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Review Article

Canine hip dysplasia: phenotypic scoring and the role of estimated
breeding value analysis

M Soo*" and A] Worth*®

Abstract

Canine hip dysplasia (CHD) is a developmental orthopaedic
disease of the coxofemoral joints with a multifactorial mode of
inheritance. Multiple gene effects are influenced by
environmental factors; therefore, it is unlikely that a simple
genetic screening test with which to identify susceptible
individuals will be developed in the near future. In the
absence of feasible methods for objectively quantifying clinical
CHD, radiographic techniques have been developed and
widely used to identify dogs for breeding which are less
affected by the disease. A hip-extended ventrodorsal view of
the pelvis has been traditionally used to identify dogs with
subluxation and/or osteoarthritis of the coxofemoral joints.
More recently, there has been emphasis on the role of
coxofemoral joint laxity as a determinant of CHD and
methods have been developed to measure passive hip laxity.
Though well-established worldwide, the effectiveness of
traditional phenotypic scoring schemes in reducing the
prevalence of CHD has been variable. The most successful
implementation of traditional CHD scoring has occurred in
countries or breeding colonies with mandatory scoring and
open registries with access to pedigree records. Several
commentators have recommended that for quantitative traits
like CHD, selection of breeding stock should be based on
estimated breeding values (EBV) rather than individual hip
score/grade. The EBV is a reflection of the genetic superiority
of an animal compared to its counterparts and is calculated
from the phenotype of an individual and its relatives and their
pedigree relationship. Selecting breeding stock on the basis of
a dog’s genetic merit, ideally based on a highly predictive
phenotype, will confer the breeder with greater selection
power, accelerate genetic improvement towards better hip
conformation and thus more likely decrease the prevalence of

CHD.
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Introduction

Canine hip dysplasia (CHD) is a developmental condition pri-
marily affecting medium-sized and large-breed dogs, which is
characterised by instability of the hip joint, leading to degenera-
tive arthritis (Todhunter and Lust 2003).

Canine hip dysplasia is a heritable and multifactorial disorder,
meaning that its expression is influenced by the effect of several
genes and many, often unidentified, environmental factors
(Cook et al. 1996; Bliss et al. 2002; Smith ez al. 2006). The
disease is characterised by coxofemoral joint pain leading to lame-
ness, stiffness and a progressive decline in function of the joint.
CHD is one of the most common orthopaedic diseases affecting
companion animals. Recognition of the heritable nature of the
disease and use of effective breeding selection methods is critical
to achieve a reduction in the prevalence of CHD. This paper
will summarise the current understanding of the pathogenesis
and radiographic diagnosis of CHD, and outline methods for
selective breeding guided by genetic analyses.

Pathogenesis of CHD

Canine hip dysplasia was first described in 1937 as a congenital
subluxation of the coxofemoral joint (Schnelle 1937). It is more
correctly described as a developmental condition because the cox-
ofemoral joints of dogs that later become dysplastic initially
appear normal and congruent at birth (Riser 1975b). Whilst
the original anatomical conformation of the coxofemoral joint
and its surrounding structures are genetically pre-determined,
continued growth and development are synchronised and depen-
dent on mechanical function, joint congruency and the balance of
forces applied across the joint. An alteration in any or all of these
factors may affect or interfere with development of the hip joint
(Riser 1975a; Frost 1989).

The hip joint is stabilised by its joint capsule and surrounding
pelvic musculature. In 1966, Henricson, Norberg and Olson
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described a link between early joint laxity and the later develop-
ment of CHD (Henricson et 4l 1966). When laxity of the
femoral head is present, the stabilising structures are assumed to
fail to restrain the head of the femur within the acetabulum.
The femoral head shifts laterally during weight-bearing, and
force is concentrated on the dorsal acetabular rim. Prior to 6
months of age, the dorsal acetabular rim in dogs is largely cartila-
ginous and very plastic. Concentration of weight-bearing forces
on the dorsolateral rim leads to microfractures and modelling of
the acetabulum (Riser 1963, 1975b). The joint capsule is
stretched and its attachments to the labrum can tear. After 6
months of age, changes in joint shape are only possible through
the production or resorption of bone. Therefore, the phenotypic
expression of CHD in genetically susceptible dogs may be preven-
table if coxofemoral joint congruency can be maintained until
ossification of the acetabulum is complete (Riser 1975Db).

The first 60 days of a puppy’s life is thought to be the most critical
period in terms of development of the coxofemoral joint, a period
during which the joint is susceptible to modelling under abnormal
stress loading (Riser 1975¢). During this period, a puppy may be
presented to a veterinarian because of pain from acetabular micro-
fractures and traumatic synovitis. Clinical signs often improve
with conservative management (weight reduction, confinement,
analgesics) and many dogs become free of clinical signs until
osteoarthritis develops and progresses to the stage of full-thickness
cartilage loss later in life. In mild cases, the degree of laxity and
change in loading is insufficient to induce osteochondral lesions
that would result in lameness. In more severe cases, the trauma
to the dorsal acetabulum caused by excessive loading leads to
abrasion of the articular cartilage, inducing synovitis and effusion.
Changes to the composition of the synovial fluid within the dys-
plastic hip joint reduce its ability to lubricate, leading to increased
cartilage wear (Riser 1975¢c). As osteoarthritis progresses, joint
effusion worsens the stability of the joint by loss of hydrostatic
pressure (Smith ez 2l 1990). These changes further destabilise
the joint, sometimes to the extent of coxofemoral subluxation
or complete luxation (Riser 1975¢).

Whilst the concept of laxity leading to subluxation is well
accepted, the inciting cause of laxity is still uncertain. Factors
that have been implicated in predisposing or causing a genetically
susceptible individual to develop CHD include, but are not
limited to: the disparity in the rate of maturity of the pelvic
muscle mass and skeletal structures that support the coxofemoral
joint in genetically susceptible dogs (Cardinet ez a/. 1997), spasms
or contracture of the pectineus muscle (Ihemelandu ez a/. 1983),
hormonal influence of relaxin and/or oestrogen (Steinetz ez al.
2008), increased synovial fluid volume and osmolality (Lust
et al. 1980; Kealy er al. 1993), caloric intake and rate of weight
gain (Kealy er 2l 1992; Combhaire and Snaps 2008) and level of
exercise in the skeletally immature animal (Krontveit ez a/. 2012).

The genetic basis of CHD

Canine hip dysplasia has been accepted to be a heritable condition
since the 1950s. Original hypotheses that a single gene with a
recessive or dominant Mendelian pattern of transmission was
responsible (Hutt 1967) were later doubted and the concept of
incomplete manifestation and variable penetrance were promoted
(Janutta and Distl 2006). By the 1970s, a multifactorial mode of

inheritance was considered to be the most probable genetic basis
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for CHD (Leighton er a/. 1977; Lust and Farrell 1977; Hedham-
mar et al. 1979).

In order to understand the concept of a multifactorial mode of
inheritance, we must define the concepts of phenotype and gen-
otype. The expression of a trait is known as the phenotype, which
is the sum of the genetic and environmental effects, expressed as
P=G +E, where P is the phenotypic value, G is the genotypic value
and £ is non-genetic, environmental deviation (Nicholas 2010a).
An animal’s genotypic value is the combined effect of the animal’s
genes at all loci affecting the phenotype of interest. For any
measured trait, G is fixed at conception and £ is the effect of all
environmental factors influencing trait expression between con-
ception and measurement of 2. CHD may be expressed in a
variety of phenotypes, each determined and measured by one or
a combination of methods. For a quantitative trait, it is possible
for two dogs of identical genotypes to express very different phe-
notypes under differing environmental influences. It is also poss-
ible that a genetically susceptible individual may have a hip
phenotype that passes for normal, if environmental conditions
are favourable. Multifactorial inheritance refers to inheritance of
a phenotypic characteristic (trait) that is attributable to two or
more genes with an unknown number of non-genetic (environ-
mental) factors. In such multifactorial diseases, the actual
number of genes determining the manifestation of the condition
is commonly unknown. CHD is considered by many to be a
quantitative trait due to its continuous phenotypic expression
from normal to abnormal. Quantitative traits are determined by
the action of different genes at many quantitative trait loci and
the effects of each of the individual alleles are often not immedi-
ately distinguishable (Lust and Farrell 1977; Nicholas 2010a).

Several key steps have been taken to develop a genetic test for CHD
(Zhu 2009). The canine genome has been mapped, opening the
possibility that genes responsible for the expression of CHD may
be identifiable (Guo ¢# 2/ 2011). Mutations related to hip laxity
and Norberg angles have been identified by mapping the chromo-
somes of cohorts of dysplastic Labrador Retrievers and disease-free
Greyhound crossbred dogs (Todhunter ez a/. 2005). Twelve candi-
date (approximate chromosomal) locations for CHD were found.
Further work on the German Shepherd dog genome using quanti-
tative trait loci analysis revealed 19 candidate loci associated with
CHD, located on nine different chromosomes, of which chromo-
some CFA9 was the strongest possible candidate (Marschall and
Distl 2007). In another genome-wide association study, Pfahler
and Dist (2012) identified three quantitative trait loci for CHD
in Bernese Mountain dogs harbouring significantly associated
single-nucleotide polymorphisms (SNP). Three SNP were found
to be significantly associated with CHD on dog chromosomes
CFA14 and 37, with candidate genes of interest being paraoxo-
nase-2 (PON2) on CFA14 and fibronectin-1 (FNI) on CFA37.
The PON2 and FNI genes were hypothesised to be part of the
pathogenesis of CHD due to their involvement with bone
mineral density and extracellular matrix in cartilage respectively
(Pfahler and Distl 2012). Four SNP associated with CHD and
two SNP loci associated with hip osteoarthritis have also been
identified in a separate study (Zhou er al. 2010). Friedenberg
et al. (2011) identified an association between a mutation-deletion
haplotype in the candidate gene, fibrillin-2 gene (FBN2) and
CHD. The FBN2 gene is the first gene reported to be associated
with four phenotypic markers for the presence of CHD (the
Norberg angle, distraction index, dorsolateral subulaxation score

and the Orthopaedic Foundation for Animals (OFA) hip grade,
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see later). Dogs homozygous for the deletion FBN2 haplotype were
found to have worse hip joint conformation (i.e. more severely
affected by CHD) as characterised by having a lower Norberg
angles value and dorsolateral subulaxation score, higher distraction
index and poorer OFA hip grade. It was also found that dogs with
incipient osteoarthritis at necropsy had an approximately 50%
greater FBN2 mRNA in their hip joint capsule in contrast to
non-osteoarthritic dogs. However, the authors stressed that the
FBN2 locus did not explain all the genetic trait variation observed
in CHD, indicating that other genes must contribute to the
expression of the disease (Friedenberg er a/. 2011).

Whilst current DNA marker technology is not yet sufficienty
refined to be used in the selection of breeding animals, DNA
marker information acquired via such means may be available to
breeders in the future (Marschall and Distl 2007; Zhu ez 4l
2008; Zhou er al. 2010). It has been suggested that employing
DNA markers as part of a genomic selection scheme would be
an alternative means of reducing the prevalence of CHD
(Sénchez-Molano et al. 2014). A genomic selection strategy
involves a genomic (DNA) test that provides information on a
large number of genotype markers in a population of phenotypi-
cally scored dogs. A subset of markers is then produced via
linkage disequilibrium with the genes associated with the disease.
These markers are later used to calculate genomic estimates of
the true breeding values (genomic estimated breeding values),
which are in turn used for subsequent breeding selections within
the same breed. In the simulated study population, Sdnchez-
Molano er al. (2014) showed that genomic selection could have
achieved greater genetic progress as compared to selection based
on the phenotype alone (British Veterinary Association (BVA)
hip scoring scheme). Compared to phenotypic selection,
genomic selection accelerates the rate of genetic progress due to
higher selection accuracy (Sdnchez-Molano er al. 2014).
Genomic selection also allows breeding selection to be carried
out earlier because the DNA tests can be performed on animals
at a younger age. More importantly, genomic estimated breeding
values distinguish between littermates, thereby minimising the
rate of inbreeding. Unlike phenotypic selection schemes,
genomic selection removes environmental biases (such as age at
scoring) which may artefactually influence breeding selection.
Sédnchez-Molano ez al. (2014) emphasised that one potential draw-
back of this selection strategy is that due to the decay of the linkage
disequilibrium between the genotype markers and causative loci,
the accuracy of the genomic selection will likely decrease over
time. Therefore, re-estimates (via phenotypic scoring) of the
marker effects will still be necessary every few generations in
order to maintain the level of accuracy. Until DNA marker tech-
nology has been further refined for routine use in screening for
CHD, clinicians and breeders will have to rely on other modalities
of breeding selection, as discussed in the following sections.

Phenotypic selection of dogs for breeding
based on radiology: worldwide CHD

scoring systems
Extended hip view
Due to the difficulty in objectively quantifying clinical CHD,
radiological scoring/grading methods have been developed in an
attempt to allow dog breeders to select less affected stock for
breeding. There are several systems of radiographic screening
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currently in use around the world. The majority are based on
images of the hips and pelvis taken under deep sedation or
general anaesthesia, with the dog in ventral recumbency and
with the hindlimbs extended (Fliickiger 2007). An extended-
hip view places the femoral head and neck consistently in a pos-
ition which allows observation of the typical sites of coxofemoral
joint osteophyte development. In addition, this view can reveal
subluxation of the femoral head. However, the extent of subluxa-
tion can be underestimated due to the inherent positioning of the
limbs for radiography and the level of sedation. If the patient is
incompletely anaesthetised or sedated, it will respond to hindlimb
extension by contracting its pelvic muscles, thereby improving
the seating of the femoral head within the acetabulum and
falsely lowering the extent of subluxation. Additionally, when
the coxofemoral joints are positioned in the extended-hip view,
the joint capsule and ligament of the head of the femur are
both twisted, tightening the tensile elements of the joint
capsule (Smith er 2l 1990). As the tensile elements tighten, the
femoral head is forced deeper into the acetabulum in a phenom-
enon known as “screw-home” tightening, a term borrowed from
human medicine. In the canine hip, screw-home tightening may
lead to false negative grades assigned to dogs screened at an early
age, as osteoarthritis may not be evident on radiographs and the
assessor is relying on the evidence for subluxation as an indicator
of the severity of the disease. Furthermore, the extent of laxity
seen on the extended-hip view is affected by the accuracy of
patient positioning and the method of holding the limbs in exten-
sion. An oblique pelvic position increases the extent of femoral
head coverage of one hip joint whilst lowering it on the other.
If the dog’s limbs are hand-held rather than being strapped in
position for radiography, then the holder can also influence the
degree of subluxation and falsely tighten the joints (Rendano
and Ryan 1985).

Features of CHD on the extended-hip view vary depending on
the age of the animal when it is radiographed and these features
have been extensively documented by Riser (1975c). There is
continual osteophyte development over the life of a dysplastic
dog, indicating that osteoarthritis associated with CHD is pro-
gressive (Smith er a/. 2006, 2012). Similarly, increased age at
the time of assessment is significantly correlated with dysplastic
radiological changes. These radiological signs are indirect
markers of cartilage degeneration secondary to abnormal biome-
chanics of the hip joint. When CHD-affected patients were exam-
ined at the end of life, ostecarthritis was observed using
histopathology in 96% (43/45) of the dogs compared to only
67% (32/48) of dogs seen radiographically (Smith er /. 2012).
Therefore, osteophyte development observed radiographically is
insensitive when compared to a gold standard of joint

histopathology.

In the early stages of CHD, the radiological signs lag behind car-
tilage injury, but as a dog ages, radiography becomes more accu-
rate at predicting the status of the hip joint morphology (Smith
et al. 2012). When a dog is younger than 5 years of age, the radio-
logical diagnosis of CHD is reliant on evidence of femoral head
subluxation and/or osteoarthritis (Smith ez 2/ 2012). In older
dogs, radiological identification of CHD may encompass the
presence of a shallow acetabulum, coxofemoral incongruity and
osteoarthritis (Riser 1975¢). After 6 years of age, newly diagnosed
cases of CHD appear to be entirely dependent on radiographic
evidence of coxofemoral osteoarthritis, with no new diagnoses
based on subluxation (Smith ez 2/ 2012).
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The three most well-utilised CHD radiographic schemes are oper-
ated by the OFA in the United States of America, the BVA
(United Kingdom and Australasia) and the Fédération Cynologi-
que Internationale (FCI) in Europe (Fliickiger 2007). A compari-
son of these grading schemes for CHD is shown in Table 1, but as
each of these independent schemes is based on subjective assess-
ments, direct comparisons between scheme grades are largely
speculative. The OFA has been grading hip radiographs of dogs
in North America and Canada for CHD since 1966, using subjec-
tive criteria (Fliickiger 2007; Anonymous 2010). Dogs must be
>24 months of age to be eligible for the scheme and an
extended-hip view is taken under anaesthesia.

In Europe, the FCI is a cooperative of national kennel clubs which
has been screening dogs for CHD for over 40 years (Fliickiger
2007). Dogs must be >12 months of age or >18 months of age
for the large and giant breeds. The FCI scoring system combines
subjective assessment of the degree of subluxation, congruity of
the femoral head and acetabulum and osteophyte development
on the extended-hip view with objective measurement of subluxa-
tion using the Norberg angle (Morgan and Stephens 1985; Henry
1992). A normal Norberg angle is considered to be 105° and
greater; however, this upper limit of normal value varies between
breeds and should be interpreted with caution (Tomlinson and
Johnson 2000; Culp e al. 2006). Additionally, the Norberg
angle is affected by screw-home tightening, as described above.
Analyses of inter-observer agreement of the FCI system showed
that assessment of the morphological characteristics of the hip
joints and the final score are highly variable between observers
(Verhoeven ez al. 2007, 2009).

In the United Kingdom, the BVA and the Kennel Club
implemented a CHD screening programme in 1965. This tech-
nique of hip scoring was also adopted in Ireland, Australia and
New Zealand (Fliickiger 2007). Up to 53 demerit points are
awarded per hip in nine categories to yield a total score of
0 (best) to 106 (worst) (Dennis 2012). Dogs are eligible for this
programme from 12 months of age.

The New Zealand Veterinary Association (NVZA) introduced
the Canine Hip Dysplasia Scheme in the mid-1980s (Hunter
1986) in co-operation with the New Zealand Kennel Club. A
national computerised database was maintained from 1989.
Dogs need to be >12 months of age to be eligible to be scored
under this scheme and it is recommended that giant breeds are
scored at 18 months of age or older. Readers are referred elsewhere
for further information on the NZVA CHD scheme (Worth ez 4l.
2009; Anonymous 2011).

Distraction view

Building on the link between early joint laxity and later develop-
ment of CHD described by Henricson e al. (1966), the concept
of passive versus functional hip laxity was introduced to dis-
tinguish between subluxation evident radiologically compared
to subluxation induced during weight-bearing (Smith er al.
1990). Those authors proposed that the joint capsule, round liga-
ment of the femoral head and the hydrostatic stability factor are
passive constraints to hip laxity and each play a role in maintain-
ing congruency between the femoral head and acetabulum. The
active constraints are the muscles surrounding the hip joint
capable of imparting a force that reduces the femoral head into
the acetabulum. Passive constraints restrict the amount of hip
extension possible as well as creating a force that acts to drive
the femoral head into the acetabulum, minimising laxity. If the
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Table 1. An attempted comparison of the different grading systems for
canine hip dysplasia, modified from Verhoeven et al. (2012). Each
system is based on subjective criteria such that direct comparisons
are largely speculative, therefore, this table is only a guide.

Grading System and Grade

Fédération British Orthopedic
Cynologique Veterinary Foundation
Internationale Association for Animals
Descriptor (Europe) (UK) (USA)
No signs of A NA?>105° A1l 0-4 Excellent
hip dysplasia (not >3/hip)
A2 5-10 Good
(not >6/hip)
Near normal B NA<105° B1 11-18 Fair
hip joints B2 19-25 Borderline
Mild hip C NA100° C1 26-35 Mild
dysplasia c2
Moderate hip D NA90-100° D1 36-50 Moderate
dysplasia D2
Severe hip E  NA<90° E1 51-106 Severe
dysplasia E2

2 The Norberg angle (NA) measured under the Fédération Cynologique
Internationale scheme allows for the objective assessment of femoral head
subluxation. A normal NA is considered to be >105°.

constraints maintained by the soft tissue surrounding the hip
joint do not function propetly, the coxofemoral joint will not
receive and effectively transmit load during weight-bearing. The
inability or failure of these soft tissue passive constraints to limit
the amount of lateral displacement of the femoral head in the
relaxed dog is defined as passive laxity. Functional laxity is
defined as the lateral translation of the femoral head out of the
acetabulum during weight-bearing. Passive laxity is a pre-requisite
for, but not a cause of, functional laxity and may not always cor-
relate with an equal extent of functional laxity (Smith ez 2/ 1990).
Passive laxity has been reported to be highly correlated with the
development of osteoarthritis and the clinical signs of hip dyspla-
sia (Smith et al. 1990, 1995). Smith ez al. (1990) developed a
stress-radiographic method (distraction radiography) using a radi-
olucent fulcrum placed between the femurs to quantify the degree
of passive laxity in an anaesthetised or heavily sedated dog. The
adjustable radiolucent fulcrum is placed between the thighs of
the dog and the femurs are pulled together by gripping the
distal limb, inducing femoral head subluxation at which point a
radiograph (the distraction view) is taken (Figure 1). This distrac-
tion radiography method formed the foundation of PennHIP
(formerly the University of Pennsylvania Hip Improvement
Program), which became commercially available in 1993 (Anon-
ymous 2013). The PennHIP distraction index is a measure of
passive hip laxity and is calculated by determining the degree to
which the femoral head subluxates relative to the acetabulum.
The linear distance between the centre of the acetabulum and
the centre of the femoral head on the distracted radiographic
view is divided by the radius of the femoral head to achieve a
unit-less measure of laxity; the distraction index (Figure 2). The
PennHIP evaluation comprises three ventrodorsal radiographic
views; the distraction, compression and extended-hip views.
The extended-hip view is used to assess the presence or absence
of osteoarthritis and the compression view is used to assess the
overall coxofemoral congruency. The presence of osteophyte
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Figure 1. Photograph showing positioning of a dog for measurement of
the PennHIP distraction index. A radiograph is taken with the dog
heavily sedated or anaesthetised and positioned in ventrodorsal recum-
bency with the distraction device placed between the thighs. The oper-
ator uses the device as a fulcrum to achieve distraction of the
coxofemoral joints (passive hip laxity).

Figure 2. Radiograph showing measurements used for evaluation of the
distraction index, calculated as the ratio of the distraction between the
centres of the acetabulum and femoral head (x) to the radius of the
femoral head (r), when a distraction force is applied to the sedated/
anaesthetised patient as shown in Figure 1.

development on the extended-hip view results in the dog being
classified as having CHD (Anonymous 2013). Of the three
PennHIP radiographic views, the distraction view is most fre-
quently utilised in genetic studies because it quantifies passive
joint laxity, which has been widely recognised for its important

role in the pathophysiology of CHD.

Heritability and breeding selection for a
superior hip phenotype

Genetic gain through selective breeding is a product of the
heritability of a trait and the selection pressure applied over gen-
erations. The selection pressure is related to the extent of pheno-
typic variation and the intensity of selection set by dog breeders.
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CHD scoring systems were introduced to assist dog breeders with
the goal of reducing the prevalence and severity of hip dysplasia in
future generations. The key assumption in any phenotypic scoring
scheme is that successive generations will benefit from the selec-
tion pressure exerted against the trait in their parents and there-
fore, a better phenotype will be produced over time.

Heritability measures the extent to which offspring resemble their
parents for a certain trait. Estimation of heritability uses statistical
techniques to determine the extent to which relatives resemble
each other for a particular trait (Nicholas 2010a). Heritability
ranges from 0-1. If the heritability is 0, it means that relatives
do not resemble each other at all for the trait of interest. Conver-
sely, a trait with heritability of 1 is completely genetically deter-
mined. Traits with heritability less than 0.1 are considered
lowly heritable; 0.2—0.3 moderately heritable and 0.4-1.0 to be
highly heritable (Mackenzie 1985). The practical importance is
that if the heritability is more than 0, then it should be possible
to decrease the prevalence of a particular trait via selective breed-
ing. In general, the higher the heritability, the greater the influ-
ence of genetic effects on the trait and thus the greater the
potential response to breeding selection pressures (Mackenzie
1985; Nicholas 2010a). Heritability for the same trait may vary
from one estimate to another. Estimates may differ due to
sampling variation, the phenotype (method of hip scoring)
being examined, the breed or population involved, the degree
of inbreeding, environmental factors, and the method of calcu-
lation (Mackenzie 1985; Nicholas 2010a).

Historically, depending on the method of evaluation, the esti-
mated heritability of CHD has been found to be >0.22-0.25,
meaning that no less than approximately 22% of the disease is
genetically controlled (Leighton er al. 1977; Fox et al. 1987).
Tables 2—4 provide a non-exhaustive overview of the reported
estimated breed heritabilities based on OFA, FCI and BVA
scoring systems. The heritability estimates in these studies were
performed using a variety of methods such as regression, Bayesian
and/or Restricted Maximal Likelihood analyses. As a general rule,
traits with heritability estimates >0.15 are considered to be under
adequate genetic influence such that sufficient response will be
seen with selective breeding (Wilson ez al. 2011), thus decreasing
the prevalence of the disease. Heritability estimates of previous
studies performed on the OFA, FCI and BVA scoring systems
have generally met or exceeded this level. To the author’s knowl-
edge, there have been no estimates of heritability performed
specifically for dogs scored under the NZVA CHD Scheme,
but, because the NZVA CHD Scheme is based on the BVA

Table 2. Reported heritabilities (h?) for the Orthopaedic Foundation for
Animals hip grading system for canine hip dysplasia, using the hip-
extended radiographic view (subjective scoring system).

Breed h? (SE) No. dogs Study

Bernese Mountain Dog  0.30 (0.04) 4,151 Reed et al. (2000)
Chinese Shar-pei 0.31 (0.05) 3,360 Reed et al. (2000)
English Setter 0.17 (0.05) 3,876 Reed et al. (2000)
German Shepherd Dog  0.22 (0.06) 1,186 Leighton et al. (1977)
German Shepherd Dog 0.43 575 Mackenzie et al. (1985)
0.21 (0.006) 154,352 Hou et al. (2010)
Portuguese Water Dog  0.30 (0.06) 1,337 Reed et al. (2000)
Pooled h? for 17 breeds 0.76 2,716 Zhang et al. (2009)
Pooled h? for 74 breeds  0.22 (0.002) 760,455 Hou et al. (2013)

Labrador Retriever
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Table 3. Reported heritabilities (h?) for the Fédération Cynologique
Internationale hip grading system for canine hip dysplasia, using the
hip-extended radiographic view (subjective scoring system).
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Table 4. Reported heritabilities (h?) for the British Veterinary Association
hip scoring system for canine hip dysplasia, using the hip-extended
radiographic view (semi-subjective scoring system).

No.
Breed h? (SE) dogs Study

Bernese Mountain 0.42 (0.03) 8,221 Malm et al. (2008)

Dog

Bernese Mountain 0.31 (0.06) 1,479 Lavrijsen et al. (2014)
Dog

Estrela Mountain 0.3-0.432 313 Silvestre et al. (2007)
Dog

German Shepherd 0.31-0.35* 10,335 Leppéanen et al. (2000b)
Dog

German Shepherd 0.24-0.26* 21,371 Hamann et al. (2003)
Dog

German Shepherd 0.25 (0.01) 47,730 Stock et al. (2011)
Dog

Golden Retriever 0.17 (0.03) 22,934 Lingaas and Klemetsdal

(1990)
Lavrijsen et al. (2014)
Ohlerth et al. (2001)
Vostry et al. (2012)
Lavrijsen et al. (2014)
Maki et al. (2000)
Malm et al. (2008)
Dietschi et al. (2003)
Lavrijsen et al. (2014)

Golden Retriever 0.18 (0.04) 2,412
Labrador Retriever 0.44 664
0.24-0.29% 3,151
0.10 (0.03) 3,746
0.58 (0.04) 2,764
0.38 (0.02) 14,693
0.26-0.28% 1,372
0.23 (0.08) 788

Labrador Retriever
Labrador Retriever
Rottweiler
Rottweiler
Newfoundland
Newfoundland

2 Heritability value varies with model and method of estimation.

hip scoring system, it is possible to infer the heritability of the
NZVA hip phenotype from the BVA hip phenotype.

While a thorough quantitative genetic analysis of the entire
PennHIP database has not been published, a small number of
studies using the distraction index have been performed. Todhun-
ter et al. (2003) found the heritability of the distraction index in
147 Labrador Retrievers across four generations to be 0.5. A larger
study by Zhang er al. (2009) comprising 2,716 dogs across 17
breeds reported a heritability of 0.61 for the distraction index.
A recent genetic analysis of the distraction index in the Estrela
Mountain dog, using a linear animal model, reported a very
high heritability of 0.83 (Ginja ez 2/ 2008). This estimate was
based only on 215 observations and has an SE of 0.11. As herit-
ability is unique to the phenotype and population in which it is
estimated (Mackenzie 1985), this high heritability estimate
from an atypical breed cannot be directly applied to other breeds.

Effectiveness of the radiological scoring

systems in lowering the prevalence of
CHD

Several authors have commented that despite >40 years of radio-
graphic screening, the prevalence of CHD remains high and have
questioned the efficacy of the schemes or programmes adopted by
the OFA, FCI and BVA (e.g. Leppanen ez a/. 2000a; Verhoeven
et al. 2012). There are somewhat conflicting reports as to the effi-
cacy of the OFA scheme. One evaluation of the OFA database
showed a steady, albeit slow, increase in the proportions of dogs

Breed h? (SE) No. dogs Study
Akita 0.39 (0.053)% 152 Lewis et al. (2013
Bearded Collie 0.46 (0.048)* 350 Lewis et al. (2013
Bernese Mountain Dog  0.36 (0.040)% 450

(

Lewis et al. (2013
Lewis et al. (2013
Wood et al. (2000a)
Lewis et al. (2013)
Wilson et al. (2012)
Lewis et al. (2013)
Lewis et al. (2013)
Wood et al. (2000b)
Lewis et al. (2013)

Border Collie 0.44 (0.033)% 1,008
0.35 (0.049)% 198
0.74 (0.25) 1,258
0.28 (0.032)% 1,121
German Shepherd Dog  0.30 (0.02)° 13,124
German Shepherd Dog  0.35 (0.015)% 3,680
0.40 (0.017)% 5,374
0.20-0.38° 1,152

0.43 (0.062° 175

(2013)
(2013)
Lewis et al. (2013)
(2013)
(2013)

English Setter
Flat-coated Retriever
Flat-coated Retriever

Golden Retriever
Gordon Setter
Gordon Setter

Labrador Retriever 0.34 (0.02) 13,382 Wood et al. (2002)

Labrador Retriever 0.35 (0.016)* 25,243 Lewis et al. (2010)
0.50 (0.018)¢

Labrador Retriever 0.35 (0.02) 25,243  Woolliamsetal. (2011)

Labrador Retriever 0.33 (0.012)* 17,164 Lewis et al. (2013)

Newfoundland 0.49 (0.08) 1,566

Newfoundland 0.46 (0.041)? 478

Rhodesian Ridgeback  0.33 (0.048)% 541

Rottweiler 0.39 (0.028)* 616

Siberian Husky 0.48 (0.038)% 300
( )

0.34 (0.048)% 757

Wood et al. (2000a)
Lewis et al. (2013)
Lewis et al. (2013)
Lewis et al. (2013)
Lewis et al. (2013)

(2013)

Tibetan Terrier Lewis et al. (2013

@ Heritability estimate performed on hip scores transformed onto a logarithmic
scale.

® Heritability estimate study based on the Australian Veterinary Association hip
scoring system, which is similar to the BVA system.

° Heritability value varies with model and method of estimate.

9 Heritability estimate performed on original, untransformed hip score.

graded as excellent and good, whereas proportions of fair and
mild/moderate/severe dysplastic grades significantly decreased
over the period 1989-2003 (Kaneene ef a/. 2009). More recently,
Hou et al. (2013) performed an estimated breeding value (EBV)
analysis on 760,455 hip scores across 74 breeds listed in the OFA
database to evaluate genetic trends between the period 1970-
2009 inclusive. The study found a genetic improvement of 0.1
units of hip score during the study period, which was equivalent
to 16.4% of the phenotypic standard deviation. These values cor-
responded to a 0.52% decrease in incidence of CHD in the study
population. Additionally, the study emphasised that while some
genetic improvement was evident on the basis of the EBV analysis
of the OFA database, there was a variation in the amount of
genetic improvement amongst breeds (Hou ez a/. 2013). These
studies suggest that whilst the OFA system has been effective at
reducing the number of severely affected dogs, there has been
only limited progress towards reducing the overall impact of

CHD.

A genetic evaluation of the effectiveness of the BVA scoring
system in reducing the prevalence of CHD in UK Labrador
Retrievers reported a genetic progress of 0.376 untransformed
(or 0.155 log-transformed) hip score units per annum (Lewis
er al. 2010). This translates to a 1.4% decline year on year or a
13% improvement in hip scores over the 10-year study period.
The authors concluded that this was very minimal progress
against CHD, and was equivalent to only avoiding 15% of the
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worst animals for breeding. More recently, an EBV analysis on
142,287 hip scores across fifteen breeds listed on the BVA
CHD database evaluated the genetic improvement made when
breeding selection was carried out on the basis of phenotypic
scores (Lewis ef al. 2013). Regression of the EBV on the date of
birth revealed that 14/15 breeds exhibited some genetic improve-
ment during the study period. The authors discussed that despite
the significant genetic progress, the extent of improvement was
only small with a 0.13% to 1.98% decline of hip scores per year,
indicating a low selection intensity was employed throughout the
study period (Lewis er al. 2013). To the authors’ knowledge, no
genetic studies have been conducted on the efficacy of the NZVA
CHD scheme at reducing the prevalence of CHD. However, an
evaluation of the phenotypic trend of the NZVA hip scores in
four populous breeds of dogs revealed a small but significant pheno-
typic trend towards an improved radiographic hip conformation in
German Shepherd dogs, but not in the Labrador Retrievers, Golden
Retrievers or Rottweilers (Worth ez 2. 2011). However, the chosen
method of regression analysis based on individual animal hip scores
may have overlooked the genetic gain made in some lines within
breeds, by not evaluating the genetic trend.

Significant selection bias has been reported in the OFA system
with radiographs of normal-appearing hips being 8.2 times
more likely to be submitted by veterinarians than radiographs
that showed the dogs were clearly dysplastic (Paster ez a/. 2005);
a process termed pre-screening. Pre-screening is a criticism of
most CHD scoring schemes and skews the population of scored
dogs by removing the worst-affected individuals (Paster ez al.
2005). Submission of radiographs is voluntary in all but a few
countries. In New Zealand, there is no compulsion to submit
all radiographs performed for the purpose of scoring and, anecdo-
tally, pre-screening does occur. There is also no legal requirement
to hip score dogs that are to be used for breeding. Additionally,
when a lame dog is diagnosed with clinical CHD, a radiologic
score is not captured by any database. Thus, the published
average hip scores are not a true reflection of the disease preva-
lence or severity within a given breed. The quality of radiographs
also has a significant effect on the ability of any assessor to accu-
rately determine a dog’s CHD radiological phenotype. Thus the
credibility of screening methods for CHD using the extended-
hip view is questionable (Verhoeven ez a/. 2009).

The use of radiological scoring methods in countries or breeding
colonies with mandatory scoring programmes has been reported
to be more successful at lowering the prevalence of CHD
(Hedhammar et al. 1979; Swenson et al. 1997; Genevois et al.
2008). In Sweden (which uses the FCI method of hip scoring),
it has been mandatory since 1984 for the hip joint status of
both parents to be published before the Swedish Kennel Club
will register the puppies of that mating. This open registration
and mandatory scoring may have contributed to the observed
improvement in the median score for CHD of several breeds in
Sweden (Swenson et al. 1997).

As previously discussed, the higher the heritability of a trait, the
larger the contribution of genetic factors to the resultant pheno-
type and thus the greater the response to selection (Mackenzie
1985; Nicholas 2010b). While a thorough genetic evaluation of
the PennHIP database has yet to be conducted, preliminary
studies suggest that the PennHIP distraction index phenotype
potentially has a higher heritability than the hip-extended radio-
graphic phenotype and could therefore yield a better response
to selection than the OFA, FCI or BVA phenotypes. This is
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because higher heritability indicates that a larger proportion of
the phenotype is genetically determined and therefore more sus-
ceptible to manipulation by selective breeding to decrease the
prevalence of disease, given adequate selection intensity. At
present, no national veterinary association has adopted the
PennHIP method as the basis for recommendations regarding
the use of breeding stock.

Discussion

The small amount of genetic progress attained using selection of
breeding stock based on individual extended-hip view phenotype
has led several commentators to recommend the use of EBV in
CHD breeding schemes (Hou ez al. 2013; Lewis er al. 2013).
Selection of breeding stock solely on the basis of their individual
phenotypic hip status is not the most accurate method of identi-
fying dogs with superior genes, because for a quantitative trait like
CHD, it is possible for two dogs of identical genotypes to express
very different phenotypes under differing environmental influ-
ences (Lust and Farrell 1977). A dog with phenotypically better
hips may not have better genes for transmission to its offspring
as the favourable hip score may have been a result of a better
environment. Instead of the phenotypic hip score or grade, the
identification of dogs with superior genes is best determined
using EBV. The EBV is a measure of the genetic superiority of
an animal as compared to its counterparts and is calculated
from the phenotypes of the individual, their relatives and pedigree
data (Nicholas 2010a). The EBV is a more accurate predictor of
an individual’s genetic merit because it takes into account the
genetic contribution of superior genes from all relatives (such as
offspring or siblings) as well as any other available information
about the individual in question (Wilson ez al. 2011; Woolliams
et al. 2011). The accuracy of an individual’s EBV increases as
information becomes available from its relatives. EBV confers
greater selection power allowing accelerated genetic gain over
time, compared to using individual phenotypic scores (Lewis
et al. 2010; Keller et al. 2011).

In a population of German Shepherd dogs, selection procedures
based on breeding values were more efficient than selection
schemes based on phenotypic records of parents (FCI hip
scoring) (Janutta ez a/. 2008). In another study, it was estimated
that it would take approximately 44 years to decrease the median
hip score from 10 to 5 if identification of dogs for breeding were
to continue on the basis of the phenotypic selection (BVA hip
scores). In contrast, by utilising an EBV-based selection scheme
to identify dogs with superior genes, it would take approximately
37 years (19% faster) to achieve the same amount of improvement
in the BVA hip scores (Lewis ez /. 2010). Similarly, in a range of
simulated scenarios (e.g. large us. small population; low ws. high
prevalence of CHD), the average genetic gain attained from selec-
tion based on Best Linear Unbiased Prediction (estimated) breed-
ing value was 1.03—1.25 times higher than selection based on
phenotype (FCI hip scores) alone (Malm ez /. 2013). Additionally,
because the accuracy of breeding selection is directly correlated
with the extent of genetic progress, higher selection accuracy will
result in greater genetic improvement towards better hip confor-
mation. This was demonstrated in a study Lewis ez 2/ (2013),
whereby the mean accuracy of selection based on individual or par-
ental phenotype (BVA hip score) was found to be between 1.16 and
1.30, as compared to the higher mean accuracy of 1.44 when



76 New Zealand Veterinary Journal, 2015

selection was made on the basis of EBV (Lewis et 2/ 2013). In a
simulated study population of German Shepherd dogs, breeding
selection based on EBV was up to three times more efficient in
achieving genetic progress than selection on phenotype alone;
however, the study also revealed that an even higher response to
selection was obtained via genomic selection (Stock and Distl
2010). Genomic selection has been shown to be the most superior
method breeding selection, as compared to EBV or phenotypic
selection, in a number of simulated populations (Stock and Distl
2010; Sdnchez-Molano er al. 2014). However, there is only
limited use of DNA marker technology at present (Woolliams
et al. 2011) whilst it is still undergoing further development and
refinement for routine clinical use (see above discussion). There-
fore, in the short term at least, it is the authors’ view that breeding
selection on the basis of EBV remains the next best alternative.

Estimated breeding values can be generated for dogs that have not
been hip scored, as long as they have relatives within their pedigree
that have been previously scored. This allows an EBV-based selec-
tion of breeding stock to be carried out even if not all animals
within the breeding population have been scored. This also
means that utilising the available information from relatives will
allow the EBV of a puppy to be calculated the moment it is born
(Lewis ez al. 2010); this is beneficial as it allows breeders to plan
ahead as well as potentially assisting with the process and progress
of selection. Another major advantage for the utilisation of EBV for
breeding selection is that EBV are corrected for identifiable non-
genetic (environmental) effects which may cause bias on the hip
score (Lewis ez al 2010; Wilson ezl 2011; Woolliams ezal. 2011).

The use of a phenotypic screening test with a higher heritability
than the current extended-hip view phenotype would aid an
EBV scheme for CHD. Although published studies suggest the
heritability of the distraction index is higher than the heritability
of the extended-hip view, only a limited number of genetic ana-
lyses have been performed on the distraction index to date. The
authors are hopeful that a heritability estimate of the distraction
index based on a larger dataset will be available in the near
future, because using a hip phenotype with a high heritability
in an EBV-based selection scheme will likely accelerate the rate
of genetic progress, compared to hip phenotypes with lower
heritability.

Conclusion

Canine hip dysplasia is a multifactorial trait with a moderate to
high heritability. By applying selection pressure appropriately, a
reduction in the prevalence of CHD should be achievable.
Despite many decades of use, selection using traditional radiologi-
cal phenotypic scoring schemes has had only modest success.
Selection of dogs for breeding on the basis of EBV may prove
more effective at reducing the prevalence of CHD than selection
based on individual hip scores/grades. The incorporation of EBV
into selective breeding programmes will also enable genetic trends
to be monitored prospectively and as dynamically as possible in all
populations under selection.
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