed dogs are commonly used in a genome-wide association study (GWAS) to iden-
tify SNPs that are associated with the phenotype of interest. Significant associations
point researchers to a region of the genome that harbors a variant that increases (or
decreases) risk for the particular disease.
There have been many GWAS studies focusing on the genetics underlying CHD to

identify the genes that affect hip conformation. Loci contributing to CHD have been
identified on chromosomes 1, 3, 4, 7, 8, 9, 10, 12, 14, 15, 18, 19, 20, 21, 24, 26, 28,
34, 36, and 37, but there is poor overlap in the identified loci between independent
studies.40–47 Reasons why these studies have different results include the multiple
ways to measure or score the CHD phenotype, inclusion of different breeds and pop-
ulations, and use of some genotyping arrays that may not tag all causative variants.
However, some progress has been made to validate previously identified loci. Mik-

kola and colleagues48 executed a validation study of 46 genetic markers in a cohort of



Hayward & Todhunter1022
nearly 1600 dogs from 10 different breeds comprised of Finnish Lapphund, golden
retriever, Lagotto Romagnolo, Samoyed, Bernese mountain dog, Spanish water
dog, great Dane, Labrador retriever, Karelian bear dog, and Finnish hound. Dogs
were categorized into cases and control animals according to the hip scoring system
defined by the FCI. Twenty-one different loci on 14 chromosomes were validated for
their association. Twenty of these were associated with CHD in specific breeds,
whereas one locus was unique to the across-breed study.
A GWAS of 174 Bernese mountain dogs identified four SNPs on CFA11 and 27 that

were significantly associated with ED40 and a later study identified significant loci for
ED on CFA1 and 26, which affects risk in Labrador retrievers and German shepherds,
and in golden retrievers and English setters, respectively.41

For CCL rupture, associated loci on chromosomes 1, 3, 4, 6, 7, 8, 9, 11, 18, 20, 21,
22, 23, 24, 26, 27, 29, 30, and 33 have been identified across many breeds in linear
mixed single marker, multimarker, and Bayesian models31,42,49–52 but the variants
are not segregating in all breeds. For example, Huang and colleagues42 identified
three significantly associated SNPs segregating only in Labrador retriever, golden
retriever, and German shepherd dogs. Most recently, the Comparative Orthopedic
Research Lab at the University of Wisconsin has extended their genetic mapping as-
sociations into a multimarker genetic test to identify Labrador retrievers at risk of
developing CCL (https://www.vetmed.wisc.edu/lab/corl/canine-genetic-testing/).
Three studies to discover variants associatedwithmedial patellar luxation have been

reported by the same group. A locus on CFA13 was associated with the trait in pom-
eranians,29 on CFA7 in flat coated retrievers,28 and on CFA3 in Dutch kooiker dogs.27

For canine LCPD, the gene collagen type II alpha 1 chain (COL2A1), which is re-
ported to encode a mutation that segregates with LCPD in humans, has been
excluded as a candidate gene,53 but no other associations have yet been identified.
The major challenges facing successful GWAS for complex diseases are sample

size and variant (marker) density. Simulations have shown that to detect moderate ef-
fect size loci for a canine complex trait, 500 to 1000 cases and 500 to 1000 control an-
imals are needed, and power to detect an association increases with an increase in
array density.41

More recently, GWAS studies have progressed to use imputed genotypes derived
from a reference panel of whole genome sequences (WGS).52,54–56 Imputation using
a WGS reference panel has been performed for at least one orthopedic trait, CCL
rupture.52 The use of imputation allows an increase in the number of variants queried
genome-wide, thus improving the likelihood that at least one variant is in linkage
disequilibrium with the causal variant. A more cost-effective and accurate method
for increasing variants to include in GWAS studies is to use low-pass WGS followed
by imputation. This means the genome is sequenced to only about 1X coverage,
allowing the inclusion of many more samples in a single sequencing run. This also
means that all variants are directly queried and there is no genotyping array bias.
This methodology of low-pass WGS followed by imputation has not yet been used
for canine orthopedic traits.
Publicly available canine genomic resources have recently improved with more than

2000 whole genomes sequenced as part of the dog10k project57 and new reference
genome assemblies created using long-range sequencing technologies (canFam4,
5, 6).58–60 The complexity of genetic mapping of the threemost important canine spon-
taneous complex orthopedic diseases was recently extended to the use of breed-
based statistics61 for genetic mapping as an extension of fixed trait mapping for
body size loci in dogs. For GWAS, individual unphenotyped dogs with high-coverage
WGS data were assigned the breed prevalence of the trait and/or categorized into

https://www.vetmed.wisc.edu/lab/corl/canine-genetic-testing/
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case and control based on high and low breed prevalence.61 This approach circum-
vents the problem of combing public data for genotypes and phenotypes in that indi-
vidual disease phenotypes are often lacking in repository data. Categorical GWASwas
able to validate CHD candidate loci. Additionally, novel candidate loci and genes for
CHD, ED, and CCL were discovered. These authors concluded that categorical
GWAS of ancestral dog populations may contribute to the understanding of any dis-
ease for which breed epidemiologic risk data are available, including diseases for
which GWAS has not been performed and candidate loci remain elusive.

ESTIMATED BREEDING VALUES FOR GENETIC QUALITY FOR COMPLEX ORTHOPEDIC
TRAITS

In comparison with selecting breeding animals by phenotype, in which potentially
deleterious alleles go undetected, its EBV provides an assessment of an individual
dog’s genetic risk for disease. In a UK study of 15 dog breeds, EBVs were shown
to be 1.16 and 1.34 times more accurate for estimating the probability of CHD and
ED, respectively, than selection using parental radiographs. More importantly, EBVs
were 3 to 13 times more likely to be accurate for predicting CHD and ED, respectively,
in immature animals when both parental phenotypes were available.62

In our most recent collaboration with the OFA, we used a bivariate (CHD and ED
analyzed jointly) mixed linear model to derive hip and elbow EBVs of individual dogs
in the OFA registry between 1974 and 2015 (Wagner, Packer, Todhunter, unpublished
data 2018). CHD and ED EBVs for 1,796,711 dogs were obtained and compared with
the public-only data of 1,055,270 unique dogs with 1,032,219 CHD records for 130
breeds and 243,147 ED records for 44 breeds. Bivariate CHD and ED model param-
eters were fitted using the same DMU software as in Hou and colleagues.7 The heri-
tability of hip and elbow scores was 0.42 and 0.22, respectively.
Over time, there was a trend showing decreased phenotypic scores for ED (Fig. 3).

This decrease in phenotypic ED score is consistent with the decrease in mean EBV for
ED score per year. Lower (better) breeding values implied that the random effect of the
animal reduced (improved) predicted phenotypic scores. Despite reporting bias, the
mean phenotypic score and EBVs steadily decreased, suggesting that elbow quality
is slowly improving over time, reflecting genetic gain in the breeding of dogs in the
United States. Similarly, the CHD EBVs steadily decreased, indicating slow genetic
gain in the breeding of dogs for better hip quality (see Fig. 3). Inbreeding coefficients
ranged from 0% to 1.83%. Thus, public registries can help control the prevalence
and severity of complex orthopedic traits and the EBVs are only as accurate as the
phenotypic and pedigree information provided to the model. The British Veterinary As-
sociation Canine Health Scheme provides publicly available EBVs for CHD and ED
for all dogs in their Health Scheme registry (https://www.bva.co.uk/canine-health-
schemes), a valuable service currently lacking in the United States.

GENOMIC PREDICTION OF CANINE HIP DYSPLASIA AND RUPTURE OF THE CRANIAL
CRUCIATE LIGAMENT

Genomic prediction, in which many SNPs or variants are used to predict a phenotype,
could be used to assist purchase and breeding decisions when accurate deep pedi-
gree information and accompanying phenotypic data are not available. Previous
empirical studies have indicated that the genomic prediction of CHD is feasible in a
single purebred population63 and a limited number of multiple breeds.64 However,
there are several limitations to the implementation of genomic prediction including
sample size, multiple susceptible breeds, and unknown genetic relationships. The

https://www.bva.co.uk/canine-health-schemes
https://www.bva.co.uk/canine-health-schemes


Fig. 3. (A) Trend over time of the elbow scores (phenotype) and their EBV for the complete
(blue) and public-only (red) records of the Orthopedic Foundation for Animals. A decreasing
mean indicates better elbow radiographic appearance and better genetic quality for this or-
thopedic trait is indicated by a decreasing EBV for ED. (B) Trendover time of the hip scores and
their estimated breeding values for the complete (blue) and public-only (red) records of the
Orthopedic Foundation for Animals. A decreasing mean indicates better hip radiographic
appearance and better genetic quality for this orthopedic trait is indicated by a decreasing
EBV for CHD. The entire data set shows stronger evidence for a reduction in hip and elbow
dysplasia rather than the public-only data (Wagner, Packer, Todhunter, unpublished data
2018).
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genetic relatedness among genotyped individuals may affect the accuracy of predic-
tion, especially when models based on a genetic relationship matrix, such as the
mixed linear model, are used for prediction.65

Genomic prediction of CCL rupture in the Labrador retriever has been investigated
using a range of Bayesian models and machine learning.66 Genotype data were used
from a total of 622 dogs. The inclusion of covariates (sex, neuter status, body weight)
improved prediction accuracy, and the Bayesian and machine learning models per-
formed similarly.66

Recently, we investigated the accuracy of genomic prediction in 842 unique dogs
from six breeds, with hip and stifle phenotypes genotyped on a customized Illumina
high-density 183k SNP array41 and also analyzed using an imputed dataset of
20,487,155 SNPs. To implement genomic prediction, two different statistical methods
were used: Genomic Best Linear Unbiased Prediction and a Bayesian method called
BayesC.67 The cross-validation results showed that the twomethods gave similar pre-
diction accuracy (correlation coefficient of 0.3–0.4) for CHD (measured as the Norberg
angle) and rupture of the CCL, in the multibreed population.
This report suggested that genomic prediction of CHD and rupture of the CCL with

DNA array genotype data is feasible in a multiple breed population. Albeit these traits
have heritability of about one-third, higher accuracy is needed to implement in a nat-
ural population and predicting a complex phenotype will require a much larger number
of dogs within a breed and across breeds. It is possible that with higher accuracy,
genomic prediction of these orthopedic traits could be implemented in the selection
of dogs for breeding.

CURRENT RECOMMENDATIONS

Until the mutations conferring risk for these complex orthopedic traits are discovered
and available for the public to test the breeding population, EBVs for CHD and ED
when applied to make informed breeding decisions for individual breeds remain the



Fig. 4. Process to select dogs with optimum orthopedic genetic quality. At each cycle, the
goal is to improve the orthopedic genetic value of the breeding dogs in a kennel and of
the offspring. Boxes with nonitalicized lettering are available in the United States now.
Boxes with italics are available in other countries, such as the United Kingdom, but could
be available here with adequate funding.
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most effective tool for breeder selection (Fig. 4). However, these are only available in
the UK Kennel Club and in closed/private breeding colonies where dogs are bred for
specific service work. No such tools are available for any other complex orthopedic
trait. Genomic breeding values based on reference populations that have been geno-
typed and have EBVs has potential to revolutionize dog breeding. Higher selection
response may be achieved using genomic breeding values compared with using
EBVs68–70 suggesting that genomic selection would therefore be the method of choice
to improve hip conformation most efficiently. It would have special use in small
breeding programs for which breeders do not have deep and extended pedigrees
on which to estimate breeding values because the pool of reference individuals for
a breed would house the genetic information needed for any dog of the same breed.
Even after 60 years of controlled breeding in Sweden, a recent study suggests that
further improvement in hip conformation is likely to rely on EBV and genomic selec-
tion.71 Even when EBVs for hip conformation are applied in closed colonies, such
as the Seeing Eye Foundation, CHD still occurs, leading the authors to suggest that
genomic approaches are needed for maximum impact on trait severity and preva-
lence.5 Nevertheless, until molecular genetic approaches like this are taken to reduce
the incidence of these complex orthopedic traits, visual inspection of entire pedigrees
to select breeders accompanied by follow-up to identify the results of all breeding
pairs remains the only method to identify the dogs with the best genetic value, but it
is fraught with errors because of the nature of complex trait genetics (see Fig. 4).
CLINICS CARE POINTS
� Gold standard for diagnosis is imaging: radiograph for CHD, LCPD, and osteochondrosis;
computed tomography scan for ED; palpation for luxated patella.
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� Because these are complex genetic traits, selection for breeding should include appropriate
screening and removal of dogs exhibiting the more extreme versions of these traits from the
breeding pool.

� Evaluation of orthopedic diseases in pedigrees by eye is an inexact science.

� Application of estimated breeding values for these orthopedic traits is ideal but likely will
require the involvement of geneticists and regular updating of the genetic value of
offspring.
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20. Mäki K, Liinamo AE, Ojala M. Estimates of genetic parameters for hip and elbow
dysplasia in Finnish Rottweilers. J Anim Sci 2000;78(5):1141–8.

21. Janutta V, Hamann H, Klein S, et al. Genetic analysis of three different classifica-
tion protocols for the evaluation of elbow dysplasia in German shepherd dogs.
J Small Anim Pract 2006;47(2):75–82.

22. Breur G., Lust G., Todhunter R.J., Genetics of hip dysplasia and other orthopedic
traits. In: The Genetics of the Dog. Ruvinsky A., Sampson J., eds CAB Interna-
tional: Wallingford, Oxon, UK, 2001, 267–298.

23. Vezzoni A, Benjamino K. Canine elbow dysplasia: ununited anconeal process,
osteochondritis dissecans, and medial coronoid process disease. Vet Clin North
Am Small Anim Pract 2021;51(2):439–74.

24. Breit S, Künzel W, Seiler S. Variation in the ossification process of the anconeal
and medial coronoid processes of the canine ulna. Res Vet Sci 2004;77(1):9–16.

25. Lavrijsen ICM, Heuven HCM, Voorhout G, et al. Phenotypic and genetic evalua-
tion of elbow dysplasia in Dutch Labrador retrievers, golden retrievers, and Bern-
ese mountain dogs. Vet J 2012;193(2):486–92.

26. Michelsen J. Canine elbow dysplasia: aetiopathogenesis and current treatment
recommendations. Vet J 2013;196(1):12–9.

27. Wangdee C, Leegwater PAJ, Heuven HCM, et al. Prevalence and genetics of
patellar luxation in Kooiker dogs. Vet J 2014;201(3):333–7.

28. Lavrijsen ICM, Leegwater PAJ, Wangdee C, et al. Genome-wide survey indicates
involvement of loci on canine chromosomes 7 and 31 in patellar luxation in flat-
coated retrievers. BMC Genet 2014;15:64.

29. Wangdee C, Leegwater PAJ, Heuven HCM, et al. Population genetic analysis and
genome-wide association study of patellar luxation in a Thai population of Pomer-
anian dogs. Res Vet Sci 2017;111:9–13.

30. Wilke VL, Conzemius MG, Kinghorn BP, et al. Inheritance of rupture of the cranial
cruciate ligament in Newfoundlands. J Am Vet Med Assoc 2006;228(1):61–4.

31. Baker LA, Kirkpatrick B, Rosa GJM, et al. Genome-wide association analysis in
dogs implicates 99 loci as risk variants for anterior cruciate ligament rupture.
PLoS One 2017;12(4):e0173810, 1027.

32. Cook SR, Conzemius MG, McCue ME, et al. SNP-based heritability and genetic
architecture of cranial cruciate ligament rupture in Labrador retrievers. Anim
Genet 2020;51(5):824–8.

33. Guthrie S, Pidduck HG. Heritability of elbow osteochondrosis within a closed
population of dogs. J Small Anim Pract 1990;31(2):93–6.

34. Thomson M, Robins G. Osteochondrosis of the elbow: a review of the pathogen-
esis and a new approach to treatment. Aust Vet J 1995;72(10):375–8.

http://refhub.elsevier.com/S0195-5616(23)00066-9/sref16
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref16
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref16
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref17
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref17
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref17
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref18
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref18
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref18
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref19
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref19
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref19
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref20
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref20
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref21
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref21
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref21
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref23
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref23
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref23
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref24
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref24
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref25
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref25
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref25
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref26
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref26
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref27
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref27
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref28
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref28
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref28
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref29
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref29
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref29
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref30
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref30
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref31
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref31
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref31
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref32
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref32
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref32
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref33
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref33
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref34
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref34


Hayward & Todhunter1028
35. LaFond E, Breur GJ, Austin CC. Breed susceptibility for developmental orthope-
dic diseases in dogs. J Am Anim Hosp Assoc 2002;38(5):467–77.

36. Vasseur PB, Foley P, Stevenson S, et al. Mode of inheritance of Perthes’ disease
in Manchester terriers. Clin Orthop Rel Res 1989;244:281–92.

37. Pidduck H, Webbon PM. The genetic control of Perthes’ disease in toy poodles: a
working hypothesis. J Small Anim Pract 1978;19(1–12):729–33.

38. Baker L, Muir P, Sample SJ. Genome-wide association studies and genetic
testing: understanding the science, success, and future of a rapidly developing
field. J Am Vet Med Assoc 2019;255(10):1126–36.

39. Friedenberg SG, Zhu L, Zhang Z, et al. Evaluation of a fibrillin 2 gene haplotype
associated with hip dysplasia and incipient osteoarthritis in dogs. Am J Vet Res
2011;72(4):530–40.

40. Pfahler S, Distl O. Identification of quantitative trait loci (QTL) for canine hip
dysplasia and canine elbow dysplasia in Bernese mountain dogs. PLoS One
2012;7(11):e49782.

41. Hayward JJ, Castelhano MG, Oliveira KC, et al. Complex disease and phenotype
mapping in the domestic dog. Nat Commun 2016;7:10460.

42. Huang M, Hayward JJ, Corey E, et al. A novel iterative mixed model to remap
three complex orthopedic traits in dogs. PLoS One 2017;12(6):e0176932.

43. Fels L, Distl O. Identification and validation of quantitative trait loci (QTL) for
canine hip dysplasia (CHD) in German shepherd dogs. PLoS One 2014;9(5):
e96618.

44. Sánchez-Molano E, Woolliams JA, Pong-Wong R, et al. Quantitative trait loci map-
ping for canine hip dysplasia and its related traits in UK Labrador Retrievers.
BMC Genom 2014;15(1):833.
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Legg-Calvé-Perthes disease. Anim Genet 2012;43(1):112–3.

54. Friedenberg SG, Meurs KM. Genotype imputation in the domestic dog. Mamm
Genome 2016;27(9–10):485–94.

http://refhub.elsevier.com/S0195-5616(23)00066-9/sref35
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref35
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref36
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref36
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref37
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref37
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref38
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref38
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref38
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref39
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref39
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref39
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref40
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref40
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref40
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref41
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref41
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref42
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref42
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref43
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref43
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref43
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref44
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref44
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref44
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref45
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref45
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref45
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref46
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref46
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref46
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref47
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref47
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref48
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref48
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref49
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref49
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref49
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref50
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref50
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref51
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref51
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref51
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref52
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref52
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref52
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref53
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref53
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref54
http://refhub.elsevier.com/S0195-5616(23)00066-9/sref54


Common Orthopedic Traits 1029
55. Piras IS, Perdigones N, Zismann V, et al. Identification of genetic susceptibility fac-
tors associated with canine gastric dilatation-volvulus. Genes 2020;11(11):1–19.

56. Srikanth K, von Pfeil DJF, Stanley BJ, et al. Genome wide association study with
imputed whole genome sequence data identifies a 431 kb risk haplotype on
CFA18 for congenital laryngeal paralysis in Alaskan sled dogs. Genes 2022;
13(10):1808.

57. Ostrander EA, Wang GD, Larson G, et al. Dog10K: an international sequencing
effort to advance studies of canine domestication, phenotypes and health. Natl
Sci Rev 2019;6(4):810–24.

58. Wang C, Wallerman O, Arendt ML, et al. A novel canine reference genome re-
solves genomic architecture and uncovers transcript complexity. Commun Biol
2021;4(1):185.

59. Halo JV, Pendleton AL, Shen F, et al. Long-read assembly of a Great Dane
genome highlights the contribution of GC-rich sequence and mobile elements
to canine genomes. Proc Natl Acad Sci U S A 2021;118(11). e2016274118.

60. Jagannathan V, Hitte C, Kidd JM, et al. Dog10K_Boxer_Tasha_1.0: a long-read
assembly of the dog reference genome. Genes 2021;12(6):847.

61. Binversie EE, Momen M, Rosa GJM, et al. Across-breed genetic investigation of
canine hip dysplasia, elbow dysplasia, and anterior cruciate ligament rupture us-
ing whole-genome sequencing. Front Genet 2022;13:913354.

62. Woolliams JA, Lewis TW, Blott SC. Canine hip and elbow dysplasia in UK Labra-
dor retrievers. Vet J 2011;189(2):169–76.

63. Sánchez-Molano E, Pong-Wong R, Clements DN, et al. Genomic prediction of
traits related to canine hip dysplasia. Front Genet 2015;6:97.

64. Guo G, Zhou Z, Wang Y, et al. Canine hip dysplasia is predictable by genotyping.
Osteoarthr Cartil 2011;19(4):420–9.

65. Scutari M, Mackay I, Balding D. Using genetic distance to infer the accuracy of
genomic prediction. PLoS Genet 2016;12(9).

66. Baker LA, Momen M, Chan K, et al. Bayesian and machine learning models for
genomic prediction of anterior cruciate ligament rupture in the canine model.
G3 (Bethesda) 2020;10(8):2619–28.

67. Jiang L, Li Z, Hayward JJ, et al. Genomic prediction of two complex orthopedic
traits across multiple pure and mixed breed dogs. Front Genet 2021;12.

68. Hayes BJ, Bowman PJ, Chamberlain AJ, et al. Invited review: genomic selection
in dairy cattle: progress and challenges. J Dairy Sci 2009;92(2):433–43.

69. VanRaden PM, Van Tassell CP, Wiggans GR, et al. Invited review: reliability of
genomic predictions for North American Holstein bulls. J Dairy Sci 2009;92(1):
16–24.

70. Stock KF, Distl O. Simulation study on the effects of excluding offspring informa-
tion for genetic evaluation versus using genomic markers for selection in dog
breeding. J Anim Breed Genet 2010;127(1):42–52.
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