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Abstract
Hip dysplasia is a common inherited trait of dogs that results in secondary osteoarthritis. In this article the methods used to uncover
the mutations contributing to this condition are reviewed, beginning with hip phenotyping. Coarse, genome-wide, microsatellite-based
screens of pedigrees of greyhounds and dysplastic Labrador retrievers were used to identify linked quantitative trait loci (QTL). Finemapping across two chromosomes (CFA11 and 29) was employed using single nucleotide polymorphism (SNP) genotyping. Power analyses and preferential selection of dogs for ongoing SNP-based genotyping is described with the aim of reﬁning the QTL intervals to 1–2
megabases on these and several additional chromosomes prior to candidate gene screening. The review considers how a mutation or a
genetic marker such as a SNP or haplotype of SNPs might be combined with pedigree and phenotype information to create a ‘breeding
value’ that could improve the accuracy of predicting a dog’s hip conformation.
Published by Elsevier Ltd.
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Introduction
Canine hip dysplasia (CHD) is a common inherited
orthopedic trait. This joint malformation (dysplasia)
results in instability and subluxation of the hip which ultimately causes erosion of the articular cartilage and synovitis. This secondary osteoarthritis (OA) precipitates the
clinical signs of lameness. The disease aﬀects dogs of all
breeds with diﬀerent prevalence. Breed occurrence, as esti*
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mated by the Orthopedic Foundation for Animals (OFA),
varies widely from 1% to 75%.4
For many years, veterinarians have relied on a phenotypic assessment of the hips of dogs based on radiography
(Lust, 1997). This method of diagnosis can be combined
with a clinical examination to make treatment decisions
but is not a reliable method for eliminating aﬀected dogs
from a breed or for selecting dogs with the most resistant
genetic composition for breeding because hip dysplasia is
a complex or quantitative trait. A quantitative trait locus
(QTL) is a region on a chromosome that contains a gene
or group of genes that inﬂuences the phenotypic expression
of a quantitative trait like hip dysplasia. Particular alleles in
suﬃcient number have to be encoded in a dog’s DNA and
expressed during hip development to produce resistance
4

See: http://www.oﬀa.org/hipstatbreed.html.

98

L. Zhu et al. / The Veterinary Journal 181 (2009) 97–110

or susceptibility to the trait. Environmental or non-genetic
factors then exert their inﬂuence to maximize or minimize
the phenotypic expression of the trait, as observed in pelvic
radiographs in the case of hip dysplasia.
A phenotypically normal dog can carry mutations that
inﬂuence trait expression. Two approaches to the screening
for, and diagnosis of, CHD have evolved over the last 15–20
years, namely, radiographic detection through the development of novel imaging techniques, and genetic mapping
experiments. For a complex trait like CHD, objective hip
measurements are usually correlated with each other at
the phenotypic level (Lust et al., 2001a; Farese et al., 1998;
Puerto et al., 1999; Todhunter et al., 2003a, 2003b, 2003c).
Studies have indicated that the estimates of heritabilities
and breeding values (BVs) derived from a multiple-trait
model, which incorporated both genetic and environmental
correlations, would be more accurate than if estimates were
derived from a single trait (Jiang and Zeng, 1995; Sapp et al.,
2005). More importantly, the genetic parameters estimated
from a multiple-trait model provide the essential parameters
to derive a selection index that integrates the BVs of all the
traits (Ohlerth et al., 2001). Genetic mapping is the process
of locating a region on a chromosome that harbours a
genetic locus that contributes to, or causes, an inherited
trait. Subsequent studies aim to discover the contributing
mutations within those chromosomal regions.
The concept is to ﬁnd the genes that contribute to hip
dysplasia and to use molecular markers near these contributing genes or the genetic mutations themselves to identify
susceptible or resistant dogs. This information is then used
in conjunction with radiographic hip screening on a pedigree to derive BVs that could be applied in breeding programs or registries to reduce the incidence of the trait.
These BVs and genetic marker information could be used
by purchasers of purebred puppies to assess the potential
orthopedic health of the animal. Genetic marker information would be particularly helpful in this context as the purchaser would have no information on the oﬀspring of that
individual.
This paper reviews recent developments in CHD genetic
locus mapping and assesses how phenotypic and genotypic
information can be used to reduce the incidence of this
condition.
Canine hip dysplasia phenotype
Radiology has commonly been used to diagnose CHD.
The technique has been standardized worldwide, although
there is some variation in radiograph evaluation (Flückiger, 2007). There are three (somewhat diﬀerent) international scoring methods: the Fédération Cynologique
Internationale (FCI), the OFA, and the British Veterinary
Association/Kennel Club (BVA/KC) methods. The FCI
scoring method is used in most mainland European countries, Russia, South America, and Asia. The OFA
approach is used exclusively in the USA and Canada,
and the BVA/KC method is used in Britain, Ireland,

Australia and New Zealand. Details of each scoring
method are described by Flückiger (2007).
The North American method of assessing hip conformation is the extended-hip radiographic score of ‘excellent’,
‘good’, and ‘fair’ with ‘borderline’, ‘mild’, ‘moderate’ and
‘severe’ hip dysplasia as developed by the OFA and is one
of the methods used in our studies (Fig. 1). The Norberg
angle (NA) (Gustafsson et al., 1975) is measured from the
ventrodorsal, extended-hip radiograph and ranges from
50° (a subluxated hip) to 123° (a phenotypically unaﬀected
hip) in our database. The maximum amount of lateral hip
laxity is measured as the distraction index (DI) on a radiograph taken in the distraction position (PennHIP) (Smith
et al., 1997). Labrador retrievers with DIs < 0.4 at 8 months
of age have a >80% probability of not developing secondary
hip OA (i.e. were unaﬀected with hip dysplasia). Those
retrievers with DIs >0.7 had a high probability of developing hip OA (Lust et al., 1993). The PennHIP scheme also
requests submission of a ventrodorsal extended-hip radiograph used to assess hip conformation and the presence or
absence of secondary OA. In the absence of trauma, the
presence of secondary hip OA is considered the ‘prior footprint’ of CHD. The dorsolateral subluxation (DLS) score is
the percentage of the femoral head covered by the dorsal
acetabulum with the hips in a natural weight-bearing position (Farese et al., 1998; Burton-Wurster et al., 1999; Lust
et al., 2001a, 2001b). This score ranges from 85% for tighthipped greyhounds in our database to 21% for the most dysplastic dogs. Both the DI and the DLS scores are repeatable
(Farese et al., 1998; Smith et al., 1997).
Additionally, for a group of Labrador retrievers, greyhounds, and their crossbred oﬀspring, reared in a controlled environment, the DLS score and Norberg angle
together better predicted whether an aﬀected hip would
develop OA at early maturity than did the DLS or DI score
or the NA in isolation (Todhunter et al., 2003b). Although
these three radiographic measurements are highly correlated (Farese et al., 1999; Lust et al., 2001a; Todhunter
et al., 2003b), no one of them exactly represents the other
two. One way of integrating these traits measured on the
left and right sides was to derive their Principal Components (PC). For the eight measurements (four traits on both
hips of each dog), there could be eight PCs at most. However, the ﬁrst PC usually contains the most information by
explaining the greatest amount of variation. Another
important feature of PCs is the lack of correlation between
them. The second PC is orthogonal to the ﬁrst and deﬁnes
the next largest amount of variation and is independent of
the ﬁrst PC.
For a subset of 850 dogs in the Cornell hip dysplasia
archive, the ﬁrst four PCs calculated from the eight measurements (OFA score, the DI, the DLS score, and the
NA measures of left and right hips) explained 50%, 16%,
15% and 11% (92% total) of the total variation in the
CHD phenotype, respectively. The highest correlation
was between the DI and DLS score (50%). The second
highest degree of correlation was between the NA and
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Fig. 1. Photographs of hip radiographs illustrating: (A) the extended hips of a normal Labrador retriever used to derive the extended-hip (OFA)
radiographic score and to measure the Norberg angle; (B) the hips of a Labrador retriever with dysplasia taken in the same position; (C) greyhound hips
with excellent conformity used to measure the dorsolateral subluxation score; (D) hips of a Labrador retriever with dysplasia in a similar position to (C)
with subluxation of the femoral head from the medial acetabular wall; (E) the ‘tight’ hip of a greyhound taken in the distraction position to measure the
maximum distraction laxity as the distraction index (DI); (F) a ‘loose-hipped’ Labrador retriever in the distraction position.

OFA score. The ﬁrst PC was the linear combination of all
the left and right hip traits in the direction of unaﬀected
hips. Thus these hip traits taken together describe what
contributes to good hip conformation. The second PC
was composed of the DI and the DLS score (most correlated trait for unaﬀected hips), along with the NA and
the OFA score (most correlated trait for aﬀected hips). This
PC combines information about the tightness of the hip as
represented by the DI and the DLS score with information
about dysplastic hips as derived from the NA and the OFA
score. This suggests that variation in the tightness of the
hip and its conformation together contribute to hip malformation as deﬁned by the second PC.
Canine hip dysplasia genotype
Canine hip dysplasia has been widely studied (Willis,
1989; Lust, 1997) and an incidence of >50% is reported
in some large breeds (Kaneene et al., 1997). Aﬀected dogs
develop OA in other joints in addition to the hip joint
(Lust, 1997; Morgan et al., 1999; Kealy et al., 2000) indicating a primary systemic defect. Hip dysplasia and secondary hip OA is more severe in dogs with rapid growth
rates than in animals on restricted feeding regimes (Kealy
et al., 2000).
Heritability estimates for CHD range from 0.1 to 0.68
(Breur et al., 2002). Heritability, in the narrow sense, is a

measure of the additive genetic variance where the total
genetic variance has both an additive and dominance component. Heritability of quantitative traits varies because
the accuracy with which a trait is measured varies between
studies. Traits assessed in studies with smaller residual margins of error will have a higher heritability. Pedigree relationships can be recorded with diﬀerent degrees of accuracy and
completeness. Where the pedigree is not complete, the heritability is repeatable when multiple measurements are taken.
Otherwise, the heritability would be close to ‘narrow-sense’
heritability (additive genetic variance). For studies with a
large sample size, more parameters such as sex, age, bodyweight, and operator error can be modelled as covariates.
These eﬀects would fall into the residual error if they were
not included as covariates in the analysis and their omission
would lead to the calculation of a lower heritability. Evidence for a major quantitative trait locus contributing to
CHD was found in four independent studies based on variance estimates (Leighton, 1997; Todhunter et al., 2003a;
Janutta et al., 2006) and Bayesian statistical modelling
(Maki et al., 2004). A major locus is generally thought to
contribute about 20% of the total phenotypic variance.
Human hip dysplasia: an analogy
The common phenotypic characteristics of human hip
dysplasia (HD) and CHD are delayed femoral capital
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ossiﬁcation accompanied by hip joint laxity and subluxation (Todhunter et al., 1997; Harcke and Grissom, 1999).
Human hip laxity may be detectable at birth as a palpable
subluxation (positive Ortolani sign) or by dynamic ultrasound (Harcke and Grissom, 1999) whilst the earliest
detection of CHD is at 14 days of age based on necropsy
evidence (Henricson et al., 1966). Predisposing factors for
HD, such as ﬁrst born children, a breech birth and female
gender, have not been associated with CHD. Studies have
found a ‘left-sidedness’ to the human condition, and the
left hip was shown to be more aﬀected than the right based
on the NA in Portuguese water dogs (Chase et al., 2004).
Human hip dysplasia occurs with a frequency of 1–10
per 1000 live births (Henricson et al., 1966; Czeizel et al.,
1975; Cilliers and Beighton, 1990; Weinstein, 1996; Brier,

1999; Evans, 2001). In Denmark, 4151 individuals ranging
from teenagers to the elderly had a 3.4% prevalence of HD.
About 60% and 40% of these cases were bilateral and unilateral, respectively (Jacobsen and Sonne-Holm, 2005).
Genetic predisposition to HD and severe hip OA (Beukes
HD) was found in 47 members of an extended family over
six generations (Beals, 2003). In Italy, the incidence of HD
is high, ranging from 10 to 18.5 cases per 1000 live births,
with a particularly high incidence in the Adriatic region
(Sollazzo et al., 2000).
No candidate genes have been identiﬁed for HD but several studies have investigated its mode of inheritance. An
interstitial duplication of human chromosome 15q24-26
(DUP25) was associated with joint laxity and social phobias in humans (Gratacos et al., 2001; Ventura et al.,

Fig. 2. Flow diagram illustrating the investigative progression from identifying an inherited trait to the identiﬁcation of the underlying polymorphisms
and mutations. *SNP = single nucleotide polymorphism, *QTL = quantitative trait locus.
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2003). This locus was mapped only when the population
was stratiﬁed according to hip laxity suggesting linked loci
or a single locus with a pleiotropic eﬀect. Complex segregation analysis indicated that a two-locus, recessive-gene
model was the most parsimonious hereditary transmission
model in this population (Sollazzo et al., 2000).
Several authors have discussed the relationship between
HD and the early-onset of hip OA (Harris, 1986; Hoaglund
and Healy, 1990; Treble et al., 1990; Beighton et al., 1994;
Weinstein, 1996). Recently, familial OA of the hip joint
associated with acetabular dysplasia has been mapped to
human chromosome 13q (Mabuchi et al., 2006). Consequently, it may be possible to undertake comparative mapping in the dog for a locus or gene that might be identiﬁed
with HD. Alternatively, a locus or gene for CHD might be
used to identify similar genes or pathways that contribute
to the human equivalent. This comparative mapping strategy was recently facilitated by completion of the 7.6X
canine genomic sequence and gene mapping tools like single nucleotide polymorphism (SNP) maps that were
derived from this project.
Coarse genetic mapping
Several factors inﬂuence the chances of detecting a QTL
when present. These include: the size of the QTL eﬀect; the
frequency of the QTL alleles; the density of the genetic
map; the heritability of the trait; the degree of variation
amongst the population; the hidden population structure;
the number of animals studied; and the method of analysis.
Chase et al. (2004) described two QTL for the NA on each
end of canine chromosome (CFA01) and one for secondary
acetabular osteophyte formation on CFA03 (Chase et al.,
2005). This study used a genome-wide screen with microsatellites to identify chromosomal regions linked to
CHD. A ﬂow diagram illustrating the path from a phenotype for an inherited trait such as CHD to the discovery of
gene(s) underlying the condition is shown in Fig. 2. Microsatellites are two, three, or four simple tandem repeat
sequences distributed randomly across the genome that
are highly variable between and amongst populations and
are most often located in non-protein coding DNA. Microsatellite screening sets (MSS) are available for initial
screening of the canine genome or chromosome by chromosome (Clark et al., 2004).
A colony of 210 Labrador retrievers was maintained at
Cornell University for more than 30 years (Lust et al.,
1973) and was used to found a crossbreed pedigree for
mapping the genes underlying CHD in 1994 (Todhunter
et al., 1999; Mateescu et al., 2005). Seven unaﬀected greyhounds (two males and ﬁve females) and eight Labrador
retrievers (four males and four females) with CHD and secondary hip OA were crossed. The crossbreed pedigree consisted of four generations of 159 dogs. Given their intensive
selection for racing performance, the greyhound ‘founder’
animals were assumed to be homozygous for alleles protective against CHD. The dysplastic Labrador retrievers came
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from a population selected to produce families with dysplastic hips and were assumed to be homozygous at the loci
contributing to CHD. The crossbreed pedigree consisted of
four generations (F1  both greyhound and Labrador
retriever founders, F2, and 3=4  3=4 Labrador retriever litters
were bred).
We genotyped 159 dogs from three generations of this
crossbreed pedigree with 240 microsatellite markers distributed in 38 autosomes and on the X chromosome. Hip phenotypes analyzed included the DI, the DLS score, and the
NA on both the left and right sides. We identiﬁed chromosomes 4, 9, 10, 11 (P < 0.01), 16, 20, 22, 25, 29 (P < 0.01),
30, 35, and 37 as harbouring putative QTL for one or more
phenotypes (Todhunter et al., 2005). Several hip phenotypic measures were inﬂuenced by QTL on CFA10, 11,
16 and 22 with alleles that were protective whilst QTL
Table 1
Position of the 428 microsatellite marker set in crossbred dogs.
CFA

Number of
microsatellite
markers

Average
intermarker
interval (cM)

Marker
coverage (%)

Average
PIC

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
X

23
17
19
15
19
13
14
12
14
11
10
15
11
10
9
10
12
11
11
11
9
12
9
11
11
5
11
6
9
9
7
6
8
9
6
5
14
4
10

5.85
4.74
4.94
5.97
4.42
5.98
6.49
6.38
4.65
7.78
7.86
5.57
6.54
6.07
7.25
5.75
6.6
5.7
5.62
5.98
6.76
5.26
5.85
6.65
4.85
8.71
5.08
8.76
5.08
5.21
7.02
6.84
4.82
5.07
5.79
6.02
4.98
8.76
6.18

97.81
81.47
89.42
89.53
84.78
89.29
96.65
89.04
84.59
100
91.36
98.348
95.96
84.24
87.01
78.733
99.05
95
93.59
99.61
99.72
100
86.3
100
89
90.69
98.04
95.51
89.59
99.74
98.24
80.46
93.96
91.22
91.37
88.07
100
91.18
44.49

0.5970
0.6358
0.6924
0.5489
0.5752
0.5808
0.6227
0.5654
0.6399
0.5924
0.5586
0.5289
0.5766
0.6084
0.5295
0.3849
0.5844
0.6803
0.6909
0.5275
0.6859
0.6184
0.4757
0.5963
0.5931
0.6138
0.5730
0.6355
0.6256
0.3257
0.5009
0.5146
0.5510
0.5238
0.4148
0.7018
0.6577
0.3978
0.5667

428

6.098205128

91.10412821

0.5716
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identiﬁed on CFA04, 20, 29, 30 and 35 had alleles that negatively impacted on hip conformation. To further conﬁrm
the intervals containing the QTL, we genotyped the same
dogs at a total of 471 unique microsatellite loci using both
the MSS1 and MSS2 screening sets (Tables 1 and 2). The
peak log of the odds (LOD) ratio score (a test statistic that
measures signiﬁcance of linkage) on CFA29 was 2.8 for the
left NA at 25 centimorgans (cM) (Fig. 3). To reduce the
dimension of correlated phenotypes whilst maintaining
the greatest possible variation, principal component analysis– was applied. Tests of linkage were performed on each
derived PC. The highest LOD of 3.45 was obtained for a
QTL for the third PC at 36 cM on CFA11 (P < 0.01 experiment-wide).
The principal challenge in mapping quantitative traits
lies in unravelling the underlying genes. The identiﬁcation
Table 2
Position of the 284 microsatellite marker set in Labrador retrievers.
CFA

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
X

Number of
microsatellite
markers

Average
intermarker
interval (cM)

Marker
coverage (%)

Average
PIC

15
11
10
10
12
10
6
8
10
7
8
7
7
6
6
7
8
6
7
8
7
8
5
9
6
3
8
5
5
3
6
8
8
10
4
4
4
3
9

8.97
7.332
9.387
8.953
6.994
7.414
13.692
9.571
6.514
10.209
9.821
10.643
10.28
10.108
10.877
8.006
9.988
10.451
8.824
8.218
8.69
7.887
8.074
8.131
8.9
14.51
6.985
9.106
9.138
15.379
8.187
5.129
4.815
4.561
8.679
7.283
8.55
10.591
6.87

98.219
81.455
89.4
89.53
84.768
85.218
87.383
89.047
84.597
89.313
91.372
87.635
95.96
84.236
87.013
76.781
99.875
95
93.621
99.603
99.721
100
66.177
100
89
90.688
98.04
82.778
89.588
98.162
98.244
80.459
93.956
91.222
91.358
71.049
85.495
83.616
44.496

0.6128
0.5778
0.7204
0.4818
0.6149
0.6559
0.6300
0.6147
0.5359
0.6642
0.4980
0.5375
0.5473
0.5527
0.4671
0.3393
0.5450
0.5846
0.7747
0.5365
0.7334
0.6881
0.3247
0.6756
0.6639
0.4672
0.5959
0.5099
0.4962
0.5177
0.5404
0.4926
0.5961
0.6210
0.5194
0.6298
0.5890
0.5376
0.6486

284

8.915820513

88.30961538

0.5728

Fig. 3. Variance ratio proﬁle plot of the left hip Norberg angle across
canine chromosome CFA11 following a genome-wide, microsatellitebased screen on 159 Labrador retriever/greyhound crossbreed dogs. The
variance ratio is shown on the Y-axis for each position where the presence
of a quantitative trait locus (QTL) for the left Norberg angle was tested at
various recombination fractions between every two microsatellite ﬂanking
markers across the chromosome (X-axis in centimorgans (cM)). The log of
the odds (LOD) score at the peak position was 2.8 in this example. The
chromosome-wide thresholds for the F ratio statistic at *(P < 0.01) and
**(P < 0.05) are drawn across the graph. QTL Express software was used
for modelling.

of genes and mutations underlying QTL is problematic,
and one of the major issues is that the mapping resolution
typically achieved is poor after the initial linkage mapping
step. Following linkage analysis that relies on observed
recombinations, conﬁdence intervals of the order of 20–
30 cM containing as many as 500–1000 genes for locating
the QTL are typical. This is due to the limited number of
‘recombinant equivalents’ in the available pedigree material and many QTL eﬀects are likely to reﬂect the combined
action of multiple linked genes. One strategy being
explored to reﬁne the coarse QTL interval in dogs is to take
advantage of historical recombinants by exploiting linkage
disequilibrium (LD).
Single nucleotide polymorphisms for ﬁne mapping
Assuming that a common disease will have mutations
common to many breeds, one approach compares the
QTL that contain the genes contributing to CHD within,
and then across, breeds. Since we now have a canine
SNP map and LD characterization (Sutter and Ostrander,
2004; Lindblad-Toh et al., 2005) canine genetic diversity is
now exploitable to ﬁnd the contributing genes for inherited
diseases. Single nucleotide polymorphisms are single nucleotide variants found within coding or non-coding regions
of genes, or in intergenic regions. Linkage disequilibrium
is the non-random association of alleles at two loci on
the same chromosome. If SNPs are physically very close
on a chromosome, they always segregate together, which
results in complete LD. If the QTL is common across
breeds, the dog population structure enables a two-stage
mapping approach (i.e. ﬁrst within a breed for coarse localization and then amongst breeds for ﬁne mapping) to focus
on a narrow candidate region (Lindblad-Toh et al., 2005).
Such issues are important for complex trait mapping in
which multiple genes contribute to the phenotype. Single
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nucleotide polymorphism chips allow the genotyping of
10–100 fold more genetic markers than were previously
possible with older microsatellite marker technology and
facilitate the mapping of causal genes in much smaller families than was previously possible (Bahlo et al., 2006).
Association mapping, a method of statistically associating a trait measurement or phenotype with a genetic marker (such as an SNP or group of physically linked SNPs
called a haplotype) of complex traits in natural populations
is now feasible with a few hundred cases and appropriate
controls (Lindblad-Toh et al., 2005). If animals are unrelated, the SNP alleles in common and at higher frequencies
are likely to be associated with the trait when compared to
an unaﬀected control population. Using an LD and SNPbased mapping strategy, it was reported that polymorphisms in the insulin-like growth factor-1 gene were
responsible for a major proportion of the variation in size
of Portuguese water dogs and also were a major contributor to diﬀerences in size between breeds (Sutter et al., 2007).
What is the power of a ﬁne mapping strategy with single
nucleotide polymorphisms?
Before embarking on a ﬁne mapping experiment, an
investigator needs to have some assurance that the strategy
will produce meaningful results. For our mapping studies,
we had two available dog populations: (1) animals related
by pedigree (mostly Labrador retrievers, greyhounds, and
their crossbred oﬀspring, German shepherds, and Golden
retrievers); and (2) unrelated animals of various breed
admitted to the Cornell University Hospital for Animals
for hip assessment.
To remove or reduce spurious associations of hip traits
and genetic markers, we accounted for genetic relatedness
amongst the examined dogs for our genetic mapping studies. Since 1992, we have bred over 180 Labrador retrievers
that have DNA and trait data available for genome-wide
screening and ﬁne mapping. Eighteen of these litters have
parents related to the Labrador retriever ‘founder’ animals
of our crossbreed Labrador retriever/greyhound pedigree,
whilst eight litters are unrelated to these founders. These
Labrador retrievers include both aﬀected and unaﬀected
dogs with a wide range in phenotypes as measured by the
DI (0.2–1.2) and DLS (28–75%) score. In addition to a
selection of Labrador retrievers unrelated for at least the
previous three generations, we have acquired Labrador
retriever DNA and phenotype data from a foundation
(Guiding Eyes for the Blind, Yorktown Heights, New
York), which breeds dogs that can be used in disease-marker association studies. Such studies are a powerful alternative to linkage studies for the ﬁne scale mapping of loci
contributing to inherited diseases.
The underlying assumption of this approach is that all
(or at least a majority) of aﬀected individuals share a common ancestor bearing a disease-predisposing mutation.
Descendents of individuals who have inherited the mutation would also be expected to inherit the chromosomal
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region ﬂanking the disease locus (LD mapping) unless
recombination had occurred in previous generations.
Besides access to a population of purebred dogs, acquiring SNP genotypes at a certain density is important for successful genetic mapping of a locus. We simulated SNP
genotypes for the Cornell crossbreed (159 dogs) and Labrador retriever (180 dogs) populations assuming an average
chromosome length of 80 cM and a SNP density every 2
megabases (Mb) (approximately 2 cM) across the chromosome with a given level of LD. The simulated SNP was
assumed to have 50% allele frequency for each of the bialleles and a single QTL (also bi-allele with equal frequency) was assumed on any given chromosome. The association of simulated genotypes and true NAs of Cornell
dogs was analyzed in a mixed linear model. To lower the
false discovery rate and increase the power of QTL detection, pedigree structure was incorporated into the model
to correct for polygenic background eﬀects. At a false discovery rate of 5%, the power to detect a QTL with 5% and
10% contribution to hip phenotype variation, and after
accounting for the non-random background QTL eﬀects,
was 72% and 94%, respectively (Fig. 4).
In general, unless the unrelated population of dogs is
large, it is unlikely that a QTL that contributes <5% to
the variance of CHD will be detected. This likelihood of
detection only increases if the SNP is located in or is totally
linked to the QTL. Therefore, the current Cornell pedigrees

Fig. 4. Association tests between the Norberg angle and 40 simulated
single nucleotide polymorphism (SNP) markers spaced 2 cM apart across
an 80 centimorgan (cM) length chromosome. The strength of association
was measured as the log (1/probability [P]) on the Y-axis for each
individual SNP genotype and the haplotype of two adjacent markers. The
haplotype model considers the contribution of ﬂanking marker genotypes
beginning with the two markers ﬂanking the quantitative trait locus (QTL)
and eventually including the haplotype over multiple markers. Advantages
of haplotype analysis are that interactions amongst QTLs are revealed and
the power of detection for QTLs that are not superimposed on markers is
increased. The threshold for the level of signiﬁcance would be determined
based on the number of association tests. The simulated QTL was located
at 50 cM where the peak is revealed. The additional power to detect the
QTL with the ﬂanking haplotypes compared to the single SNP genotype is
clear. A centimorgan (cM) is equivalent to a megabase (Mb) over short
intervals. The cM is the unit of measurement for a linkage study because
cM is a measure of recombination distance. The Mb is the physical genetic
distance used in a true association study of unrelated dogs where
recombinations are not observed.

104

L. Zhu et al. / The Veterinary Journal 181 (2009) 97–110

Fig. 5. Distribution of P values under the null hypotheses of no
association between the quantitative trait locus (QTL) and the marker
genotype. A broken straight diagonal line drawn in black is expected if
there is no association with the lowest type I error rate, i.e. calling the
presence of a QTL when in fact the null hypothesis of no association
holds. The mixed model with the relationship matrix based on markers
(Marker) is the closest to the expected relationship. The model excluding
background QTLs (Fixed) is the worst relationship. The mixed model with
relationship based on the true Cornell pedigrees (Pedigree) is intermediate.
All the analyses were carried out using the Statistical Analysis System
(SAS) procedures HAPLOTYPE, MIXED and SAS. The SAS procedure
HAPLOTYPE was used to estimate the haplotype probability by
maximum likelihood using the expectation maximization (EM) algorithm.
The procedure MIXED tests for both ﬁxed and random eﬀects (Littell
et al., 1996). To make the polygenic eﬀect a correlated random eﬀect, the
variance and covariance structure was constructed before using the
procedure. A computer programme LORG in the form of a SAS macro
was developed to facilitate the applications. The macro automatically
constructs a SAS dataset that deﬁnes the variance and covariance
structure of genetically correlated random eﬀects. The SAS dataset can
be imported by the SAS procedure MIXED with the option of GDATA or
LDATA.

have strong SNP-based mapping power, and this power
will be maximized if the most phenotypically and genotypically informative dogs are genotyped. The simulation illustrates that genotyping the Cornell dogs at a reasonable
number of SNP loci spaced evenly across the chromosome
gives suﬃcient power to detect a QTL that contributes 5%
to the overall variability of the NA. To assess the mapping
power if the QTL is located between two SNP markers, we
further simulated SNP genotypes over a 20 cM interval at a
SNP density of 0.5 cM (approximately 0.5 Mb) (i.e. a fourfold increase in density compared to the density used to
derive the plot in Fig. 3). Although the power of detecting
a QTL was reduced dramatically if the QTL was located
between two markers, substituting a marker’s genotype
with the haplotype of adjacent markers resulted in the
maintenance of reasonable mapping power. At worst, the
current population has a detection power of 54% and
37% at a 5% false positive rate for a QTL with 10% and
5% contribution to hip phenotype variation, respectively.
The performance of the mixed linear model partially
depends on the quality of estimating the relationship of
background QTLs that aﬀect the additive genetic variance
in the pedigree. A signiﬁcant SNP-marker association in a
pedigree could be a false positive signal if a certain degree
of genetic relatedness exists amongst ‘founder’ animals. To
account for this genetic relatedness and to reduce the false

Fig. 6. Eﬀect of single nucleotide polymorphism (SNP) genotypes on the
distraction index (DI) at 19.6 Mb on CFA11 according to the mixed linear
model association analysis. The AA genotype increases hip laxity
(distraction index is indicated on the Y-axis) and the CC genotype is
protective (decreases the DI).

positive rate, we estimated the relationship for background
QTLs using the 471 microsatellite markers in the combined
Cornell population (Labrador retrievers plus Labrador
retriever crossbreeds). As shown in Fig. 5, the false positive
rate in the mixed linear model that accounted for genetic
relatedness (‘marker’ and ‘pedigree’) was lower than the
model without correcting the relatedness (‘ﬁxed’). Moreover, relationships estimated by genetic markers (‘marker’)
resulted in an even lower false positive rate compared with
that using the true pedigree relationship (‘pedigree’). This
result illustrates that genetic relatedness plays an important
role in correctly identifying QTL. One method to conﬁrm
unrelatedness is to examine pedigrees provided by owners
or use kennel club registration numbers.
Fine mapping with SNPs
Based on linkage analysis, the QTL regions on CFA11
and 29, previously coarsely mapped, have now been further
localized. We narrowed the QTL on CFA11 and CFA29 for
the DI following SNP genotyping (Zhu et al., 2008). Single
nucleotide polymorphism genotyping was undertaken using
the ABI SNPLex method.5 Two-hundred and 57 greyhounds, Labrador retrievers, and their crossbred oﬀspring
were genotyped at 111 and 171 SNP loci under the QTL
peak region on CFA11 and CFA29 (Todhunter et al.,
2005), respectively. Of these SNPs, 106 and 157 were informative on CFA29 and 11, respectively. Multipoint linkage
analysis was undertaken using a Bayesian approach implemented in LOKI (Shmulewitz and Heath, 2001). LOKI is
a reversible jump Markov Chain Monte Carlo (MCMC)
linkage analysis method that takes whole pedigree information into account and allows for multiple QTLs that may
contribute to the trait. The method also corrects for multiple
hypothesis testing. The Bayes factor (the ratio between the
posterior probability that a QTL signal is real or is due to
chance alone) is reported along the chromosome. This soft5

See: http://www.products.appliedbiosystems.com.
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ware implements a linkage method, but it has enabled the
QTL interval for the DI on CFA11 and 29 to be reﬁned
10-fold compared to microsatellite-based linkage model
software (QTL Express) used for our coarse mapping.
Signiﬁcant evidence for linkage (Bayes factor of 18) of
QTL contributing to the DI between 16.2 and 21 cM on
CFA11 with a 95% posterior probability (19.1–20.1 cM
with 99% posterior probability) was found, which
explained about 15% (left hip) and 18% (right hip) of the
total variance in the DI, respectively. The QTL for the
DI on CFA29 was 20.1–21.0 cM (99% posterior probability interval). When CFA11 and 29 were analyzed simultaneously, the signiﬁcance of QTL was reduced on CFA29
but remained strong on CFA11. These results indicated
that genes within the QTL on CFA11 and CFA29
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informed the left and right DI, thereby contributing to
CHD. We discovered a haplotype of 10 SNPs within this
QTL on CFA11 at approximately 20 Mb that segregated
with CHD. We sequenced aﬀected (i.e. animals with a
DLS score < 45%, a DI > 0.7, a NA < 90°, or an OFA
score of moderate or severe CHD) and unaﬀected dogs
(i.e. animals with a DLS score > 55%, a DI < 0.4, a
NA > 108°, or OFA scores of excellent or good). Genotyped dogs were unrelated back at least three generations.
An association test at this SNP showed the homozygous
mutant (aﬀected) SNP genotype increased the DI by 0.2
units (thus worsening the hip laxity) compared to the
homozygous normal (unaﬀected) genotype (Fig. 6).
We reasoned that further reﬁnement of the QTL location would reduce the number of candidate genes to be

Fig. 7. The impact of a sampling approach based on inbreeding coeﬃcient (a) and kinship (b) for pairs of dogs sampled. In the inbreeding coeﬃcient
graph (a), the light histograms (sent) were the result of human eﬀorts to maximize phenotype diversity in 82 dogs selected for single nucleotide
polymorphism (SNP) genotyping. The dark histograms (computer-aided) resulted from the strategy to maximize phenotypic and genetic diversity of 82
dogs sampled from the same population based on a computer algorithm. The sample from human eﬀorts to maximize diversity resulted in 37 dogs with a 0
inbreeding coeﬃcient. The computer algorithm sample resulted in 58 dogs with a 0 inbreeding coeﬃcient. The kinship graph (b) shows kinship plotted as a
function of each pair of 82 dogs. Kinship is the probability that two individuals will share an identical allele by descent. For 82 dogs, 3321 [(82  81)/2]
pairs of dogs are possible. The human eﬀort and computer-aided approaches are shaded light and dark, respectively. It is clear that the kinship and
inbreeding coeﬃcients were greatly reduced using the computer-aided approach.
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considered. Saturation of the 95% probability interval surrounding the QTL already identiﬁed on CFA11 and 29
with additional SNP genotypes was the next strategy. To
undertake this reﬁned QTL localization, we selected one
SNP approximately every 45 Kb on CFA11 and CFA29
within the QTL identiﬁed in the multipoint linkage analysis. We maximized the number of Labrador retriever SNPs.
If possible, at least one SNP within the boundaries of each
gene in our target regions was selected which totalled 1584
SNPs. By breed, these SNPs represented 31% Boxer, 26%
Poodle, 5% Labrador retriever, 4% German shepherd,

and the remainder miscellaneous breeds. Amongst the
504 genes in our target regions, 275 SNPs were selected.
The remaining genes had no intragenic SNPs. An additional 75 SNPs were selected as negative controls. We were
able to identify 96% of the SNP genotypes in a preliminary
group of 85 dogs.
Selection of dogs for ﬁne SNP mapping
We have accumulated DNA and hip radiographic measurements on over 1800 dogs. We estimate that at least 20

Fig. 8. The impact of the computer-aided sampling approach on phenotype distribution (X-axis) amongst the frequency of sampled dogs (Y-axis). The
phenotype distribution for the left distraction index (DI) (a), left dorsolateral subluxation (DLS) score (b), and left Norberg angle (NA) score (c) is shown.
The dark histograms resulted from human eﬀort to maximize phenotype diversity for 85 dogs whilst accounting for genetic unrelatedness of the ﬁrst 85
dogs chosen for dense single nucleotide polymorphism (SNP) genotyping. The light histograms resulted from a computer-aided dog selection method.
Intermediate shading indicates overlap. It is clear that the computer-aided approach resulted in greater phenotypic diversity, which should result in
maximum mapping power amongst the dogs available for genotyping. The frequency is the proportion of all dogs with each phenotype group
measurement.
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dogs per breed on each end of the hip conformation spectrum (trait measures as described above) would need to be
genotyped to have adequate mapping power. An approach
to identify those dogs at the phenotype extremes and unrelated back at least three generations was developed. The
approach diversiﬁed the sampled dogs for their predicted
genetic value in a mixed linear model. The genetic values
were based on multiple hip measurements over time with
adjustments based on age, sex, and bodyweight. All dogs
were evaluated simultaneously by a numerator relationship
calculated from pedigree. Dog selection based on phenotype used the PCs of the DI, the DLS score, and the NA
weighted by their eigenvalues.
The ﬁrst 85 dogs SNP genotyped as described above
were selected by eye for low relatedness and phenotypic
extremes. By comparison, the software-based selection
strategy to improve the phenotypic and genetic information amongst genotyped dogs signiﬁcantly reduced genetic
relatedness (Fig. 7) and increased phenotypic diversity
(Fig. 8). This analysis indicated that algorithms that maximize phenotypic and genetic informativeness are superior
to manual selection. Using these algorithms, 500 additional
dogs were selected for genotyping at SNP loci across multiple chromosomes using Molecular Inversion Probe (MIP)
technology on the Aﬀymetrix platform.6 This investigation
is ongoing.
Candidate genes that may contribute to hip dysplasia
Once the region is narrowed using SNP genotyping on
the most informative dogs available, screening of mutant
candidate genes within the interval of about 1–2 Mb is carried out. Genes implicated in HD and in diseases of ﬁbrous
connective tissue and chondroepiphyses would be candidates. Mutation identiﬁcation through direct sequencing
of candidate genes from genomic DNA and the predicted
eﬀect on amino acid composition of the protein between
aﬀected and unaﬀected dogs would be considered evidence
that these genes contributed to CHD. Genes of unknown
function within the interval must also be candidates. Hormonal eﬀects on expression of matrix genes and turnover of
their encoded proteins must also be considered. Examples
include relaxin, oestrogen, testosterone and their receptors
(Goldsmith et al., 1994).
In addition, temporal expression of developmental genes
should be given consideration because examination of gene
expression at a single time point or at the wrong developmental stage will result in a false negative result in terms
of the candidate gene’s eﬀect. To be functional, candidate
genes must be expressed in the hip joint capsule, coxofemoral chondroepiphyseal cartilage, round ligament of the
femoral head, or in bone. Recent studies demonstrate that
a trait-associated mutation might also occur in intragenic
non-coding regions such as regulatory sequences (Karlsson
6

See: http://www.aﬀymetrix.com/technology/mip_technology.aﬀx.
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et al., 2007). We can expand our complete sequencing of
the regulatory regions to identify haplotypes and test the
association between the polymorphic haplotypes and trait
variation.
Breeding values, genotypes, and hip dysplasia susceptibility
Selection methods in North America to reduce the prevalence of CHD have been based on radiographic hip
screening, semi-open and closed hip registries, and organized breeding programs (Ohlerth et al., 1998; Wood
et al., 2000a, 2000b). Through these breeding strategies,
CHD was shown to be heritable, and selection reduced
the prevalence of CHD (Swenson et al., 1997). For example, the prevalence of CHD amongst German shepherd
dogs at 12–16 months of age decreased from 55% to 24%
after ﬁve generations of selection (Swenson et al., 1997).
Amongst Labrador retrievers, this prevalence decreased
from 30% to 10% (Leighton et al., 1977; Leighton, 1997).
For lowly heritable traits, selection accuracy could be
low because most selections were based on phenotype,
which is only eﬀective for highly heritable traits. A preferable selection option for breeders and purchasers would be
based on individual genetic values, termed BVs. A BV is
usually predicted by using a mixed linear model and is also
called the best linear unbiased prediction (BLUP). Implementation of BLUP was enhanced by methods of variance
component estimation, such as restricted maximum likelihood (Patterson and Thompson, 1971). Variance components due to additive genetic and residual eﬀects were
estimated, and the heritability for CHD was derived in
Finnish Rottweilers (Maki et al., 2000). The mean BV over
a 10 year period clearly indicated genetic improvement.
The BVs for each dog and its accuracy were calculated
for the PCs of the DI, the DLS score, the NA, and the
OFA hip score measured on the left and right hips of
2716, mostly Labrador retrievers. The hip phenotypes of
these animals were accumulated from closed breeding colonies at the Baker Institute for Animal Health at Cornell,
the Guiding Eyes for the Blind, and the Cornell University
Hospital for Animals. A dog with higher accuracy tends to
have higher BVs on the ﬁrst PC, which is the sum of the
four traits measured on both sides. Breeding value accuracy was estimated as the square root of (1- PEV/r2a ), where
PEV is the error variance of predicted BVs and r2a is the
additive genetic variance.
To calculate our BVs, the directions of the DI and OFA
scores were reversed as better hip conformation is indicated
by lower DIs and lower OFA scores and by higher DLS
scores and NAs, respectively. Therefore, a larger BV indicated better hip conformation. The mean and standard
deviation of the BV for the ﬁrst PC were 0.75 and 1.42.
Dogs with an accuracy of >0.75 had an average BV of
0.87, whereas those with an accuracy of 0.5–0.75 had an
average BV of 0.65. The dogs with accuracy of <0.5 had
an average BV of 0.19. The distribution of BVs and accuracy for the ﬁrst PC is illustrated in Fig. 9. This indicates
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Fig. 9. The distribution of the breeding value and accuracy on the ﬁrst principal component calculated from the distraction index, the dorsolateral
subluxation score, the Norberg angle, and the Orthopedic Foundation for Animals type-hip score measured on the left and right hips. The breeding values
and accuracy (three accuracy groupings of 0.75–1.0, 0.5–0.74 and 0–0.5 are listed at bottom left of the graph) were calculated for 2716 dogs (1888 were
phenotyped). For the remainder, only the genetic relationships were used in the calculations. The dogs with the highest breeding values had the broadest
trait distribution, enabling the best discrimination (highest accuracy) between dogs for breeder selection and purchase.

that positive selection occurred in the population (many
dogs were from the ‘Guiding Eyes for the Blind’ colony)
as more siblings and progeny were produced from dogs
with higher BVs and higher accuracy than were produced
from dogs with lower BVs.
Table 3 details the BVs and accuracy for dogs with the
best and worst hip conformations. As genetic markers
became available for QTL detection, the selection based
on BLUP was developed into a marker-assisted selection
(MAS), which was shown to be superior to selection using
BLUP alone (Zhang and Smith, 1992, 1993). Such genetic
markers will be available to assess CHD susceptibility and
resistance in the future and may supplant the use of radiological examination.
Table 3
Details of the ‘best’ and ‘worst’ ten male dogs as scored by the breeding
value (BV) on the ﬁrst principal components calculated from the
dorsolateral subluxation score, the Norberg angle, and the Orthopedic
Foundation for Animals type-hip score measured on the left and right
sides. The screening criteria also included an accuracy of >0.75. This
method identiﬁed the dogs with the best and worst hip conformation,
which would enable discrimination between oﬀspring prior to phenotyping
or breeding.
Worst hip
Dog
A
B
C
D
E
F
G
H
I
J
a

Best hip
BVa
4.724
4.724
4.58
4.58
4.444
3.063
3.063
1.967
1.857
1.954

Accuracy

Dog

BV

Accuracy

0.85
0.85
0.85
0.85
0.88
0.85
0.85
0.89
0.85
0.97

K
L
M
N
O
P
Q
R
S
T

2.946
2.946
2.955
2.979
2.982
2.993
3.004
3.008
3.016
3.179

0.88
0.88
0.88
0.89
0.89
0.88
0.88
0.88
0.88
0.88

BV = Breeding value.

Conclusions
The accuracy diagnosis of CHD in immature and
young, mature dogs varies depending on the radiological
and clinical methods used (Lust et al., 2001a, 2001b; Smith
et al., 1997). False negative diagnoses occur when the traditional OFA radiographic projection is applied, whereas
false positive diagnoses can occur with other methods like
the use of DI. Furthermore, radiographs are insensitive in
the detection of mild OA in the hips of aﬀected dogs. This
presents veterinarians with practical diﬃculties both in
terms of making an accurate diagnosis and in treatment
decisions when dealing with growing dogs with potential
CHD. Identifying QTL that either protect against or
increase the risk of CHD would lead to the creation of
genetic marker tests that would improve both diagnosis
and prognostic advice.
The long-term goal is to reduce the frequency and severity of CHD and the eﬀects of secondary hip OA. Identifying the mutation(s) causing CHD would enhance our
understanding of the biochemical mechanisms that underpin this disease and, ultimately, lead to more eﬀective treatment and prevention strategies. Until all the detectable
genes that contribute to, or protect against, CHD are identiﬁed in a breed, veterinarians and breeders will need to
combine accurate phenotype screening and BVs and subsequently include genetic testing to provide the best service to
their clients.
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