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Canine hip dysplasia is a common inherited devel-
opmental orthopedic disease of medium- and large-

breed dogs that is characterized by various degrees of 
laxity and incongruity in the hip joint. Canine hip dys-
plasia is a polygenic or complex trait, the underlying 
molecular genetic basis of which is unknown. On the 
basis of population genetic analyses, it is suspected that 
a few major QTLs, with minor contributions from oth-
ers, likely contribute to the CHD phenotype.1 Twelve 
putative QTLs have been discovered that may contrib-
ute to the dysplastic phenotype within a Labrador Re-
triever–Greyhound crossbreed pedigree.2 On the basis of 
genome-wide significance thresholds, QTLs on each end 
of canine chromosome CFA01 were identified that con-
tributed separately to the left and right Norberg angle in 
a kindred of Portuguese Water Dogs.3 One challenge at 
present is to discover the genes and their mutations that 
exist within these QTLs and contribute to CHD.

Hip joint osteoarthritis has generally been considered 
to be an inevitable sequela to CHD and, in the absence of se-
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Objective—To evaluate the quantitative inheritance of secondary hip joint osteoarthritis in 
a canine pedigree.
Animals—137 Labrador Retrievers, Greyhounds, and mixed-breed dogs.
Procedures—Necropsy scores ranging from 0 to 4 were obtained for each hip joint. Seven 
unaffected Greyhounds with normal hip joint conformation were also used for genetic 
modeling, but were not euthanized. Sixty-six male and 71 female dogs were allocated to 2 
groups (≤ 12 months of age and > 12 months of age). Statistical models were developed 
to establish the inheritance pattern of hip joint osteoarthritis that developed secondary to 
hip dysplasia.
Results—62 dogs had evidence of osteoarthritis in a hip joint, and 75 had no evidence of 
osteoarthritis. After sex was adjusted for, the necropsy score was found to be inherited 
additively but without dominance. Each Labrador Retriever allele increased the necropsy 
score by 0.7 to 0.9 points, compared with the Greyhound allele, and male sex increased the 
necropsy score 0.74 over female sex. Approximately 10% of the variation in necropsy score 
was attributable to the litter of puppies’ origin.
Conclusions and Clinical Relevance—Because secondary hip joint osteoarthritis is 
inherited additively, selection pressure could be applied to reduce its incidence. Similar 
statistical models can be used in linkage and association mapping to detect the genes in 
the underlying quantitative trait loci that contribute to hip joint osteoarthritis. (Am J Vet Res 
2007;68:35–41)

Abbreviations
QTL	 Quantitative	trait	locus
CHD	 Canine	hip	dysplasia
EHR	 Extended-hip	radiograph

vere traumatic injury to the hip joint, has been considered 
to be diagnostic for antecedent CHD. In a dysplastic hip, 
poor hip joint congruity and subluxation lead to abnor-
mal focal loading and stress on articulating surfaces.4 This 
leads to perifoveal articular cartilage erosion, capsular and 
round ligament thickening, and synovial effusion and sy-
novitis. These early changes are undetectable radiographi-
cally but can be clinically important and lead to signs of 
joint pain and physical disability. Dysplastic dogs often de-
velop lameness and gait abnormalities from 3 to 8 months 
of age. Subchondral sclerosis and osteophyte formation de-
velop later in the progression of disease.5,6 Development of 
these more advanced lesions is necessary for radiographic 
diagnosis of osteoarthritis secondary to antecedent CHD. 
Unfortunately, the radiographic alterations consistent with 
hip joint osteoarthritis develop late in disease progression 
and are therefore less than ideal for use in guiding selective 
breeding programs. Also, a dog’s phenotype does not al-
ways reflect the underlying genotype; a nondysplastic dog 
may carry 1 or more alleles that promote CHD or second-
ary osteoarthritis and could therefore produce dysplastic 
offspring. Nongenetic or environmental influences may 
contribute some variation in the expression of secondary  
osteoarthritis, which can be exacerbated by obesity and 
rapid growth.5–9
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Some breeds of dogs may tolerate passive hip joint 
laxity better than other breeds.10,11 Dogs of certain breeds 
develop radiographically apparent hip joint osteoarthritis 
in association with CHD more quickly than dogs of other 
breeds.10 Molecular genetic evidence for this breed effect 
on development of secondary hip joint osteoarthritis is 
beginning to emerge. A QTL for acetabular osteophyte 
formation secondary to CHD in Portuguese Water Dogs 
was detected on the CFA03 chromosome.12 Abnormal 
mechanical loading associated with the severity of hip 
joint subluxation during ambulation is likely responsible 
for some of the variation observed in severity of second-
ary hip joint osteoarthritis. However, this finding in Por-
tuguese Water Dogs suggests that there may be QTLs that 
regulate the severity of secondary hip joint osteoarthritis 
that are separate from or interact with those that regulate 
expression of CHD. Identifying the molecular genetic ba-
sis of both CHD and secondary osteoarthritis will provide 
a foundation for understanding the link between the 2 
conditions.

Several authors have discussed the relationship be-
tween hip dysplasia and early-onset hip joint osteoar-
thritis in humans.13–17 The 2000 NIH conference report 
on osteoarthritis stated that in humans, osteoarthritis 
appears to be strongly genetically determined; genetic 
factors account for at least 50% of the variance in cases 
of osteoarthritis of the hands and hip joint.18,19 Sus-
ceptibility loci for human hip joint osteoarthritis have 
been mapped to several chromosomes with various lev-
els of statistical support.20,21 Recent evidence suggests 
that polymorphisms in signal transduction genes or 
transcriptional regulatory sequences are a major route 
through which osteoarthritis susceptibility is expressed 
locally in the joint.21

Quantitative (ie, complex) traits such as CHD and 
hip joint osteoarthritis are regulated by alleles at loci 
that act additively, and some alleles may also have dom-
inance. In a Labrador Retriever–Greyhound pedigree, 
the inheritance pattern of the distraction index was 
determined to be additive, and the inheritance pattern 
of the dorsolateral subluxation score was both additive 
and dominant.22 Knowledge of the inheritance pattern 
will enable the optimum statistical approach to be used 
for mapping the QTL regulating hip joint osteoarthritis 
in dogs and for identifying the genes within the QTL. 
The aim of the study reported here was to establish the 
inheritance pattern of hip joint osteoarthritis in Lab-
rador Retrievers, Greyhounds, and their crossbred off-
spring in an experimental pedigree.

Materials and Methods

Pedigree—A pedigree was constructed for linkage 
analysis of CHD and hip joint osteoarthritis by mating 
dysplastic Labrador Retrievers with unaffected Grey-
hounds.22–24 The 8 founder Labrador Retrievers (5 
males and 3 females) were from a colony maintained at 
the Baker Institute for Animal Health. All but one of the 
Labrador Retrievers were dysplastic on the basis of EHR 
findings at 2 years of age. One Labrador Retriever had 
fair hip conformation. The 7 founder Greyhounds (2 
males and 5 females) were acquired from racing stock; 
all had good to excellent hip conformation on EHRs 
obtained at 2 to 3 years of age. Greyhounds were used 

in the study because the breed is one of the few breeds 
in which hip joint conformation is consistently excel-
lent.25 The hips of 7 offspring of 2 of those Greyhounds 
were categorized as unaffected and included in the ge-
netic analysis despite the fact that their hips were not 
evaluated grossly (those dogs were not euthanized). 
Dogs from the first filial generation (F1) were bred back 
to Greyhounds and Labrador Retriever parents of other 
F1 litters or were intercrossed.22,24 In addition to the 
crossbreed pedigree, Labrador Retrievers that were re-
lated to the cross pedigree founders were also included 
in genetic analyses. The environment was standardized, 
and the dogs were fed to maximize growth. The study 
was approved by the Cornell Institutional Animal Care 
and Use Committee.

Assignment of necropsy score—All crossbred dogs 
not retained for breeding and not adopted were eutha-
nized at 8 months of age or older with an overdose 
of pentobarbital sodium administered IV. Large-breed 
dogs are skeletally mature at 8 months of age; although 
8 months of age may be too early for development of 
radiographic evidence of osteoarthritis, it is a reason-
able age for detection of early soft tissue changes and 
cartilage lesions. In a previous study,26 it was found that 
all dogs with dorsolateral subluxation scores < 42% (ie, 
with increased hip joint subluxation) had perifoveal 
cartilage lesions by 8 months of age. Sex and age at 
necropsy were recorded, and dogs were allocated to 1 
of 2 age groups (≤ 12 months and > 12 months). Cat-
egories used for calculating necropsy scores have been 
described.26 Osteoarthritic hip joints have increased 
synovial fluid volume, increased volume of the round 
ligament of the femoral head, and perifoveal articular 
cartilage fibrillation.

The hips were removed en bloc, stored on ice, and 
evaluated within 2 hours of euthanasia. The synovial 
fluid in each hip joint was aspirated. After joints were 
opened, any additional synovial fluid was obtained from 
the hip joint and the volume of synovial fluid recorded. 
Less than 0.3 mL of synovial fluid can be aspirated from 
healthy hip joints.27 If the synovial fluid volume was 
≥ 0.3 mL, the joint was assigned a score of 1; if ≤ 0.3 
mL was aspirated, the joint was assigned a score of 0. 
The round ligament of the femoral head was excised in 
toto, and its volume was measured by means of water 
displacement. The displacement volume of a healthy 
round ligament in Labrador Retrievers is approximately 
0.7 mL.4 Joints with a round ligament volume > 0.7 mL 
were assigned a score of 1; a score of 0 was assigned 
if the volume was ≤ 0.7 mL. The perifoveal articular 
cartilage was assessed for gross evidence of fibrillation 
or ulceration. If the area of fibrillation was ≤ 0.5 X 0.5 
cm, the cartilage was assigned a score of 1; if the area of 
fibrillation was ≥ 0.5 X 0.5 cm, the assigned score was 
2; and if there was no lesion, the cartilage score was 
0. Because articular cartilage fibrillation is a pathogno-
monic finding for osteoarthritis and because synovial 
fluid and round ligament volume measurements are 
more difficult to measure accurately, the finding of car-
tilage injury was given a higher weight, compared with 
the other variables. Joints were assigned a total score by 
addition of individual category scores. The maximum 
possible score for a joint was 4.
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Genetic modeling—A statistical model was de-
veloped to establish the contribution of each founder 
breed (Labrador Retriever and Greyhound) and cross-
bred groups (F1, F2, and F1 backcrosses to Labrador 
Retrievers [BCL dogs], F1 backcrosses to Greyhounds 
[BCG dogs], and intercrosses between 2 BCL dogs) to 
development of hip joint osteoarthritis. This model 
attributes to each breed the proportion of genes (as a 
continuous variable) derived from Labrador Retriev-
ers, Greyhounds, or F1 dogs according to previously 
described methods.22 The coefficient of the additive ef-
fect is the difference between the expected proportion 
of GG (Greyhound) and LL (Labrador Retriever) loci, 
whereas the coefficient of the dominance effect is the 
expected proportion of GL loci. For ease of calculation, 
the F1 genotype was assigned the value of 0, the GG 
genotype was 1, and the LL genotype was –1. The ge-
netic model thus incorporated a built-in contrast be-
tween the GG and LL genotypes that allowed their rela-
tive contribution to an additive and dominance mode 
of transmission to be tested simultaneously.22

The genotype effect was analyzed by further divid-
ing the model into a left-right 2-trait model that incor-
porated observations of the left and right hips simultane-
ously as dependent variables and a single-trait model that 
combined observations from the left and right sides into 
a single variable. In the single-trait model, there were 3 
possible dependent variables: the mean and the maximum 
and minimum observations on either the left or right side. 
Both of the statistical models can be described in the same 
format according to this equation:

y = Xβ + Zu + Wv + e

where y is the vector of observations (necropsy 
score); β is an unknown vector containing the fixed 
effects of sex, side, age at necropsy, additive effect, 
and dominance; u is an unknown vector of random 
additive genetic effect of the dog litter; X, Z, and W 
are the known design matrices; and e is the unob-
served vector of random error. U, v, and e vectors are 
assumed to be normally distributed with mean and 
variance as follows:

where G =                      ⊗A in the 2-trait model or G =

       A in the single-trait model, 

                         

 

T=                                     , and R =                                 .

Operator ⊗ is the direct product of matrices, also called 
the Kroneker or Zehfuss product; 2

aó  is the additive ge-
netic variance; 12ó  is the additive genetic covariance; A 
is the relationship calculated from the pedigree by use of 
the tabular method; and iD  is a square matrix with ele-
ments of ones as follows: 

                                             and i = 1 to m,

where m is the number of the litter. The dimension of 
iD  is ni by ni, and ni is the number of observations in 

the ith litter. Values of P < 0.05 were considered signifi-
cant. The measurements of necropsy score were ana-
lyzed with a mixed linear model.a The additive genetic 
variance and residual variance components were esti-
mated with the ridge-stabilized Newton-Raphson algo-
rithm for restricted maximum likelihood estimation.28

Results

Dogs and osteoarthritis—The hip joints of 130 
dogs were grossly assessed at necropsy and were includ-
ed in analyses (trait information was unavailable for 2 
right hips); 7 dogs’ hips were not assessed at necropsy 
but were included in the analysis, for reasons described 
previously. Sixty-six dogs were male, and 71 dogs were 
female. Ninety-two dogs were ≤ 12 months of age, and 
45 dogs were > 12 months of age. Mean ± SD age at 
necropsy for unaffected dogs was 13 ± 9.7 months, with 
a range of 8 to 84 months; age at necropsy for affected 
dogs was 19 ± 12.8 months, with a range of 8 to 60 
months. The distribution of dogs by breed and num-
ber affected in each breed was summarized (Figure 1). 
Sixty-two dogs had evidence of hip joint osteoarthritis, 
and 75 had no evidence of osteoarthritis. Sixteen of 22 
Labrador Retrievers, 11 of 28 F1 dogs, 7 of 14 F2 dogs, 
9 of 25 BCG dogs, 17 of 37 BCL dogs, and 2 of 2 BCL 
X BCL dogs had osteoarthritis in at least 1 hip joint; 
none of the 9 Greyhounds had evidence of hip joint 
osteoarthritis. The distribution of dogs by presence or 
absence of hip joint osteoarthritis, sex, and hip side was 
summarized (Table 1).

Because of the young age of the dogs, there were few 
hips with severe osteoarthritis (Figure 1). Of the 62 dogs 
with hip joint osteoarthritis, 21 dogs (approx 15%) were 
unilaterally affected. Twelve dogs were affected only in 
the left hip joint, 9 dogs were affected only in the right 
joint, and 41 dogs were bilaterally affected. Fifteen of the 
21 unilaterally affected dogs were ≤ 12 months of age. 
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Table 1—Numbers of dogs of each sex and affected hip joint (left 
and right) according to necropsy score among 137 dogs (172 hip 
joints) evaluated for CHD and hip joint osteoarthritis. Necropsy 
scores were assigned on the basis of gross findings at necropsy 
and ranged from 0 to 4. For summary purposes, necropsy 
scores are given as 0 (unaffected) or > 0 (affected with hip joint 
osteoarthritis). 

Variable	 Necropsy	score	=	0	 Necropsy	score		0

Sex	 Male	 Female	 Male	 Female
Left	 30	 54	 36	 17
Right	 32	 53	 32	 18
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Only 5 of 21 (24%) dogs had a necropsy score > 1; of 
those, 3 were older than 12 months. The mean necropsy 
score for the younger unilaterally affected dogs was 1.13, 
and mean necropsy score for unilaterally affected dogs 
older than 12 months was 2.4.

Inheritance of the necropsy score—Approxi-
mately 10% of the variation in necropsy scores was at-

tributable to the litter of origin. The litter variance was 
similar across all models tested. However, the left-right 
2-trait model had the most power to detect genetic vari-
ance at 0.29 ± SE = 0.26 (Table 2). After adjusting for 
fixed effects, the necropsy score was inherited with a 
significant additive genetic component and with no 
dominance in all models tested. Sex was a significant 
variable in all models (Table 3). Being male increased 

Figure 1—Histograms depicting the number of dogs affected and unaffected with 
osteoarthritis by breed (top panel) and the number of right and left hip joints affect-
ed by necropsy score (bottom panel) among 137 Greyhounds, Labrador Retrievers, 
and crossbreds. In the top panel, affected dogs are depicted by the dotted bars 
and unaffected dogs are depicted by the solid bars. In the bottom panel affected 
left hip joints are depicted by the striped bars and affected right hip joints are de-
picted by the dotted bars. L=Labrador Retriever. G = Greyhound. F1 = First filial 
generation. BCG = Backcross to the Greyhound (F1 X G). BCL = Backcross to the 
Labrador Retriever (F1 X L). F2 = F1 X F1. INT = Intercross (BCL X BCL).

Table 2—Estimate ± SE values of variance components for necropsy scores in the 
same 137 dogs as in Table 1.

Variable	 Left-right	 Mean	 Max	 Min

Genetic	variance		 0.29  0.26           0.04	 0.19 –0.02  0.2 0.04  0.17
Covariance	 –0.04		0.14	 NA	 NA	 NA
Residual	variance	 0.64  0.17           0.68  0.14         1.04  0.2 0.58  0.12
Litter	variance	 0.10  0.07           0.10  0.10 0.08  0.1 0.12  0.10
Heritability	 0.28 0.04 0 0.05

Left-right	 =	 Left-right	 2-trait	 model.	 Mean	 =	 Mean	 value	 for	 both	 hips.	 Max	 =	
Maximum	hip	joint	score	per	dog.	Min	=	Minimum	hip	joint	score	per	dog.

Table 3—Summary of statistical tests used to evaluate the effects of sex, age at necropsy, and additive and dominance genetic 
contributions in the same dogs as in Tables 1 and 2.

	 Left-right*	 Mean	 Max	 Min

Source	 DFN	 DFD	 F	 P	 DFN	 DFD	 F	 P	 F	 P	 F	 P

Sex	 2 262 10.8 	0.001 2† 130 11.7 	0.001 13.2 	0.001 9.12 	0.001
Age	at	
		necropsy	 2 262 1.35 0.261 1 130 1.29 0.258 0.9 0.344 1.38 0.243
Additive	effect	 2 262 9.53 	0.001 1 130 19.3 	0.001 24.5 	0.001 16.1 	0.001
Dominance	 2 262 0.29 0.746 1 130 0.12 0.725 0.17 0.682 0.02 0.900

*Null	hypothesis	was	that	there	was	no	effect	within	either	side	(left	or	right	hip	joint).	†Null	hypothesis	was	that	male	and	female	were	the	
same	within	each	side	(left	or	right	hip	joint).	DFN	=	Degrees	of	freedom	in	the	numerator.	DFD	=	Degrees	of	freedom	in	the	denominator.	F	=	F	
statistic.	P	=	Probability.

See	Table	2	for	remainder	of	key.

http://avmajournals.avma.org/action/showImage?doi=10.2460/ajvr.68.1.35&iName=master.img-000.jpg&w=287&h=231
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the necropsy score by approximately 0.74 (0.80 for the 
left hip and 0.68 for the right hip), compared with be-
ing female (Table 4). Being female had no significant 
influence on the necropsy score because of the size of 
the SE. Each allele from a Labrador Retriever increased 
the necropsy score by 0.73 to 0.90 (depending on hip 
side) on the 4-point scale, compared with alleles from 
Greyhounds. Age at necropsy had no effect on necropsy 
score. The SD was too great to establish significance. 
This does not rule out that a significant relationship ex-
isted between age and necropsy score, but the sample 
size was too small to be conclusive.

Discussion

No foolproof method for diagnosing CHD, either ra-
diographically or by clinical examination, has emerged. 
Radiography is an insensitive technique for detecting 
early hip joint osteoarthritis, and some dogs with no ra-
diographic evidence of CHD on EHRs at early maturity 
(8 months of age) develop hip joint osteoarthritis later 
in life. The Orthopedic Foundation for Animals recom-
mends that a radiographic diagnosis of CHD not be con-
firmed before 2 years of age. This later time frame allows 
the secondary hip joint osteoarthritis to progress and 
possibly become evident radiographically in those dogs 
that have mild forms of CHD. However, 2 years of age is 
generally past the start of breeding age. Although more 
sensitive radiographic methods have been elucidated,26 
no radiographic diagnostic method for CHD is without 
flaws. The difficulties with CHD diagnosis emphasize the 
desirability of understanding the genetic basis of hip joint 
osteoarthritis, as well as that of CHD. The genetic determi-
nants that contribute to the conversion of a dysplastic hip 
joint to a hip joint with osteoarthritis are as yet unknown. 
The cross-breed pedigree used in the present study was 
developed to initiate understanding of this process at the 
molecular genetic level.1

The left-right hip 2-trait model best partitioned 
the variance into individual components, including 
the genetic contribution to the necropsy score. Inclu-
sion of both hip joint scores as dependent variables in 
the same model yielded the maximum trait informa-
tion, compared with the single-trait model, in which a 
mean necropsy score was calculated for both hip joints 
or the maximum or minimum necropsy score per dog 
was used. For some inherited traits, multiple-trait mod-
els for genetic locus mapping can have more power to 
detect a QTL than single-trait models.29,30 However, 
Chase et al3 suggested that keeping the left and right 
hip separate in genetic and mapping models can lead 

to increased power of QTL detection as the molecular 
genetic contribution to the left and right hip joints.

Age at necropsy had little effect on the necropsy 
score, a finding that was contrary to findings from our 
previous report.26 Although necropsy scores tended to 
be higher with increasing age, the relationship was not 
significant. The contradiction may result in part from 
the fact that the models used in the present study were 
different than previous models. The present study was 
designed to determine the genetic basis of the necropsy 
score, whereas in the earlier study, we attempted to as-
certain the relationship between the finding of osteoar-
thritis at necropsy and the radiographic measurements 
that defined the extent of CHD. Additionally, the SD 
of the necropsy score for the left and right hip joints 
was large enough in each age category that the potential 
contribution of age at necropsy to the necropsy score 
was obscured. The sample size may also have been too 
small to permit assessment of significance.

In the present study, we weighted the articular car-
tilage lesion by ascribing a score of 0 for no lesion, a 
score of 1 for a 0.5 X 0.5-cm lesion, and a score of 2 
for larger lesions. In our experience, the presence of an 
articular cartilage lesion is the most sensitive indicator 
of an arthritic joint at gross necropsy. Measurements of 
synovial fluid volume and volume of the round liga-
ment of the femoral head, although quantitative and 
useful, are prone to operator error in collection. A ca-
veat to assigning presence or absence of osteoarthritis 
on the basis of necropsy findings in young dogs is that 
some of the dogs would have developed grossly visible 
osteoarthritis if they had lived longer. Therefore, some 
false-negative results for osteoarthritis were inevitable 
in our study. The use of histologic evaluation may have 
decreased the false-negative rate for osteoarthritis di-
agnosis.27 As the age at which dogs underwent nec-
ropsy was not significant in any models, it is unclear 
how these false-negative results may have skewed our  
conclusions.

The litter to which a puppy belonged clearly con-
tributed to the variance in the necropsy score. The 
perinatal maternal environment is known to influence 
musculoskeletal development, and hormones and other 
peptides in milk are transferred to suckling puppies.31 
This neonatal maternal effect can be long-lived.

Male dogs were more susceptible than females to 
hip joint osteoarthritis in the present study. It is possi-
ble that sex hormones interact with loci that contribute 
to the pathogenesis of osteoarthritis or that hormones 
affect transcriptional regulation and therefore local tis-

Table 4—Estimate ± SE values for the fixed effects of sex, age at necropsy, and 
additive and dominance genetic components of the necropsy score of dogs.

		 Left-right

Source	 Left	 Right	 Mean	 Max	 Min

Sex	(male)	 0.80		0.26	 0.68	 0.26	 0.8		0.20	 0.98		0.20	 0.61	 0.19
Sex	(female)	 0.25		0.26	 0.17	 0.26	 0.21		0.20	 0.29		0.20	 0.07	 0.19
Age	at	necropsy	 0.01		0.01	 0.01		0.01	 0.01		0.01	 0.01		0.01	 0.01		0.01
Additive	 –0.90		0.29	 –0.73		0.26	 –0.9		0.20	 –1.03		0.21	 –0.85		0.21
Dominance	 –0.00		0.24	 –0.18		0.23	 –0.1		0.20	 –0.09		0.22	 –0.03		0.21

Left	=	Left	hip	joint.	Right	=	Right	hip	joint.	
See	Tables	2	and	3	for	remainder	of	key.
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sue expression. Male hormones may be conducive to 
expression of certain loci, or female sex hormones may 
protect against expression. For example, when odds ra-
tios were adjusted for various risk factors, women with 
long allele genotypes for estrogen receptor β and for 
androgen receptor genes had a significantly increased 
risk for osteoarthritis of the knee, compared with those 
carrying 1 short and 1 long or 2 short alleles.32 The 
data suggest that sex should be considered in models 
that attempt to explain the molecular pathogenesis of 
hip joint osteoarthritis, especially in light of the finding 
that susceptibility loci influence development of hip 
joint osteoarthritis in women.21,33,34 The sex effect was 
not a function of body weight (data not shown); we 
included body weight in these models and revealed that 
it did not significantly influence the necropsy score. 
However, we did not have body weights on all dogs, 
which reduced the power of the models. Therefore, 
it is not possible to conclude definitively that weight 
plays no role in the development of secondary hip joint  
osteoarthritis.

One might expect secondary hip joint osteoarthri-
tis to be a simple consequence of CHD and the severity 
of the osteoarthritis to be directly related to the degree 
of laxity and subluxation of the hip joint. The quan-
titative genetics of CHD and secondary osteoarthritis 
affects this relationship, so that there is no direct cor-
respondence between CHD phenotype and hip joint 
osteoarthritis in an individual dog, especially in dogs 
with intermediate phenotypes. Although the dorsolat-
eral score and distraction index measure the degree of 
subluxation and laxity of the hip joint, respectively,26 
functional subluxation that occurs in a dog’s hip joint 
during ambulation is difficult to assess. When a hip 
joint is found to be arthritic in an older dog, we ascribe 
this finding to antecedent functional hip subluxation. 
Findings of the present study reveal that osteoarthritis 
is inherited; therefore, the genetic basis of secondary 
hip joint osteoarthritis can be discovered. By mapping 
both CHD traits and hip joint osteoarthritis on the basis 
of molecular genetic linkage and association studies, we 
can address the question of why hip joint osteoarthritis 
progresses more quickly in some breeds with CHD than 
in other breeds.

We previously reported24 that the crossbreed pedi-
gree described in the present study had adequate power 
for mapping the loci that contribute to the secondary 
osteoarthritis of CHD. Whether the QTLs and genes 
within them that contribute to CHD are the same as 
those that regulate expression of secondary hip joint 
osteoarthritis remains to be seen, but they are unlikely 
to be identical. Putative QTLs contributing to hip joint 
osteoarthritis on the basis of microsatellite-based ge-
nome-wide screens have been reported.b The 5 chro-
mosomes that contained QTLs contributing to hip joint 
osteoarthritis were on chromosomes CFA05, 18, 19, 23, 
and 30. It is premature to conclude that the loci contrib-
uting to CHD and those contributing to secondary hip 
joint osteoarthritis are all different. However, this pre-
liminary analysis of a crossbreed pedigree suggests that 
there are differences in the loci contributing to the CHD 
trait and secondary hip joint osteoarthritis, because 
only CFA30 harbors a putative QTL for both CHD and 

osteoarthritis on the basis of chromosome-wide signifi-
cance levels.2 Our preliminary findings support earlier 
work3 in which investigators reported a QTL for CHD 
(measured as the Norberg angle) on each end of canine 
chromosome 1 and also reported12 a separate QTL for 
acetabular osteophyte formation on CFA03 in the same 
population of Portuguese Water Dogs.

Understanding the mode of inheritance of second-
ary hip joint osteoarthritis will enable development of 
optimum statistical models for coarse and fine map-
ping of the disease genes. Results may eventually lead 
to discovery of mutations or polymorphisms that con-
tribute to or protect against development of secondary 
hip joint osteoarthritis. For example, polymorphisms 
in regulatory regions of genes contributing to osteoar-
thritis susceptibility, such as secreted frizzled-related 
protein 3, asporin, and calmodulin l, have been asso-
ciated with osteoarthritis susceptibility in humans.21 
These genes would be candidate genes to assess in 
hip joint osteoarthritis in dogs if they fall within the 
mapped QTL regions. Identification of susceptibility 
or protective loci for secondary hip joint osteoarthri-
tis may also enable selection of breeding dogs before 
the hip phenotype can be accurately measured either 
clinically or radiographically. This in turn could lead 
to improvement in hip joint conformation and sub-
sequent reduction in CHD and secondary hip joint 
osteoarthritis, improving breeding programs and the 
quality of life for dogs and their owners.

a. SAS System for mixed models, SAS Institute Inc, Cary, NC.
b. Mateescu RG, Burton-Wurster NI, Lust G, et al. Quantitative 

trait loci for osteoarthritis in dogs (abstr), in Proceedings. 52nd 
Annu Meet Orthop Res Soc 2006;3.

References
1. Mateescu R, Dykes NL, Todhunter RJ, et al. QTL mapping us-

ing cross breed pedigrees: strategies for canine hip dysplasia. 
In: Ostrander EA, Giger U, Lindblad-Toh K, eds. The dog and its 
genome. Woodbury, NY: Cold Spring Harbor Laboratory Press, 
2005;407–438. 

2. Todhunter RL, Mateescu R, Lust G, et al. Quantitative trait loci 
for hip dysplasia in a cross-breed canine pedigree. Mamm Ge-
nome 2005;16:720–730. 

3. Chase K, Lawler DF, Adler FR, et al. Bilaterally asymmetric ef-
fects of quantitative trait loci (QTLs): QTLs that affect laxity in 
the right versus left coxofemoral (hip) joints of the dog (Canis 
familiaris). Am J Med Genet 2004;124A:239–247. 

4. Burton-Wurster N, Farese JP, Todhunter RJ, et al. Site-specific 
variation in femoral head cartilage composition in dogs at high 
and low risk for development of osteoarthritis: insights into car-
tilage degeneration. Osteoarthritis Cartilage 1999;7:486–497. 

5. Kealy RD, Lawler DF, Monti KL, et al. Effects of dietary elec-
trolyte balance on subluxation of the femoral head in growing 
dogs. Am J Vet Res 1993;54:555–562. 

6. Kealy RD, Lawler DF, Ballam JM, et al. Five-year longitudinal 
study on limited food consumption and development of os-
teoarthritis in coxofemoral joints of dogs. J Am Vet Med Assoc 
1997;210:222–225. 

7. Kealy RD, Lawler DF, Ballam JM, et al. Evaluation of the effect 
of limited food consumption on radiographic evidence of osteo-
arthritis in dogs. J Am Vet Med Assoc 2000;217:1678–1680. 

8. Kealy RD, Lawler DF, Ballam JM, et al. Effects of diet restriction 
on life span and age-related changes in dogs. J Am Vet Med Assoc 
2002;220:1315–1320. 

9. Kealy RD, Olsson SE, Monti KL, et al. Effects of limited food 
consumption on the incidence of hip dysplasia in growing dogs. 
J Am Vet Med Assoc 1992;201:857–863. 



AJVR, Vol 68, No. 1, January 2007  41

10. Popovitch CA, Smith GK, Gregor TP, et al. Comparison of sus-
ceptibility for hip dysplasia between Rottweilers and German 
Shepherd Dogs. J Am Vet Med Assoc 1995;206:648–650. 

11. Smith GK, Popovitch CA, Gregor TP, et al. Evaluation of risk 
factors for degenerative joint disease associated with hip dyspla-
sia in dogs. J Am Vet Med Assoc 1995;206:642–647. 

12. Chase K, Lawler DF, Carrier DR, et al. Genetic regulation of os-
teoarthritis: a QTL regulating cranial and caudal acetabular os-
teophyte formation in the hip joint of the dog (Canis familiaris). 
Am J Med Genet A 2005;135:334–335. 

13. Beighton P, Cilliers HJ, Ramesar R. Autosomal dominant 
(Beukes) premature degenerative osteoarthropathy of the hip 
joint unlinked to COL2A1. Am J Med Genet 1994;53:348–351. 

14. Harris WH. Etiology of osteoarthritis of the hip. Clin Orthop 
1986;213:20–33. 

15. Hoaglund FT, Healy JH. Osteoarthrosis and congenital dysplasia 
of the hip in family members of children who have congenital 
dysplasia of the hip. J Bone Joint Surg Am 1990;72:1510–1518. 

16. Weinstein SL. Developmental hip dysplasia and dislocation. In: 
Morrisy RT, Weinstein SL, eds. Lovell and Winter’s pediatric or-
thopedics. Philadelphia: Lippincott-Raven, 1996;903–950. 

17. Treble NJ, Jensen FO, Bankier A, et al. Development of the hip in 
multiple epiphyseal dysplasia. Natural history and susceptibility to 
premature osteoarthritis. J Bone Joint Surg Br 1990;72:1061–1064. 

18. Spector TD, Cicuttini F, Baker J, et al. Genetic influences on 
osteoarthritis in women: a twin study. BMJ 1996;312:940–943. 

19. Felson DT, Lawrence RC, Dieppe PA, et al. Osteoarthritis: new 
insights. Part 1: the disease and its risk factors. Ann Intern Med 
2000;133:635–646. 

20. Peach CA, Carr AJ, Loughlin J. Recent advances in the genetic 
investigation of osteoarthritis. Trends Mol Med 2005;11:186–191. 

21. Loughlin J. Polymorphism in signal transduction is a major 
route through which osteoarthritis susceptibility is acting. Curr 
Opin Rheumatol 2005;17:629–633. 

22. Bliss S, Todhunter RJ, Quaas R, et al. Quantitative genetics of 
traits associated with hip dysplasia in a canine pedigree con-
structed by mating dysplastic Labrador Retrievers with unaf-
fected Greyhounds. Am J Vet Res 2002;63:1029–1035. 

23. Todhunter RJ, Acland GM, Olivier M, et al. An outcrossed 
canine pedigree for linkage analysis of hip dysplasia. J Hered 
1999;90:83–92. 

24. Todhunter RJ, Casella G, Bliss SP, et al. Power of a Labrador Re-
triever-Greyhound pedigree for linkage analysis of hip dysplasia 
and osteoarthritis. Am J Vet Res 2003;64:418–424. 

25. Cardinet GH III, Guffy MM, Wallace LJ, et al. Canine hip dys-
plasia in German Shepherd Dog-Greyhound crossbreeds. J Am 
Vet Med Assoc 1983;182:393–395. 

26. Lust G, Todhunter RJ, Erb HN, et al. Comparison of three radio-
graphic methods for diagnosis of hip dysplasia in eight-month-
old dogs. J Am Vet Med Assoc 2001;219:1242–1246. 

27. Olsewski JM, Lust G, Rendano VT, et al. Degenerative joint dis-
ease: multiple joint involvement in young and mature dogs. Am 
J Vet Res 1983;44:1300–1308. 

28. Wolfinger RD, Tobias R, Sall J. Computing Gaussian likelihoods 
and their derivatives for general linear mixed models. SIAM J Sci 
Comput 1994;15:1294–1310. 

29. Meuwissen TH, Goddard ME. Mapping multiple QTL using 
linkage disequilibrium and linkage analysis information and 
multitrait data. Genet Sel Evol 2004;36:261–279. 

30. Kucerova J, Lund MS, Sorensen P, et al. Multitrait quantitative 
trait loci mapping for milk production traits in Danish Holstein 
cattle. J Dairy Sci 2006;89:2245–2256. 

31. Todhunter RJ, Lust G. Canine hip dysplasia: pathogenesis. In: 
Slatter D, ed. Textbook of small animal surgery. Philadelphia: WB 
Saunders Co, 2003;2009–2019. 

32. Fytili P, Giannatou E, Papanikolaou V, et al. Association of re-
peat polymorphisms in the estrogen receptors alpha, beta, and 
androgen receptor genes with knee osteoarthritis. Clin Genet 
2005;68:268–277. 

33. Beling CG, Gustafsson PO, Kasstrom H. Metabolism of estra-
diol in Greyhounds and German Shepherd Dogs. An investiga-
tion with special reference to hip dysplasia. Acta Radiol Suppl 
1975;344:109–120. 

34. Czeizel A, Tusnady G, Vaczo G, et al. The mechanism of genetic 
predisposition in congenital dislocation of the hip. J Med Genet 
1975;12:121–124. 




