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 Introduction   

Introduction 

 
Canine elbow dysplasia (ED) and canine hip dysplasia (CHD) are widespread skeletal 

diseases in many dog breeds. These degenerative joint diseases are characterised by 

conformational changes in the affected joints, and can result in clinical lameness and 

considerable impairment of the dog.  

ED includes different primary lesions: fragmented coronoid process (FCP), ununited anconeal 

process (UAP), osteochondrosis dissecans of the trochlea humeri, and incongruency of the 

elbow joint (INC). German shepherd dogs were often reported as affected by ED in clinical 

studies or single case reports. Population based analyses regarding occurrence and distribution 

of ED and its single primary lesions so far were mainly accomplished for breeds other than 

German shepherd dogs. Radiographs of the elbows are voluntarily performed in German 

shepherd dogs and so unfavourable screening results have no consequences for breeding 

license of dogs. Only a few kennel clubs have started to analyse prevalences, affection status 

and kind of primary lesions among their dogs, but as evaluation of ED is complicated by 

different primary lesions with different aetiology and variable age of onset, different 

evaluation schemes have been developed and are currently discussed with respect to their 

usefulness in the different breeds. Therefore, one task of the present thesis is to compare 

different evaluation schemes proposed so far in literature. Three different scoring systems 

evaluating radiological structures and radiographic signs of ED and a system using elbow 

angle measurements should be compared for their use in breeding programmes against elbow 

dysplasia in German shepherd dogs. Especially the evaluation system using elbow angles as 

predictors for ED should be tested, as it is intensely promoted and lively discussed on the 

internet, though few publications are available on this topic. The elbow angle measurements 

will be evaluated with respect to genetic parameters and prediction of breeding values for the 

selection of dogs that are not susceptible to elbow dysplasia. Reports on Swiss Labrador 

Retrievers as well as Finnish Rottweilers, Bernese mountain dogs and Labrador Retrievers 

showed positive phenotypic and genetic correlations between CHD and ED, while for Finnish 

Golden Retrievers and German shepherd dogs genetic correlations were low and negative or 

about zero. Therefore, genetic and residual correlations between CHD and ED should be 

examined in the present population of German shepherd dogs in Germany. Selection 

programmes regarding the hip dysplasia status of the dogs were introduced for the German 

shepherd dog as early as 1966 by the German Shepherd Dog Breeding Association (SV) using 

mass selection according to the dog’s own CHD status, and later on using breeding values for 
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CHD. As the German shepherd population is very large and breeding animals are thoroughly 

examined, data of a large number of screened animals was available. The German shepherd 

dog population therefore is a good model for detection of effects due to selection strategies. 

Another objective of this thesis is therefore to analyse, if selection strategies have changed the 

population mean with respect to canine hip dysplasia, the extent of change they may have 

provoked, and if there are differences in the genetic and phenotypic progress caused by these 

two different selection schemes. A further objective of this study is the analysis of the mode 

of inheritance of CHD. Though CHD is believed to be a multifactorial disease for the last 40 

years, no analyses on the mode of inheritance of CHD were performed. Early pedigree 

analyses - mainly conducted in German shepherd dogs - did not satisfactorily fit monogenic 

inheritance for CHD, and in the following years a polygenic mode seemed to explain best the 

wide variety of phenotypic expression. Now, recent publications discuss the polygenic mode 

of inheritance for CHD and the possible existence of major genes. Therefore, the most likely 

mode of inheritance should be analysed by using complex segregation analyses in the German 

shepherd dog population. The high number of screening results and large pedigrees let appear 

this data set to be very well suited for this purpose.  

The contents of the present thesis are presented in single papers as allowed by § 4(4) of the 

Rules of Graduation (Promotionsordnung) of the University of Veterinary Medicine 

Hannover. Chapters 2 and 3 review the literature on ED and CHD, while the results of genetic 

analyses for the present population of German shepherd dogs are presented in chapters 4 and 

5 for ED and in chapters 6 and 7 for CHD. Finally, results of the present thesis are generally 

discussed and summarised in chapters 8 to 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 3



 Introduction   

 

 

 

 4



 Review of canine elbow dysplasia   

 
 
 
 
 
 
 
 
 
 
 

CHAPTER 2 
 
 
 
 
 

Canine elbow dysplasia – a review 
 

Verena Janutta and Ottmar Distl 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Deutsche tierärztliche Wochenschrift (2005) 
 
 

 5



 Review of canine elbow dysplasia   

Canine elbow dysplasia – a review 

 
JANUTTA, V., DISTL, O. 
 

Institute for Animal Breeding and Genetics, University of Veterinary Medicine Hannover, 

Foundation, 30559 Hannover, Germany 

 

JANUTTA, V., DISTL, O. (2005): Canine elbow dysplasia – a review. 

Summary 

Elbow dysplasia (ED) is a progressive skeletal disease, which may comprise osteoarthrotic 

changes, incongruity of the joint, a fragmented medial coronoid process (FCP), 

osteochondrosis dissecans of the trochlea humeri (OCD), and an ununited anconeal process 

(UAP). Disturbances of enchondral ossification, as well as asynchronous growth of the 

antebrachial bones and an increased growth rate may provoke abnormal stresses on specific 

locations such as the medial coronoid process, the anconeal process of the ulna or the humeral 

trochlea, which may result in ED. Overnutrition with calcium, vitamin D and energy had 

important influence on rapidity of growth and proneness to ED. ED manifests most often in 

young dogs less than 1 ½ year, causing clinical signs such as (intermittent) lameness, pain on 

movement and altered posture of the affected limb, and radiographically secondary 

osteoarthrotic changes such as osteophytes or the aforementioned primary lesions. As 

radiographic projection of the primary lesions FCP and OCD may be difficult in the 

commonly used mediolateral flexed and anteroposterior views, additional projections such as 

mediolateral extended or anteroposterior oblique views and alternative diagnostic means such 

as linear tomography may be worth considering. Cases of ED are reported in various breeds, 

though some breeds are especially predisposed and seem to be prone to specific primary 

lesions. For the German shepherd dog, a breed-predisposition for UAP may be explained by 

broad chondral junction in association with an accelerated pattern of skeletal maturation. 

Heritabilities were estimated in a variety of studies, depending strongly on the type of model 

used. The mode of inheritance is not yet ascertained, but recently the common assumption of 

a polygenic mode of inheritance for ED is doubted. Instead, genetic independence was 

supposed between different primary lesions, and also for ED as well as for FCP major gene 

influence was discussed. So long, phenotypic mass selection was accomplished in different 

countries most often resulting in a reduced prevalence of ED. The use of best linear unbiased 
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prediction (BLUP) methods including information on relatives and separate evaluation of 

genetically independent primary lesions may further improve selection against ED. 

Key words: canine elbow dysplasia, pathogenesis, heritability, inheritance, selection. 

 

JANUTTA, V., DISTL, O. (2005): Ellbogengelenkdysplasie des Hundes – eine Übersicht. 

Zusammenfassung 

Die Ellbogengelenkdysplasie (ED) des Hundes ist eine progressive Skeletterkrankung, die 

osteoarthrotische Veränderungen, Inkongruenz des Ellbogengelenkes, einen fragmentierten 

Processus coronoideus medialis (FCP), Osteochondrosis dissecans der Trochlea humeri 

(OCD), und einen isolierten Processus anconaeus (IPA) umfassen kann. Störungen der 

enchondralen Ossifikation, ebenso wie asynchrones Wachstum der Unterarmknochen und 

Erhöhung der Wachstumsrate sorgen möglicherweise für übermäßige Belastung spezifischer 

Lokalisationen, bspw. des medialen Processus coronoideus, des Processus anconaeus der 

Ulna oder des medialen Humeruscondylus, und können so zum Auftreten von ED führen. 

Eine übermäßige Versorgung mit Calcium, Vitamin D und Energie hatte dabei einen 

bedeutsamen Einfluss auf die Geschwindigkeit des Wachstums und die ED-Anfälligkeit. ED 

zeigt sich klinisch meistens bei Hunden, die jünger als 1 ½ Jahre sind. Dabei können klinisch 

(intermittierende) Lahmheit, Schmerz bei Bewegung und geänderte Gliedmassenstellung, und 

radiologisch sekundäre osteoarthrotische Veränderungen wie Osteophyten oder die schon 

zuvor genannten Primärerkrankungen auftreten. Da die radiologische Darstellung der 

Primärerkrankungen FCP und OCD in den üblicherweise verwendeten mediolateral 

gebeugten und anterior-posterioren Aufnahmen mitunter schwierig sein kann, könnte die 

zusätzliche Anwendung weiterer Projektionen wie mediolateral gestreckt oder anterior-

posteriorer Schrägaufnahmen, sowie die Verwendung alternativer diagnostischer Mittel wie 

Linear-Tomographie erwägenswert sein. ED tritt in verschiedenen Rassen auf, obwohl für 

einige Rasse eine spezielle Prädisposition, auch für die spezifischen Primärerkrankungen, 

angegeben wird. Eine spezielle Prädisposition des Deutschen Schäferhundes für einen 

isolierten Processus anconaeus kann möglicherweise durch das Aufeinandertreffen zweier 

ungünstiger Komponenten, nämlich eine bei dieser Rasse breite knorpelige Verbindungszone 

und eine bei Deutschen Schäferhunden beschleunigte Skelettreifung, erklärt werden. 

Heritabilitätsschätzwerte wurden in verschiedenen Studien ermittelt, und waren stark 

abhängig von der Art des verwendeten Models. Die Art der Vererbung der ED ist noch nicht 

aufgeklärt, aber seit kurzem wird die bislang gültige Annahme eines polygenen Erbgangs in 

Frage gestellt. Stattdessen wird angenommen, dass die einzelnen Primärerkrankungen 

 7



 Review of canine elbow dysplasia   

genetisch unabhängig sein könnten, und sowohl für ED als auch für die Primärerkrankung 

FCP wurde der Einfluss eines Hauptgens mit polygenem Einfluss diskutiert. Die bisher in 

verschiedenen Ländern durchgeführte Selektion nach dem Phänotyp führte meistens zu einer 

Reduktion der ED-Prävalenz. Dabei könnte die Verwendung von best linear unbiased 

prediction (BLUP) Methoden unter Einbeziehung von Verwandteninformation und separater 

Bewertung einzelner genetisch unabhängiger Primärerkrankungen in einem gesteigerten 

Selektionserfolg resultieren. 

Schlüsselworte: Ellbogengelenkdysplasie, Pathogenese, Heritabilität, Vererbung, Selektion. 

 

Introduction  

Elbow dysplasia (ED) is a degenerative skeletal disease of the elbow joint, known since the 

1960s. It manifests as a growth disorder of the bone, developing during the fastest growth 

period preferentially in young dogs of certain breeds. Progressive osteoarthrotic changes 

(GRØNDALEN and GRØNDALEN, 1981; TIRGARI, 1980) and/or separation of parts of the 

joint-forming bones may occur and may cause forelimb lameness.  

Canine elbow dysplasia is a term not consistently defined by different authors. According to 

the recommendations of the International Elbow Working Group (IEWG, 2001) inherited 

elbow dysplasia manifests itself in elbow arthrosis, a fragmented coronoid process (FCP), an 

ununited anconeal process (UAP), osteochondrosis dissecans (OCD), articular cartilage 

anomaly, and/or incongruity (INC) of the elbow joint. But also further findings, such as 

calcification of the periarticular tissue (flexor tendon or bursa of medial epicondyle) 

(FLÜCKIGER, 2003) belong to ED. Some of these elbow lesions such as UAP were reported 

as early as 1956 under the term of “ectopic sesamoid bone” (STIERN, 1956), though shortly 

after the real nature of a non-union of the anconeal process with the ulna was discovered 

(CAWLEY and ARCHIBALD, 1959). Rather early a hereditary background was supposed, 

and different modes of inheritance, including sex-linked, polygenic and - more recently - 

major gene inheritance for either the whole ED-syndrome or only its single aspects were 

proposed. This review should outline the development of ED, diagnostic approaches to ED, 

genetic analyses and measures to control ED. 

  

Development of the elbow joint and effects on the pathogenesis of elbow dysplasia 

Either disturbed enchondral ossification was seen as the underlying cause for different 

conditions of ED (NAP, 1996; OLSSON, 1975a, 1983), or incongruity of the joint as a result 

of asynchronous growth (WIND, 1986; WIND and PACKARD, 1986). As the elbow joint is 
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formed by the humerus articulating with the composed articular surfaces of the radius and the 

ulna, coordinated growth of both antebrachial bones is essential to avoid focused overload. In 

the first 6-7 months of life, 90% of growth in length is completed until at the 11th-13th month 

the growth plates close and ossify (RISER and SHIRER, 1965). The lateral and medial 

coronoid processes constitute 20-25 % of the articular and weight-bearing surface of the 

antebrachium (BERZON and QUICK, 1980), the large medial process bearing the main part 

of this load. Ossification of the medial coronoid process starts from the ulna and is completed 

between the 20th to 22nd week (OLSSON, 1983). The anconeal process possesses an own 

ossification center with separate blood supply (WENZEL, 1975) appearing at about 9-14 

weeks, but the time of final ossification and fusion to the ulna seems to be breed-dependent, 

and seems to be elongated in the German shepherd dog as in some other large and giant 

breeds up to 15-22 weeks (NAP et al., 1991; VAN SICKLE, 1966; VOORHOUT et al., 

1994). During the young dog’s growth period the synchronous growth of both antebrachial 

bones is adjusted by compressive forces exerted by the humerus. Overgrowth of one 

antebrachial bone will increase pressure on the according growth plates, resulting in reduction 

of growth and adjustment to the slower-growing bone, which in turn will enhance its own 

growth rate (ARKIN and KATZ, 1956; NOSER et al., 1977; OLSON et al., 1979). Due to 

slight, maybe transient growth incontinuities of the antebrachial bones, growth of either radius 

or ulna may be retarded. An irregularity of the joint surface may result, in more severe cases 

an incongruity or step may develop (FLÜCKIGER, 1992; WIND, 1986). This probably leads 

to increased mechanical forces on selected locations such as the medial coronoid process or 

the anconeal process, predisposing them to FCP, UAP or OCD (NAP, 1996; WIND, 1986), or 

more directly, causing changes of the subchondral bone and erosions of the articular cartilage 

which may be painful. As a stabilising factor osteoarthrotic changes may develop 

(GRØNDALEN, 1982a), which increase with age (GRØNDALEN, 1979a) and are highest in 

association with the lesion UAP (GRØNDALEN and GRØNDALEN, 1981); but large 

osteophytes are not stringently accompanied by pain or lameness (GRØNDALEN, 1982a). By 

enchondral ossification the deeper layers of the articular cartilage are transformed first into 

finecaliber primary spongiosa, later on into thicker bony spicules of secondary spongiosa, and 

afterwards into a solid subchondral plate of bone (DÄMMRICH, 1991). A disturbance of 

vascular supply and nutrition in the subchondral and deep chondral layers may retard 

ossification, lead to necrosis and may act as an initial factor in the pathogenesis of OCD 

(BRASS, 1956; CARRIG and MORGAN, 1974). The articular cartilage is only nourished by 

diffusion of nutrients in the joint fluid, the transport conducted by the massaging effect of 
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repetitive forces of compression and decompression associated with joint movement 

(DÄMMRICH, 1991). Retarded ossification or disturbance of biomechanical loading 

associated with increased growth and higher final weight (HAZEWINKEL et al., 1985; 

HEDHAMMAR et al., 1974) may result in a thickening of the articular cartilage and 

malnutrition of the deeper chondral layers with necrosis (DÄMMRICH, 1991; PAATSAMA 

et al., 1971).  The necrotizing deep chondral layers may cause cracks and fissures, until a 

chondral flap may loosen and the synovial liquid reaching the subchondral bone causes the 

inflammatory reactions of an osteochondritis dissecans (POULOS, 1982). Increased growth 

rate due to excessive feeding or breed predisposition seems to be a predisposing factor in the 

development of OCD-like changes of the articular surface. This is due both to weaker 

epiphyseal subchondral spongiosa, as subchondral structures are more stretched and wide 

meshed in faster growing animals, and to higher body weight overloading these weakened 

structures (ANDREAE and DÄMMRICH, 1972; DÄMMRICH, 1991; REILAND et al. 

1978). By iatrogenic mutilation of the normal growth synchronisation mechanisms, 

incongruity of the joint (OLSON et al., 1979), upwards displacement of the radial head 

(CARRIG et al., 1975; NOSER et al., 1977) or even subluxation of the humeral condyle could 

be provoked. Asynchrony of antebrachial growth increases pressure especially on the 

anconeal process and the medial coronoid process; and erosions of the articular surface may 

occur in the parts of the joint not included in the physiological chondral compression-

decompression rhythm (NOSER et al., 1977; WEIS, 1983). 

A fragmented medial coronoid process probably results out of exaggerated weight-bearing 

forces on the process (OLSSON, 1987); either due to retarded growth of the radius (WIND, 

1982) or to disturbances of synchonous growth of both humeral condyle and trochlear notch 

of the ulna (WEIS, 1983). These disturbances may result in an incongruent trochlear notch too 

small to fully encompass the humeral trochlea and aggravated forces on the prominent 

processes (WIND, 1986); nevertheless trauma has to be considered additionally in the 

pathogenesis of FCP (BERZON and QUICK, 1980). A fragmentation, if occurring, is most 

probable between 4.5 and 5.5 months of age (WIND, 1982), and may cause severe arthrotic 

changes (VAN BREE and VAN RYSSEN, 1994). The fragmented medial coronoid process 

most often ossifies, as it is vascularised via parts of the annular ligament, which often remains 

in contact with the fragment (GRØNDALEN and GRØNDALEN, 1981; OLSSON, 1983). 

Due to this, the loose fragment cannot be resorbed and spontaneus healing will not occur 

(OLSSON, 1983).  
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A disturbed enchondral ossification is supposed to be the reason for osteochondrosis 

dissecans of the elbow joint, which manifests most frequently at the trochlea of the humerus. 

Environmental effects such as overnutrition may be associated with anatomical and 

cartilaginous changes such as OCD. The contents of calcium, vitamin D and energy are 

probably the most important factors (ANDREAE and DÄMMRICH, 1972; HAZEWINKEL 

et al., 1985; HEDHAMMAR et al., 1974; LAVELLE, 1989; ZENTEK et al., 1995), while 

varying protein contents had no influence on enchondral ossification (NAP et al., 1991). 

Excessive feeding of calcium and vitamin D led to inhibition of cartilage maturation, 

retardation of skeletal maturation and delayed remodeling of bone (HAZEWINKEL et al., 

1985; HEDHAMMAR et al., 1974). A combination of high-energy feeding and additional 

weight-exposure led to higher growth and skeletal abnormalities (ZENTEK et al., 1995), 

while moderate energy excess associated with faster growth, larger weight but also more 

advanced skeletal development only led to a higher percentage of subclinical osteochondrosis 

(LAVELLE, 1989). Studies on CHD revealed a close relation between the disease and an 

early rapid growth and weight gain (RISER et al., 1964), factors of importance also for OCD.  

FCP may be caused by relative retardation of the radial growth compared to the ulnar growth, 

and UAP relative retardation of the ulna. Increased pressure by relative overgrowth of the 

radius (OLSSON, 1990) in an early period of growth may prevent fusion of the anconeal 

process to the ulna (HITZ, 1974; OLSSON, 1987), resulting in an anconeal process 

completely separated from the ulna or attached to it by a fibrocartilage bridge or connective 

tissue containing vascular supply (SINIBALDI and ARNOCZKY, 1975). Besides, a 

“shortened olecranon process” (GUTHRIE, 1989a) was observed in dogs with UAP, which 

may be reinterpreted as a sign of maladaptation of the humeral trochlea to the trochlear notch. 

Mere trauma as the only reason for UAP was considered as improbable rather early 

(CAWLEY and ARCHIBALD, 1959; DIETZ et al., 1972; LOEFFLER, 1963; 

SCARTAZZINI, 1969) and soon a hereditary background was suspected, as many studies 

dealt with somehow related dogs (CARLSON and SEVERIN, 1961; CAWLEY and 

ARCHIBALD, 1959; STIERN, 1956). Differences in time of skeletal maturation in animals 

with or without UAP were suspected, but breeding experiments with German shepherd dogs 

pointed out no difference in time of maturation between offspring from normal or dysplastic 

parents (HANLON and SPURRELL, 1967).  

The German shepherd dog seems to be especially predisposed, as most of the UAP cases 

reported occurred in this breed. German shepherd dogs may especially be predisposed to 

growth incongruities causing an UAP, as late ossification of the anconeal process interacts 
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synergistically with an accelerated, more rapid growth and maturation compared to other 

breeds (GUSTAFFSON et al., 1975). In addition, the explicit predisposition of German 

shepherd dogs may be associated to a broader chondral junction compared to other breeds, 

resulting in later ossification (VAN SICKLE, 1966).  

 

Diagnosis of elbow dysplasia  

Clinical signs of ED, if occurring, most often manifest between 4 to 15 months (DENNY and 

GIBBS, 1980; GUTHRIE, 1989b; HANLON, 1969; MASON et al., 1980; STUDDERT et al., 

1991; WIND, 1982) in puppies of medium to large breeds, but there are cases of first 

manifestation of up to 10 years of age (BERZON and QUICK, 1980).  ED is a disease rather 

far-spread in certain breeds, but the number of clinical manifest cases is below as physical 

signs most often are associated with radiological signs for moderate to severe elbow dysplasia 

(READ et al., 1996). Clinical differentiation between the primary lesions is difficult 

(BENNETT et al., 1981; MASON et al., 1980), and OCD and FCP are almost clinically 

identical (DENNY and GIBBS, 1980). Besides, especially lesions of FCP and OCD may 

occur together (BENNETT et al., 1981; BERZON and QUICK, 1980; GRØNDALEN, 1979a; 

VEZZONI et al., 2002; VOORHOUT and HAZEWINKEL, 1987). FCP often shows a 

gradual onset, averagely at an age of 4-8 months (BERZON and QUICK, 1980; DENNY and 

GIBBS, 1980), OCD at 3-7 months (DENNY and GIBBS, 1980) and first clinical signs of an 

UAP most often occur at 5-8 months (CARLSON and SEVERIN, 1961, OLSSON, 1975b). 

ED may manifest clinically as lameness or stiffness, pain on movement, enlargement of the 

joint and altered posture of the affected limb (BENNETT et al., 1981; BERZON and QUICK, 

1980; CARLSON and SEVERIN, 1961; DENNY and GIBBS, 1980; DIETZ et al., 1972; 

GRØNDALEN, 1979a; HOULTON, 1984; READ et al., 1990; SCARTAZZINI, 1969; 

VOORHOUT and HAZEWINKEL, 1987; VAUGHAN, 1962; WALDE and TELLHELM, 

1991; WENZEL, 1975). Usually, the first clinical sign of ED is uni- or bilateral lameness, the 

latter one often expressed as a limp or stiff shortened gait. Intermittent lameness is most 

common, but also transient slight morning stiffness or an expressive supportive lameness may 

occur, which is most distinctive immediately after rest or under prolonged exercise. Pain on 

flexion, extension or lateral rotation of the joint may be elicited. Palpation of the lateral aspect 

of the joint may provoke pain in cases of an UAP (MASON et al., 1980) and palpation of the 

medial aspect of the joint - maybe adulterated by pressure pain on median and ulnar nerves 

(GRØNDALEN, 1979a) - in cases of FCP (READ et al., 1990). In cases of FCP or OCD, the 

limb is sometimes supinated (GRØNDALEN, 1979a), with the elbow adducted and the pad 
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rotated outwards (BENNETT et al., 1981), while in cases of UAP elbows tendentially are 

abducted (DIETZ et al., 1972). Crepitation as well as enlargement of the elbow due to an 

increase in synovial fluid and joint capsule thickness seem to be common in cases of UAP 

(CARLSON and SEVERIN, 1961; DIETZ et al., 1972), but less frequent in cases of FCP or 

OCD, and in more severe, prolonged cases, flexibility of the joint may be decreased as a sign 

of a high degree arthrosis (GRØNDALEN, 1982a). In general, UAP seems to evoke more 

distinct clinical signs than the other primary lesions, nevertheless cases are reported, in which 

UAP was not associated with any clinical signs (LOEFFLER, 1963) or was assumed to 

manifest only after dislocation of the fragment (MITTEN and HOEFLE, 1978). Radiographic 

diagnosis of ED is based both on the detection of secondary osteoarthrotic changes, and on 

direct evidence of the primary lesions. Radiological signs develop as of an age of 4 to 7 

months, though radiological findings of FCP may appear later than clinical ones (BERZON 

and QUICK, 1980; OLSSON, 1974, 1976). A breed-dependent standardised age of 

radiographic examination is proposed, as osteoarthrotic changes progress with increasing age. 

General and rather early signs for abnormal stresses in the elbow joint are a subchondral bone 

sclerosis beneath the ulnar trochlear notch (WIND, 1986), incongruity of the joint, or small 

osteophyte formations (BENNETT et al., 1981; FLÜCKIGER, 2003; ROBINS, 1980). Some 

radiographical signs such as osteophytes on the anconeal process develop in almost each case 

of ED and are most reliable for identification of an ED affected dog, others are distinct 

evidences of the particular primary lesions. The first primary lesion, incongruity of the elbow 

joint, can be detected best as increased humero-ulnar and humero-radial spacing, ranging 

from a deformation of the arc formed by the articular surfaces of humerus, radius and ulna to 

an explicit step between the lateral coronoid process and the proximal radius (FLÜCKIGER, 

2003; WIND, 1986). Both primary lesions FCP and OCD show very similar radiological 

signs (DENNY and GIBBS, 1980; FLÜCKIGER, 2003), maybe less marked in cases of OCD 

(FLÜCKIGER, 2003; GRØNDALEN, 1979a). As a FCP-fragment is seldomly seen, 

secondary changes such as a blurred medial coronoid process or a step may be indicative for 

FCP (FLÜCKIGER, 2003). Reliable indication for OCD are changes of the humeral trochlea 

such as flattening with surrounding sclerosis (BERZON and QUICK, 1980), or a radiolucent 

area (BENNETT et al., 1981; BOUDRIEAU et al. 1983; GRØNDALEN, 1979a; ROBINS, 

1980), seldom associated with a radiopaque flap (MASON et al., 1980). Unspecific 

osteoarthrotic changes for both OCD and FCP start with osteophytes on the nonarticular 

dorsal surface of the anconeal process, later on also on the coronoid process, on the caudal 

margin of the humeral trochlea, the lateral and medial humeral epicondyles, and the cranial 
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rim of the radial head (BERZON and QUICK, 1980; DENNY and GIBBS, 1980; 

FLÜCKIGER, 2003, GRØNDALEN, 1979a; MASON et al., 1980; ROBINS, 1980). Clear 

radiographic detection of a fragmented coronoid process or an isolated flap in cases of OCD 

may be difficult, as FCP fragments are superimposed by adjacent bones (FOX and 

ROBERTS, 1987; OLSSON, 1983) and OCD flaps most often are not mineralized 

(BENNETT et al., 1981; FLÜCKIGER, 2003). Detection of an UAP is much easier, as an 

irregular radiolucent vertical line between anconeal process and ulna after 18 weeks of age, up 

to a clearly separated anconeal process, are common findings (FLÜCKIGER, 2003; MASON 

et al., 1980). Similar to the other primary lesions, also UAP is associated with unspecific 

signs for ED such as osteophytes around the joint margins, on the epicondyles and the medial 

coronoid process, subchondral sclerosis and joint spaces varying in thickness (CARLSON and 

SEVERIN, 1961; MASON et al., 1980). Combinations of 1 to 5 different projections are 

recommended (FLÜCKIGER, 2003; HAZEWINKEL et al., 1996; ROBINS, 1980; 

VOORHOUT and HAZEWINKEL, 1987), but most common views for screening are the 

mediolateral flexed view, providing a clear view of the anconeal process and good recognition 

of an UAP (BERZON and QUICK, 1980; MASON et al., 1980), and an additional 

anteroposterior view for evaluating the medial and lateral aspects of the joint. Additional 

views especially suited to detect cases of FCP, INC and early signs of arthrosis are the 

mediolateral extended view (HAZEWINKEL et al., 1996), and an anteroposterior-medial-

oblique projection for recognition of FCP and OCD (HAZEWINKEL, 2002; ROBINS 1978, 

1980), as one third of OCD cases were missed on AP projection (HAZEWINKEL, 2002). As 

radiological projection of FCP and OCD is a problem, alternative diagnostic means, such as 

plain film radiology, xeroradiography, linear and computed tomography (LT and CT), 

magnetic resonance imaging (MRI) or explorative arthroscopy have been tested. 

Xeroradiography provides edge enhancement which increases the contrast between overlying 

structures; while tomography is a technique for body-section radiography, which creates 

selective blurring of superimposed structures while maintaining a degree of image sharpness 

relative to particular structures (FOX and ROBERTS, 1987). Magnetic resonance imaging is 

based on nuclear magnetic resonance of protons in external magnetic high frequency fields to 

produce proton density images, providing good tissue contrasts. Studies compared the 

findings of different radiographic projections, linear tomography (LT), computed tomography 

(CT) or magnetic resonance imaging (MRI) with the “gold standard” results of explorative 

arthroscopy and situs. Positive–contrast arthrography did not improve visualization of 

fragments of a coronoid process (CARPENTER et al., 1993). Detection of a FCP was most 

 14



 Review of canine elbow dysplasia   

accurate and sensitive with CT compared to plain-film radiography, xeroradiography, LT or 

arthrography, but could be approached also with a combination of plain-film radiography and 

LT (CARPENTER et al., 1993). Among the single usage of LT, plain-film radiography or 

xeroradiography no significant differences for detection of FCP were found (CARPENTER et 

al., 1993). CT showed slight defaults as well in accurately describing cartilaginous changes 

and fragments (CARPENTER et al., 1993) as in detection of non-displaced fragments of the 

coronoid process (VAN BREE and VAN RYSSEN, 1994); cases which MRI seemed to detect 

rather efficiently, whereas recognition of OCD was suboptimal (SNAPS et al., 1997).  

Combinations of plain-film radiographic projections proved most valuable in simple 

screening for ED. In equivocal cases of FCP, or for earlier diagnosis of aspects of ED, an 

additional LT was advocated (CARPENTER et al., 1993; FOX and ROBERTS, 1987; 

VOORHOUT and HAZEWINKEL, 1987), as well as diagnostic arthroscopy in clinically 

lame young dogs (VAN BREE and VAN RYSSEN, 1994). 

 

Prevalence, associations with environmental factors and inheritance of elbow dysplasia 

Canine elbow dysplasia is a common and hereditary disease, especially in puppies of fast-

growing medium or large breeds. Prevalences of radiographically and clinically affected dogs 

may considerably differ, as for example 57% of screened Australian Rottweilers showed signs 

of ED in radiography while only 7% of the dogs were clinically lame (READ et al., 1996). 

The different signs of ED were reported most often in Golden and Labrador retrievers, 

Bernese mountain dogs, German shepherd dogs and Rottweilers, while less cases were 

reported for St. Bernard, Chow Chow and Newfoundland, and only very few cases in a 

variety of breeds such as Airedale, Basset, Beagle, Bearded Collie, Bedlington Terrier, 

Bloodhound, English Bulldog, English Setter, Eskimo dog, Flat Coated retriever, German 

Pointing dog, Giant Schnauzer, Gordon-Setter, Great Dane, Irish Water Spaniel, Irish 

Wolfhound, Keeshound, Mastiff, Mongrel, Munsterlander, Old English Sheepdog, Pointer, 

Poodle, Pomeranian, Pyrenean mountain dog, Samoyed, Sheltie, Shetland Sheepdog, Springer 

Spaniel, Staffordshire Terrier and Weimaraner (BENNETT et al., 1981; BERZON and 

QUICK, 1980; BIENZ, 1985; BOUDRIEAU et al., 1983; CARLSON and SEVERIN, 1961; 

CARPENTER et al., 1993; CORLEY et al., 1968; DENNY and GIBBS, 1980; DIETZ et al., 

1972; GRØNDALEN, 1979a, 1979b, 1982a, 1982b; GRØNDALEN and GRØNDALEN, 

1981; GRØNDALEN and LINGAAS, 1991, 1999; GRØNDALEN and RØRVIK, 1980; 

GUTHRIE 1989a, 1989b; HANLON, 1969; HANLON and SPURRELL, 1967; HAYES et 

al., 1979; HAZEWINKEL et al., 1996). Especially in Rottweilers and Bernese mountain dogs 
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high prevalences of severely affected animals were found (GRØNDALEN and LINGAAS, 

1991; Table 1). Rottweiler populations were screened in Germany (BEUING et al., 2000), 

Norway (GRØNDALEN and LINGAAS, 1991), Finland (MÄKI et al., 2000) and Sweden 

(SWENSON et al., 1997), showing prevalences between 45% and 54.2%. Screening of 

Bernese mountain dog populations was carried out in Norway (GRØNDALEN and 

LINGAAS, 1991), Sweden (SWENSON et al., 1997) and the Netherlands (UBBINK et al., 

1999) with prevalences between 38% and 45%; in Newfoundland dogs a prevalence of 33% 

was found in Norway (GRØNDALEN and LINGAAS, 1991), a prevalence of 17.1% to 21% 

in Labrador retrievers in Finland (MÄKI et al., 2001), Australia (STUDDERT et al., 1991) 

and the United States (MORGAN et al., 1999), and 18.8% to 19.4% in German shepherd dogs 

in Finland (MÄKI et al., 2001) and France (REMY et al., 2004). 

 In most breeds, FCP seemed to be the most common primary lesion, but was most prevalent 

in Bernese mountain dogs and Golden and Labrador retrievers (OLSSON, 1983). Cases of 

UAP were reported more often in the German shepherd dog (CARLSON and SEVERIN, 

1961; CAWLEY and ARCHIBALD, 1959; CORLEY et al., 1968; DIETZ et al., 1972; 

GRØNDALEN and RØRVIK, 1980; GUTHRIE, 1989a; LOEFFLER, 1963; MEYER-

LINDENBERG et al., 1991; SINIBALDI and ARNOCZKY, 1975; STIERN, 1956) than in 

other breeds, but presumably it is not the most common primary lesion in this breed 

(GRØNDALEN and GRØNDALEN, 1981; REMY et al., 2004). Certain breeds seemed to be 

prone to certain lesions, for example Bernese mountain dogs, Golden and Labrador retrievers 

seemed to be prone to develop FCP or OCD (GUTHRIE, 1989b; OLSSON, 1983), while in 

the Rottweiler breed mainly FCP cases were found and OCD cases were rare (GUTHRIE, 

1989b). A FCP-prevalence of 11.3% was found in French German shepherd dogs (REMY et 

al., 2004) and between 15.6% to 18.2% in Dutch Labrador retrievers (EVERTS, 2000; JANSS 

and BRASCAMP, 1998).  

Combinations of primary lesions such as OCD and FCP were reported very often, while 

combinations with UAP were seldom found (BERZON and QUICK 1980; REMY et al., 

2004; VEZZONI et al., 2002). As most studies deal with a small number of affected animals, 

these predispositions may vary if widespread screening would be done on a larger amount of 

dogs of various breeds.  

In Rottweilers (BEUING et al., 2000; GRØNDALEN and LINGAAS, 1991; MÄKI et al., 

2000; SWENSON et al., 1997), Newfoundland dogs (GRØNDALEN and LINGAAS, 1991), 

Labrador retrievers (EVERTS, 2000) and Bernese mountain dogs (GRØNDALEN and 

LINGAAS, 1991) males were more often affected than females. A single report on Bernese 
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mountain dogs presents higher prevalences in females (SWENSON et al., 1997), but a general 

predisposition of males to ED or its single primary lesions seems to be assured. Effects 

discussed to explain this discrepancy between the genders were differences in the hormonal 

status, in the body weight, in the growth rates and time of skeletal maturity, or hereditary 

effects such as incomplete penetrance of the corresponding genes in females (GUTHRIE, 

1989b; SWENSON et al., 1997). Especially the hormonal level of estradiol may have 

influence on a skeletal growth disease such as ED, as high levels led to earlier development of 

ossification centres in studies on hip dysplasia (GUSTAFFSON et al., 1975). 

Heritability estimates varied from h2 = 0.10 to 0.48 for ED (BEUING et al., 2000; 

GRØNDALEN and LINGAAS, 1991; MÄKI et al., 2000, 2002a; SWENSON et al., 1997; 

Tab. 2) and h2 = 0.06 to 0.77 for single aspects of ED (EVERTS, 2000; GUTHRIE and 

PIDDUCK, 1990). The large variation in the size of heritability estimates reported was 

considerably influenced by the kind of model used (GRØNDALEN and LINGAAS, 1991), 

number of animals (EVERTS, 2000) and whether the effect of gender was regarded 

(GUTHRIE and PIDDUCK, 1990; MÄKI et al., 2002a). In the Rottweiler breed, heritability 

estimates for ED were rather high compared to other breeds. Heritability estimates ranged 

from h2 = 0.10 to 0.48, but were most often between h2 = 0.25 to 0.40 in populations in 

Germany (BEUING et al., 2000), Finland (MÄKI et al., 2000, 2002a), Norway 

(GRØNDALEN and LINGAAS, 1991) and Sweden (SWENSON et al., 1997), using either 

animal models or models with regression of offspring on single parents. The type of model 

used had considerable influence on the size of heritabilities. Thus, GRØNDALEN and 

LINGAAS (1991) reported for Norwegian Rottweilers heritability estimates ranging from h2 

= 0.10 to 0.48 using different sib correlations, but in the case of offspring-parent regressions 

for the same data set heritabilities ranging from h2 = 0.28 to 0.39. 

Even if the genetic nature of ED is generally accepted, a definitive mode of inheritance could 

not be ascertained. Most studies dealt with one or two of the primary lesions. Polygenic 

inheritance was proposed for FCP and OCD (GUTHRIE and PIDDUCK, 1990; PADGETT et 

al., 1995), as it was also supposed for ED itself (MÄKI et al., 2002a; SWENSON et al., 

1997). Besides polygenic inheritance, a possible influence of environmental effects 

(GUTHRIE and PIDDUCK, 1990), minor X-linked genes (GUTHRIE and PIDDUCK, 1990) 

or incomplete penetrance in females (EVERTS, 2000; SWENSON et al., 1997) was proposed; 

the latter ones due to the commonly found different prevalences between both genders. Even 

sex-linked or imprinted effects were considered for the inheritance of FCP (JANSS and 

BRASCAMP, 1998), though a single classical sex-linkage was ruled out for the different 
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primary lesions of ED (CORLEY et al., 1968; GUTHRIE and PIDDUCK, 1990). Genetic 

independence between OCD and FCP was supposed in breeding experiments in Labrador 

retrievers (PADGETT et al., 1995), as well as a distinction between traits for FCP and INC 

following cluster analyses in Dutch Bernese mountain dogs (UBBINK, 1998). As a 

combination of independently inherited single diseases may lead to the overall picture of a 

polygenic inherited disease “elbow dysplasia”, the recently proposed major gene inheritance 

of single ED-aspects is not in contradiction to earlier findings of polygenic inheritance for 

ED. Nevertheless, more recent studies turned away from the hypothesis of a polygenic mode 

of inheritance, as for FCP (EVERTS, 2000), as well as for ED (MÄKI et al., 2002b, 2004) a 

major gene influence seemed to be likely. Using segregation analyses and genetic linkage 

mapping, one major autosomal dominant gene with variable penetrance was proposed to be 

responsible for FCP in a Dutch population of Labrador retrievers, while the X-chromosome 

did not seem to be involved in the development of FCP (EVERTS, 2000). For ED a recessive 

major gene influence was discussed in the Rottweiler breed (MÄKI et al., 2002b, 2004). 

 

Breeding strategy to reduce ED 

Broad screening studies, for example accomplished in Scandinavia (GRØNDALEN and 

LINGAAS, 1991; MÄKI et al., 2000, 2001; SWENSON et al., 1997), Germany (BEUING et 

al., 2000), and the United States (MORGAN et al., 1999) are the first steps in reduction of 

ED. Only if the screening results of as many dogs as possible are known, accurate 

recommendations for matings can be given. The relative risk of developing arthrosis is higher 

among offspring of one or both affected parents compared to offspring of unaffected animals 

(GRØNDALEN and LINGAAS, 1991). Additionally, matings of affected parents result not 

only in more affected progeny, but also in progeny with more severe grades of elbow arthrosis 

(SWENSON et al., 1997). Therefore, avoidance of affected mating partners might improve 

selection against ED. Up to now, selection in different countries was most often based on 

individual phenotypes; and positive genetic trends (decreasing prevalences) for ED were 

found in almost all populations examined. ED-prevalences as well as prevalences of high ED 

scores decreased explicitly in Sweden in a 5 year interval in Bernese mountain dogs and 

Rottweilers (SWENSON et al., 1997), in Norway in 10 years in Bernese mountain dogs, 

Rottweilers and Newfoundland dogs (GRØNDALEN and LINGAAS, 1999), as well as ED-

prevalences decreased in the Netherlands in 4 years in Bernese mountain dogs (UBBINK, 

1998), or in German Rottweilers in 4 years (BEUING et al., 2000). In other cases, screening 

was voluntary and poor progress in selection against ED was probably due to small selection 
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differentials (MÄKI et al., 2002a). Breeding programmes against hip dysplasia seemed to 

have positive effects also on ED in some countries, probably due to the traits’ positive 

additive genetic correlations (MÄKI et al., 2000). Inclusion of clinical information of 

relatives for estimation of breeding values with the animal BLUP (Best Linear Unbiased 

Prediction) method probably may provide more predictable results and a better basis for 

selection against ED. Further improvement in selection programmes against ED may be 

achieved by taking into account separate breeding values for the separate primary lesions. As 

the different primary lesions are probably transmitted by different ancestors to their progeny 

(UBBINK, 1998), they should be separately recorded and evaluated, so that combination of 

animals with favourable hereditary factors may lead to a better progress in selection against 

ED.  
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Tab. 1 Prevalences of ED (%) within different breeds. 

ED score Breed Number 

of dogs ED 0 ED 1 ED 2 ED 3

Author 

414 61.4 18.8 10.9 8.9 GRØNDALEN and 

LINGAAS, 1991* 

Bernese mountain 

dog 

1939 62.0 38.0 SWENSON et al., 1997 

German shepherd 2566 81.2 14.1 3.2 1.4 MÄKI et al., 2001 

Golden retriever 2119 77.0 18.4 3.4 1.3 MÄKI et al., 2001 

1985 82.9 11.7 3.5 1.8 MÄKI et al., 2001 

1018 82.3 17.7 MORGAN et al., 1999* 

Labrador retriever 

 

710 83.9 16.1 STUDDERT et al., 1991 

Newfoundland dog  209 67.0 21.1 7.7 4.3 GRØNDALEN and 

LINGAAS, 1991* 

2114 45.8 40.6 13.6 BEUING et al., 2000 

1423 49.5 40.5 8.0 2.0 GRØNDALEN and 

LINGAAS, 1991* 

2278 53.9 33.6 10.6 1.9 MÄKI et al., 2000 

2972 53.3 34.0 10.9 1.9 MÄKI et al., 2001 

42 43.0 45.0 9.5 2.5 READ et al., 1996 

Rottweiler 

 

2576 55.0 45.0 SWENSON et al., 1997 

ED 0: normal elbows; ED 1: slight dysplasia; ED 2: moderate dysplasia; ED 3: severe 

dysplasia; *scoring similar to IEWG-protocol 
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Tab. 2 Heritability estimates (h2) for ED, and their standard errors (SE). 

Breed Country h2 ± SE Procedure, model Author 

FIN a: 0.17 ± 0.02 

m: 0.22 

f : 0.20 ± 0.04 

REML LAM 

 

MÄKI et al., 2002a 

S 0.34 ± 0.15 RgA sire-son 

Bernese 

mountain 

dog 

 

S 0.28 ± 0.10 RgA dam-daughter 

SWENSON et al., 1997 

German 

shepherd dog 

FIN a: 0.15 ± 0.02 

m: 0.15 ± 0.02 

f: 0.05 ± 0.03 

REML LAM 

 

Golden 

retriever 

FIN a: 0.26 

m: 0.15 ± 0.05 

f: 0.27 ± 0.03 

REML LAM 

 

MÄKI et al., 2002a 

 

FIN a: 0.10 ± 0.03 

 m: 0.19 ± 0.08 

f: 0.10 ± 0.02 

REML LAM 

 

MÄKI et al., 2002a Labrador 

retriever 

 

AUS 0.27 RgA sire-progeny STUDDERT et al., 1991 

D 0.25 H III FS 

D 0.28 REML LAM 

BEUING et al., 2000 

N 0.10 ± 0.06 H III PHS  

N 0.48 ± 0.11 H III MHS 

N 0.29 ± 0.06 H III FS   

N 0.39 ± 0.09 RgA sire-progeny 

N 0.28 ± 0.11 RgA dam-progeny  

N 0.30 ± 0.07 RgA parent-progeny 

GRØNDALEN and 

LINGAAS, 1991* 

 

FIN 0.31 ± 0.04 REML LAM MÄKI et al., 2000 

FIN a: 0.37 ± 0.03 

m: 0.33 ± 0.03 

 f: 0.38 ± 0.04 

REML LAM 

 

MÄKI et al., 2002a 

S 0.34 ± 0.16 RgA sire-sons 

Rottweiler 

 

S 0.40 ± 0.10 RA dam-daughters 

SWENSON et al., 1997 

a: all animals; m: males; f: females; *scoring similar to IEWG-protocol; H III: Henderson’s 

method III; LAM: linear animal model; RgA: regression analysis; PHS: paternal half-sibs; 
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MHS: maternal half-sibs; FS: full-sibs; REML: residual maximum likelihood; AUS: 

Australia; D: Germany; FIN: Finland; N: Norway; S: Sweden 
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JANUTTA, V., DISTL, O. (2005): Review of the inheritance of canine hip dysplasia. 

Summary 

Canine hip dysplasia is a widespread degenerative skeletal disease known for a long time. A 

hereditary component of hip dysplasia was assumed early, though attempts to explain hip 

dysplasia with thitherto known Mendelian modes of inheritance did not sufficiently fit the 

data observed. Nevertheless, either recessive or dominant modes of inheritance were 

proposed. Later on, CHD was proposed to be determined in a multifactorial way. Both the 

influence of many genes and environmental effects were supposed to effect the development 

of CHD. More recently, this thesis was supplemented and sophisticated, as besides a 

polygenic component a major gene was detected to be causative for CHD. Nowadays, 

attempts are made to locate quantitative trait loci (QTL) which may be meaningful for CHD, 

and finally the development of a genetic test to identify carriers of genes responsible for CHD 

may be a long-term objective. 

Keywords: hip dysplasia, dog, inheritance, major gene. 

 

JANUTTA, V., DISTL, O. (2005): Übersicht über die Vererbung der Hüftgelenkdysplasie 

beim Hund. 

Zusammenfassung 

Die Hüftgelenkdysplasie des Hundes ist eine schon seit langem bekannte und weit verbreitete 

degenerative Skeletterkrankung.  Schon früh wurde eine erbliche Komponente vermutet. Die 

zu diesem Zeitpunkt bekannten Mendelschen Modelle der Vererbung ließen sich allerdings 

nicht immer auf das beobachtete Datenmaterial anwenden. Nichtsdestotrotz wurde entweder 

eine rezessive oder dominante Art der Vererbung vermutet. In den folgenden Jahren wurde 

Hüftgelenkdysplasie als multifaktorielles Merkmal betrachtet. Man nahm an, dass sowohl der 

Einfluss vieler Gene, als auch ein Einfluss verschiedener Umweltfaktoren sich in der 

Ausprägung der Hüftgelenkdysplasie widerspiegelten. Erst in den letzten Jahren wurde diese 

Hypothese ergänzt und weiterentwickelt, indem der Einfluss einer Hauptgenkomponente mit 
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zusätzlichem polygenen Einfluss auf die Entwicklung der Hüftgelenkdysplasie postuliert 

wurde. Gegenwärtig werden Quantitative Trait Loci (QTL) lokalisiert, die vielleicht 

Bedeutung für die Entwicklung der Hüftgelenkdysplasie haben. Ein langfristiges Ziel könnte 

somit die Entwicklung eines Gentestes zur Entdeckung von Anlageträgern sein. 

Schlüsselworte: Hüftgelenkdysplasie, Hund, Vererbung, Hauptgen. 

 

Introduction  

Causing lameness and being a reason for exclusion of breeding animals, canine hip dysplasia 

(CHD) plays an important role in breeding strategies of many dog breeds. Since its first 

description in 1935 (SCHNELLE, 1935), many hypotheses about its mode of inheritance have 

been published. This review therefore gives an overview on the modes of inheritance of CHD, 

proposed up to now, and discusses results of recent studies with regard to future selection 

programmes against CHD. 

 

Evaluation of CHD 

For evaluation of the hip joint status, different rating protocols have been established in 

Germany (BRASS, 1993), Great Britain (GIBBS, 1997), North America (OFA score; BURNS 

et al., 1987; HENRY, 1992) and Switzerland (FLÜCKIGER, 1996). A tabular comparison of 

the different rating schemes was proposed, though evaluation of dogs according to the 

different schemes may differ (GUTMANN, 2003). Distinct criteria of CHD evaluated in all 

rating schemes comprise congruency of acetabulum and femoral head, the extend of the 

femoral head fully encompassed by the acetabulum, shallowness of the acetabulum and (sub-) 

luxation of the hip joint, smoothness and radiographic sharpness of bony structures, and in the 

British, the German and the Swiss scheme the Norberg angle. In Germany, all radiographs of 

German shepherd dogs are evaluated by a single veterinary expert, while in other countries 

such as Switzerland (FLÜCKIGER et al., 1995), or the USA (CORLEY, 1992; REED et al., 

2000), radiographs may be evaluated by more than one surveyor. German shepherd dogs are 

excluded from breeding in the German Shepherd Dog Breeding Association (SV) if they are 

graded as moderately or severely dysplastic, which is associated with obvious incongruency, 

(sub-)luxation, flattening of the craniolateral acetabular rim, distinct osteoarthrotic signs, a 

Norberg angle of 90° or less and deformation of the femoral head (SV, 1998) (Tab. 1). Thus, 

the scoring scheme used by the SV conforms to the scoring system proposed by the 

Fédération Cynologique Internationale (FCI). In other countries and breeds, additional 

intermediate classes of the FCI scoring scheme for evaluation of CHD are in use. 
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Hip laxity is supposed to be an initial factor of CHD (HENRICSON et al., 1966; LUST et al., 

1993; RISER, 1964; SMITH et al., 1990), and can be measured by a distraction index (DI) 

(SMITH et al., 1990). In the United States, the OFA (Orthopedic Foundation for Animals) 

score has been most widely used so far, although use of the distraction index has increased in 

recent years (LEIGHTON, 1997). 

 

Estimation of variance components 

Heritability estimates are ratios between the additive genetic variance and the phenotypic 

variance. So heritability gives the proportion of the phenotypic variance (σp
2) which is 

explained by the additive genetic variance (σa
2). If heritability is defined in a broader sense, 

instead of the additive genetic variance the genetic variance, including the additive genetic 

variance as well as the dominance variance and epistatic variance, may be used. The 

phenotypic variance is composed of the additive-genetic, respectively the genetic variance, 

and the residual variance (σe
2). Heritability estimates therefore depend on the proportion of 

variances in a specific population, are valid only for this population and may therefore vary 

between populations. Heritability estimates may not only be population specific parameters, 

but also depend on the type of method used. There are different methods for analysing 

phenotypic data, and estimation of variance components: 

The Least-Squares method (LS) is used to search for a mathematical function, minimising the 

sum of the squared deviations between estimated and observed values; it is based on findings 

of mathematicians of the 19th century (GAUSS, 1809; LEGENDRE, 1806). Then, there has to 

be referred to ANOVA (analysis of variance) (FISHER, 1925), a method which was valid 

only for balanced data, and which offered no correction for systematic environmental effects. 

Balanced data means, that an almost equal number of observations is available for each 

combination of effect levels. To the ANOVA-complex also do belong the three methods by 

HENDERSON (1953), as they are based on the analysis of variance introduced by FISHER 

(1925). The three Henderson methods, Henderson I for models including only random effects, 

Henderson II for mixed models without interaction or nesting between fixed and random 

effects, and Henderson III for all mixed linear models, allowed the use of unbalanced data. 

ANOVA and the three Henderson’s methods required simple genetic structures and did not 

include complex genetic structures, that means no relationship matrix for relatives could be 

included. Henderson III was often used, as it demanded no special distribution of data and use 

of fixed and random effects was not restricted. Disadvantageously, results could have been 

outside the parameter space, i.e. negative variances might have resulted. Furthermore, 
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regarding parent-offspring relations, estimators may have been biased if selection had taken 

place in the population examined. A different approach for estimation of heritability are 

regression analyses. Heritability may be estimated using the slope of the regression of mean 

trait values of offspring in a litter on parental trait values (FALCONER, 1989). Thus, the 

estimate of the slope in the linear regression of the mean of the offspring trait of each litter on 

the mid-parent score provides an estimate of heritability. Disadvantageously, heritability has 

to be estimated separately for each gender, if differences in the variances for both sexes occur. 

If dam-progeny regression is calculated, due to maternal effects and identical environmental 

effects on both dam and progeny, values may be overestimated. Results of regression analyses 

may not be biased, if selection had taken place in the population examined. 

Different approaches for the estimation of variance components regarded maximisation of 

likelihood functions. ML (maximum likelihood method) (HARTLEY and RAO, 1967) can be 

used for mixed models and unbalanced data. The maximum of a likelihood function is 

iteratively searched for. For REML (residual or restricted maximum likelihood) 

(PATTERSON and THOMPSON, 1971), instead of maximising the total likelihood function, 

only the likelihood of the residual is iteratively maximised. A selection, which had taken 

place in the population observed, does not bias the estimators, if all criteria important for 

selection decisions are regarded. It provides variance component estimators that are 

unaffected by the fixed effects. With balanced data, REML equations are reduced to ANOVA 

equations. Advantageously, both ML and REML can include all genetic relationships between 

animals. Disadvantageously, both ML and REML presume normal distribution, and may bias 

estimators if these are near the permitted borders for parameters.  

Using Bayes estimation (adapted for animal breeding by GIANOLA and FERNANDO, 

1986), mainly Markov-Chain Monte Carlo methods (MCMC) are applied. One of these 

methods is Gibbs sampling (SÖRENSEN, 1999), using repeated samples to finally achieve 

distributions of estimates. Based on starting values, for the single parameters simplified 

marginal distributions are created.  From these, random values are extracted to solve the 

system of equations for each unknown parameter. Distribution of the results is calculated and 

serves as a starting distribution for the next sample, resulting in a chain of succeeding samples 

and a vast amount of estimators for each single parameter. Once convergence is reached, 

estimators of all following samples may be stored and used for post-Gibbs analyses. The 

MCMC methods are particularly valuable, if only few information on the data, but previous 

knowledge about parameters to be estimated is available. If there is much information and 

previous knowledge not available, Bayes estimators equal REML-estimators. 
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Apart from different methods applicable for estimation of heritability, differences are also due 

to different groups of relatives and different familial structures used. Estimation of genetic 

parameters is based on the assumption that related animals are more similar than non-related 

animals. For estimation of variance components, different kinds of group of relatives can be 

used. First, there are correlations between sibs; either groups of half-sibs, half-sibs and full-

sibs or merely full-sibs. In animal breeding, most often groups of paternal half-sibs are used. 

All progeny of a sire is treated as half-sibs without further relationships between the animals. 

If full-sib groups are applied to multiparous animals, common environment may be a problem 

for estimation of heritability. In this case, maternal genetic effects – intrauterine or during 

lactation – and effects of common environment cannot be differentiated from additive-genetic 

effects. 

Second, there are regressions from offspring to parents, either to one parent or to a mid-parent 

value, for example regressions sire- or dam-progeny, sire-sons, or dam-daughters. If there are 

few sires and a vast number of progeny, for example due to artificial insemination, and 

maternal effects can be excluded, regression of progeny on dams nested within sires may be 

the model structure to choose. Regarding parent-offspring regressions, disadvantageously, 

correlations of environment between parameters of parents and progeny are not 

distinguishable from genetic effect, and neither from maternal effect. Furthermore, in the 

population tested, selection must not have an effect on the progeny; and if variances differ in 

both sexes, the trait has to be analysed for each sex separately via sire-son and dam-daughter 

regressions. 

Third, there is the possibility of using information on all relatives of an animal without 

reduction to certain hierarchical structures. A matrix containing information of the animal as 

well as of its relatives may be used in ML, REML and Markov-Chain Monte Carlo methods, 

which are capable of solving complex systems of equations, while the animal is used as a 

random additive-genetic effect in linear mixed models. 

 

Genetic analyses of hip dysplasia 

Hereditary factors responsible for canine hip dysplasia were supposed as early as in the 1950s 

(GROUNDS et al., 1955; HENRICSON and OLSSON, 1959; McCLAVE, 1957; SCHALES, 

1956, 1957; SNAVELY, 1959). This assumption was supposed by the observation that very 

often affected animals descended from affected ancestors or had affected progeny, and non-

affected parents had more often progeny without signs of CHD. After the great impact and 

wide spread distribution of CHD has been recognised in dog breeds, and the hereditary 
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background was supposed, many studies dealt with its mode of inheritance. In the 1950s 

contradictory statements on the mode of inheritance of CHD were published in a variety of 

studies. These results were mainly based on pedigree analyses or breeding experiments and 

the application of the Mendelian rules of inheritance for the data analysis. In an early study, 

pedigrees of German shepherd dogs were analysed, and an autosomal recessive monogenic 

mode of inheritance was proposed for CHD (GROUNDS et al., 1955).  

In contrast to GROUNDS et al. (1955), other studies rejected a recessive mode of inheritance 

(SCHALES, 1957, 1959). Instead, they proposed a dominant model with incomplete 

penetrance and expressivity after analyses of pedigrees of German shepherd dogs 

(BÖRNFORS et al., 1964; FELLNER and KARSAI, 1967; SCHALES, 1957, 1959; 

SNAVELY 1959). As those early simple monogenic models could not satisfactorily explain 

the observed segregation of CHD (HENRICSON and OLSSON, 1959), some authors focused 

on polygenic influence (HEIN, 1963; HENRICSON et al., 1965, 1966, 1972; HUTT, 1967; 

LEIGHTON et al., 1977). The polygenic mode of inheritance explained the great variance of 

manifestation and degree of CHD between individual dogs, which could not satisfactorily be 

explained by Mendelian inheritance even when incomplete penetrance was assumed (HEIN, 

1963; HUTT, 1967). Further variation could be explained, if CHD was regarded as a 

multifactorial trait additionally influenced by environmental factors, resulting in varying 

degrees of CHD also in littermates and both hip joints of the same animal (HEIN, 1963). The 

polygenic inheritance model which allowed additional modifications of the phenotypic 

expression of CHD by environmental effects was believed most likely during the following 

years (BRASS, 1978, 1989; DISTL et al., 1985, 1991; HEDHAMMAR et al., 1979; HUTT, 

1969; JESSEN and SPURRELL, 1972; LUST and FARRELL, 1977; TODHUNTER et al., 

1999; WILLIS, 1977). The effect of different environmental factors quantified in statistical 

analyses most often explained only a small proportion of the total variance. Effects of the 

birth year of the sire, of the progeny, birth month of the progeny, effects of the litter size, and 

sex each explained less than 1% of the variance in German Hovawart and Boxer populations 

(DISTL et al., 1985). Sex, age, litter-size percentage of dogs examined per litter, number of 

probands per veterinary practitioner and a fixed effect of the founder accounted in total for 

only 3% of the phenotypic variance in a German population of German shepherd dogs 

(HAMANN et al., 2003). The effect of the kennel explained between 0.9 and 1.5% of the total 

variance in a German population of German shepherd dogs (HAMANN et al., 2003), while in 

German Hovawarts and Boxers 7-34% of the phenotypic variance were due to the kennel 

(DISTL et al., 1985). The litter effect was analysed in different breeds, but most often 
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explained less than 5% of the total variance (HAMANN et al., 2003; LEPPÄNEN et al., 

2000; MÄKI et al. 2000, 2004) or less than 10% (LEIGHTON et al., 1977). The effect of the 

breeder explained 2-7% of the phenotypic variance in different Finnish dog populations 

(LEPPÄNEN et al., 2000; MÄKI et al. 2004). As the multifactorial mode of inheritance for 

CHD was generally accepted, heritability was estimated in a variety of studies, varying 

between 0.11 and 0.6 in German shepherd dogs (Tab. 2) and between 0.05 and 0.93 in other 

breeds (Tab. 3). Recently, studies in Finland and the USA could demonstrate major genes 

involved in the development of CHD or its single aspects. LEIGHTON (1997) was the first 

who proposed the existence of a major gene for CHD. A major gene index according to 

LeROY and ELSEN (1992), calculated from differences of estimated breeding values 

between parents and offspring, gave strong evidence in a population of Labrador retrievers 

and German shepherd dogs, that a major gene may be segregating for a hip quality score 

evaluating the degree of degenerative joint disease (LEIGHTON, 1997). Bayesian approach 

using Gibbs sampling resulted in detection of major genes for CHD in Finnish populations of 

Rottweilers, Golden and Labrador retrievers and German shepherd dogs (MÄKI et al., 2002, 

2004). A model including the fixed effects age, sex, year of birth, and radiologist grading the 

radiographs, as well as the random effects of breeder and litter was used. Additionally, the 

genetic effect of the animal was split up into a major gene component and a polygenic 

component. Evidence for existence of major genes was derived from posterior distributions of 

both major gene and phenotypic variance with a global mode larger than zero. A negative 

dominance value indicated dominance up to slight overdominance for the favourable alleles, 

while conversely, the unfavourable alleles responsible for development of CHD-associated 

changes appeared to be inherited recessively. In an analysis of a crossbred population of 

Greyhounds and Labrador retrievers, three aspects of hip conformity relevant for CHD in 

dogs were examined (TODHUNTER et al., 1999). These aspects were the dorsolateral 

subluxation score (DLS) (FARESE et al., 1998), representing osseous conformation of the hip 

joint, the hip distraction index (DI) (SMITH, 1997; SMITH et al., 1993) representing laxity of 

the hip joint, and the age at onset of ossification of the femoral head (OSS) (MADSEN et al., 

1991; TODHUNTER et al., 1997). Greyhounds bred for racing were regarded unlikely to 

carry alleles for CHD, and phenotypically showed low DI, high DLS and a late OSS. In 

contrast, dysplastic Labrador retrievers, inbred for CHD, were supposed to be homozygous 

for the alleles evocating hip dysplasia, and had high DI, low DLS values and an early OSS. 

An F1-generation was bred, showing a high DI, a high DSL and an early OSS. Backcrossing 

of these F1-dogs to Greyhound founders resulted in F2-dogs also showing a high DI, a high 
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DSL and an early OSS. Therefore, the unfavourable Labrador alleles were regarded as 

dominant for the DI, and as recessive for the DSL, and were supposed to be controlled by 

separate quantitative trait loci (QTL) (TODHUNTER et al., 1999). All three traits OSS, DI 

and DLS proved to be heritable (BLISS et al., 2002) with moderate to high heritability 

estimates of h2 = 0.43, h2 = 0.5, and h2 = 0.61, respectively (TODHUNTER et al., 2003). 

Continued studies on the four-generation crossbred pedigree revealed that very few major 

genes were responsible for the major differences in favourable or unfavourable hip 

conformation between both Greyhounds and Labrador retrievers. An effective number of 

QTL estimated according to the method of ZENG (1992), resulted in estimates of 1.2, 1.0 and 

0.8 for OSS, DI and DLS, respectively (TODHUNTER et al., 2003). Most recently, different 

putative genomic regions harbouring genes responsible for these three different aspects of 

CHD were detected on 16 autosomes and the X-chromosome (TODHUNTER et al., 2004), 

but false-positive QTL may be screened out in future analyses. The possible existence of 

major genes and detection of QTL associated with aspects of CHD may prove momentous for 

future selection against hip dysplasia. If the disease CHD is reduced to single, highly heritable 

aspects influenced by single major genes, selection against CHD may specifically aim at 

eliminating carriers for “affected”-alleles. Rigorous breeding strategies geared to eliminate 

animals with unfavourable alleles for the major genes may satisfactorily improve the situation 

of CHD in many dog populations. Molecular genetic characterisation of genes responsible for 

CHD is a future prospect, providing a suitable instrument to eradicate the clinically and 

radiographically non-affected genetic carriers, which maintain the unfavourable alleles in the 

population. Genetic tests would be possible already in pups, early selection of future breeding 

dogs as well as beneficial upbringing and medical treatment for CHD-susceptible pups would 

be possible.  
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Tab. 1: Hip scoring scheme according to FCI recommendations. 

CHD 

grade 

CHD 

score 

rating Radiological signs 

A 1 No signs of 

hip 

dysplasia 

The femoral head and the acetabulum are congruent. The 

craniolateral rim of acetabulum appears sharp and slightly 

rounded. The joint space is narrow and even. The acetabular angle 

according to Norberg (adapted for position I) is about 105° (as a 

reference). In excellent hip joints the craniolateral rim of the 

acetabulum encircles the femoral head somewhat more in 

laterocaudal direction. 

B 2 Near 

normal hip 

joints 

Either the femoral head and the acetabulum are slightly 

incongruent and the acetabular angle according to Norberg 

(adapted for position I) is about 105°; or the centre of the femoral 

head lies medial to the dorsal rim of the acetabulum and the 

femoral head and the acetabulum are congruent. 

C 3 Mild hip 

dysplasia 

The femoral head and the acetabulum are incongruent, the 

acetabular angle according to Norberg is about 100° and/or there is 

a slightly flattened craniolateral rim of the acetabulum. 

Irregularities or no more than slight signs of osteoarthrotic changes 

of the margo acetabularis cranialis, caudalis or dorsalis or on the 

femoral head and neck may be present. 

D 4 Moderate 

hip 

dysplasia 

Obvious incongruency between the femoral head and the 

acetabulum with subluxation. Acetabular angle according to 

Norberg more than 90° (only as a reference). Flattening of the 

craniolateral rim of the acetabulum and/or osteoarthrotic signs. 

E 5 Severe hip 

dysplasia 

Marked dysplastic changes of the hip joints, such as luxation or 

distinct subluxation. Acetabular angle according to Norberg less 

than 90°, obvious flattening of the margo acetabularis cranialis, 

deformation of the femoral head (mushroom shaped, flattening) or 

other signs of osteoarthrosis. 
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Tab. 2: Heritability estimates (h2) and their standard errors (SE) for canine hip dysplasia 

in German shepherd dog populations. 

Country h2 ± SE Approach and familial 

structure used 

Author 

DK 0.35 REML-like PHS Andersen et al., 1988 

D 0.11 ± 0.03 REML-like PHS Distl et al., 1991 

D 0.48 ± 0.05 REML-like MHS Distl et al., 1991 

D 0.30 ± 0.02 REML-like FS Distl et al., 1991 

D 0.24 ± 0.03 – 

0.26 ± 0.03 

GS LAM Hamann et al., 2003 

S 0.43-0.45 ± 0.08 

 

H III PHS Hedhammar et al., 1979 

S 0.6 RgA sire-progeny Henricson et al., 1965 

S 0.42 RgA parent-offspring  Henricson et al., 1966 

S 0.4 – 0.5 RgA parents-progeny Henricson, 1967 

S 0.2 RgA sire-progeny Henricson et al., 1972 

S 0.34 RgA dam-progeny Henricson et al., 1972 

S 0.2-0.3 n.m. Henricson et al., 1973 

USA 0.3 ANOVA PHS Jessen and Spurrell, 1972 

USA 0.18 ANOVA MHS Jessen and Spurrell, 1972 

USA 0.42 RgA sire-progeny Jessen and Spurrell, 1972 

USA 0.35 RgA dam-progeny Jessen and Spurrell, 1972 

USA 0.25 RgA parent-progeny Jessen and Spurrell, 1972 

USA 0.21 ± 0.08 – 

 0.23 ± 0.10 

H III PHS Leighton et al., 1977 

FIN 0.31 ± 0.02 – 

 0.35 ± 0.02 

REML LAM Leppänen et al., 2000 

N 0.21 ± 0.4 H III PHS Lingaas and Heim, 1987 

N 0.30 ± 0.07 RgA sire-progeny Lingaas and Heim, 1987 

N 0.22 ± 0.04 RgA dam-progeny Lingaas and Heim, 1987 

N 0.26 ± 0.04 RgA parents-progeny Lingaas and Heim, 1987 

S 0.48 ± 0.11 RgA sire-sons  Swenson et al., 1997 

S 0.50 ± 0.07 RgA dam-daughters Swenson et al., 1997 
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PHS: Paternal half-sibs; MHS: maternal half-sibs; FS: full-sibs; GB: Great Britain; S: 

Sweden; N: Norway; FIN: Finland; USA: United States of America; DK: Denmark; D: 

Germany; RgA: Regression analysis; REML: residual maximum likelihood; H III: 

Henderson’s method III; GS: Gibbs sampling; LAM: linear animal model; n.m.: not 

mentioned 
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Tab. 3: Heritability estimates (h2) and their standard errors (SE) for different breeds. 

Breed Country h2 ± SE Approach and 

 model used 

Author 

Akita Inu GB 0.2 – 0.3 H III PHS Willis, 1997 

N 0.20 ± 0.10 H III PHS 

N 0.16 ± 0.22 RgA sire-progeny 

N 0.37 ± 0.10  RgA dam-progeny 

N 0.20 ± 0.05 RgA parents-progeny 

Lingaas and Heim, 

1987 

 

USA 0.30 ± 0.04 RgA parents-progeny Reed et al., 2000 

Bernese mountain 

dog 

  

GB 0.4 H III PHS Willis, 1997 

D 0.30 ± 0.06  LS FS 

D 0.20 ± 0.09  LS PHS 

Boxer 

D 0.39 ± 0.12  LS MHS 

Distl et al., 1985 

 

N 0.41 ± 0.24 H III PHS 

N 0.80 ± 0.48 RgA sire-progeny 

Breton 

 

N 0.09 ± 0.12 RgA parents-progeny 

Lingaas and Heim, 

1987 

 

Chow Chow N 0.47 ± 0.67 H III PHS Lingaas and Heim, 

1987 

English Setter USA 0.17 ± 0.05 RgA parents-progeny Reed et al., 2000 

GB 0.2 – 0.3 H III PHS Willis, 1997 

GB 0.74 ± 0.25 RgA parents-progeny 

GB 0.41 ± 0.60 RgA sire-progeny 

Flatcoated 

retriever 

 

GB 0.93 ± 0.29 RgA dam-progeny 

Wood et al., 2000a 

 

N 0.24 ± 0.06 H III PHS 

N 0.11 ± 0.09 RgA sire-progeny 

N 0.29 ± 0.05 RgA dam-progeny 

N 0.31 ± 0.05 RgA parents-progeny 

Lingaas and Heim, 

1987 

 

N 0.17 ± 0.03 H III PHS 

 

Lingaas and 

Klementsdal, 1990 

S 0.34 ± 0.09 RgA sire-sons 

Golden retriever 

 

S 0.47 ± 0.08 RgA dam-daughters 

Swenson et al., 1997 

 

GB 0.4 H III PHS Willis, 1997 Gordon Setter 

 GB 0.20 ± 0.10 RgA parents-progeny Wood et al., 2000b 

 48



 Review of canine hip dysplasia   

GB 0.36 ± 0.14 RgA dam-progeny 

D 0.17 ± 0.06 LS FS 

D 0.34 ± 0.11 LS PHS 

Hovawart 

 

D 0.0  LS MHS 

Distl et al. 1985 

 

N 0.21 ± 0.06 H III PHS 

N 0.51 ± 0.09 RgA sire-progeny 

N 0.21 ± 0.06 RgA dam-progeny 

N 0.31 ± 0.06 RgA parents-progeny 

Lingaas and Heim, 

1987 

 

CH 0.53 ± 0.17 REML PHS Ohlert et al., 1998 

S 0.54 ± 0.21 RgA sire-sons 

Labrador retriever 

S 0.60 ± 0.13 RgA dam-daughters 

Swenson et al., 1997 

 

N 0.05 ± 0.11 H III PHS 

N 0.23 ± 0.11 RgA sire-progeny 

N 0.34 ± 0.10 RgA dam-progeny 

N 0.26 ± 0.10 RgA parents-progeny

Lingaas and Heim, 

1987 

 

S 0.44 ± 0.11 RgA sire-sons 

S 0.54 ± 0.08 RgA dam-daughters 

Swenson et al., 1997 

 

GB 0.4 H III PHS Willis, 1997 

GB 0.49 ± 0.08 RgA parents-progeny 

GB 0.40 ± 0.15 RgA sire-progeny 

Newfoundland dog 

 

GB 0.59 ± 0.11 RgA dam-progeny 

Wood et al., 2000a 

 

N 0.59 ± 0.26 H III PHS Old English 

Sheepdog 

 

N 0.06 ± 0.15 RgA dam-progeny 

Lingaas and Heim, 

1987 

 

Portuguese 

Waterdog 

USA 0.3 ± 0.06 RgA parents-progeny Reed et al., 2000 

N 0.05 ± 0.09 H III PHS 

N 0.44 ± 0.22 RgA sire-progeny 

N 0.13 ± 0.16 RgA dam-progeny 

N 0.06 ± 0.10 RgA parents-progeny

Lingaas and Heim, 

1987 

 

FIN 0.58 ± 0.04 REML LAM Mäki et al., 2000 

S 0.48 ± 0.20 RgA sire-progeny 

Rottweiler 

 

S 0.18 ± 0.10 RgA dam-progeny 

Swenson et al., 1997 
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Shar-Pei  USA 0.31 ± 0.05 RgA parents-progeny Reed et al., 2000 

N 0.19 ± 0.15 H III PHS 

N 0.06 ± 0.11 RgA sire-progeny 

N 0.51 ± 0.12 RgA dam-progeny 

N 0.57 ± 0.12 RgA parents-progeny 

Lingaas and Heim, 

1987 

 

S 0.40 ± 0.17 RgA sire-sons 

Saint Bernard 

 

S 0.40 ± 0.12 RgA dam- daughters 

Swenson et al., 1997 

 

Siberian Husky GB 0.2-0.3 H III PHS Willis, 1997 

PHS: paternal half-sibs; MHS: maternal half-sibs; FS: full-sibs; GB: Great Britain; S: 

Sweden; N: Norway; FIN: Finland; USA: United States of America; DK: Denmark; D: 

Germany; RgA: regression analysis; REML: residual maximum likelihood; H III: 

Henderson’s method III; LS: Least Squares-Model; LAM: linear animal model 
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Genetic analysis of three different classification protocols in the evaluation 

of elbow dysplasia in German shepherd dogs 

 
V. Janutta1, H. Hamann1, S. Klein2, B. Tellhelm2 and O. Distl1 

 
1Institute for Animal Breeding and Genetics, University of Veterinary Medicine Hannover, 

Foundation, 30559 Hannover, Germany 
2Small Animal Clinic (Surgery) of the Veterinary Faculty, Justus-Liebig-University of 

Giessen, 35392 Giessen, Germany 

 

Summary 

Three different scoring systems for elbow dysplasia (ED) and its radiographic signs were 

genetically evaluated in German shepherd dogs. An animal model was used to estimate 

heritabilities and additive genetic and residual correlations for ED-SV, which is recommended 

by the IEWG; ED-LA, developed by Lang and others (1998); and ED-TH, proposed by 

Tellhelm (2003). Data from 2,645 X-rayed dogs born from 1998 to 2001 in 1,331 kennels 

were analysed using residual maximum likelihood procedures (REML). The pedigree file 

included 11,426 dogs and contained ancestors for up to six generations. The effects of sex, 

age at examination, and the interaction of age at examination with sex were significant for all 

three scoring systems; the effect of birth year was significant only for ED-LA; and the effect 

of birth month was significant only for ED-SV. Heritability estimates for ED-SV were h2 = 

0.18 ± 0.04, h2 = 0.11 ± 0.03 for ED-LA, and h2 = 0.16 ± 0.04 for ED-TH. The additive 

genetic correlations among the different ED scores were greater than rg = 0.96. The additive 

genetic correlations among the different single criteria for ED and the different ED scores 

were between rg = 0.68 and rg = 0.98, except for the criteria ununited anconeal process and 

osteochondrosis dissecans of the trochlea humeri, which were mostly genetically negatively 

correlated to the other radiological criteria. The ED scores were apparently determined by two 

genetically different traits. The possibilities for selecting German shepherd dogs with respect 

to elbow dysplasia might be improved by taking into account these two traits in the prediction 

of breeding values. 

Keywords: dog, German shepherd dog, elbow dysplasia, ununited anconeal process, arthrosis, 

fragmented coronoid process, osteochondrosis dissecans, heritability, correlations 
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INTRODUCTION 

Canine elbow dysplasia (ED) is one of the most common heritable diseases of dogs. ED can 

induce arthrosis, deformed or fragmented medial coronoid process of the ulna (FCP), kissing 

lesions, ununited anconeal process (UAP), abnormal contours of the subchondral bone of the 

medial condyle humeri, osteochondrosis dissecans (OCD) of the medial humeral condyle, or 

growth incongruities of the radius and ulna (Flückiger 2003). The International Elbow 

Working Group (IEWG) has agreed to use the term elbow dysplasia for all these conditions. 

The different lesions of the elbow joint may occur alone or in combination, and may lead to 

forelimb lameness.  

Signs of ED manifest as early as between 5 and 9 months of age (McCurnin 1976; Guthrie 

1989a). The first clinical signs most often are mild intermittent lameness and stiffness 

(Grøndalen 1979, Berzon and Quick 1980); the first radiological signs commonly are 

osteoarthrotic changes such as osteophytes on the anconeal process (Bennett and others 1981, 

Berzon and Quick 1980) or direct evidence of a primary lesion such as UAP (Flückiger 2003). 

Heavy and rapidly growing breeds are considered to be predisposed to ED; these include 

Rottweilers, Bernese mountain dogs, Newfoundlands and Saint Bernards (Hayes and others 

1979, Guthrie 1989a). The different signs of ED seem to occur in different frequencies in the 

various breeds. Most of the diagnosed UAP cases have been found in German shepherd dogs 

(Stiern 1956, Cawley and Archibald 1959, Carlson and Severin 1961, Loeffler 1963, Dietz 

and others 1972, Sinibaldi and Arnoczky 1975, Mitten and Hoefle 1978, Grøndalen and 

Rørvik 1980, Grøndalen and Lingaas 1999). Most authors concluded that ED is a quantitative 

genetic trait which is also influenced by environmental effects (Guthrie and Pidduck 1990; 

Swenson and others 1997; Padgett and others 1995, Mäki and others 2002). Padgett and 

others (1995) suggested that OCD and FCP, primary lesions of the elbow joint, are two 

genetically different traits that are therefore inherited independently.  

The influence of nutrition and its consequences on weight gain and growth of young puppies 

have been addressed in different studies. Excessive growth and skeletal diseases may result 

from intake of food, energy, protein, calcium, and vitamin D above recommended levels 

(Hedhammar and others 1974), although no skeletal changes resulted from enhanced food 

intakes alone without changes in the food’s composition (Lavelle 1989), or from isoenergetic 

food with an increased protein fraction (Nap and others 1991). A study by Zentek and others 

(1995) found that additional weight loads applied to simulate increased body weight also 

caused skeletal aberrations. 
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Most authors reported higher prevalences of ED in male dogs than in females (Hayes and 

others 1979; Guthrie 1989a; Guthrie and Pidduck 1990; Lang and others 1998; Mues 2001).  

A slightly lower prevalence in males than in females was found only in the Swedish 

population of Bernese mountain dogs (Swenson and others 1997). 

Heritability estimates reported in literature for ED range between h2 = 0.10 and 0.77. 

Heritability estimates are population based measures that determine the proportion of the   

observed phenotypic variance that can be attributed to additive genetic factors. Accordingly, 

the importance of additive genetic factors in the development of a disease is characterised by 

the heritability. The higher heritability estimates are, the larger differences exist between 

groups of relatives in the prevalence of a disease. High heritability estimates let expect fast 

genetic progress through selection of superior parents. Guthrie and Pidduck (1990) examined 

a population of guide dogs for the blind for signs of osteochondrosis; using full-sib 

correlation, they found heritability estimates of h2 = 0.77 in males and of h2 = 0.45 in females. 

Using paternal half-sib correlation, Grøndalen and Lingaas (1991) reported a heritability 

estimate of h2 = 0.10 for elbow arthrosis in Norwegian Rottweilers. Beuing and others (2000) 

gave the higher value of h2 = 0.28 for ED in German Rottweilers, according to the IEWG 

scoring system. Using a linear animal model for the analysis of ED according to the IEWG 

protocols in Finnish Rottweilers, Mäki and others (2000) found a heritability estimate of h2 = 

0.31. 

Lang and others (1998) proposed a new scoring system for ED that would include the four 

primary lesions – FCP, OCD, UAP, and incongruity of the elbow joint – in the arthrosis-

orientated IEWG protocol. Tellhelm (2003) then added further refinements to the scoring 

system proposed by Lang and others (1998). 

The objective of this study was to compare these three different recording protocols for ED – 

ED-SV, scoring of ED according to the IEWG protocols (ED-SV), ED-LA, according to Lang 

and others (1998), and ED-TH, according to Tellhelm (2003) – for their application in 

breeding programmes to reduce elbow dysplasia in German shepherd dogs. For this purpose 

linear animal models were applied to estimate the genetic parameters for these three ED 

scores in a randomly drawn population of German shepherd dogs. 

 

Materials and Methods 

The official ED radiographs of the German Shepherd Dog Breeding Association (SV) were 

used for the statistical analysis, following the IEWG protocol (Flückiger 2003) for both 

forelimbs. The dogs were X-rayed by 630 veterinary practitioners. The X-rays were scored by 
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a single veterinary evaluator. Elbow joints had to be radiographed without use of a grip with 

the limb placed directly onto the cassette and a collimated beam. Mediolateral views were 

used for the flexed elbow joints with the angle between humerus and radius smaller than 45° 

but not totally flexed. The projection onto the elbow joint had to be orthograde, which means 

medial and lateral humeral condyles had to overlap. An additional craniolateral to 

caudomedial oblique view was most often available. For all dogs included in this study, 

radiographs showing good penetration and contrast of the elbow joints had to be available.  

The data comprised 2,645 German shepherd dogs (GSD) born from 1998 to 2002. The SV 

supplied additional information for each dog examined on its date of birth, sex, litter size, 

kennel identification, and pedigree. The dogs’ examination age ranged between 6 and 36 

months, but most of them were X-rayed at about 12 to 13 months of age, with a mean of 442 

± 123 days. Data included 1,237 females (46.8%) and 1,408 males (53.2%) from 1,934 litters 

of 1,331 kennels; the dogs descended from 1,664 dams and 719 sires. A pedigree comprising 

six generations with 11,426 dogs in all was used for the genetic analysis.  There were no 

records for ED for 8,781 of these animals, and 2,060 were animals of unknown parentage 

(base animals). For all dogs included in this study, a radiograph showing good penetration and 

contrast of the joint had to be available for both elbows.  

The first protocol for scoring of ED was based on the IEWG guidelines. This ED score, the 

ED-SV, is the one officially used by the German Shepherd Dog Breeding Association (SV) 

(Table 1). For the case when the two elbow joints differed in the severity of the signs for ED, 

the higher score was used to classify the ED score of the dog. An ED-SV score of 0 represents 

dogs with normal elbow joints on both forelimbs. Scores of 1 – 4 apply to dogs with the 

following degrees of arthrosis or other disorders of the elbow joints: 1, borderline; 2, signs of 

slight arthrosis; 3, moderate arthrosis; and 4, severe arthrosis or FCP, UAP, or OCD 

(Tellhelm 2001). Of the 2,645 dogs examined for ED-SV, 78.0% (n = 2,064) had no signs of 

ED; 7.9% (n = 208) were borderline; and 9.9% (n = 262), 2.7% (n = 70), and 1.6% (n = 41) 

had mild, moderate, and severe ED, respectively. 

There were striking differences between the sexes in the distribution of ED-SV scores: 81.3% 

of the female dogs were scored as free of ED, whereas this applied to only 75.1% of the male 

dogs. A score of ED 1 was given to 7.6% of the females and to 11.9% of the males; ED 2 to 

1.6% females and 3.6% males: and ED 3 to 1.1% females and 2.0% males.  

In contrast to the ED-SV scoring system, the other two scoring systems ED-LA, proposed by 

Lang and others (1998), and ED-TH, proposed by Tellhelm (2003), individually evaluate 

signs of arthrosis (LA1 - LA3, TH1 – TH3), incongruity of the humero-ulnar joint (LA4, 
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TH4), signs of FCP (LA5, TH5), UAP (LA6, TH6), and OCD (LA7, TH7) of both elbow 

joints (Table 2). The ED-LA scoring system is a further development of the IEWG system. 

ED-LA assigns between zero and three points for each of the seven criteria, while the ED-TH 

scoring system uses zero to five points for each criterion. Tellhelm (2003) added two separate 

classes to the ED-LA scoring system, one for minimal changes, which are scored as 1 point, 

and a separate class for FCP, UAP, and OCD. One point in the ED-LA system corresponds to 

two points in ED-TH; two points in ED-LA, to three points in ED-TH; and three points in 

ED-LA, to four points in ED-TH, with the exception of the primary lesions FCP, UAP, and 

OCD, which are scored with five points in ED-TH.  

The percentages of positive observations for all individual criteria and their combinations are 

shown in Tables 4 and 5.  

Both ED-LA and ED-TH first sum up the number of points for each criterion for each 

forelimb and then average the points of both forelimbs. Points are averaged over both 

forelimbs for each criterion. The distribution of the three different ED scores is given in Table 

3.  

Using the procedure MIXED of SAS, version 8.2 (SAS Institute, Cary, NC, USA, 2003) we 

tested the three different ED scores for significant effects in preliminary analyses and then we 

employed the following maximum likelihood (ML) model: 

Yijklmnopq = µ + Ai + Pj + Bk + Ml + Lm + Vn + So + b1ASp + b2 (ASp)2 + b3 log(ASp) +  

      b4 (logASp)2 + eijklmnopq

Different parameterisations of fixed effects were tested for the three different ED scores, ED-

SV, ED-LA, and ED-TH. 

The genetic parameters were estimated employing the following animal model: 

Yijklmnopqr = µ + Ai + Pj + Bk + Ml + Lm + Vn + So + b1ASp + b2(ASp)2 + b3log (ASp) + 

       b4 (logASp)2 + aq + eijklmnopqr , 

where Yijklmnopqr is the ED score for ED-SV, ED-LA, or ED-TH, or the single criteria LA1 – 

LA7 and TH1 – TH7 for the ijklmonpqr-th dog; Ai is the fixed effect for the angle between 

humerus and radius, with four levels (i : ≤ 19°, 20° – 28°, 29° – 39° and ≥ 40° with 450, 596, 

760 and 839 dogs, respectively); and Pj is the fixed effect for positioning of the dog’s 

forelimbs, with six levels (j: both forelimbs in orthograde position, with 857 dogs;  one 

forelimb in pronation, with 367 dogs;  one forelimb in supination, with 378 dogs; both 

forelimbs in pronation, with 591 dogs; both forelimbs in supination, with 398 dogs; one 

forelimb in pronation, and one in supination, with 54 dog). The fixed effect of the birth year 

(Bk) included three levels (k: ≤ 2000, 2001, and 2002, with 515, 1,483, and 647 animals, 
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respectively). Ml is the fixed effect of the birth month, with four levels (l: January – March; 2, 

April – June; 3, July – September, and 4, October – December, with 796, 685, 519, and 645 

probands, respectively); Lm is the fixed effect of the litter size with two levels (m: ≤ 5, with 

1,173 dogs, or ≥ 6 puppies, with 1,472 dogs); Vn is a fixed effect for the number of probands 

X-rayed by each veterinary practitioner, with three levels (n: 1 – 2 dogs, 3 – 6 dogs and ≥ 7 

dogs, with 522, 574, and 1,549 observations, respectively). So is the fixed effect of the sex of 

the dog (o: male, 1,408 animals, and female, 1,237 animals). Linear and non-linear 

regressions (b1 – b4) within the fixed effect of the sex (AS) were used to model the age at 

examination of the dog. Random effects were the additive genetic effect aq of the animal (q: 1 

– 11,426) and the residual effect (eijklmnopqr). No random litter, kennel or dam effect could be 

included in the model because the number of observations for these effects was much too low.  

Variance and covariance components were estimated with residual maximum likelihood 

(REML) and VCE4 software (Groeneveld, 1998). By using different parameterisations of the 

fixed effects we tested their influence on the estimates of genetic variances. Submodel 1 only 

regarded the fixed effects of sex and the age at examination within sex. Subsequently the 

submodels were extended by each one fixed effect (submodels 2 – 4), until the full 

parameterisation of the fixed effects as shown above was obtained. Covariance components 

between each two traits were obtained from bivariate analyses. Heritability (h2) was estimated 

as follows, where σa
2 is the additive genetic and σe

2 is the residual variance: h2 = σa
2 / (σa

2 + 

σe
2). 

 

Results 

The F-values and type I error probabilities of the fixed systematic effects and covariates are 

shown in Table 6. The sex of the dog significantly influenced all three ED scores (ED-SV, 

ED-LA, and ED-TH). Male dogs were prone to a higher risk of ED than female dogs. The 

linear and non-linear regression coefficients of the age at X-raying were also significantly 

different by sex in all three ED scores. Increasing age was related with higher ED scores 

(Figures 1 and 2) for ED-SV as well as for ED-LA and ED-TH. The regression curve for male 

dogs showed an increase significantly steeper than did the corresponding regression curve for 

female dogs. Birth year and month were not consistently significant for the ED scores 

analysed. However, ED-SV and ED-LA scores were lower in dogs born in 2001, and all three 

ED scores were lower in dogs born in the months April – June than in dogs born in other 

years and months (Table 7). There were no significant effects of litter size, angle between 

radius and humerus, positioning of the dog’s forelimbs, and number of dogs examined per 
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veterinary practitioner. Heritability estimates with their standard errors are given in Table 8. 

Using different parameterisations of the fixed effects had only a small influence on the 

genetic parameter estimates. The official ED-SV score showed the highest estimate among 

the three ED scores. The heritability estimate for the ED-LA scoring system proposed by 

Lang and others (1998) was h2 = 0.11 and h2 = 0.16 for ED-TH, the system proposed by 

Tellhelm (2003). The additive genetic correlations (rg) and the residual correlations (re) 

between the different ED-scores approached one: rg = 0.98 between ED-LA and ED-TH, and 

rg = 0.96 between ED-SV and either ED-LA or ED-TH. The corresponding estimates for re 

were re = 0.81 to re = 0.96. 

The heritabilities for the single criteria according to Lang and others (1998) ranged between 

h2 = 0.003 and h2 = 0.20 (Table 9). Criteria 1 – 5 were highly positively correlated, whereas 

there were mostly negative additive genetic and low positive residual correlations to criteria 6 

– 7. A similar pattern of additive genetic and residual correlations was obvious among the 

seven single criteria and ED-SV and ED-LA scores. The corresponding analysis for the ED-

TH score yielded results similar to those for the ED-LA score (Table 10). Signs of an 

ununited anconeal process and osteochondrosis dissecans of the trochlea humeri appeared as 

different genetic traits when compared to the different locations of osteophytes and 

fragmented medial coronoid process. 

 

DISCUSSION 

This study compared the genetic parameters of three different classification protocols in the 

evaluation of elbow dysplasia in German shepherd dogs, ED-SV, ED-LA, and ED-TH. 

The ED-SV score, which is in official use, showed the highest heritability estimate of the 

three different ED scores analysed. Therefore, ED-SV, the simple ED scoring scheme, should 

give higher selection response than the other systems for scoring ED, ED-LA and ED-TH, 

proposed by Lang and others (1998) and Tellhelm (2003), respectively. The high additive 

genetic correlations among the different scoring systems indicate that all three different 

protocols used here rank individual animals based on predicted breeding values very 

similarly. The breeding values based on the more detailed protocols would not be superior to 

the breeding values based on the simpler IEWG guidelines. Nevertheless, the ED-LA and ED-

TH scoring systems make it possible to evaluate the heritabilities of individual signs of elbow 

dysplasia in detail, their additive genetic correlations, and to pursue the progression of 

symptoms. As the skewed distribution of ED-LA and ED-TH in our data was not caused by 

familiarity, the residual variance was higher and the additive genetic variance was lower, 
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resulting in lower heritability estimates. The heritability estimates for the ED score according 

to the IEWG protocol (ED-SV) in the present study were lower than estimates reported for 

Rottweiler dog populations in Sweden (Swenson and others 1997), Finland (Mäki and others 

2000), and Germany (Beuing and others 2000). In those studies, heritabilities for the ED score 

ranged between h2 = 0.28 and 0.40. Only Grøndalen and Lingaas (1991), who found 

heritability estimates between 0.10 and 0.48 in dependence of the genetic model used (sib 

correlations or regressions on offspring), reported heritabilities for Norwegian Rottweilers 

based on paternal half-sib correlation in the range of those in our study.  These differences in 

the size of heritabilities may be due both to true differences in additive genetic variation 

among German shepherd dogs and Rottweilers as well as to the sampling scheme for ED. 

Furthermore, it is known that the method used for estimation of heritabilities influences the 

size of estimates. Guthrie and Pidduck (1990) used the liability model according to Falconer 

(1981) and estimated heritabilities of h2 = 0.45 for females and h2 = 0.77 for males within a 

population of guide dogs for the blind. 

Most of the different criteria for the ED-LA and ED-TH scoring systems showed relatively 

low heritability estimates ranging from h2 = 0.003 to h2 = 0.21. Heritabilities were equal to or 

greater than 0.1 for osteophytes on the anconeal process, incongruity of the humero-ulnar 

joint, and sclerosis. ED-SV scoring would thus have a greater effect on these signs than on all 

the other signs of elbow dysplasia with very low heritabilities. As expected, the additive 

genetic correlations of the different signs evaluated with the total score for ED-LA, ED-TH, 

and ED-SV were very high. However, it has to be noted that, for the signs of an ununited 

anconeal process (LA6/TH6, UAP) and those of osteochondrosis dissecans (LA7/TH7, OCD), 

the additive genetic and residual correlations with all the other criteria were negative or close 

to zero in the scoring systems ED-LA and ED-TH, whereas correlations were high between 

signs of UAP and OCD. These findings suggest that the traits UAP and OCD are inherited 

independently of the other criteria for elbow dysplasia and genes involved in the development 

of UAP and OCD may be different to genes responsible for the other criteria of elbow 

dysplasia in German shepherd dogs. 

Male dogs were affected significantly more often by ED and more frequently with higher ED 

scores than female dogs. Similar findings have been reported for various breeds such as 

Rottweiler, Bernese mountain and Newfoundland dogs (Hayes and others 1979, Guthrie and 

Pidduck 1990, Grøndalen and Lingaas 1991, Swenson and others 1997, Beuing and others 

2000, Mäki and others 2000). A striking feature of our data was the fact that male dogs 

developed signs of ED much earlier than females, which led to a steeper increase in the 
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regression curve for age for male dogs and to a plateau at the age of about 500 days. The age 

at examination and the interaction of this feature with gender thus had a significant influence 

on the development of signs of ED. In both genders, and particularly in males, the ED scores 

increased with age. This can be ascribed to arthrotic changes, as these pathologic conditions 

intensify with age (Grøndalen and Grøndalen 1981). Although the interaction between sex 

and age was taken into account in the models applied to explain the different growth rates 

between males and females, the gender effect was significant. Higher estrogen levels in 

females may retard the growth of cartilage and may cause a difference in the rate of skeletal 

maturity in the sexes, which may influence the expression of ED (Gustafsson and Beling 

1969). 

Mäki and others (2000) showed a significant effect of birth year in a population of Finnish 

Rottweilers born during the years 1988 to 1995. In the current study, birth year was 

significant only for ED-LA, but neither for ED-SV nor for ED-TH. As the current data 

covered an interval of only three years, no great differences were to be expected between the 

birth years.  

Birth month was significant only for ED-SV, and the same tendency was also evident in the 

estimates from the other two ED scores, ED-LA and ED-TH. ED scores were lowest for dogs 

born in the months April to June, and highest in the months October to December. Unlike 

other studies on elbow dysplasia, a seasonal trend was found here. It is not clear whether birth 

season reflects an environmental effect or may be influenced by sampling of the data. Birth 

season may also influence the management and training practices of dog owners. 

FCP was the most frequent primary lesion found in the present study, which corresponds to 

the findings of Grøndalen and Grøndalen (1981), Wind and Packard (1986), Lang and others 

(1998), and Vezzoni and others (2002). In contrast, some authors (Hayes and others 1979, 

Meyer-Lindenberg and others 1991) found UAP to be the most prevalent primary lesion of 

the elbow joint in clinically affected dogs. As ED examination is voluntary, obvious cases of 

UAP may have been withheld from our study, so that the sampling was distorted. Otherwise 

any overrepresentation of UAP in clinical cases may have been due to the fact that UAP more 

often leads to lameness and further clinical signs because the anconeal process is often 

diverted by the pull of the triceps (Guthrie 1989b).  

Our results lead to the conclusion, that elbow dysplasia appears to be a genetically caused 

disease whose expression is also influenced by a sex-dependent age effect and birth month. 

Our results indicate that the ED scoring protocols proposed may cover two genetically 

different traits in the German shepherd dogs investigated here. Prediction of breeding values 
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and selection schemes should achieve a faster progress if the signs of UAP and OCD are 

treated as separate traits, and breeding values for signs of ED are predicted on the one hand in 

terms of osteophytes on the different sites, sclerosis, incongruity and deformed or fragmented 

coronoid process of the ulna and as UAP and OCD on the other hand. 
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Table 1. Scoring system for the ED score based on the IEWG protocol (ED-SV) 

ED-SV Scoring 

ED grade Score  

Radiological findings 

ED 0 0 Normal 

elbow joints 

Normal elbow joint, no sign of incongruity, sclerosis or 

arthrosis 

Borderline 

(BL) 

1 Minimal, 

non-arthrotic 

changes 

Joint contours slightly deviating from normal ones, 

especially of the joint’s margins and the anconeal process, 

which are not yet arthrotic findings. Higher density of the 

ulna’s articular cavity which is not yet graded as severe 

ED1 2 Mild 

arthrosis 

Obvious sclerosis nearby the ulnar trochlear notch or at the 

proximal radius or  

step ≥ 2 mm difference in height between radius and ulna 

or  

osteophytic formations less than 2 mm 

ED2 3 Moderate 

arthrosis 

Osteophytes 2 – 5 mm,  

primary lesion suspected 

ED3 4 Severe 

arthrosis 

Osteophytes larger than 5 mm and/or primary lesions such 

as UAP, FCP, OCD 

 

Table 2. Scoring system for elbow dysplasia (ED) according to Lang and others (1998) 

Criterion 0 points 1  
point 

2 
points 

3  
points 

LA1 Osteophytes on anconeal 
process 

None < 2 mm 2-5 mm > 5 mm 

LA2 Osteophytes on other 
locations 

None Minimal, 
< 2 mm 

Osteophytes 2-5 mm Osteophytes 
> 5 mm 

LA3 Density/sclerosis of 
trochlear notch, ulna head, 
radius 

Normal Minimal 
increase 

Obvious increase, 
structural changes 

Massive 
increase 

LA4 Congruity of the humero-
ulnar joint, step between 
radius and ulna 

Normal mild 
incongruity, 
step < 2 mm

Moderate 
incongruity, 
step < 4 mm 

Severe 
incongruity, 
step > 4 mm

LA5 Medial coronoid process Normal - Abnormal shape FCP 
LA6 Anconeal process Normal - Abnormal structure 

or shape 
UAP 

LA7 Medial aspect of the  
humeral condyle 

Normal - Sclerosis of humeral 
trochlea, 

 suspected OCD 

OCD 
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Table 3. Distribution of the ED-SV, ED-LA and ED-TH scores, their means ( x ), standard 

deviations (SD), and ranges (n = 2645) 

ED-SV ED-LA ED-TH ED-SV 

n % 

ED-LA and 
ED-TH n % n % 

0 2064 78.03 0 1907 72.10 936 35.39 

1 208 7.86 0.5 175 6.62 191 7.22 

2 262 9.91 1.0 265 10.02 830 31.38 

3 70 2.65 1.5 – 4.0 228 8.62 508 19.21 

4 41 1.55 ≥ 4.5 70 2.65 180 6.81 

x  ± SD 0.418 ± 0.887   0.509 ± 1.307  1.327 ± 2.155 

Range 0 - 4  0 – 14.5 0 – 21.5 

ED-SV: ED score based on the IEWG protocol 
ED-LA: ED score according to Lang and others (1998) 
ED-TH: ED score according to Tellhelm (2003) 
 

Table 4. Joint distribution of each two criteria diagnosed using the scoring system of Lang 

and others (1998) in per cent 

Criterion Number of 

radiological 

findings 

LA1 LA2 LA3 LA4 LA5 LA6 LA7 

LA1 549 39.7 29.7 51.2 17.9 20.8 3.8 0.6 

LA2 172  1.2 79.7 44.8 52.9 9.3 1.2 

LA3 429   29.4 22.6 24.0 6.1 0.5 

LA4 132    14.4 43.2 8.3 0.8 

LA5 120     2.5 6.7 0.8 

LA6 41      36.6 0 

LA7 3       0 

LA1 – LA7: Criterion 1-7 of ED-LA score 
Diagonal: percentage of animals exhibiting only the particular criterion indicated 
Off-diagonals: percentage of animals showing in addition to the criterion given in that row, 
the criterion given in the column, independent of further signs diagnosed 
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Table 5. Joint distribution of each two criteria diagnosed using the scoring system of Tellhelm 

(2003) in per cent 

Localisation Number of 
radiological 

findings 

TH1 TH2 TH3 TH4 TH5 TH6 TH7 

TH1 370 5.7 51.9 90.0 31.9 42.4 12.4 0.5 

TH2 229  3.1 89.1 45.0 55.9 17.5 1.3 

TH3 1521   58.3 10.7 11.4 19.4 0.4 

TH4 202    12.4 46.0 20.8 0.5 

TH5 194     3.1 17.0 1.0 

TH6 408      23.0 0 

TH7 6       0 

TH1 – TH7: Criterion 1 – 7 of ED-TH score 
Diagonal: percentage of animals exhibiting only the particular criterion indicated 
Off-diagonals: percentage of animals showing in addition to the criterion given in that row the 
criterion given in the column, independent of further signs diagnosed 
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Table 6. F-values and type I error probabilities (p) of fixed systematic effects and covariates 

using the procedure MIXED with fixed effects only 

ED-SV ED-LA ED-TH Source of variation DF 

F-value p F-value p F-value p 

Sex 1 10.6 0.001 7.6 0.006 10.1 0.002 

Age at radiographic 

examination by sex 

       

- linear 2 10.2 < 0.001 6.2 0.002 7.5 < 0.001

- quadratic 2 9.2 < 0.001 5.2 0.006 6.6 0.001 

- logarithmic 2 10.8 < 0.001 6.6 0.001 7.9 < 0.001

- (logarithmic)2 2 11.0 < 0.001 6.9 0.001 8.0 < 0.001

Birth year 2 1.3 0.279 3.8 0.024 1.6 0.206 

Birth month 3 2.6 0.053 1.4 0.237 1.5 0.222 

Litter size 1 1.8 0.182 0.7 0.414 1.5 0.217 

Angle between radius and 

humerus 

3 2.1 0.097 2.1 0.096 1.6 0.188 

Positioning of proband 5 1.0 0.404 1.0 0.445 1.6 0.162 

Number of probands per 

veterinary practitioner 

2 1.0 0.355 1.5 0.233 1.8 0.165 

DF: degrees of freedom 
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Table 7. Least Square Means (LSM) with their standard errors (SE) for significant fixed 

effects and significance of differences between least square means using the procedure 

MIXED with fixed effects only 

Source of variation ED-SV ED-LA ED-TH 

Effect Levels LSM ± SE LSM ± SE LSM ± SE 

Sex Male 0.511 ± 0.033a 0.669 ± 0.048a 1.594 ± 0.079a

 Female 0.354 ± 0.033b 0.426 ± 0.049b 1.152 ± 0.080b

Birth 

month 

January – 

March 

0.420 ± 0.040ab 0.548 ± 0.058a 1.407 ± 0.096a

 April – 

June 

0.350 ± 0.041a 0.485 ± 0.061 1.265 ± 0.100 

 July – 

September

0.462 ± 0.046b 0.515 ± 0.068 1.311 ± 0.112 

 October – 

December

0.498 ± 0.044b 0.641 ± 0.065 1.510 ± 0.107 

Birth year ≤ 2000 0.437 ± 0.053 0.663 ± 0.078a 1.550 ± 0.128 

 2001 0.397 ± 0.030 0.454 ±0.044b 1.314 ± 0.073 

 2002 0.463 ± 0.049 0.525 ± 0.072ab 1.255 ± 0.119 

a, b: different letters represent significant differences between the LSM 
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Table 8. Estimates of variances and heritabilities (h2) with their standard errors (SE) for ED-

SV, ED-LA and ED-TH using different parameterisations of fixed effects in univariate 

models 

ED-SV ED-LA ED-TH Submodels 
σ a

2 σ e
2 h2 ± SE σ a

2 σ e
2 h2 ± SE σ a

2 σ e
2 h2 ± SE

1 0.128 0.644 0.166  
± 0.037

0.170 1.506 0.101 
± 0.033 

0.704 3.855 0.154 
± 0.038

2 0.132 0.640 0.172  
± 0.038

0.170 1.499 0.102 
± 0.033 

0.691 3.852 0.152 
± 0.037

3 0.134 0.638 0.173 
± 0.037

0.169 1.499 0.101 
± 0.034 

0.701 3.842 0.154 
± 0.037

4 0.133 0.637 0.173  
± 0.036

0.174 1.494 0.104 
± 0.034 

0.719 3.824 0.158 
± 0.037

Final model 0.137 0.634 0.177 
± 0.037

0.177 1.491 0.106 
± 0.034 

0.715 3.819 0.158 
± 0.036

σ a
2: additive genetic variance; σ e

2: residual variance;  

Fixed effects used besides the linear and nonlinear regression of age at examination and the 

random animal effect: 

Submodel 1: Yopqr = µ + So + b1 ASp + b2 (ASp)2 + b3 log(ASp) + b4 (logASp)2 + aq + eopqr

Submodel 2: Ykopqr = µ + Bk + So + b1 ASp + b2 (ASp)2 + b3 log (ASp) + b4 (logASp)2 + aq +  

  ekopqr

Submodel 3: Yikopqr = µ + Ai + Bk + So + b1 ASp + b 2(ASp)2 + b3 log (ASp) + b4 (logASp)2 +  

   aq + eikopqr

Submodel 4: Yiklopqr = µ + Ai + Bk + Ml + So + b1 ASp + b2 (ASp)2 + b3 log (ASp) +  

   b4 (logASp)2 + aq + eiklopqr

Final model: Yijklmnopqr = µ + Ai + Pj + Bk + Ml + Lm + Vn + So + b1 ASp + b2 (ASp)2 +  

   b3 log (ASp) + b4 (logASp)2 + aq + eijklmnopqr, 

with Ai as the fixed effect of the angle between radius and humerus, and Pj as the fixed effect 

positioning of the probands’ forelimbs; Bk is the fixed effect of the birth year, Ml is the fixed 

effect of the birth month, Lm is the fixed effect of the litter size, Vn is the fixed effect of the 

number of probands X-rayed by the veterinary practitioner; So is the fixed effect of sex; b1 

ASp, b2 (ASp)2, b3 log (ASp) and b4 (logASp)2 are the covariates of the age at examination 

within the fixed effect of the dog’s gender. Random effects are aq as the animal’s additive 

genetic effect and eijklmnopqr as the residual effect.  
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Table 9. Heritability estimates (on the diagonal), additive genetic (above the diagonal) and 
residual (below the diagonal) correlations of the single criteria 1 – 7 (LA1 – LA7) and the ED 
score (ED-LA) developed by Lang and others (1998) using bivariate models 

 ED-
SV 

LA1 LA2 LA3 LA4 LA5 LA6 LA7 ED-
LA 

LA 
1–5 

LA 
6–7 

ED-
SV 

0.181 
± 

0.038 

0.979
± 

0.012 

0.846 
± 

0.110 

0.926
± 

0.057

0.782
± 

0.090

1 -0.558 
± 

0.507

-1 
± 

0.012

0.961 
± 

0.026 

0.973 
± 

0.019 

-0.672
± 

0.436
LA1 0.858 

± 
0.008 

0.200
± 

0.044

0.890 
± 

0.080 

0.792
± 

0.084

0.823
± 

0.084

0.999
± 

0.032

-0.543
± 

0.627

-1.000
± 

0.010

0.946 
± 

0.026 

  

LA2 0.635 
± 

0.015 

0.633
± 

0.017

0.027 
± 

0.018 

0.631
± 

0.237

1 1 
± 0.0 

-0.453 
± 

0.808

-1 0.928 
± 

0.068 

  

LA3 0.589 
± 

0.018 

0.534
± 

0.021

0.575 
± 

0.014 

0.099
± 

0.028

0.890
± 

0.108

1 
± 

0.005

0.306
± 

0.327

-1 
± 

0.003

0.922 
± 

0.049 

  

LA4 0.399 
± 

0.024 

0.340
± 

0.027

0.514 0.356
± 

0.020

0.113
± 

0.032

1 -0.447
± 

0.552

0.653
± 

1.463

0.987 
± 

0.058 

  

LA5 0.537 0.484
± 

0.020

0.677 
± 

0.010 

0.480
± 

0.016

0.428 0.040
± 

0.022

0.090
± 

0.596

-1 
± 

0.004

1   

LA6 0.373 
± 

0.023 

0.235
± 

0.026

0.323 
± 

0.017 

0.316
± 

0.017

0.236
± 

0.021

0.134
± 

0.020

0.018
± 

0.018

0.993
± 

9.959

-0.162 
± 

0.550 

  

LA7 0.127 
± 

0.020 

0.153
± 

0.020

0.182 0.148
± 

0.018

0.068
± 

0.019

0.145
± 

0.017

-0.006
± 

0.017

0.003
± 

0.006

-1 
± 

0.004 

  

ED-
LA 

0.813 
± 

0.009 

0.796
± 

0.011

0.860 
± 

0.007 

0.794
± 

0.009

0.958
± 

0.016

0.769 0.447
± 

0.020

0.213
± 

0.018

0.113 
± 

0.034 

0.999 
± 

0.002 

-0.287
± 

0.562
LA 
1-5 

0.805 
± 

0.009 

       0.989 
± 

0.001 

0.141 
± 

0.036 

-0.333 
± 

0.591
LA 
6-7 

0.395 
± 

0.024 

       0.488 
± 

0.019 

0.353 
± 

0.022 

0.015
± 

0.014
Heritabilities for ED-SV and ED-LA were averaged over all bivariate estimates obtained for 
the different combinations with LA1 to LA7. 
ED-SV: official ED scoring by the SV protocol, ED-LA: ED score according to Lang and 
others (1998), LA1: osteophytes on the anconeal process, LA2: osteophytes on other 
locations, LA3: Sclerosis, LA4: incongruity of the humero-ulnar joint, LA5: radiological 
findings of the medial coronoid process, particularly signs of a fragmented medial coronoid 
process of the ulna (FCP), LA6: radiological findings of the anconeal process, particularly 
signs of an ununited anconeal process (UAP),  LA7: Radiological findings at the trochlea 
humeri, particularly signs of osteochondrosis dissecans (OCD), LA1-5: ED score using only 
criteria LA1 to LA5, LA6 to –7: ED score using only criteria LA6 and LA7. 
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Table 10. Heritability estimates (on the diagonal) and their standard errors, additive genetic 
(above the diagonal) and residual (below the diagonal) correlations of the single criteria 1 – 7 
(TH1 – TH7) and the ED score (ED-TH) proposed by Tellhelm (2003) using bivariate models 

 ED-
SV 

TH1 TH2 TH3 TH4 TH5 TH6 TH7 ED-
TH 

TH 
1–5 

TH 
6–7 

ED-
SV 

0.181 
± 

0.038 

0.961
± 

0.016

0.909 
± 

0.062 

0.677
± 

0.084

0.821
± 

0.072

0.975
± 

0.046

0.206
± 

0.241

-0.626
± 

0.877

0.960 
± 

0.021 

0.958 
± 

0.021 

0.162 
± 

0.231
TH1 0.843 

± 
0.009 

0.205
± 

0.042

0.961 
± 

0.039 

0.601
± 

0.088

0.788
± 

0.076

0.965
± 

0.044

0.129
± 

0.231

-0.709
± 

0.335

0.939 
± 

0.023 

  

TH2 0.662 
± 

0.014 

0.684
± 

0.013

0.048 
± 

0.022 

0.397
± 

0.194

0.999
± 

0.006

0.014 -0.566
± 

0.547

-1 
± 

0.002

0.907 
± 

0.049 

  

TH3 0.508 
± 

0.022 

0.462
± 

0.024

0.470 
± 

0.020 

0.163
± 

0.033

0.610
± 

0.109

0.583
± 

0.129

0.221
± 

0.217

-0.860
± 

1.246

0.766 
± 

0.062 

  

TH4 0.426 
± 

0.022 

0.391
± 

0.025

0.527 
± 

0.016 

0.280
± 

0.023

0.123
± 

0.030

1 
±  

0.0 

0.112
± 

0.263

-1 
± 

0.035

0.920 
± 

0.045 

  

TH5 0.571 
± 

0.016 

0.535
± 

0.019

0.143 0.411
± 

0.021

0.487
± 

0.018

0.091
± 

0.029

0.342
± 

0.243

-1 
± 

0.023

1 
±  

0.0 

  

TH6 0.306 
± 

0.024 

0.059
± 

0.028

0.199 
± 

0.019 

0.207
± 

0.022

0.153
± 

0.021

0.058
± 

0.022

0.041
± 

0.019

1 
± 

0.001

0.290 
± 

0.241 

  

TH7 0.113 
± 

0.023 

0.133
± 

0.022

0.161 
± 

0.017 

0.127
± 

0.023

0.108
± 

0.019

0.178
± 

0.018

-0.034
± 

0.016

0.006
± 

0.010

-0.858 
± 

1.022 

  

ED-
TH 

0.816 
± 

0.009 

0.792
± 

0.011

0.854 
± 

0.007 

0.728
± 

0.014

0.618
± 

0.016

0.770
± 

0.010

0.351
± 

0.023

0.208
± 

0.022

0.161 
± 

0.038 

0.995 
± 

0.002 

0.231
± 

0.237
TH 
1-5 

0.799 
± 

0.010 

       0.981 
± 

0.001 

0.168 
± 

0.038 

0.133 
± 

0.242
TH 
6-7 

0.323 
± 

0.023 

       0.385 
± 

0.022 

0.198 
± 

0.025 

0.045 
± 

0.018
Heritabilities for ED-SV and ED-TH were averaged over all bivariate estimates obtained for 
the different combinations with TH1 to TH7. 
ED-SV: official ED scoring by the SV protocol, ED-TH: ED score according to Lang and 
others (1998), TH1: osteophytes on the anconeal process, TH2: osteophytes on other 
locations, TH3: sclerosis, TH4: incongruity of the humero-ulnar joint, TH5: radiological 
findings of the medial coronoid process, particularly signs of a fragmented medial coronoid 
process of the ulna (FCP), TH6: radiological findings of the anconeal process, particularly 
signs of an ununited anconeal process (UAP), TH7: radiological findings at the trochlea 
humeri, particularly signs of osteochondrosis dissecans (OCD), TH1-5: ED score using only 
criteria TH1 to TH5, TH6–7: ED score using only criteria TH6 and TH7. 
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Figure 1. Regression of age at examination by sex on the ED-SV score 
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Summary 

Elbow angles were measured in X-rays of both elbows to elucidate the usefulness of such data 

for selecting against elbow dysplasia (ED) in German shepherd dogs. These measurements 

record the size, proportions and alignments of the anconeal process (PA), the radius (RA), the 

olecranon (OL), and the ulnar trochlear notch (UL). The reference system for evaluating the 

information content of the measurements was the score for ED (ED-SV) as recommended by 

the International Elbow Working Group (IEWG). Data from 2,645 X-rayed dogs born from 

1998 to 2001 in 1,331 kennels were analysed by using residual maximum likelihood 

procedures to estimate heritabilities, additive genetic correlations, and residual correlations. 

The pedigree file included 11,426 dogs and contained ancestors for up to six generations. ED-

SV was significantly influenced by sex, by age within sex and by month of birth. The elbow 

angles were significantly influenced by the month and year of birth, X-ray positioning of the 

dog’s forelimbs, angle of elbow flection, litter size, and number of dogs X-rayed by the 

veterinary practitioners. The following heritability estimates were found: h2 = 0.18 ± 0.04 for 

ED; h2 = 0.76 ± 0.04 for OL; h2 = 0.52 ± 0.05 for PA; h2 = 0.50 ± 0.04 for UL; and h2 = 0.39 

± 0.04 for RA. The additive genetic correlations of ED-SV with three elbow angles (OL, UL, 

and RA) were close to zero. A higher additive genetic correlation to ED-SV was found only 

for PA, for which rg = 0.31. The distributions of predicted breeding values for susceptibility to 

ED were not affected by regarding the elbow angles as additional traits in the multivariate 

prediction procedure. Measurements of elbow angles were thus shown to be unsuitable for use 

in selection programmes against ED in German shepherd dogs. 

 

Introduction 

Canine elbow dysplasia (ED), like hip dysplasia, is a relatively widespread problem in 

different dog breeds. It can result in arthrotic changes and lead to clinical lameness of the 

forelimbs. Four primary lesions are subsumed under the term ED: fragmentation of the medial 

coronoid process (FCP), ununited anconeal process (UAP), osteochondrosis dissecans (OCD), 

and incongruous lengths of radius and ulna. Large, rapidly growing breeds seem to be 

especially predisposed to ED (Hayes et al., 1979; Guthrie, 1989). Most authors regard ED as a 

quantitative genetic trait which can be influenced by environmental factors (Beuing et al., 

2000; Guthrie and Pidduck, 1990; Grøndalen and Lingaas, 1991; Swenson et al., 1997; Mäki 

et al., 2000; Padgett et al., 1995) such as nutrition, weight gain, and physical strain 

(Hedhammar et al., 1974; Zentek et al., 1995). A scoring system established by the 

International Elbow Working Group (IEWG) and subsequently improved (Flückiger, 2003) is 
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in use by a number of kennel clubs. Mues (2001) defined angles to describe the 

morphological structure of the elbow joint, which proved superior to the ED classification 

according to the guidelines of the IEWG when applied to predict breeding values for selection 

against elbow dysplasia in Rottweilers. The objective of the present study was to measure 

elbow angles in a population of German shepherd dogs and to evaluate these measurements 

with respect to genetic parameters and their relationships to the prevalence of elbow 

dysplasia. Furthermore, the present analysis should clarify the question if the measurements 

of the elbow angles as proposed by Mues (2001) can improve prediction of breeding values 

for elbow dysplasia and thus, reduce elbow dysplasia more efficiently than alone by the use of 

the scoring system of the IEWG. 

 

Material and Methods 

The present study included radiographs of both elbow joints of 2,645 German shepherd dogs 

randomly selected from the whole registered population. At the moment, there is no 

compulsory examination for elbow dysplasia in German shepherd dogs. The dogs were born 

in 1998 to 2002 in 1,934 litters from 1,331 kennels. All dogs used in our analysis were 

registered by the German Shepherd Dog Breeding Association (SV). Additional information 

was supplied by the SV for the date of birth, sex, litter size, kennel identification, and 

pedigree of every dog in the study. The dogs descended from 1,664 dams and 719 sires. The 

German shepherd dogs included in the present study were offspring of 10 % of all dams and 

12 % of all sires used for breeding in the total German shepherd population. The probands 

were bred by 1,331 different breeders (kennels) distributed all over Germany and these 

kennels accounted for 16 % of all kennels of this breed. Genetic analysis was made on the 

basis of a pedigree comprising six generations and including 11,426 dogs. The dogs had been 

examined at 6 to 36 months of age. The radiographs were taken by 630 veterinary 

practitioners and scored by a single veterinary evaluator. The recommended IEWG protocol 

was slightly modified by the introduction of an additional criterion for very small alterations 

that are not yet arthrotic; this category was scored as 1. The other ED scores were assigned 

according to the official evaluation system (ED-SV) as follows: 0, normal elbow joints, 2, 

joints with minimal arthrotic changes, 3, joints with moderate arthrotic changes, and 4, 

severely arthrotic joints (Table 1). When there were different scores for the two elbow joints, 

the higher one was used for the overall ED score of the dog. 

The measurements proposed by Mues (2001) gauge the angles between five different 

prominent bony sites (Fig. 1). The first point marks the centre of the elbow joint; the second, 
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the tip of the anconeal process; and the third, the most caudal point of the cranial contour of 

the olecranon. Sites four and five are the caudal and the cranial margins of the radial head. 

Four different angles are obtained by connecting the centre of the joint with these four points 

with straight lines and drawing an additional straight line parallel to the longitudinal axis of 

the radius and intersecting the centre of the joint. OL is the angle between the parallel to the 

axis of the radius and the straight through the caudal point of the cranial contour of the 

olecranon. OL reflects the inclination of the olecranon towards the axis of the radius. PA is 

the angle describing the cranial protrusion of the anconeal process; it is measured between the 

straights through the caudal point of the cranial contour of the olecranon and the tip of the 

anconeal process. UL is the angle circumscribing the extension of the olecranon and a part of 

the trochlear notch of the ulna; UL is measured between the straights through the caudal point 

of the cranial contour of the olecranon and the caudal margin of the radius head. Finally, RA 

is the angle between the straights through the cranial and the caudal margins of the radius 

head, and thus encloses the joint-forming part of the radius (fovea capitis radii). 

Each of the angles described above was measured in the right and the left forelimbs and then 

arithmetically averaged because no significant differences were found between the elbow 

angles of the left and right forelimbs. 

The distribution of the four angles among all dogs in this study is shown in Fig. 2. Mean 

values and standard deviations of the elbow angles are given in Table 2. 

The following linear animal model was used to estimate heritabilities and additive genetic and 

residual correlations for ED-SV and for the elbow angles OL, PA, UL, and RA: 

Yijklmnopqr = µ + Ai + Pj + Bk + Ml + Lm + Vn + So + b1 ASp + b2 (ASp)2 + b3 log(ASp) +  

       b4 (logASp)2 + aq + eijklmnopqr, 

where Yijklmnopqr is ED-SV or one of the four angles of the ijklmonpqr-th dog; Ai is the fixed 

effect for the angle between humerus and radius with 4 levels (i : ≤ 19°, 20° - 28°, 29° – 39°, 

and ≥ 40°, with 450, 596, 760, and 839 dogs, respectively); Pj is the fixed effect for 

positioning of the dog’s forelimbs, with six levels (j: both forelimbs in orthograde position, 

with 857 dogs; one forelimb in pronation, with 367 dogs; one forelimb in supination, with 378 

dogs; both forelimbs in pronation, with 591 dogs; both forelimbs in supination, with 398  

dogs; one forelimb in pronation and one in supination, with 54 dogs). The fixed effect of the 

birth year (Bk) included three levels (k: ≤ 2000, 2001, and 2002, with 515, 1,483, and 647 

animals, respectively). Ml is the fixed effect of the birth month, with four levels (l: January – 

March, April – June, July – September, and October – December, with 796, 685, 519, and 645 

dogs, respectively); Lm is the fixed effect of the litter size, with two levels (m: ≤ 5, with 1,173 
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dogs or ≥ 6 puppies, with 1,472 dogs); Vn is a fixed effect for the number of dogs X-rayed per 

veterinary practitioner with three levels (n: 1 – 2 dogs, 3 – 6 dogs, and ≥ 7 dogs with 522, 

574, and 1,549 observations, respectively). So is the fixed effect of the sex of the dog (o: male, 

with 1,408 animals, and female, with 1,237 animals). The age of the dog at examination was 

regarded as a linear and as a non-linear regression (b1 – b4) within the fixed effect of the sex 

(AS). The non-linear regression terms significantly improved the model and were thereof 

added to the final model. Parameterisation of regression terms in such a way is often used for 

non-linear relationships such as growth and lactation curves. Random effects were the 

additive genetic effect aq of the animal (q: 1 – 11,426) and the residual effect (eijklmnopqr). No 

litter, kennel or dam effect was included in the model because the number of observations for 

these effects was much too low.  

The importance of fixed effects on ED-SV and the four elbow angles was tested by using the 

same parameterisation of fixed effects as shown in the model equations above but excluding 

the random animal effect. Residual Maximum Likelihood (REML) and the procedure MIXED 

of SAS, version 8.2 (SAS Institute, Cary, NC, USA, 2003) was employed to perform the 

analysis of variance and to estimate least squares means. 

In order to estimate the covariances among ED-SV and the different elbow angles, we used 

bivariate animal models with each of the four elbow angles and ED-SV. 

Furthermore, in additional bivariate analyses only the elbow angles of dogs exhibiting no 

signs of elbow dysplasia were used and the trait values for elbow angles of dogs showing 

signs for elbow dysplasia were treated as missing values, whereas the ED-SV scores of all 

dogs without or with signs for ED were submitted to these bivariate analyses. As these latter 

analyses included only elbow angles of non-dysplastic dogs, signs of ED influencing the 

angle measurements could not contribute to the size of correlations and thus, the relevance of 

the anatomical structure of non-dysplastic elbow joints for the development of ED was 

estimated.  

All univariate and bivariate variance and covariance estimations were performed using VCE4 

software (Groeneveld, 1998). 

Breeding values were predicted for each of the four elbow angles and for ED-SV by applying 

univariate and multivariate animal models and by using the variances and covariances 

estimated (as described above) in the same data. The multivariate model for prediction of 

breeding values included the traits ED-SV, OL, PA, UL and RA. These calculations were 

made with the programme PEST, version 3.1 (Groeneveld, 1993). The breeding values were 

transformed onto a relative scale with a mean of 100 and a standard deviation of 20. 
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Results 

The type I error probabilities of the fixed effects for ED-SV and the four elbow angles OL, 

PA, UL and RA are given in Table 3. Although sex and age at examination within sex were 

not significant for the elbow angles, these factors were significant for ED-SV. The size of the 

elbow angles was significantly influenced by the positioning of the forelimbs and – with the 

exception of PA (p = 0.06) – by the angle between radius and humerus. Birth year was 

significant for all elbow angles, but not for ED-SV. Birth month was significant for OL, PA, 

and RA, and for ED-SV, but not for UL. Litter size was significant for OL, PA, and UL. The 

number of dogs X-rayed by the veterinary practitioners was significant for OL and UL. Least 

squares means (LSM) of the different effect levels characterising the position of the dog’s 

forelimb and the inflexion of the elbow joint at X-raying are presented in Table 4. A small 

angle between humerus and radius was associated with a low LSM of the ED score, whereas a 

large angle between humerus and radius with large UL and RA. The LSM for ED-SV and 

elbow angles recorded in an orthograde position of the forelimb were close to the overall 

mean trait values. In contrast to this, elbow angles and ED-SV deviated in both directions 

when forelimbs were supinated or pronated. Dogs born in litters with less than six puppies 

tended to lower ED-SV scores and larger PA, UL, and RA (Table 5). Dogs born in October to 

December had higher ED-SV scores than those born in April to June. The elbow angles PA 

and RA were largest for dogs born in October to December, whereas dogs born in April to 

June showed largest values for OL and UL. Among birth years no clear trend was obvious. 

The influence of the veterinary practitioner was small and the UL increased with larger 

number of dogs X-rayed. Male dogs were at a higher risk to ED than females. At the same 

time male dogs had smaller OL and larger UL.  

Additive genetic and residual variances and heritabilities for ED-SV and the four elbow 

angles are given in Table 6. The heritability estimate for ED-SV was moderate with a value of 

h2 = 0.18, whereas the elbow angles showed moderate (h2 = 0.39 for RA) to very high (h2 = 

0.76 for OL) heritabilities. Including only dogs without signs of ED led to slightly higher 

heritability estimates of the elbow angles due to lower residual variances. The additive genetic 

correlations were estimated in two approaches. Firstly, all data available were included and 

secondly, angle measurements were set to missing values for dogs with signs of elbow 

dysplasia but all ED scores were regarded in the analysis (Table 7). In both analyses, there 

were highly negative additive genetic correlations between the angles OL and UL, with rg = -

0.88 and -0.86, respectively, whereas the additive genetic correlations among the different 

other angles were in the range from rg = -0.27 to 0.33 and = -0.21 to 0.42, respectively. The 
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additive genetic correlation between PA and ED-SV was rg = 0.31 in the data set including all 

information, but the additive genetic correlations with ED-SV and all other elbow angles were 

close to zero. Using only the measurements of elbow angles of dogs showing no symptoms of 

elbow dysplasia led to additive genetic correlations with ED-SV which were very close to 

zero (OL, UL, RA) or slightly positive (PA), with rg = 0.15. The residual correlations between 

elbow angles varied from re = -0.35 to 0.19, when all information was used, and from re = -

0.32 to 0.06 in the analysis for which only angle measurements of dogs without signs of 

elbow dysplasia were regarded (Table 8). ED-SV and the elbow angles showed residual 

correlations from re = -0.11 to 0.12 using all information for dogs and close to zero when in 

the analysis elbow angles were set to missing values for dogs with signs of ED. Fig. 3 shows 

the distribution of breeding values predicted for ED-SV using only the elbow dysplasia scores 

(ED-SV) as information, and the breeding values for ED-SV based on ED-SV and on all four 

elbow angles. The plot of the multivariately predicted relative breeding values for elbow 

dysplasia largely overlapped the corresponding graph for the relative breeding values 

predicted solely on the basis of ED-SV. A very small shift to the left of the multivariately 

predicted relative breeding values was obvious on the left side of the distribution. 

Accordingly, the Pearson correlation coefficient between these two relative breeding values 

was 0.95. Fig. 4 – 7 show the distributions of relative breeding values for the four elbow 

angles OL, PA, UL, and RA in respect to the dog’s ED-SV score. The distribution of all 

elbow angles is independent from the individual elbow dysplasia scores (ED-SV), because no 

shifts of the distributions in respect to ED-SV were observed and the relative breeding values 

of elbow angles were distributed over the whole range of the scale even if plotted for the 

single ED-SV scores. These elbow angles therefore have no bearing on the expression of 

elbow dysplasia in German shepherd dogs. 

 

Discussion 

The objective of the present study was to determine the usefulness of measurements of elbow 

angles as predictors for elbow dysplasia (ED) in German shepherd dogs. This analysis was 

also designed to show whether anatomical characteristics of the elbow joints in dogs not 

affected by elbow dysplasia at the age of about 12 months may indicate a genetic 

predisposition for ED. 

The four elbow angle measurements proposed by Mues (2001) exhibited higher heritabilities 

than the ED score according to the IEWG protocols (ED-SV). The additive genetic 

correlations between the elbow angles and ED-SV were close to zero, and only the additive 
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genetic correlation between the angle of the anconeal process and ED-SV reached a value of 

rg = 0.31, when trait values of elbow angles for all dogs examined were regarded in the 

analysis. The size of these additive genetic correlations is mainly to be ascribed to the signs of 

elbow dysplasia; this is particularly true in the case of the PA angle and osteoarthrotic 

changes due to osteophytes, because the anconeal process is the most common localisation for 

osteophytes. Including only elbow angles of dogs without signs of ED but the ED scores of all 

dogs examined even when the elbow joints were dysplastic gave additive genetic correlations 

of zero for the angles OL, UL, and RA; for PA, the angle of the anconeal process, rg = 0.15. 

We conclude from these results that the elbow angles OL, UL, PA, and RA are highly 

genetically determined, and that their genetic relationship to the prevalence of ED-SV in 

German shepherd dogs is very low. It thus appears that the genes determining the shape of the 

elbow joints as recorded by the measurements of angles are not responsible for the 

development of elbow dysplasia in German shepherd dogs. In contrast to our results, Mues 

(2001) concluded from a study on German Rottweilers that elbow angles could be suitable 

tools for selecting against ED, as these angles were moderately to highly genetically 

correlated with the ED score according to the IEWG protocols. The differences between our 

results and those of Mues (2001) could be due to real anatomical differences in the elbow 

angles of German shepherd dogs and Rottweilers not affected by ED. Another, more 

important reason may be that the elbow angles presented by Mues (2001) correlated 

phenotypically and genetically with the signs of ED, but we could not find such trend in our 

data. 

In the present study, all four elbow angles were significantly influenced by the positioning of 

the forelimbs and by the angle of flection between humerus and radius. This indicates the 

great dependence of the elbow angle measurements on the X-ray projection, which is 

particularly distorted in radiographs of dogs with deviated forelimb positions. 

On the other hand, the inflexion of elbow joint and the positioning of the dogs’ forelimbs at 

X-raying had no significant influence on ED-SV in the analysis of variance. It may thus be 

possible to diagnose radiologically visible signs of ED with the same precision even if the 

forelimbs are slightly pronated or supinated. Nevertheless, there was a tendency to lower ED 

scores in our data for pronated forelimbs or heavily inflected elbow joints. Therefore correct 

positioning of the dogs for X-raying is a fundamental prerequisite for a correct diagnosis. 

Regression of age within sex significantly influenced ED-SV, but did not influence the elbow 

angles. Signs of ED-SV are expressed more severely with increasing weight and age, and 

these signs also develop earlier in male dogs than in females. The reason for this may be a 
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faster growth rate and/or later maturation of the skeleton in males (Guthrie and Pidduck, 

1990; Gustafsson and Beling, 1969). 

Birth month was significant for ED-SV, and elbow angles OL, PA, and RA. ED scores were 

lowest for dogs born in the months April to June, and highest in the months October to 

December. It is not clear whether birth season reflects an environmental effect or may be 

influenced by sampling of the data. Birth season may also influence the management and 

training practices of dog owners. 

Birth year was significant for all elbow angles, but not for ED-SV. As the current data 

covered an interval of only five years, no great differences were to be expected between the 

birth years.  

Litter size effects may be explained by maternal and rearing effects which are different 

between smaller and larger litters. The influence of the veterinary practitioner performing the 

X-raying seemed to be negligible. 

The additive genetic and residual correlations between the elbow angles indicated that, with 

increasing size of UL, all other elbow angles will be reduced, whereas changes in the size of 

the other angles PA, OL and RA will be corresponding. 

Breeding values based on the record of the individual animal and on all its relationship proved 

superior to values based only on phenotypic information on the disease status in selection 

programmes in dogs. Using only the radiological information on elbow dysplasia, we found 

no significant deviations in the distribution of relative breeding values predicted for ED; nor 

in breeding values calculated using the additional information from all four elbow angles in 

addition to the ED status of the dogs. We could also show very similar distributions of the 

breeding values of the four different elbow angles in respect to the animals ED scores 

according to the IEWG protocols. Furthermore, the relative breeding values for ED-SV based 

on the information from the measurements of the elbow angles of dogs with no signs of ED 

are distributed over the whole range of all breeding values predicted for ED-SV.  

In summary, we conclude that information on the shape of the elbow joint as determined by 

elbow angle measurements did not improve the information content of breeding values for 

ED-SV, so that no increased selection response for healthy elbow joints can be expected from 

the use of measurements of the elbow angles. The results of the present study do not support 

the measurement of elbow angles as additional auxiliary traits for the elimination of elbow 

dysplasia in German shepherd dogs. 
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Table 1. Scoring system for the ED score based on the IEWG protocol (ED-SV) 

ED scoring 

Score  

Radiological findings 

0 Normal elbow 

joints 

Normal elbow joint, no sign of incongruity, sclerosis or 

arthrosis 

1 Minimal, non-

arthrotic changes 

Joint contours slightly deviating from normal ones, especially 

at the joint’s margins and the anconeal process, but which are 

not yet arthrotic findings. Higher density of the ulna’s articular 

cavity, but which is not yet graded as severe 

2 Mild arthrosis Obvious sclerosis near the ulnar trochlear notch or at the 

proximal radius or  

 ≥ 2 mm difference in length between radius and ulna or  

osteophytic formations if less than 2 mm in length  

3 Moderate 

arthrosis 

Osteophytes 2 – 5 mm,  

primary lesion suspected 

4 Severe arthrosis Osteophytes larger than 5 mm and/or 

primary lesions such as UAP, FCP, OCD 

UAP: ununited anconeal process; FCP: fragmentation of the medial coronoid process; OCD: 
osteochondrosis dissecans 
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Table 2. Means ( x ), standard deviations (SD) and range (R) of elbow angles with respect to 

the ED-SV score 

ED-SV score 0 1 2 3 4 All 

Number of 

dogs 

2064 208 262 70 41 2645 

x  ± SD 22.2 ± 4.5 23.1 ± 4.5 23.8 ± 4.5 23.3 ± 4.7 19.3 ± 6.8 22.4 ± 4.6 OL 

R 4.0–46.5 11.5–36.5 12.5–37.0 13.0–37.0 2.5–34.5 2.5–46.5 

x  ± SD 32.7 ± 3.3 34.1 ± 3.6 34.4 ± 3.3 34.9 ± 3.9 33.7 ± 6.3 33.0 ± 3.5 PA 

R 17.5–44.5 24.5–48.5 24.0–42.0 28.0–45.5 22.5–46.0 17.5–48.5 

x  ± SD 115.4 ± 6.1 113.3 ± 6.5 113.3 ± 5.5 113.3 ± 8.5 118.1 ± 7.8 115.0 ± 6.3UL 

R 60.0–153.5 62.5–126.0 95.5–129.0 60.5–126.5 104.5-135.0 60.0–153.5

x  ± SD 83.8 ± 4.5 85.1 ± 4.3 84.0 ± 4.9 85.5 ± 5.6 87.1 ± 6.5 84.0 ± 4.6 RA 

R 40.0–98.5 75.0–96.5 71.0–97.0 72.5–95.5 78.5–102.5 40.0–102.5

ED-SV: ED score based on the IEWG protocol; OL: angle describing the olecranon’s 
inclination; PA: angle describing the cranial protrusion of the anconeal process; UL: angle 
describing the extension of the olecranon and partially that of the trochlear notch; RA: angle 
describing the participation of the radius in forming the elbow joint.
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Table 3. Error probabilities (p) of fixed systematic effects and covariates for elbow angles and 

ED-SV  

Source of variation DF ED-SV OL PA UL RA 

Sex 1 0.001 0.536 0.126 0.758 0.424 

Age at examination within sex       

- linear 2 < 0.001 0.745 0.180 0.927 0.504 

- quadratic 2 < 0.001 0.706 0.181 0.937 0.583 

- logarithmic 2 < 0.001 0.764 0.183 0.925 0.463 

- logarithmic2 2 < 0.001 0.791 0.196 0.928 0.461 

Birth year 2 0.279 < 0.001 < 0.001 0.001 <0.001 

Birth month 3 0.053 0.029 < 0.001 0.146 <0.001 

Litter size 1 0.182 < 0.001 0.051 0.011 0.544 

Angle between humerus and 

radius 

3 0.097 0.050 0.055 0.004 <0.001 

Positioning of the dog 5 0.404 < 0.001 < 0.001 <0.001 <0.001 

Number of dogs per veterinary 

practitioner 

2 0.355 0.028 0.581 0.016 0.388 

       

DF: degrees of freedom;  
ED-SV: ED score based on the IEWG protocol; OL: angle describing the olecranon’s 
inclination; PA: angle describing the cranial protrusion of the anconeal process; UL: angle 
describing the extension of the olecranon and partially that of the trochlear notch; RA: angle 
describing the participation of the radius in forming the elbow joint. 
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1 

2 

3 

Table 4. Least Squares Means (LSM) with their standard errors (SE) of elbow angles and ED-

SV for the factors angle between humerus and radius and the position of the forelimbs and 

significance of differences between LSM 

Source of variation LSM ± SE 

Effect Levels ED-SV OL PA UL RA 

≤ 19° 0.364 

± 0.046a

22.2 

± 0.2a

33.3 

± 0.2a

114.6 

± 0.3ab

83.6 

± 0.2a

20°-28° 0.439  

± 0.042ab

23.0 

± 0.2b

33.3 

± 0.2a

114.1 

± 0.3a

84.2 

± 0.2b

29°-39° 0.495  

± 0.040b

22.8 

± 0.2bc

33.2 

± 0.2a

115.1 

± 0.3b

84.3 

± 0.2b

Angle 

between 

humerus and 

radius 

≥ 40° 0.432 

± 0.039ab

22.7 

± 0.2ab

32.9 

± 0.2b

115.3 

± 0.3b

84.7 

± 0.2c

Orthograde 0.433 

± 0.033ab

21.9 

± 0.2a

33.4 

± 0.1a

115.6 

± 0.2a

84.1 

± 0.2a

One leg 

pronated 

0.432 

± 0.048ab

22.6 

± 0.3bc

32.9 

± 0.2b

115.5 

± 0.3a

83.5 

± 0.2b

One leg 

supinated 

0.429 

± 0.047ab

22.0 

± 0.2ac

33.5 

± 0.2a

114.1

± 0.3b

85.1 

± 0.2c

Both 

pronated 

0.376 

± 0.039a

22.9 

± 0.2bd

32.3 

± 0.2c

116.4 

± 0.3c

82.3 

± 0.2d

One 

pronated, one 

supinated 

0.418 

± 0.120ab

24.0 

± 0.6d

33.1 

± 0.5abc

114.8 

± 0.8abc

84.5 

±0.6abc

Position of 

dog’s 

forelimbs 

Both 

supinated 

0.507 

± 0.046b

22.7 

± 0.2b

33.7 

± 0.2a

112.2 

± 0.3d

85.8 

± 0.2e

4 
5 
6 
7 
8 
9 

10 

a, b, c, d, e: different letters represent significant differences (p < 0.05) between the estimates 
for each fixed effect and trait; ED-SV: ED score based on the IEWG protocol; OL: angle 
describing the olecranon’s inclination; PA: angle describing the cranial protrusion of the 
anconeal process; UL: angle describing the extension of the olecranon and partially that of the 
trochlear notch; RA: angle describing the participation of the radius in forming the elbow 
joint. 
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1 

2 

3 

Table 5. Least Squares Means (LSM) with their standard errors (SE) of elbow angles and ED-

SV for the fixed effects litter size, birth month and year, sex and number of dogs per 

veterinary practitioner examined and significance of differences between LSM 

Source of variation LSM ± SE 
Effect Levels ED-SV OL PA UL RA 

≤ 5 puppies 0.410 
± 0.034 

22.3 
± 0.2 

33.3 
± 0.1a

115.1 
± 0.2a

84.3 
± 0.2 

Litter size 

≥ 6 puppies 0.455 
± 0.032 

23.0 
± 0.2 

33.0 
± 0.1b

114.5 
± 0.2b

84.2 
± 0.2 

Jan – Mar 0.420 
± 0.040ab

22.4 
± 0.2a

33.3 
± 0.2ac

114.9 
± 0.3ab

84.7 
± 0.2a

Apr – Jun 0.350 
± 0.041a

23.1 
± 0.2b

33.0 
± 0.2ab

115.1 
± 0.3a

83.4 
± 0.2b

Jul – Sep 0.462 
± 0.046b

22.6 
± 0.2ab

32.7 
± 0.2b

114.8 
± 0.3ab

83.8 
± 0.2b

Birth month 

Oct – Dec 0.498 
± 0.044b

22.7 
± 0.2ab

33.6 
± 0.2c

114.2 
± 0.3b

84.9 
± 0.2a

≤ 2000 0.437 
± 0.053 

22.9 
± 0.3a

32.6 
± 0.2a

115.2 
± 0.4a

83.1 
± 0.3a

2001 0.397 
± 0.030 

23.1 
± 0.2a

32.9 
± 0.1a

114.2 
± 0.2b

83.8 
± 0.2b

Birth year 

2002 0.463 
± 0.049 

22.0 
± 0.3b

34.0 
± 0.2b

114.9 
± 0.3a

85.8 
± 0.3c

1 - 2 0.452 
± 0.043 

22.7 
± 0.2ab

33.1 
± 0.2 

114.7 
± 0.3ab

84.4 
± 0.2 

3 – 6 0.447 
± 0.042 

22.9 
± 0.2a

33.3 
± 0.2 

114.4 
± 0.3a

84.1 
± 0.2 

Number of 
dogs per 

veterinary 
practitioner 

≥ 7 0.399 
± 0.032 

22.4 
± 0.2b

33.1 
± 0.1 

115.2 
± 0.2b

84.1 
± 0.2 

Sex Male 0.511 
± 0.033a

22.1 
± 0.2a

33.1 
± 0.1 

115.2 
± 0.2a

84.3 
± 0.2 

 Female 0.354 
± 0.033b

23.2 
± 0.2b

33.2 
± 0.1 

114.4 
± 0.2b

84.1 
± 0.2 

a, b, c, d, e: different letters represent significant differences (p < 0.05) between the estimates 
for each fixed effect and trait; ED-SV: ED score based on the IEWG protocol; OL: angle 
describing the olecranon’s inclination; PA: angle describing the cranial protrusion of the 
anconeal process; UL: angle describing the extension of the olecranon and partially that of the 
trochlear notch; RA: angle describing the participation of the radius in forming the elbow 
joint.

4 
5 
6 
7 
8 
9 
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Table 6. Estimates of additive genetic (σ a
2) and residual (σ e

2) variances and heritabilities 

(h

1 

2 

3 

2) with their standard errors (SE) of all dogs examined and of those dogs without signs of 

elbow dysplasia (univariate analyses) for elbow angles and ED-SV 

All dogs examined 

Traits σ a
2 σ e

2 h2 ± SE 

ED-SV 0.137 0.634 0.18 ± 0.037 

OL 15.221 4.766 0.76 ± 0.042 

PA 6.047 5.642 0.52 ± 0.048 

UL 17.654 17.525 0.50 ± 0.037 

RA 7.623 12.045 0.39 ± 0.040 

Only dogs without signs of ED 

OL 14.747 4.098 0.78 ± 0.048 

PA 5.854 4.810 0.55 ± 0.061 

UL 17.120 16.238 0.51 ± 0.041 

RA 7.670 11.090 0.41 ± 0.050 

ED-SV: ED score based on the IEWG protocol; OL: angle describing the olecranon’s 
inclination; PA: angle describing the cranial protrusion of the anconeal process; UL: angle 
describing the extension of the olecranon and partially that of the trochlear notch; RA: angle 
describing the participation of the radius in forming the elbow joint.

4 
5 
6 
7 
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1 

2 

3 

4 

Table 7. Additive genetic correlations with their standard errors for elbow angles and ED-SV 

of all dogs examined (n = 2645; above the diagonal) and for dogs using only angle 

measurements without signs of elbow dysplasia but all ED scores (number of dogs with ED = 

0, n = 2064; below the diagonal) 

Traits ED-SV OL PA UL RA 

ED-SV - 0.058 

± 0.081 

0.309 

± 0.105 

-0.023 

± 0.090 

-0.037 

± 0.108 

OL 0.003  

± 0.059 

- 0.259 

± 0.055 

-0.880 

± 0.021 

0.016 

± 0.064 

PA 0.152  

± 0.123 

0.326  

± 0.063 

- -0.186 

± 0.063 

0.332 

± 0.071 

UL 0.014  

±0.095 

-0.857  

± 0.024 

-0.238  

± 0.066 

- -0.266 

± 0.066 

RA 0.0  

± 0.057 

-0.019  

± 0.068 

0.419  

± 0.078 

-0.211  

± 0.072 

- 

ED-SV: ED score based on the IEWG protocol; OL: angle describing the olecranon’s 
inclination; PA: angle describing the cranial protrusion of the anconeal process; UL: angle 
describing the extension of the olecranon and partially that of the trochlear notch; RA: angle 
describing the participation of the radius in forming the elbow joint. 

5 
6 
7 
8 

 93



 Evaluation of elbow angles    

1 

2 

3 

4 

Table 8. Residual correlations with their standard errors for elbow angles and ED-SV of all 

dogs examined (n = 2645; above the diagonal) and for dogs using only angle measurements 

without signs of elbow dysplasia but all ED scores (number of dogs with ED = 0, n = 2064; 

below the diagonal) 

Traits ED-SV OL PA UL RA 

ED-SV - 

 

0.100 

± 0.056 

0.121 

± 0.043 

-0.113 

± 0.037 

0.117 

± 0.036 

OL -0.004  

± 0.056 

- 0.193 

± 0.081 

-0.354 

± 0.059 

-0.272 

± 0.069 

PA -0.086  

± 0.063 

-0.032  

± 0.119 

- -0.073 

± 0.052 

-0.025 

± 0.053 

UL -0.002  

± 0.048 

-0.316  

± 0.067 

0.061  

± 0.065 

- -0.210 

± 0.043 

RA 0.0  

± 0.026 

-0.296  

± 0.080 

-0.174  

± 0.077 

-0.209  

± 0.053 

- 

ED-SV: ED score based on the IEWG protocol; OL: angle describing the olecranon’s 
inclination; PA: angle describing the cranial protrusion of the anconeal process; UL: angle 
describing the extension of the olecranon and partially that of the trochlear notch; RA: angle 
describing the participation of the radius in forming the elbow joint. 

5 
6 
7 
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Figure 1. Goniometry of the canine elbow joint according to Mues (2001) 

a –e: Straights through the bony sites; OL: angle describing the olecranon’s inclination; PA: 
angle describing the cranial protrusion of the anconeal process; UL: angle describing the 
extension of the olecranon and partially that of the trochlear notch; RA: angle describing the 
participation of the radius in forming the elbow joint; BW: angle of flection between humerus 
and radius 
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Figure 2. Distribution of all elbow angles (number of dogs = 2645) 

OL: angle describing the olecranon’s inclination; PA: angle describing the cranial protrusion 
of the anconeal process; UL: angle describing the extension of the olecranon and partially that 
of the trochlear notch; RA: angle describing the participation of the radius in forming the 
elbow joint 
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Figure 3. Distribution of relative breeding values (BV) for ED-SV predicted univariately on 
the information on ED-SV (BV-ED-SV) and multivariately using ED-SV and the elbow 
angles OL, PA, UL and RA (BV-ED-EA) 
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Figure 4. Distribution of relative breeding values of angle OL in respect to ED-SV score  

OL: angle describing the inclination of the olecranon  
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Figure 5. Distribution of relative breeding values for PA in respect to ED-SV score 

PA: angle describing the cranial protrusion of the anconeal process 
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 Figure 6. Distribution of relative breeding value for UL in respect to ED-SV score 

UL: angle describing the extension of the olecranon and partially that of the trochlear notch 
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Figure 7. Distribution of relative breeding values for RA in respect to ED-SV score  

RA: angle describing the participation of the radius in forming the elbow joint 
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Abstract 

Phenotypic and genetic trends were examined in 157455 German shepherd dogs born between 

1985 and 2003 and X-rayed for canine hip dysplasia (CHD). An additional subset of 40270 

dogs born between 1998 and 2003 with information on X-raying veterinary practitioner and 

age at examination was edited. Relative breeding values were predicted using best linear 

unbiased prediction methods (BLUP) and Gibbs Sampling. Phenotypic as well as genetic 

trends showed an almost linear and significant decline over a time period of 19 years, with b = 

- 0·021 ± 0·002, and b = - 1·69 ± 0·05, respectively. After introduction of a selection scheme 

based on relative breeding values (RBVs) of a linear animal model in 1999, phenotypic and 

genetic trend declined less than before 1999, with b = - 0·019 ± 0·011 and b = - 1·43 ± 0·29. 

Analysing the effects of RBVs of parental combinations among sires and dams on the 

percentage of non-affected progeny, lower RBVs were associated with a higher percentage of 

non-affected progeny in comparison to higher RBVs. In addition, it could be shown that 

selection procedures based on RBVs are more efficient than selection schemes based on 

phenotypic records of parents. A maternal RBV above 100 diminished the proportion of non-

affected progeny for 10 – 20%, compared with a maternal RBV below or equal 100. Higher 

inbreeding coefficients were significantly related with higher RBVs of the animal. 

Keywords: dog, hip dysplasia, breeding value, genetic trend, inbreeding. 

 

Introduction 

Canine hip dysplasia (CDH) is a degenerative skeletal disease in many dog breeds. Control 

programmes to reduce the prevalence of CHD were established in different breeds and various 

countries. In most of these control programmes mass selection was performed, that means 

matings were planned only regarding favourable individual CHD scores of sire and dam, but 

did not include information on parents, sibs, progeny and other relatives. Results of these 
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control-programmes varied, with frequencies of non-affected dogs in the different populations 

not compulsively increasing. Discrepancies in the success of selection strategies were 

observed between different dog breeds in the United States (Corley 1992), Switzerland 

(Flückiger et al. 1995), the United Kingdom (Willis 1997), and Finland (Leppänen and 

Saloniemi 1999). For the mentioned populations, prevalences for mild to severe CHD either 

decreased (Corley 1992, Flückiger et al. 1995, Swenson et al. 1997), remained on a constant 

level (Willis 1997) or even increased (Corley 1992, Flückiger et al. 1995, Willis 1997). In the 

German shepherd dog, prevalences for radiographically visible signs of CHD ranged from 

21·9% to 53% (Corley 1992, Flückiger et al. 1995) with a decreasing tendency in Sweden 

(Swenson et al. 1997), and increasing tendencies in the United States (Corley 1992) and in 

Switzerland (Flückiger et al. 1995). In Switzerland, at least the percentage of moderate and 

severe CHD cases decreased. Genetic trends for hip dysplasia were examined for the Finnish 

population of German shepherd dogs, showing no significant improvement (Leppänen et al. 

2000) or even an unfavourable genetic trend (Mäki et al. 2002).  

Mass selection schemes operate slowly for polygenic traits (Hutt 1967); rapidity and 

effectiveness of the breeding progress furthermore may depend on disease prevalence, size of 

heritability and restrictions on mating of affected dogs (Distl et al. 1985). Mating one or both 

even slightly affected animals increases the risk of developing CHD in the progeny 

(Hedhammar et al. 1979, Swenson et al. 1997). Success of control-programmes therefore may 

be reduced if mating of mildly dysplastic dogs is still allowed (Flückiger et al. 1995) and 

practiced by some breeders (Corley 1992). 

In the German Shepherd Dog Breeding Association (SV), screening for CHD according to the 

recommendations of the FCI (Fédération Cynologique Internationale) is mandatory since the 

1960s, and relative breeding values for selection against CHD are in use since 1999. An 

animal model using all additive relationships is used to predict breeding values. Predicted 

breeding values are then transformed into relative breeding values with a mean value of 100 

and a standard deviation of 10 points. The mean relative breeding value of two possible 

mating partners should not exceed 100, and dogs with moderate and severe hip dysplasia are 

excluded from breeding (German Shepherd Dog Breeding Association, 1998). As relative 

breeding values include not only the animal’s own phenotypic scoring, but also information 

on its relatives, they are considered as much more useful basis for selection. The aim of the 

present study was to examine the genetic trend of the German shepherd dog population since 

1985 and particularly for the last five years when relative breeding values had been available 

 101



 Genetic trends of canine hip dysplasia  

for breeders. In addition, efficiency of using breeding values for planning matings should be 

shown and the effects of a stronger selection intensity on inbreeding coefficients in progeny.  

 

Materials and methods 

Pedigree information containing 521486 registered animals born between 1985 and 2003 was 

provided by the SV, including data on date of birth, kennel, sex and litter size. For all these 

521486 animals, inbreeding coefficients were calculated. Further on, the maximum number of 

known ancestral generations was calculated for each animal and averaged for the animals of 

each birth year.  

Scoring results for CHD of 157455 dogs born between 1985 and 2003 were provided by the 

SV, and these animals were edited in dataset 1. CHD scores 1 to 5 followed the official 

kennel club’s evaluation scheme ranging from CHD A, normal hip joints without signs of 

CHD, to CHD E, severely dysplastic joints (Table 1). Of all registered dogs born between 

1985 and 2003, 30·2% were examined for CHD, and 39·6% of the examined dogs were 

scored CHD B to CHD E (Table 2). Frequency for CHD A increased from 51·7% in 

registered and X-rayed dogs born between 1985 to 1988 to 64·7% in animals born between 

1999 to 2003. The animals of dataset 1 descended from 10268 sires and 29039 dams and were 

born in 12008 kennels and 72639 litters. Some of the animals with CHD information were 

also parents to succeeding dogs. For dataset 1, the pedigree comprising six generations 

contained 172079 dogs in all with 11743 base animals. Base animals have no further 

information on their parents. Breeding values were predicted according to best linear unbiased 

prediction method (BLUP), using the following model: 

Model 1:  Yijk = µ + Si + aj + eijk  

where Yijk is the CHD score of the ijk-th dog (CHD A = 1 to CHD E = 5), Si is the fixed effect 

of sex (i = 1-2 for male and female), aj is the random additive genetic effect of the animal (j: 1 

– 172079), and eijk is the random residual effect.  The programme PEST, version 3·1 

(Groeneveld 1993) was used to predict breeding values based on the variance estimates 

previously published by Hamann et al. (2003) (Table 3). Breeding values were transformed 

into relative values with a mean value of 100, settled for the animals of the birth years 1998 to 

1999, and a standard deviation of 20.  

A subset 1 was edited from dataset 1, consisting of dogs born between 1998 and 2003, 

because this dataset could be supplemented with additional information on date of 

examination and X-raying veterinary practitioner.  Subset 1 contained 40270 animals 

descending from 3539 sires and 10246 dams and born in 5578 kennels and 18773 litters. Only 
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dogs older than half a year and younger than six years at date of examination were included in 

the subset. A pedigree comprising six generations with 62600 dogs in total, including 4434 

base animals, was used for genetic analyses. Additional environmental effects were regarded 

in model 2, and in addition, an additive genetic maternal effect was included in model 3:  

Model 2: Yijklmnop = µ + Si + Pj + Vk + Gl  + am + kn + lo + eiijklmnop  

Model 3: Yijklmnopq = µ + Si + Pj + Vk + Gl  + am + kn + lo + mp + eijklmnopq 

where Yijklmnopq is the CHD score of the ijklmnopq-th German shepherd dog (CHD A = 1 to 

CHD E = 5), Si is the fixed effect of sex (i = 1 - 2 for male and female), Pj is the fixed 

combined effect of percentage of dogs X-rayed per litter and litter size (j = 1 - 12), Vk is the 

fixed effect of  veterinary practitioner (k = 1 – 4 with 1 - 20, 21 - 70, 71 - 150 and more than 

150 German shepherd dogs radiographed for CHD, respectively), Gl is the fixed effect of age 

at examination (l = 1 - 5 for dogs with the age of 12, 13, 14, 15 - 16, and above 16 months, 

respectively), am is the random additive genetic effect of the animal (m = 1 - 62600), kn is the 

random effect of the kennel (n = 1 - 5578), lo is the random effect of the litter (o = 1 - 18773), 

mp is the random additive genetic maternal effect of the dam (p = 1- 62600), and eijklmnopq is 

the random residual effect.   

As additive maternal breeding values cannot be predicted using PEST, breeding values as 

well as additive genetic variances (Table 3) for animals of subset 1 were predicted by Gibbs 

Sampling using a Markov chain Monte Carlo (MCMC) algorithm with the programme 

MTGSAM, version 1.11 (Van Tassell and Van Vleck 1996). This algorithm uses Bayesian 

statistics without the need of numerical integration by taking repeated samples from the 

posterior distributions with generalised MCMC methods (Sörensen 1999). Visual inspection 

of plots of variances against sample number was used to determine the burn-in period and the 

length of the MCMC. The burn-in period of 5000 rounds was sufficient to ensure sampling 

from the correct marginal distributions. A total of 100000 cycles from the full conditioned 

posterior distribution densities of variance components and point estimates of random 

additive genetic effects from each analysis was generated to sample the estimates. Every 

1000th sample was saved to compute the final estimates. Because the post-Gibbs analysis 

yielded equal values for means, modes, and medians, only the results for means were used. In 

addition, we calculated in the post-Gibbs analysis Monte Carlo variances and effective 

number of sample as proposed by Sörensen (1999). The estimators of the Monte Carlo 

variance were based on time series and did not exceed values of 3·08 × 10-6 for variance 

estimates and 5·71 × 10-7 for breeding values. The effective number of samples indicates the 

amount of autocorrelation in the chain. Independent chains have equal effective and actual 
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size. The effective number of samples for breeding values reached sizes between 69 and 89, 

and for variance estimates between 58 and 85, respectively. 

In order to show the genetic trend in CHD and the inbreeding trend, we applied following 

models using the procedure GLM of SAS, version 9.1.3 (SAS Institute, Cary, NC, USA, 

2004): 

Model 4:   

Yijk = µ + BYi + b1 ·In(BY)ij + b2 ·In(BYij)2 + b3  · In(BYij)3 + eijk

where Yijk is the relative breeding value of the dog predicted with model 2, BYi is the fixed 

effect of the birth year (i = 1 - 6, with the birth years 1998 to 2003), and eijk is the random 

residual effect. The inbreeding coefficients of the animals (Inj), were regarded as linear (b1) 

and as non-linear regression (b2 – b3) within the fixed effect of birth year of the dog (BYi). The 

mean inbreeding coefficient in the population analysed was 0·013 (Table 4). Its distribution 

was skewed as shown by the median and standard deviation. The inbreeding coefficients 

steadily increased from x  = 0·011 ± 0·019 to x  = 0·017 ± 0·020 between the birth years 1998 

and 2003 (Table 4). The above mentioned model allowed analysis of the inbreeding effect on 

relative breeding values of the dogs corrected for interaction with birth year. 

To detect significant differences in the genetic trend due to the introduction of the BLUP 

evaluation from 1999 onwards, the two birth periods 1985 to 1998 and 1999 to 2003 were 

distinguished. The single birth years were encoded as the first to n-th year of the 

corresponding birth period. The following model was employed by using the procedure GLM: 

Model 5: Yijk = µ + Bi + b1(N*B)ij + eijk

where Yijk is the relative breeding value (RBV) of the dog predicted with model 1, Bi is the 

fixed effect of birth year period (i = 2, with periods 1985 to 1998 and 1999 to 2003), b1 is the 

linear regression coefficient of the RBV on birth year by birth year period, Nj is the birth year 

encoded with one to n for each corresponding period, and eijk is the random residual effect. 

 

Results 

Steady decrease for both the phenotypic and the genetic trend was detected for animals of 

dataset 1 (Figure 1- 2). The mean CHD score decreased from 1·84 in 1985 to 1·42 in 2003. 

The phenotypic trend of all X-rayed animals included in dataset 1 was b = – 0·021 ± 0·002 (P 

< 0·001) units of the CHD score per birth year. Comparing animals born before 1999 and after 

1998, the decline of the phenotypic trend lessened slightly from b = – 0·023 ± 0·003 (P < 

0·001) to b = – 0·019 ± 0·011 (P > 0·05). For a time period of 19 years, also the genetic trend 

showed an almost linearly decreasing tendency.  The gradient of the trend line for the relative 
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breeding values (RBV) was b = – 1·69 ± 0·05 (P < 0·001) for all animals of dataset 1, b = –

1·69 ± 0·09 (P < 0·001) for animals born before 1999, and b = – 1·43 ± 0·29 (P < 0·05) for 

animals born after 1998. The difference between the regression coefficients for the two birth 

year periods was significant (P < 0·001).  

Breeding values (BV) of the animal predicted with either model 1, model 2 or model 3 were 

highly correlated, as shown with Pearson correlation coefficients of r12 = 0·95 (BV of model 1 

and 2), r13 = 0·89 (BV of model 1 and 3) and r23 = 0·92 (BV of model 2 and 3), respectively.  

For breeding values predicted on the basis of model 3, where the additive genetic effects of 

the animal and dam were regarded, diverging tendencies for the genetic trend between the 

RBVs of the animal and maternal RBVs were detected (Figure 3). RBVs of the animal 

showed a desired genetic trend, decreasing the tendency of transmitting CHD to the progeny. 

At the same time, the maternal RBVs increased, which means a worsening in respect to 

selection against CHD. Natural breeding values of the animal and natural maternal breeding 

values were summed up and transformed into a combined RBV, for which a decreasing 

genetic trend was obvious. The diametrically opposed graphs of the animal’s and maternal 

RBVs exhibited gradients of b = –1·13 ± 0·17 (P < 0·01) for the animal, b = 0·73 ± 0·16 (P < 

0·01) for the maternal RBV and b = –1·09 ± 0·20 (P < 0·01) for the combined RBVs. 

We used subset 1 to examine different combinations of parental phenotypes and RBVs for 

their effect on the phenotypic CHD status of the progeny. For phenotypic selection, the 

percentage of offspring scored CHD A was presented depending on the combination of the 

phenotypic CHD status of parents (Table 5). The percentage of progeny scored CHD A was 

between 50·0% and 67·8% for the parental CHD scores A to C. Correspondingly, we present 

the percentage of progeny scored as CHD A, and the absolute number and mean inbreeding 

coefficient of all progeny for the specific parental combination of RBVs (Table 6 - 8). 

Regarding RBVs according to model 2, mating parents with RBVs equal to or lower than 80 

resulted in 91·71% of the progeny showing CHD A, while the use of a dam with a RBV 

between 90 and 100 decreased the percentage of CHD A progeny to 81·05%. Comparing the 

influence of the RBV of either the sire or the dam on the percentage of the non-affected 

progeny, high RBVs of the dams were associated with a lower percentage of non-affected 

progeny than high RBVs of the sires (Table 6). Combinations of parental breeding values 

predicted by the use of model 3 were also performed for high (> 100) and low (≤ 100) 

maternal RBVs (Table 7 - 8). High relative breeding values of the dam were related to lower 

percentages of CHD-unaffected progeny than high relative breeding values of the sire. 

Selecting dams with additive maternal breeding values below or equal 100 resulted in a higher 
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percentage of non-affected progeny, whereas additive maternal breeding values above 100 

were associated with a smaller percentage of non-affected progeny. Only small differences of 

the mean inbreeding coefficients of the progeny were detected for a large range of parental 

combinations of relative breeding values, though higher inbreeding coefficients of the 

progeny tended to be associated with higher RBVs of the parents. Inbreeding coefficients of 

progeny were highest, when maternal RBVs were above 100.  

For each animal of the particular birth year and its sire and dam an inbreeding coefficient was 

calculated. These values were averaged over all animals of the specific birth year to calculate 

the mean inbreeding coefficients of the animals and of sires and dams. Inbreeding coefficients 

increased from 0·011 to 0·017 for all animals X-rayed and born between 1998 and 2003, from 

0·008 to 0·014 for the inbreeding coefficient of sires and from 0·005 to 0·011 for the 

inbreeding coefficient of dams (Figure 4). For animals born in the first years of the time 

period examined, only few generations of ancestors were known, which resulted in very small 

inbreeding coefficients. The number of known generations increased from 2·0 to 7·23 for the 

animals born from 1985 to 2003. However, birth year, as well as regressions of the inbreeding 

coefficient of animal within birth year on the RBV of the animal were significant (Table 9). 

Increasing inbreeding coefficients of the animal were associated with an increase of RBVs 

within birth year (Figure 5).  

 

Discussion 

Phenotypic and genetic trends declined steadily over the time period analysed in the German 

population of German shepherd dogs. In contrast to reports from other countries (Corley 

1992, Flückiger et al. 1995, Leppänen et al. 2000, Mäki et al. 2002), the means of mass 

selection introduced since 1966 in the German shepherd dog population therefore proved to 

be beneficial in selection against CHD and resulted in phenotypic and genetic improvement. 

Mass selection is a valuable means for selection against inherited diseases, but its 

effectiveness may be lowered by different factors. If heritability is low, or prevalences 

decrease, breeding progress is harder to achieve (Distl et al. 1985), and a longer period of 

time is required to achieve further improvement. This period of time even is extended, if also 

a small percentage of CHD-affected dogs is used for breeding (Distl et al. 1985), as is allowed 

and realised by the SV for nearly normal to mildly affected dogs. Besides conserving alleles 

of affected animals in the population, matings of these even slightly affected dogs increase the 

risk of developing CHD in the progeny (Hedhammar et al. 1979, Swenson et al. 1997). With 

the more or less consistent decrease of – 0·02 CHD scores per birth year, it would rest 50 
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years to lessen the mean CHD score a whole grade. To improve and accelerate selection 

against CHD, the introduction of a control scheme using RBVs according to the BLUP 

method was proposed in former studies (Distl et al. 1991, Flückiger et al. 1995, Leppänen et 

al. 2000). RBVs include information on all related animals, and thereby provide a more 

sophisticated evaluation of the particular animal in respect to its genetic benefit. However, in 

the German population of German shepherd dogs the introduction of breeding value 

prediction has not led to further genetic improvement yet. The genetic trend for hip dysplasia 

still was declining since 1999, even though it decreased less than before 1999. Differences 

detected in the gradients for both phenotypic and genetic trend before and after 1999 were 

small, though the influence of birth period proved to be significant for the RBV. Nevertheless, 

five years are a rather short period of time for conclusive evaluation of a new selection 

system. As breeders had to get used to the new system, and few generations of progeny have 

been produced since 1999, future development of both phenotypic and genetic trends should 

be awaited to finally evaluate the benefit of the BLUP based selection system.  

The analysed data may be biased, if preselection of radiographs had taken place. If animals 

supposed to have signs of CHD were not examined, preradiographically eliminated, or X-rays 

of affected animals were withhold on the owners request and therefore not taken into account 

in the evaluation of breeding values, data would be biased (Distl et al. 1991). Biased breeding 

values and therefore lowered genetic progress would be the consequence (Hamann et al. 

2003, Distl et al. 1985). Thereby the population variance would be reduced and the 

population mean would shift to better values for CHD. Accordingly, values of very 

favourable animals would approximate the population middle and therefore would not be as 

outstanding, as if they had been detected in a population including also animals with higher 

CHD scores and a broader variance. Selection according to breeding values will offer no 

merit, if no random sample of the progeny is examined. Unfortunately, a certain preselection 

may be difficult to avoid, if the sample of siblings and descendants examined for CHD is not 

prescribed by the kennel club (Distl et al. 1991). Screening of sibs to breeding animals and as 

many descendants as available should be performed to avoid the unfavourable effects of 

preselection and enhance accuracy of breeding value prediction. A further aspect which may 

effect progress of the new selection scheme is the selection of mating partners. If animals with 

unfavourably high RBVs for CHD had good ratings for other characteristics such as hight, 

appearance, obedience or the like, breeders might have preferred mating these dogs in 

defiance of their CHD-breeding value.  
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Increase of the rather low inbreeding coefficients with birth years for animals as well as for 

their sires and dams may be due to increasing information available on common ancestors. 

Nevertheless, high inbreeding coefficients of the dog within birth year were associated with 

higher RBVs of the dog. Also combinations of high RBVs of sires and dams were associated 

with higher mean inbreeding coefficients of their progeny, which indicates closer relationship 

between these particular females and males. In contrast to this finding, matings among parents 

with lower RBVs did not lead to an increase of inbreeding coefficients of offspring. If a sire 

exhibits excellent values for other criteria, he might be mated to a couple of dams instead of 

an unfavourable RBV for CHD. Parents of the current study may have been mated despite 

their high breeding value for hip dysplasia due to desirable other criteria. If these other 

desired criteria and the genetic disposition for CHD are jointly inherited from common 

ancestors which are more frequently used, higher inbreeding coefficients and higher affection 

frequencies for CHD may be coherently found among the progeny. Higher inbred dogs had 

more often signs of CHD what is in agreement with findings of Mäki et al. (2001). However, 

Mäki et al. (2001) could show negative effects of inbreeding only in dogs with inbreeding 

coefficients larger than or equal to 18·75%, whereas in the present study a steadily increasing 

trend with inbreeding coefficients in the range from 0 to 5-7% was obvious. This could be 

related to a mixed major gene model of inheritance of CHD, as the major gene defective for 

CHD segregates more frequently in affected animals, and matings among related carriers 

increase the chance of homozygous carriers and the probability of being affected by CHD 

(Mäki et al. 2004). Longer-term aggregation of homozygosity is therefore unlikely to have 

contributed to increase CHD levels. There was a Norwegian study in Golden retrievers 

showing a negative regression of inbreeding coefficients and CHD (Lingaas and Klemetsdal 

1990). The reason for this contradicting results was explained by the fact that only three 

complete ancestral generations were available in the data. 

Selection according to the parents’ phenotype for CHD was less efficient compared to 

selection using RBVs. In the present analysis 52·1% of all animals descended from parents 

both scored CHD A, and yet only 67·8% of the offspring of these parents were scored CHD 

A. Comparing phenotypic selection and selection due to RBVs, percentages of non-affected 

progeny could be increased through the use of RBVs for parents. The selection system based 

on RBVs therefore offers more benefit for selection against CHD, especially if mating 

partners with low RBVs are chosen. A stronger association between RBVs of the dam and 

percentage of CHD-free progeny than of RBVs of the sire was detected for each model tested. 

The highest percentages of non-affected progeny were associated with low RBVs of the dams, 
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while lowest percentages of non-affected progeny were associated with high breeding values 

of the dams. Prediction of RBVs depends on the phenotypic value of the animal itself, and is 

actualised when phenotypic values for the animal’s descendants are available at a later date. 

The more progeny are included in predictions, the more precise the breeding value for the 

parent can be predicted. As RBVs of dams usually include a smaller number of progeny than 

RBVs of sires, their prediction may be less accurate and more heavily regressed to the 

population mean.  

In the present study the desired decrease of the RBVs was accompanied by an increase of the 

maternal RBVs, and thus, the phenotypic progress in CHD of the progeny decreased. 

Regarding the additive maternal influence as a separate effect, a maternal RBV below or 

equal 100 drastically increased the percentage of non-affected progeny. Thus, mating of both 

parents with low RBVs and a maternal RBV below or equal 100 proves to be the most 

favourable mating combination. In future breeding strategies parents with low RBVs should 

be mated, and further regard should be put on maternal RBVs, as they seem to have a non-

negligible unfavourable influence on the percentage of non-affected progeny. A complex 

routine for predicting RBVs including additional effects besides the direct additive genetic 

effect of the animal, such as the additive maternal effect, and environmental effects such as 

litter and kennel may give a more detailed impression on synergistic and antagonistic genetic 

and environmental trends. 
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Table 1 Hip scoring scheme according to FCI recommendations 

CHD 

grade 

CHD 

score 

rating Radiological signs 

A 1 No signs of 

hip 

dysplasia 

The femoral head and the acetabulum are congruent. The 

craniolateral rim of acetabulum appears sharp and slightly 

rounded. The joint space is narrow and even. The acetabular angle 

according to Norberg (adapted for position I) is about 105° (as a 

reference). In excellent hip joints the craniolateral rim of the 

acetabulum encircles the femoral head somewhat more in 

laterocaudal direction. 

B 2 Near 

normal hip 

joints 

Either the femoral head and the acetabulum are slightly 

incongruent and the acetabular angle according to Norberg 

(adapted for position I) is about 105°; or the centre of the femoral 

head lies medial to the dorsal rim of the acetabulum and the 

femoral head and the acetabulum are congruent. 

C 3 Mild hip 

dysplasia 

The femoral head and the acetabulum are incongruent, the 

acetabular angle according to Norberg is about 100° and/or there is 

a slightly flattened craniolateral rim of the acetabulum. 

Irregularities or no more than slight signs of osteoarthrotic changes 

of the margo acetabularis cranialis, caudalis or dorsalis or on the 

femoral head and neck may be present. 

D 4 Moderate 

hip 

dysplasia 

Obvious incongruency between the femoral head and the 

acetabulum with subluxation. Acetabular angle according to 

Norberg more than 90° (only as a reference). Flattening of the 

craniolateral rim of the acetabulum and/or osteoarthrotic signs. 

E 5 Severe hip 

dysplasia 

Marked dysplastic changes of the hip joints, such as luxation or 

distinct subluxation. Acetabular angle according to Norberg less 

than 90°, obvious flattening of the margo acetabularis cranialis, 

deformation of the femoral head (mushroom shaped, flattening) or 

other signs of osteoarthrosis. 
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Table 2 Number (N) and percentages (%) of dogs examined for dataset 1 (N = 157455) 

Number of 

puppies 

registered 

Dogs X-rayed Dogs scored  

CHD B to E    

Birth year 

N N  % of all 

registered 

puppies 

N    % of all X-

rayed dogs

1985 - 1988 95069 33365 35·1 16101 48·3 

1989 - 1993 153218 44991 29·4 18512 41·2 

1994 - 1998 161119 47571 29·5 17593 37·0 

1999 - 2003 112080 31528 28·1 11126 35·3 

Total 521486 157455 30·2 63332 39·6 

CHD: canine hip dysplasia 

 

Table 3 Estimates of variances used in prediction of breeding values  

Model σa
2 σm

2 σk
2 σl

2 σe
2

1 0·1825 - - - 0·5386 

2 0·1041 - 0·0073 0·0366 0·5040 

3 0·1426 0·0481 0·0067 0·0330 0·4840 

Variances of model 1 according to Hamann et al. (2003); 

σa
2 : additive genetic variance of the animal; σm

2 : additive genetic maternal variance; σk
2 : 

permanent environmental variance of the kennel; σl
2 : permanent environmental variance of 

the litter; σe
2 : residual variance 
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Table 4 Distribution of inbreeding coefficients of the animals by birth year 

Birth year N Mean  s.d. Median Minimum Maximum 

1998 8904 0·011 0·019 0·0 0·0 0·258 

1999 8152 0·012 0·019 0·004 0·0 0·164 

2000 7557 0·014 0·019 0·008 0·0 0·141 

2001 7385 0·015 0·019 0·008 0·0 0·160 

2002 7064 0·016 0·020 0·010 0·0 0·241 

2003 1208 0·017 0·020 0·013 0·0 0·110 

Total 40270 0·013 0·019 0·007 0·0 0·258 

N: number of registered German shepherd dogs per birth year; s.d.: standard deviation 
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Table 5 Percentage (first line) of dogs scored CHD A in relation to the number (in brackets, 

second line) of all German shepherd dogs of the particular combination of CHD scores of the 

sire and dam; (numbers of sires and dams are given in square brackets). 

Dam 

 

Total CHD score 

CHD A 

[6514] 

CHD B 

[1839] 

CHD C 

[635] 

CHD D 

[6] 

 

[8994] 

CHD A 

[2196] 

67·84 

(20969) 

63·24 

(5802) 

60·06 

(1815) 

66·67 

(9) 

 

(28595) 

CHD B 

[672] 

61·63 

(4861) 

57·55 

(1206) 

58·88 

(321) 

0 

(0) 

 

(6388) 

CHD C 

[177] 

64·77 

(511) 

54·43 

(158) 

50·0 

(16) 

0 

(0) 

 

(685) 

Sire 

CHD D 

[3] 

50·0 

(2) 

0 

(1) 

0 

(0) 

0 

(1) 

 

(4) 

Total 

 

 

[3048] 

 

(26343) 

 

(7167) 

 

(2152) 

 

(10) 

 

(35672) 

CHD: canine hip dysplasia. 

4598 records of progeny were not included due to missing records for canine hip dysplasia of 

parents. 
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Table 6 Percentage (first line) of dogs scored CHD A, number (in brackets, second line) of 

all German shepherd dogs, and  their mean inbreeding coefficient with its standard deviation 

(third line) of the particular combination of relative breeding values of the sire and dam, 

predicted according to model 2 
Dam Relative 

breeding value ≤ 80 80-90 90-100 100-110 110-120 > 120 

Total 

≤ 80 91·71 

(1303) 

0·012 ± 0·018 

85·45 

(1705) 

0·012 ± 0·019 

81·05 

(2364) 

0·012 ± 0·018 

74·95 

(1848) 

0·011 ± 0·016 

69·00 

(1413) 

0·012 ± 0·017 

58·10 

(1284) 

0·012 ± 0·015 

 

(9917) 

0·012 ± 0·018 

80-90 87·30 

(756) 

0·015 ± 0·024 

82·44 

(1042) 

0·013 ± 0·022 

76·09 

(1334) 

0·014 ± 0·022 

66·64 

(1064) 

0·014 ± 0·020 

58·65 

(682) 

0·014 ± 0·020 

49·58 

(712) 

0·016 ± 0·019 

 

(5590) 

0·014 ± 0·021 

90-100 85·80 

(951) 

0·012 ± 0·017 

80·75 

(1273) 

0·012 ± 0·018 

73·29 

(1655) 

0·012 ± 0·017 

62·59 

(1497) 

0·014 ± 0·019 

57·60 

(1007) 

0·015 ± 0·020 

43·67 

(996) 

0·016 ± 0·020 

 

(7379) 

0·013 ± 0·019 

100-110 83·04 

(625) 

0·011 ± 0·018 

74·68 

(865) 

0·012 ± 0·017 

70·32 

(1287) 

0·013 ± 0·019 

53·81 

(1273) 

0·012 ± 0·018 

46·72 

(792) 

0·013 ± 0·019 

35·96 

(862) 

0·016 ± 0·022 

 

(5704) 

0·013 ± 0·019 

110-120 77·42 

(496) 

0012 ± 0·016 

71·96 

(624) 

0·014 ± 0·018 

63·79 

(903) 

0·014 ± 0·018 

49·15 

(946) 

0·016 ± 0·024 

44·53 

(759) 

0·016 ± 0·019 

28·91 

(640) 

0·016 ± 0·021 

 

(4368) 

0·015 ± 0·020 

Sire 

 

>120 78·76 

(772) 

0·009 ± 0·013 

66·55 

(1121) 

0·014  ± 0·018 

58·72 

(1439) 

0·016 ± 0·020 

48·27 

(1359) 

0·014 ± 0·018 

36·96 

(1177) 

0·016 ± 0·023 

25·83 

(1444) 

0·018 ± 0·023 

 

(7312) 

0·015 ± 0·020 

Total  

(4903) 

0·012 ± 0·018 

 

(6630) 

0·013 ± 0·019 

 

(8982) 

0·013 ± 0·019 

 

(7987) 

0·013 ± 0·019 

 

(5830) 

0·014 ± 0·020 

 

(5938) 

0·016 ± 0·020 

 

(40270) 

0·013 ± 0·019 
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Table 7 Percentage (first line) of dogs scored CHD A, number (in brackets, second line) of 

all German shepherd dogs, and their mean inbreeding coefficient with its standard deviation 

(third line) of the particular combination of relative breeding values of the sire and dam, 

predicted according to model 3 for animals with an additive maternal breeding value of the 

dam ≤ 100 (N= 21206) 
Dam Direct additive 

breeding value  ≤ 80 80-90 90-100 100-110 110-120 > 120 

Total 

≤ 80 92·86 

(168) 

0·009 ± 0·013  

91·38 

(603) 

0·009 ± 0·017 

87·90 

(1413) 

0·010 ± 0·016 

83·63 

(1698) 

0·011 ± 0·017 

79·29 

(1154) 

0·010 ± 0·015 

72·60 

(697) 

0·014 ± 0·016 

 

(5733) 

0·010 ± 0·016 

80-90 87·50 

(120) 

0·016 ± 0·029 

86·67 

(345) 

0·017 ± 0·024 

84·17 

(796) 

0·012 ± 0·019 

77·31 

(983) 

0·012 ± 0·018 

73·79 

(622) 

0·014 ± 0·019 

65·27 

(429) 

0·016 ± 0·019 

 

(3295) 

0·014 ± 0·020 

90-100 90·99 

(111) 

0·015 ± 0·022 

89·59 

(365) 

0·012 ± 0·017 

81·69 

(956) 

0·010 ± 0·018 

73·48 

(1165) 

0·012 ± 0·019 

67·61 

(707) 

0·014 ± 0·019 

61·45 

(415) 

0·017 ± 0·019 

 

(3719) 

0·012 ± 0·019 

100-110 87·72 

(57) 

0·013 ± 0·021 

77·38 

(221) 

0·013 ± 0·018 

79·49 

(624) 

0·012 ± 0·016 

69·93 

(745) 

0·013 ± 0·017 

62·68 

(493) 

0·015 ± 0·022 

57·09 

(289) 

0·014 ± 0·016 

 

(2429) 

0·013 ± 0·018 

110-120 86·36 

(66) 

0·009 ± 0·017 

78·48 

(158) 

0·010 ± 0·016 

72·23 

(587) 

0·010 ± 0·017 

66·61 

(638) 

0·012 ± 0·017 

59·56 

(408) 

0·015 ± 0·027 

47·71 

(327) 

0·018 ± 0·022 

 

(2184) 

0·013 ± 0·020 

Sire 

 

>120 80·37 

(107) 

0·008 ± 0·011 

73·90 

(364) 

0·011 ± 0·017 

72·20 

(946) 

0·011 ± 0·016 

60·29 

(1088) 

0·015 ± 0·019 

53·05 

(771) 

0·019 ± 0·021 

44·04 

(570) 

0·018 ± 0·021 

(3846) 

0·015 ± 0·019 

 

Total  

(629) 

0·012 ± 0·020 

 

(2056) 

0·012 ± 0·019 

 

(5322) 

0·011 ± 0·017 

 

(6317) 

0·012 ± 0·018 

 

(4155) 

0·014 ± 0·020 

 

(2727) 

0·016 ± 0·019 

 

(21206) 

0·013 ± 0·018 
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Table 8 Percentage (first line) of dogs scored CHD A, number (in brackets, second line) of 

all German shepherd dogs, and their mean inbreeding coefficient with its standard deviation 

(third line) of the particular combination of relative breeding values of the sire and dam, 

predicted according to model 3 for animals with an additive maternal breeding value of the 

dam > 100 (N= 19064) 
Dam Direct additive 

breeding value ≤ 80 80-90 90-100 100-110 110-120 > 120 

Total 

≤ 80 83·90 

(671) 

0·014 ± 0·019 

78·56 

(1087) 

0·015 ± 0·021 

71·06 

(1441) 

0·013 ± 0·021 

65·60 

(1125) 

0·012 ± 0·017 

59·93 

(604) 

0·010 ± 0·015 

55·25 

(181) 

0·013 ± 0·014 

 

(5109) 

0·013 ± 0·019 

80-90 76·22 

(328) 

0·021 ± 0·022 

68·54 

(569) 

0·019 ± 0·026 

64·03 

(645) 

0·014 ± 0·019 

53·77 

(664) 

0·016 ± 0·019 

46·69 

(317) 

0·015 ± 0·020 

42·11 

(114) 

0·020 ± 0·022 

 

(2637) 

0·017 ± 0·021 

90-100 71·46 

(410) 

0·015 ± 0·020 

67·06 

(586) 

0·013 ± 0·016 

60·57 

(875) 

0·013 ± 0·020 

54·00 

(737) 

0·013 ± 0·018 

43·35 

(406) 

0·013 ± 0·019 

36·64 

(131) 

0·020 ± 0·029 

 

(3145) 

0·013 ± 0·019 

100-110 68·36 

(256) 

0·014 ± 0·019 

52·71 

(351) 

0·009 ± 0·014 

50·27 

(559) 

0·015 ± 0·021  

42·36 

(602) 

0·016 ± 0·023 

34·26 

(251) 

0·018 ± 0·024 

34·72 

(72) 

0·025 ± 0·027 

 

(2091) 

0·015 ± 0·021 

110-120 60·93 

(215) 

0·011 ± 0·014 

53·29 

(334) 

0·013 ± 0·017 

46·81 

(643) 

0·011 ± 0·015 

38·46 

(520) 

0·014 ± 0·025 

29·30 

(314) 

0·014 ± 0·018 

32·00 

(100) 

0·011 ± 0·015 

 

(2126) 

0·012 ± 0·019 

Sire 

 

>120 58·75 

(303) 

0·014 ± 0·016 

49·59 

(603) 

0·016 ± 0·019 

42·58 

(1045) 

0·014 ± 0·018 

33·01 

(1142) 

0·016 ± 0·020 

21·19 

(623) 

0·019 ± 0·023 

25·42 

(240) 

0·020 ± 0·028 

 

(3956) 

0·016 ± 0·020 

Total  

(2183) 

0·015 ± 0·019 

 

(3530) 

0·015 ± 0·020 

 

(5208) 

0·013 ± 0·019 

 

(4790) 

0·014 ± 0·020 

 

(2515) 

0·015 ± 0·020 

 

(838) 

0·018 ± 0·024 

 

(19064) 

0·014 ± 0·020 
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Table 9 F-values and type I error probabilities (P) for birth year and regression coefficients 

of inbreeding coefficient within birth year on relative breeding values of German shepherd 

dogs. 

Source of variation d.f. F P 

Birth year 5 44·3 < 0·001 

Inbreeding coefficient by birth year    

- linear 6 35·85 < 0·001 

- quadratic 6 13·68 < 0·001 

- cubic 6 7·72 < 0·001 

d.f.: degrees of freedom.  

Relative breeding values were predicted with model 2. The inbreeding coefficient of the dog 

was used as a linear and as a non-linear regression within birth year. 
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Figure 1 Phenotypic trend for all German shepherd dogs examined for hip dysplasia score 

and born between 1985 and 2003 (dataset 1: N = 157455) 
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Figure 2 Genetic trend estimated by relative breeding values (RBV) based on model 1 for 

German shepherd dogs included in screening for canine hip dysplasia (dataset 1: N = 157455) 

 120



 Genetic trends of canine hip dysplasia  

90

92

94

96

98

100

102

104

1998 1999 2000 2001 2002 2003
Birth year

R
el

at
iv

e 
br

ee
di

ng
 v

al
ue

 RBV (ad) of the animal

maternal RBV (am)

combined RBV  of BV of the animal and maternal
BV (ad + am)

Figure 3 Genetic trends estimated by relative breeding values (RBVs) of the animal and 

maternal RBVs, based on model 3 for German shepherd dogs screened for canine hip 

dysplasia and subset 1 (N = 40270) 

 

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

1998 1999 2000 2001 2002 2003
Birth year

In
br

ee
di

ng
 c

oe
ffi

ci
en

t

Inbreeding coefficient of the animal

Inbreeding coeffient of the sire

Inbreeding coefficient of the dam

 

Figure 4 Inbreeding coefficients for all German shepherd dogs screened for hip dysplasia and 

born between 1998 and 2003 (subset 1: N = 40270) 
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Figure 5 Regression of the inbreeding coefficient of the animal within birth year on the 

relative breeding value (predicted with model 2) of all German shepherd dogs born between 

1998 and 2003 (subset 1: N = 40270) 
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Abstract 

Complex segregation analyses were carried out to clarify the mode of inheritance of canine 

hip dysplasia (CHD) in German shepherd dogs. Data were used from 8,567 animals 

examined for CHD from 20 families with 3 to 4 generations. The existence of a major gene in 

addition to polygenic gene effects was detected. In the present study, a mixed model with a 

dominant major gene effect seemed to be most probable for dichotomous encoding (0: dogs 

without signs of CHD, 1: dogs with borderline, slight to severe CHD). In addition, mixed 

major gene inheritance was shown for a binary trait where borderline was assigned to dogs 

scored free from CHD and for a trichotomously encoded trait (0: dogs without signs of CHD, 

1: borderline CHD, 2: mild to severe CHD). Although only small frequencies were found for 

the unfavourable homozygotic genotype AA, the probability of the AB genotype was high in 

affected animals. Selection schemes to reduce the frequency of the allele A should therefore 

very efficiently improve existing breeding programmes in German shepherd dogs. 

Introduction 

Canine hip dysplasia (CHD) is one of the most prevalent hereditary skeletal diseases in dogs. 

It develops during the period of fastest growth (between the 4th and 10th months), especially 

in fast-growing dogs with high mature weights (Priester and Mulvihill 1972). Characteristic 

signs of CHD are a delayed onset of the capital femoral ossification (Madsen et al. 1991, 

Todhunter et al. 1997), laxity of the joint (Flückiger et al. 1998, Henricson et al. 1966, Lust et 

al. 1993, Smith et al. 1993) and incongruity between acetabulum and femoral head. 

Incongruity may be caused by factors such as a shallow acetabulum, a change in the shape of 
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the femoral head or neck, periarticular osteophytes or a (sub-)luxation of the femoral head 

(Hedhammar et al. 1979). A loose junction between hip and femur and incongruity of the 

joint may cause instability, osteoarthrotic changes and lead to severe lameness. The 

Fédération Cynologique Internationale (FCI) has recommended a system for radiological 

scoring of hip dysplasia (Brass 1993) which was adopted by the German Shepherd Dog 

Breeding Association (SV) and used in this study, including the CHD scores from normal (A) 

to severely (E) dysplastic (Table 1). Special interest was focussed on the German shepherd 

dog breed (Distl et al. 1991, Hamann et al. 2003, Jessen and Spurrell 1972, Leppänen et al. 

2000), as it is a large population distributed over many countries; furthermore it is a 

commonly affected breed, with past prevalences of CHD of about 50% to 55% (Hedhammar 

et al. 1979, Leighton 1997). Most authors concluded that CHD has to be considered a 

quantitative genetic trait which is expressed differently in various breeds and which is also 

influenced by environmental effects such as nutrition (Kealy et al. 1997). Heritability 

estimates for CHD in German shepherd dogs ranged between 0.1 and 0.6 (Andersen et al. 

1988, Distl et al. 1991, Hamann et al. 2003, Hedhammar et al. 1979, Henricson et al. 1965, 

Leighton et al. 1977, Leighton 1997, Lingaas and Heim 1987, Mäki et al. 2002, Swenson et 

al. 1997). First hypotheses on the mode of inheritance of CHD were simple monogenic 

models, either for recessive (Grounds et al. 1955) or dominant transmission (Snavely 1959); 

these hypotheses were supplemented with concepts of incomplete manifestation and 

penetrance (Börnfors et al. 1964, Fellner and Karsai 1967, Schales 1957, 1959). Since the 

1960s, a polygenic mode of inheritance with environmental influences has been considered 

the most probable (Hein 1963, Henricson et al. 1965, 1966, 1972, Hutt 1967, Leighton et al. 

1977, Swenson et al. 1997). Nevertheless, the mode of inheritance of CHD has recently been 

subject to reappraisal. An examination of seven Finnish dog breeds made it seem unlikely 

that CHD was transmitted either by mitochondrial or a sex-linked mode of inheritance with 

incomplete penetrance (Mäki et al. 2002). As opposed to the long generally accepted 

polygenic hypothesis, most recent studies suggest the possible existence of major genes 

influencing hip dysplasia (Leighton 1997, Mäki et al. 2004, Todhunter et al. 1999). 

Calculation of a major gene index according to LeRoy and Elsen (1992) led to the 

assumption of the existence of a major gene for CHD (Leighton 1997). A Bayesian approach 

to a complex segregation analysis (Janss et al. 1995) made it possible to detect a significant 

recessive major gene responsible for the development of CHD-associated changes for 

different Finnish breeds, including the German shepherd dog (Mäki et al. 2004). An 

examination of F1- and F2-populations of Greyhounds and Labrador retrievers led to the 
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discovery of at least two separate quantitative trait loci (QTL) for certain signs of CHD 

(Todhunter et al. 1999). The objective of the present study was to analyse the mode of 

inheritance of CHD in a German shepherd dog population in Germany by the use of complex 

segregation analyses and to scrutinise the possibility of the existence of a major gene. 

Material and methods  

Data from 78,464 dogs born from 1992 to 2000 were supplied by the German Shepherd Dog 

Breeding Association (SV). All animals had been screened for CHD and scored according to 

the official guidelines of the Fédération Cynologique Internationale (FCI) which ranges from 

CHD A for normal hips to CHD E for severely dysplastic hip joints. CHD scores A, B and C 

to E were distributed among all dogs with a frequency of 63.5%, 21.6% and 14.9%, 

respectively.  

Twenty families comprising 3 to 4 generations with a total of 8,567 animals screened for 

CHD were chosen for the complex segregation analyses of CHD in German shepherd dogs. 

Among these dogs, 87.97% were scored CHD A and B (Table 2). Families were selected in 

such a way, that the number of dogs scored for CHD was as large as possible and most of the 

dogs per litter were X-rayed. There were 6,186 descendents from 2,148 dams and 233 sires. 

The smallest family consisted of 240 members, and the largest of 1,142 members. In all 

families, the percentage of females ranged between 54.2% and 66.9%; and the different CHD 

scores were between 59.9% and 72.4%, 15.3% and 25.8%, and 7.4 and 24.9% for CHD A, 

CHD B and CHD C to E, respectively. Mating of parents with CHD A scores resulted in 

higher percentages of non-affected progeny (Table 3). As each family could be traced back to 

a single male founder, the pedigree had a fir tree-like structure. As the programme used for 

segregation analyses was not able to process either X-shaped family structures, or inbreeding 

loops (multiply-mated multiple mates loops), some interfering animals had to be included. 

The selected pedigrees did not represent a random sample, as families were designed to 

include examined animals emanating from a single male founder. An ascertainment 

correction was therefore made for the male founder animals and the data set was conditioned 

for the discrete phenotypes of these founders.  

Regressive logistic models were employed to test for a possible segregation of a major gene. 

Regressive models are based on likelihood methods and provide testing for monogenic, 

polygenic and mixed monogenic-polygenic modes of inheritance. The data was analysed with 

the REGD procedure of S.A.G.E. version 3.0 (Case Western University, Cleveland, USA, 
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1997) under the assumption of a class A model. In class A models the sibship correlation is 

explained exclusively by common parentage.  

CHD was encoded as a dichotomous trait, with CHD A as unaffected and CHD B to CHD E 

as affected (data set 1, Table 1). A second data set was edited with those German shepherd 

dogs that were scored as CHD A or B encoded as unaffected, and those scored CHD C to 

CHD E as affected (data set 2). In addition, a third data set was edited, where CHD was 

encoded as a trichotomous trait, and CHD A, CHD B  and CHD C to CHD E were 

distinguished as separate classes (data set 3). Animals with CHD B were assigned the trait 

value 1 for mildly affected animals, while CHD C to CHD E were assigned the trait value 2 

for severe affection. 

The following hypotheses (H0) on the mode of inheritance were tested: 

H0:  a single phenotypic distribution (µ) without genetic components (µ-model); 

H0:  five phenotypic distributions attributed to the effect of the sex (male, female) and age 

classes at examination (1: missing age, 2: ≤ 380, 3: 381- 426, 4: > 426 days of age) 

(µ-cov-model); 

H0: polygenic inheritance accounted through regressive familial effects; 

H0: monogenic autosomal inheritance with two alleles in Hardy-Weinberg equilibrium 

and:  recessive allele effects (monogenic recessive model) 

dominant allele effects (monogenic dominant model) 

arbitrary allele effects (monogenic arbitrary model); 

H0:  mixed major gene inheritance with a polygenic component and an independent major  

gene locus with two alleles 

and:  recessive allele effects (mixed recessive model) 

dominant allele effects (mixed dominant model) 

arbitrary allele effects (mixed arbitrary model). 

Regressive familial effects were estimated using logistic regressions of the phenotypic CHD 

status of parents, sire or dam, on the phenotype of offspring. In addition, a mate correlation 

was included to account for loops among mating partners in the pedigree. Different family 

options representing regressive familial effects of sire, dam and specific mating partner, were 

used to further differentiate the models. Family options included parental effects, affected and 

unaffected class effects, each either equal or arbitrary. Family option 1 and 2 differentiate 

between effects of mating partners and parents. Family option 3 and 4 differentiate between 

the effects of mating partner, sire and dam. Family option 5 and 6 differentiate between 

affected and unaffected mating partners, and affected and unaffected parents. Finally, family 
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option 7 and 8 differentiate between the effects of mating partner, sire or dam, each affected 

or unaffected. For trichotomous encoding, family options 2, 4, 6, and 8 were used to 

differentiate between both levels “borderline” and “affected” (= arbitrary affected class 

effect). The least restricted options were used for the most general model. 

The basic logistic regressive model in general terms was fitted to the data as follows: 

Y = α (ui) + δSZS + δDZD + δPZP + δCXC

Y: status of CHD with dichotomous or trichotomous encoding  

α: baseline parameter, defined according to the model used for ui 

ui: genotype or type of individual i 

δS,D,P,C: logistic regression coefficients for sire (S), dam (D), mating partner (P) or covariates 

for sex and age at examination (C) 

ZS,D,P,XC: explanatory variables for the design matrix using observed values for the 

phenotypic trait (CHD score) of sire (S), dam (D), mating partner (P) and for the covariates 

sex and age at examination (X). 

The hypotheses on the mode of inheritance were evaluated via likelihood ratio tests for 

goodness of fit of the model to the data. A most general model was therefore defined with no 

restrictions on parameters used in the model. The specific null hypothesis (H0) was then 

compared to the most general (saturated) model. The models restricted to specific null 

hypotheses are given above and include all the different modes of inheritance for CHD to be 

tested here. The test statistic is given by the difference of the log likelihoods of the 

specifically restricted model and the saturated model multiplied by minus two. The ratio of 

log likelihoods asymptotically follows a chi-square distribution, which makes it possible to 

obtain significance levels. Degrees of freedom are given by the difference of independently 

estimated parameters for the models compared. The information criterion of Akaike (AIC) 

(Akaike 1974) was used as an additional measure to choose the sparsest model with the best 

fit to the data from those models not rejected by the likelihood ratio tests. The AIC is given 

by the log likelihood multiplied by minus two plus two times the number of independently 

estimated parameters. 

The model with the smallest AIC fits the data best with a minimum number of parameters. 

Nevertheless, all hypotheses not rejected by the likelihood ratio test against the most general 

model must also be considered as possible, and the AIC criterion cannot be used to exclude 

any of them. 

Genotype probabilities were estimated on the basis of dichotomous encoding and the 

assumption of the mixed dominant model with Hardy-Weinberg equilibrium. 
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Results 

The likelihood ratio test for both the binarily and trichotomously encoded variable CHD 

significantly rejected a model including only one phenotypic distribution (Tables 4 - 5).  

Models accounting for monogenic or polygenic inheritance were not suited for the pedigrees 

analysed here. For both dichotomous encodings using data sets 1 and 2, the mixed model 

with a dominant or arbitrary gene effect sufficiently explained the variation of the binary trait 

CHD. However, the major gene model with recessive gene effects fitted the data significantly 

better than the environmental, monogenic or polygenic models, but was still significantly 

different from the most general model. The log likelihood ratio test statistics between the 

major gene models with dominant and arbitrary gene action were very small and not 

significantly different from zero in data set 1. For data set 1, the log likelihood ratio test 

statistic for the models without and with assumption of Hard-Weinberg equilibrium was χ2 = 

0.1, p = 0.752 and χ2 = 0.3, p = 0.584, respectively; for data set 2, χ2 = 4.2, p = 0.04, and χ2 = 

1.8, p = 0.18, for the respective models. A mixed model with an arbitrary mode of gene 

action proved to be the best among all tested when CHD was encoded as a trichotomous trait 

(Table 6). In this model gene frequencies were allowed to deviate from Hardy-Weinberg 

equilibrium. All other models used for the trichotomous CHD trait did not give sufficient fit 

to the data because the likelihood ratio tests against the most general model were significant. 

Nevertheless, all mixed models tested fitted the data significantly better than the 

environmental, monogenic and polygenic models. The AIC values were lowest for the major 

gene model with dominant gene action (dichotomous trait value for CHD, data set 1), for the 

major gene model with arbitrary gene action (dichotomous trait value for CHD, data set 2), 

and for the major gene model with arbitrary gene action (trichotomous trait value for CHD). 

Genotype probabilities were calculated for data set 1 on the basis of a major gene model with 

dominant genetic effects and Hardy-Weinberg equilibrium of gene frequencies for the 

dichotomously encoded trait CHD. The homozygotic genotype BB was predominant among 

animals free of CHD (75%), whereas the heterozygotic genotype AB was most frequent 

among the affected animals (Table 7). The probabilities of the homozygous, dominant AA 

allele genotype were generally low. The allele frequency of the dominant allele A was qA = 

0.14 in unaffected animals and qA = 0.37 in affected animals. 

Discussion 

Results of the present study demonstrated the existence of a major gene responsible for the 

development of CHD. Both the dichotomous and trichotomous encoding for the trait CHD 

 129



 Complex segregation analysis of CHD  

confirmed the presence of a major gene effect. The segregation of a dominantly acting major 

gene was obvious for the all-or-none trait CHD. Although the AIC value was lowest for the 

mixed arbitrary model in dichotomous encoding with data set 2, the likelihood ratio test 

revealed no significant difference between the arbitrary and the dominant models.  

Our results clearly showed the inappropriateness of an all-environment-model. The originally 

suspected simple monogenic modes of inheritance (Börnfors et al. 1964, Fellner and Karsai 

1967, Grounds et al. 1955, Schales 1957, 1959, Snavely 1959) and the often assumed 

polygenic model of inheritance (Hein 1963, Henricson et al. 1965, 1966, 1972, Hutt 1967, 

Leighton et al.1977) were not able to give a sufficient fit to the pedigrees analysed here. It is 

not surprising that a polygenic mode of inheritance is clearly to be rejected despite its often 

proclaimed validity, in light of the fact that there was no evidence for a polygenic mode of 

inheritance from specific analyses on the mode of inheritance, and that this assumption was 

the result of conclusions drawn from the broad variation in phenotypic occurrence and from 

its nonconformance to monogenic modes of inheritance (Hedhammar et al. 1979, Hein 1963, 

Hutt 1967, Leighton et al. 1977, Swenson et al. 1997).  

The existence of a major gene with a significant effect on expression of CHD is in agreement 

with recently published studies (Leighton 1997, Mäki et al. 2004, Todhunter et al. 1999). 

Complex segregation analyses allowed us to combine the monogenic and polygenic model 

into a single model and to give definite answers concerning the statistical significance of the 

previously assumed hypotheses on the inheritance of CHD. 

In agreement with our study, the two major genes reported to affect hip dysplasia in Retriever 

x Greyhound crossbreds were found to be autosomal, dominant alleles (Todhunter et al. 

1999). Contrary to this finding and the present study, a recessive unfavourable allele for CHD 

was reported in Finnish populations of German shepherd dogs, Golden retrievers, Labrador 

retrievers and Rottweilers (Mäki et al. 2004). Furthermore, the heterozygote major genotype 

AB did not represent the mid-value of the two homozygotes in the latter study, but was more 

similar to the favourable genotype AA. Reasons for the different outcomes for the major gene 

effects may be seen in the models and their parameterisation used as well as in the underlying 

distribution of the dependent variable for CHD. In the Finnish study, Gibbs sampling with a 

Markov Chain Monte Carlo approach was used, and the model effects included major 

genotype means and residual genetic effects (Mäki et al. 2004). In contrast to our study, Mäki 

et al. (2004) assumed a normal distribution for the categorical trait on a scale from 1.0 to 6.0 

at intervals of 0.5. When we used a trichotomous variable for CHD, the dominant major gene 
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was no longer the best fitting model and in agreement with Mäki et al. (2004) the arbitrary 

major gene effect model was best among all other models tested.  

In the context of the previously published studies, we conclude in summary that major genes 

segregate in German shepherd dog populations, and that their effects on the expression of 

CHD may vary in size depending on the definition of CHD used in the analysis. The 

nonrandomness of the pedigrees analysed was taken into account by the multiple single 

ascertainment correction. If the ascertainment bias is neglected, results may be inconsistent 

when the study is repeated with an independently collected data set. However, the families 

used in this study were very large, and the pedigrees analysed may therefore not deviate 

seriously from those of a random sample.  

In the case that a major gene is still present in German shepherd dog populations despite the 

initiation of selection programmes about 35 years ago, the question arises, why CHD has not 

been eradicated due to the major gene influence. It must be recalled that there are several 

factors other than the major gene influence which interfere with the development of CHD and 

which influenced without doubt the selection process against hip dysplasia. A major factor 

may be the degree of variance due to the major gene effects in relation to the residual 

quantitative genetic variation. Counteracting polygenic effects may partly compensate for the 

effects of major genes, as is indicated by the genotype probability of 33% for the favourable 

recessive genotype BB among affected dogs. 

CHD has been shown to manifest phenotypically more frequently under disadvantageous 

environmental influences such as excessive feeding and resulting high body weight 

(Hedhammar et al 1974, Kealy et al. 1992, 1997, Riser et al. 1964). Conversely, 

advantageous environmental settings have been shown to reduce the phenotypical incidence 

of canine hip dysplasia (Kealy et al. 1992). If dogs were selected only by their phenotypic 

CHD status, as was the common strategy in the SV between 1966 and 1999, then genetically 

disposed dogs raised under beneficial environmental circumstances might not have been 

detected phenotypically and thus could have passed their undesirable alleles to their progeny. 

A further reason for the conservation of CHD in the population may be the manner of 

selective breeding practised. If other criteria come to the fore in selection strategies despite 

recording of CHD scores, alleles for CHD can remain in the population. Furthermore, the use 

of breeding dogs only slightly affected by CHD nevertheless contributes to the preservation 

of dominant alleles in the population.  

A high genotype probability of the homozygote BB genotype was found in the studied 

sample, as were generally low probabilities for the genotype AA. Comparison of affected and 
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unaffected animals showed that the genotype probability for the heterozygote genotype AB 

was highest in affected animals, and the genotype probability for AA was more than twice as 

high in affected animals (7%) than in unaffected ones (3%). It is probable, that the rather low 

general probability of the genotype AA is due to decades of selective breeding against the 

unfavourable dominant major gene for CHD in the SV since 1966. If phenotypic signs of 

CHD were expressed more often or more severely in dogs with the genotype AA, the 

corresponding homozygotes would have been under greater selective pressure than the 

heterozygotes. As mild degrees of CHD were tolerated in breeding dogs, heterozygotic 

animals with mild phenotypical expression of CHD may have remained in the population, 

thus conserving the A allele, although the number of homozygotic AA dogs diminished. 

Breeding strategies should therefore aim at eradication of the unfavourable A allele rather 

than diluting the phenotypic expressivity. Additional attention to the probability of major 

genes as well as specific selection against them may be beneficial for selection against CHD.  

The detection of major gene inheritance should be followed by molecular genetic analyses for 

the identification of responsible genes. Currently, whole genome scans have been 

accomplished and putative QTL for different signs of CHD have been detected on 17 

different chromosomes within the scope of a linkage analysis of Retriever x Greyhound 

crossbreds (Todhunter et al. 2004). Fine mapping of these putative QTL may make it possible 

to narrow down their number. Canine genes associated with aetiological aspects of CHD may 

be identified in the respective chromosomal regions, and identification of single mutations 

correlated to phenotypic expression of canine hip dysplasia may ultimately become possible.  
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Table 1. Hip scoring scheme for canine hip dysplasia (CHD) 

CHD grade (FCI) Di1 Di2 Tri Radiological signs 

A 

No signs of CHD 

0 

normal 

0 

normal 

Tight, congruent joint; sharp, 

smooth outlines, NA ~ 105°. 

B 

Near normal hips 

0 

normal 

1 

borderline 

Slight incongruency, NA ~ 105°; 

centre of femoral head medial to 

dorsal acetabular rim 

C 

Mild CHD 

D 

Moderate CHD 

E 

Severe CHD 

1 

affected 

1 

affected 

2 

affected 

Incongruency, NA about 100° or 

less, flattened acetabulum, 

osteoarthrotic changes, 

deformation of femoral head, 

(sub-)luxation 

CHD: canine hip dysplasia; FCI: Fédération Cynologique Internationale; Di1: dichotomous 

encoding for data set 1; Di2: Dichotomous encoding for data set 2; Tri: Trichotomous 

encoding for data set 3; NA: Norberg angle. 
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Table 2. Number (first line) and percentage (second line) of German shepherd dogs by sex 

and canine hip dysplasia score (CHD) (N = 8567) 

 CHD A CHD B CHD C-E Total 

Male 2,068 

62.74% 

783 

23.76% 

445 

13.50% 

3,296 

38.47% 

Female 3,563 

67.60% 

1,122 

21.29% 

586 

11.12% 

5,271 

61.53% 

Total 5,631 

65.73% 

1,905 

22.24% 

1,031 

12.04% 

8,567 

100% 

CHD A: normal hips, CHD B: near normal hips; CHD C – E: mild to severe dysplasia. 
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Table 3. Percentage of progeny scored with the canine hip dysplasia score CHD A (first 

line), CHD A or B (second line) and absolute number of progeny (third line, in brackets) 

resulting from combinations of different CHD scores of sire and dam  

Dams Phenotype 

CHD A 

(N = 1,483) 

 

CHD B 

(N = 493) 

CHD C 

(N = 172) 

CHD A 

(N = 171) 

67.17 

88.22 

(3,634) 

61.22 

83.16 

(1,194) 

58.98 

83.91 

(373) 

CHD B 

(N = 56) 

61.03 

83.84 

(662) 

54.45 

80.63 

(191) 

57.53 

83.56 

(73) 

Sires 

CHD C 

(N = 6) 

58.18 

85.45 

(55) 

0 

0 

(0) 

75.0 

100.0 

(4) 

N: number of sires or dams; CHD A: normal hips, CHD B: near normal hips; CHD C: mild 

dysplasia. 
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Table 4. Complex segregation analysis using class A regressive logistic models of the 

dichotomous trait CHD (unaffected: CHD A) in German shepherd dogs  

Hypothesis tested Fam -2 lnL AIC χ2 DF p 

Most general model  7 11683.1 11711.1 - - - 

µ-model - 12265.0 12267.0 581.9 12 <0.001 

µ-cov-model - 12200.7 12210.7 517.6 9 <0.001 

Dominant - 11962.6 11968.6 279.5 11 <0.001 

Recessive - 11957.9 11963.9 274.8 11 <0.001 

Monogenic 

models 

Arbitrary - 11901.5 11909.5 218.4 10 <0.001 

Polygenic 1 11829.7 11835.7 146.6 11 <0.001 

 3 11826.0 11834.0 142.9 10 <0.001 

 5 11777.3 11787.3 94.2 9 <0.001 

 7 11776.8 11790.8 93.7 7 <0.001 

dominant major gene,nhw 5 11693.0 11709.0 9.9 6 0.129 

dominant major gene, hw 5 11694.2 11708.2 11.1 7 0.134 

recessive major gene, 

nhw 

5 11704.5 11720.5 21.4 6 0.002 

recessive major gene, hw 5 11720.1 11734.1 37.0 7 <0.001 

arbitrary major gene, nhw 5 11692.9 11710.9 9.8 5 0.081 

Mixed 

models 

arbitrary major gene, hw 5 11693.9 11709.9 10.8 6 0.095 

Fam: family option; AIC: information criterion of Akaike; -2lnL: -2 log likelihood; χ2: 

compares the model tested with the most general model; DF: degrees of freedom; µ-model: 

model assuming random environmental effects without genetic component; µ-cov-model: 

model assuming random environmental effects without genetic component and additionally 

regarding the covariates sex and age at examination; nhw: no Hardy-Weinberg equilibrium 

assumed; hw: assumption of Hardy-Weinberg equilibrium. 
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Table 5. Complex segregation analysis using class A regressive logistic models of the 

dichotomous trait CHD (unaffected: CHD A and CHD B) in German shepherd dogs 

Hypothesis tested Fam -2 lnL AIC χ2 DF p 

Most general model  7 6447.6 6475.6 - - - 

µ-model - 6553.1 6555.1 105.5 13 <0.001 

µ-cov-model - 6553.1 6563.1 105.5 9 <0.001 

Dominant - 6496.8 6502.8 49.2 11 <0.001 

Recessive - 6495.2 6501.2 47.6 11 <0.001 

Monogenic 

models 

Arbitrary - 6493.5 6501.5 45.9 10 <0.001 

Polygenic 1 6534.5 6540.5 86.9 11 <0.001 

 3 6525.7 6533.7 78.1 10 <0.001 

 5 6509.9 6519.9 62.3 9 <0.001 

 7 6509.5 6523.5 61.9 7 <0.001 

dominant major gene, nhw 5 6452.8 6468.8 5.2 6 0.518 

dominant major gene, hw 5 6453.4 6467.4 5.8 7 0.563 

recessive major gene, nhw 5 6460.4 6476.4 12.8 6 0.046 

recessive major gene, hw 5 6465.7 6479.7 18.1 7 0.012 

arbitrary major gene, nhw 5 6448.6 6466.6 1.0 5 0.963 

Mixed 

models 

arbitrary major gene, hw 5 6451.6 6467.6 4.0 6 0.677 

Fam: family option; AIC: information criterion of Akaike; -2lnL: -2 log likelihood; χ2: 

compares the model tested with the most general model; DF: degrees of freedom; µ-model: 

model assuming random environmental effects without genetic component; µ-cov-model: 

model assuming random environmental effects without genetic component and additionally 

regarding the covariates sex and age at examination; nhw: no Hardy-Weinberg equilibrium 

assumed; hw: assumption of Hardy-Weinberg equilibrium. 
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Table 6. Complex segregation analysis using class A regressive logistic models of the 

trichotomous trait CHD in German shepherd dogs  

Hypothesis tested Fam -2 lnL AIC χ2 DF p 

Most general model 8 15616.5 15656.5 - - - 

µ-model - 15864.5 15868.5 148.0 18 <0.001 

µ-cov-model - 15817.1 15829.1 200.6 14 <0.001 

Dominant - 15774.1 15784.1 157.6 15 <0.001 

Recessive - 15852.2 15862.2 235.7 15 <0.001 

Monogenic 

models 

Arbitrary - 15762.8 15776.8 146.3 13 <0.001 

Polygenic 2 15810.7 15822.7 194.2 14 <0.001 

 4 15796.4 15812.4 179.9 12 <0.001 

 6 15761.4 15777.4 144.9 12 <0.001 

 8 15761.1 15783.1 144.6 9 <0.001 

dominant major gene, nhw 6 15636.9 15660.9 20.4 8 0.009 

dominant major gene, hw 6 15666.9 15688.9 50.4 9 <0.001 

recessive major gene, nhw 6 15650.7 15674.7 34.2 8 <0.001 

recessive major gene, hw 6 15680.3 15702.3 63.8 9 <0.001 

arbitrary major gene, nhw 6 15622.0 15650.0 5.5 6 0.482 

Mixed 

models 

arbitrary major gene, hw 6 15655.6 15681.6 39.1 7 <0.001 

Fam: family option; AIC: information criterion of Akaike; -2lnL: -2 log likelihood; χ2: 

compares the model tested with the most general model; DF: degrees of freedom; µ-model: 

model assuming random environmental effects without genetic component; µ-cov-model: 

model assuming random environmental effects without genetic component and additionally 

regarding the covariates sex and age at examination; nhw: no Hardy-Weinberg equilibrium 

assumed; hw: assumption of Hardy-Weinberg equilibrium. 
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Table 7. Means and standard deviations of genotype probabilities for the dominant major 

gene (A) responsible for affection with canine hip dysplasia (data set 1, dichotomously 

encoded trait: unaffected: CHD A; affected: CHD B - E) in German shepherd dogs 

Genotype probability of animals Trait/factor 

AA AB BB 

CHD A 0.03 ± 0.05 0.22 ± 0.13 0.75 ± 0.17 

CHD B 0.07 ± 0.09 0.60 ± 0.16 0.33 ± 0.20 

CHD C - E 0.07 ± 0.09 0.61 ± 0.15 0.32 ± 0.20 

Female 0.05 ± 0.07 0.36 ± 0.22 0.59 ± 0.27 

Male 0.04 ± 0.07 0.34 ± 0.24 0.62 ± 0.27 

Inbreeding coefficient  = 0 0.06 ± 0.07 0.38 ± 0.22 0.57 ± 0.27 

Inbreeding coefficient ≤ 0.015 0.04 ± 0.06 0.32 ± 0.23 0.64 ± 0.27 

Inbreeding coefficient ≤ 0.03 0.04 ± 0.06 0.34 ± 0.23 0.62 ± 0.26 

Inbreeding coefficient > 0.03 0.05 ± 0.07 0.36 ± 0.23 0.60 ± 0.27 

Sires 0.05 ± 0.07 0.35 ± 0.24 0.60 ± 0.29 

Dams 0.08 ± 0.07 0.40 ± 0.20 0.52 ± 0.25 

Progeny 0.03 ± 0.06 0.34 ± 0.23 0.63 ± 0.27 

CHD A: normal hips, CHD B: near normal hips; CHD C – E: mild to severe dysplasia. 
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General discussion 

 
The objective of the present thesis was to examine the population prevalence of ED and CHD 

in the German shepherd dog population in Germany, to rate current evaluation systems for 

ED, to analyse genetic progress in selection against CHD and to analyse the mode of 

inheritance for CHD to further improve current selection measures. 

ED is recognised as a problem in certain dog breeds, among others in the German shepherd 

dog. As different evaluation protocols are proposed, there is confusion, which one appears 

most useful for breeding programmes against ED. At the moment, ED screening according to 

the recommendations of the International Elbow Working Group (ED-SV) is voluntary in the 

SV, but when screening results for ED are compulsory for breeding license, the protocol used 

should give the highest selection response. Therefore, three different protocols for scoring 

elbow dysplasia ED-SV, ED-LA (Lang and others 1998) and ED-TH (Tellhelm 2003) and in 

addition, elbow angle measurements, primarily developed for a Rottweiler population (Mues 

2001), were compared. In the present study, the officially used ED-SV system proved best for 

screening programmes, as the heritability estimate of h2 = 0.18 was highest among the three 

scoring systems compared. Nevertheless, analysis of the single criteria, of which ED-LA and 

ED-TH were composed, resulted in detection of two different complexes of criteria probably 

inherited independently. On the one hand, positive genetic correlations were found among 

radiological signs for ED such as osteophytes, sclerosis, incongruency, and fragmentation of 

the coronoid process (LA1-5, TH1-5), and on the other hand among radiological signs for an 

ununited anconeal process and osteochondrosis dissecans of the trochlea humeri (LA 6-7, TH 

6-7), while the genetic correlation between the two complexes was negative. The first 

mentioned complex may be interpreted as signs due to overload of the elbow joint which are 

caused by unequal growth rates of the radius and ulna and following incongruency. The 

second complex may belong to osteochondral developmental disorders. For future screening 

procedures and selection strategies, it may be useful to distinguish these two different genetic 

entities and to develop a scoring protocol taking into account this finding. Adopting such a 

scoring system means that breeding values have to be predicted for both trait complexes in 

German shepherd dogs.  

The ED-SV scheme also showed clear superiority compared to the elbow angle system. The 

latter system was developed in an attempt to objectify the evaluation of ED and to include 

directly morphological-anatomical structures supposed to be relevant for development of ED 

(Mues 2001). Heritability estimates for the elbow angles measuring the bony conformation of 
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the elbow joint were moderate to high, as is also reported for other conformational body traits 

in mammals, such as bone size of hip, tibial bones and patella, body depth and rump width 

with heritability estimates of h2 = 0.32 - 0.69 (Jian and others 2004, Koenen and Groen 1998, 

Morrison and others 1986, Zhai and others 2004). Nevertheless, measurements of elbow 

angles proved to be significantly dependent on positioning and flection of the elbow and were 

therefore strongly influenced by the veterinary practitioner. Additionally, the use of elbow 

angles as auxiliary traits, compared to only using the ED-SV scores for breeding value 

estimation, offered no advantage. Therefore, the elbow angle measurements turned out to be 

unsuitable as an evaluation system in the German shepherd dog.  

To examine the progress of selection strategies in CHD, scoring results for CHD were 

analysed in 157,455 German shepherd dogs registered by the SV. Analysing the phenotypic 

and genetic trend of CHD in the German shepherd population in the time period 1985 to 2003, 

desirable, but slow decrease was detected for both trends. It was demonstrated that selection 

due to the relative breeding value of the parents can be much more effective than phenotypic 

selection, which was practised up to the year 1999. Since introduction of a breeding-value-

based selection scheme in 1999, the genetic trend decreased slightly less, which may be partly 

due to starting difficulties with the new evaluation scheme. However, selective mating of 

parents with low relative breeding values (RBVs) as well as an additional consideration of a 

low maternal RBV of the dam resulted in higher percentages of non-affected progeny than 

could be achieved by mating decisions regarding the phenotypic findings. Analysing the 

present population of German shepherd dogs, higher inbreeding coefficients were associated 

with higher RBVs of the dogs. The effect of inbreeding on the progress of selection against 

CHD was additionally examined in the dataset of 40,270 dogs born after 1998, using a 

slightly modified version of model 4, chapter 6: 

Yijk = µ + b1 · BYi + b2 · In(BY)ij + b3 · In(BYij)2 + b4 · In(BYij)3 + b5 · Inj + b6 · (Inj)2 + b7 · 

(Inj)3 + eijk 

where Yijk is the RBV of the dog predicted with model 2, chapter 6, BYi is modelled as the 

regression of the first to n-th birth year, and Inj is the inbreeding coefficient of the animal, 

regarded as linear and non-linear regression within or without the fixed effect of the birth 

year. In contrast, the same model was tested without consideration of the inbreeding 

coefficient. It was clearly shown that the genetic trend was undesirably less decreasing for 

animals with higher inbreeding coefficients than for dogs with low inbreeding coefficients 

(Table 1). The trend for increasing inbreeding coefficients observed in the present population 

of German shepherd dogs therefore will decelerate the success of selection measures. If dogs 
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are mated with additional regard put on a low inbreeding coefficient of their progeny, faster 

selection success should be the result. Regarding the percentage of dogs scored CHD A, 

restrictions for lower inbreeding coefficients resulted in a slightly increased percentage of 

non-affected dogs. Additionally, the mean CHD score was higher for all animals without 

regard on the inbreeding coefficient than for the subsets restricted for the inbreeding 

coefficient. Also for the CHD score higher inbreeding coefficients of the animals were 

associated with a less decreasing phenotypic trend (Table 2). Nevertheless, the positive effect 

of reducing the inbreeding coefficient was less distinctive for the phenotypic regression 

coefficient, which may be due to the fact that the phenotypic system offers less differentiated 

scaling.  

A general problem of screening procedures in dog breeds may be the risk of preselection of 

the data, which can result in a reduction of selection success. If unfavourable screening results 

of animals are withheld, the RBVs are biased. On a population level, biased breeding values, a 

shift of the population mean, and lowered genetic progress may be the consequence (Distl and 

others 1985, Hamann and others 2003). Prediction of unbiased RBVs requires random 

samples of the population. Therefore a more systematic screening process should be 

endeavoured in order to collect representative samples of the population, including 

information of as many relatives as possible of the breeding animals.  

Ordinarily, breeding values are transformed into RBVs regarding the reference value of the 

population mean. However, the SV modified its concept for prediction of RBVs in 2000. 

Instead of the population mean as a reference value, a higher reference value of a dog scored 

“near normal hip joints” is now used (SV 2000). The limitation of 100 as a maximum mean 

RBV of both parents nevertheless remained unchanged. Using a higher mean value for 

transformation of breeding values will result in lowered RBVs for the animals, feigning a 

more favourable genetic background of the dog. Dogs which may have not been chosen 

earlier due to a higher RBV, may now be used for matings. This will probably result in further 

deceleration of genetic progress, and may be a reason for the less declining genetic trend 

detected since 1999. The great advantage of breeding value estimation is the comparison to 

the genetic background to the population mean. If selection success occurs, the population 

mean will continuously be shifted to lower values, and breeding of animals below the mean 

will result in a constantly improving selection progress. If the reference value for 

transformation of RBVs remains constant, there may be two effects: further selection success 

may result in breeding values noticeably below 100 for dogs with desirable genetic 

background. If on the other hand dogs with RBVs little smaller than 100 are mated, no further 
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selection success will be achieved any more, but the genetic progress will remain on a 

constant level, which only optimises the production of offspring scored “near normal”. 

Therefore it would be preferable to reconsider suspension of the use of a fixed reference 

value.  

A further factor decelerating selection progress may be a disadvantageous choice of breeding 

partners due to other criteria than sound hip joints. As dogs are selected due to a variety of 

traits, an undesirably high RBV for CHD may be accepted by the breeder in favour of other 

desirable criteria. As supposed by results of complex segregation analyses in the present 

population of German shepherd dogs and current studies (Mäki and others 2004, Todhunter 

and others 1999), a major gene with additional polygenic component was the most likely 

mode of inheritance for CHD. A sire with a defective allele for CHD may be mated with a 

non-negligible number of dams, dispreading the unfavourable allele in a large number of 

descendants. If inbreeding and familial accumulation of these defective alleles occur, the 

chance of homozygous progeny more probably affected by CHD is high. As results of the 

analyses of the present German shepherd dog population showed clear association between 

inbreeding coefficients and CHD susceptibility of the dogs, for which familial accumulation 

of a major gene defective for CHD may have been responsible, the mode of inheritance of 

CHD was examined in complex segregation analyses. Major gene inheritance of CHD in the 

German shepherd dog population was confirmed using complex segregation analyses in the 

present study; a result which is supported by findings in Finnish dog breeds, including the 

German shepherd dog (Mäki and others 2004), as well as in American Labrador Retriever x 

Greyhound crossbreds (Todhunter and others 1999). Todhunter and others (1999) found at 

least two separate partly antagonistic factors effecting the development of CHD, while 

complex segregation analyses indicated a dominant major gene effect for CHD in the present 

thesis, and the additional effects of many other genes, which may influence the phenotype 

besides the effects of the major gene. Having accomplished complex segregation analyses, 

and having identified a mixed mode of inheritance with dominant major gene effect as the 

most probable hypothesis on the mode of inheritance of CHD, possibilities of statistical 

analysis are exhausted and molecular genetic analyses should unravel at least the major genes 

responsible for CHD. For different hereditary diseases, such as epilepsy in the miniature 

wirehaired dachshunds (Lohi and others 2005) or copper toxicosis in the Bedlington terrier 

(Van de Sluis and others 2002) specific gene tests for animals carrying the affected allele are 

available. For initial linkage analysis of CHD in dog families with affected members, a whole 

genome scan using anonymous DNA markers evenly distributed over the entire canine 

 147



 General discussion   

genome would be recommended. The aim is to identify disease-linked markers in affected 

individuals. The cosegregation of a marker with the disease indicates a physical connection 

between the marker alleles and the unknown mutant allele of the causative gene. For 

quantitative traits like CHD it is to be expected that several regions which are accounted for 

being linked with the disease gene would be identified to explain the possible aspects 

causative for development of CHD, such as genetic aspects of cartilage or bone growth, 

cartilage or bone metabolism, or development of the ligaments. These linked regions are 

called quantitative trait loci (QTL). Molecular genetic analyses on CHD already have been 

started, and some putative QTL for different aspects of CHD yet have been identified using 

linkage analysis (Todhunter et al. 1999, 2004). Currently, 16 chromosomes and the X-

chromosome have been identified to harbour putative QTL for single aspects of the complex 

CHD phenotype (Todhunter and others 2004).  

After further differentiation by fine mapping of the identified QTL regions using single 

nucleotide polymorphism (SNP) markers and the existing human-dog comparative map, it 

could be feasible to detect potential candidate genes responsible for CHD. For comparative 

mapping, the whole dog genome sequence is currently available 

(http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid=9615), and continuous 

research is done to identify further specific genes on the canine chromosomes. If candidate 

genes are identified in the QTL regions, the search for the causative mutation may be more 

auspicious, and there may be good chances for identification of responsible alleles. If no 

candidate genes are found for the QTL, the process of identifying responsible genes may be 

more protracted, as appropriate marker sets have to be developed and the respective part of 

the chromosome has to be examined with further differentiating markers. If more than one 

gene is responsible for development of CHD as was demonstrated in the present study, search 

for causative major genes or mutations may be complicated even more by interactions of 

additional minor genes. However, development of a gene test using different markers for 

separate aspects of CHD is within the realms of possibility. Either linkage marker tests, 

moderately prone to errors by possible crossing-overs in the meiosis which may separate the 

mutant gene and the linked marker, or gene tests specifically detecting the causative mutation 

may be developed in future. If molecular genetic identification of carriers for the defective 

CHD allele would be possible, these animals could be excluded from the active breeding 

population. Already in puppies, the gene test would allow detection of animals free of the 

respective allele, and these dogs later on could become breeding animals themselves. So far, 

rather low genetic progress was detected in the examined German shepherd dog population. 
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Applying marker-supported selection in cooperation with and as an addition to the present 

selection system using best linear unbiased prediction (BLUP) methods, a distinct increase of 

the selection progress would be expected.  

Though both ED as well as CHD were examined in a variety of studies, seldom correlations 

between both degenerative joint diseases were estimated. From 2,645 dogs with elbow scores, 

a subset of 2,618 animals with information on both ED and CHD and additional information 

on the date of examination for CHD and on the respective X-raying veterinary practitioner 

was edited to estimate correlations between both traits. The respective pedigree comprised six 

generations with 11,351 dogs in all and 2,048 base animals. The model used before for 

analysis of elbow parameters was employed for the trait ED. A similar model was employed 

for the trait CHD, however, the effects positioning (of the elbow) and angle (between 

humerus and radius) were excluded. Furthermore, the effects age at examination and number 

of X-rayed German shepherd dogs per veterinary practitioner (n: ≤ 60 dogs, 61 – 250 dogs, 

and > 250 dogs, with 830, 967, and 821 dogs, respectively) were adopted for the trait CHD 

analogically to the model used for ED. Variance and covariance components were estimated 

with residual maximum likelihood (REML) and VCE5 software (Kovac and others, 2003). 

Additive genetic and residual correlations of rg = 0.53 ± 0.12 and re = -0.03 ± 0.04 were found 

between both traits ED and CHD in the present sample of 2,618 animals. Using bivariate 

analyses, further correlations between CHD and the single criteria of both ED-LA and ED-TH 

were estimated (Table 3). Correlations between both ED and CHD were so far reported in 

four Finnish dog breeds including the German shepherd dog (Mäki 2000, 2002), and in Swiss 

Labrador Retrievers (Ohlert and others 1998). A Pearson correlation coefficient of r = 0.16 

was found between the phenotypic traits CHD and ED in Swiss Labrador retrievers (Ohlert 

and others 1998). For Finnish Rottweilers, phenotypic (rp) and genetic (rg) correlations of rp = 

0.24 ± 0.08, and rg = 0.37 ± 0.08, respectively rg = 0.19 ± 0.04, were detected between CHD 

and ED (Mäki and others 2000, 2002). Genetic correlations for other breeds were rg = 0.31 ± 

0.09, rg = 0.26 ± 0.10, rg = 0.0 ± 0.1, and rg = -0.09 for Finnish Labrador Retrievers, Bernese 

mountain dogs, German shepherd dogs, and Golden Retrievers, respectively (Mäki and others 

2002). The positive correlations of the present study are in contrast to findings in the Finnish 

German shepherd dog population, but in accordance to findings in most of the other breeds. 

ED and HD both are degenerative joint diseases, causing dysplastic changes and finally 

lameness. Positive genetic correlation may be caused by pleiotropic effects of single genes, or 

by closely linked genes. These genes may have effects on metabolism of cartilage and bone, 

on general processes of growth and maturation, or may effect synchronisation processes of 
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cartilaginous and bony growth. Nevertheless, genetic correlations are strongly dependent on 

the population examined. The genetic correlation between CHD and ED-SV was rg = 0.53 ± 

0.09 and confirms a positive genetic association between CHD and ED. Correlations between 

the single criteria for ED-LA and ED-TH to CHD have to be regarded critically, as they are 

based on a small number of radiographic findings, especially for criteria LA7 and TH7, and 

standard errors are rather high. Nevertheless, most of the single criteria of ED-LA and ED-TH 

showed positive correlations to CHD, only the criterion describing radiographic findings 

indicative for osteochondrosis dissecans was correlated negatively (Table 3).  

While selection against either CHD or ED will highten indirect selective pressure on the other 

trait, the moderate size of the genetic correlation detected between CHD and ED in the 

present study should be considered. If correlations are only in a low or moderate range, 

selection against only one trait will not effect the other trait sufficiently. Effective selection 

activities therefore specifically have to be aimed at reduction of CHD as well as at reduction 

of ED, and may not be expected by selecting dogs solely for a single trait. 

 

 150



 General discussion   

References 

DISTL, O., WINDISCH, E.,  KRÄUSSLICH, H. (1985): Zur Verbreitung und Erblichkeit der 

Hüftgelenksdysplasie bei den Hunderassen Hovawart und Boxer in der Bundesrepublik 

Deutschland. Zentralblatt für Veterinärmedizin A 32: 551-560. 

HAMANN, H., KIRCHHOFF, T., DISTL, O. (2003): Bayesian analysis of heritability of canine hip 

dysplasia in German shepherd dogs. Journal of Animal Breeding and Genetics 120: 258-268. 

JIAN, W.X., LONG, J.R., DENG, H.W. (2004): High heritability of bone size at the hip and spine 

in Chinese. Journal of Human Genetics 49: 87-91. 

KOENEN, E.P.C., GROEN, A.F. (1998): Genetic evaluation of body weight of lactating Holstein 

heifers using body measurements and conformation traits. Journal of Dairy Science 81: 1709-

1713. 

KOVAC, M., GROENEVELD, E., GARCIA-CORTEZ, A. (2003): VCE-5 User’s Guide and 

Reference Manual Version 5.1.2. Institute for Animal Science and Animal Husbandry, 

Federal Agricultural Research Centre (FAL), Mariensee/Neustadt, Germany. 

LANG, J., BUSATO, A., BAUMGARTNER, D., FLÜCKIGER, M.,  WEBER, U. TH. (1998): 

Comparison of two classification protocols in the evaluation of elbow dysplasia in the dog. 

Journal of Small Animal Practice 39: 169–174. 

LEPPÄNEN, M., MÄKI, K., JUGA, J, SALONIEMI, H. (2000): Estimation of heritability for hip 

dysplasia in German shepherd dogs in Finland. Journal of Animal Breeding and Genetics 117: 

97-103. 

Lohi, H., Young, E.J., Fitzmaurice, S.N., Rusbridge, C., Chan, E.M., Vervoort, M., Turnbull, 

J., Zhao, X.-C., Ianzano, L., Paterson, A.D., Sutter, N.B., Ostrander, E.A., André, C., Shelton, 

G.D., Ackerley, C.A., Scherer, S.W., Minassian, B.A. (2005): Expanded repeat in canine 

epilepsy. Science 307: 81. 

MÄKI, K., LIINAMO, A.-E., OJALA, M. (2000): Estimates of genetic parameters for hip and 

elbow dysplasia in Finnish Rottweilers. Journal of Animal Science 78: 1141-1148. 

MÄKI, K., GROEN, A.F., LIINAMO, A.-E., OJALA, M. (2002): Genetic variances, trends and 

mode of inheritance for hip and elbow dysplasia in Finnish dog populations. Animal Science 

75: 197-207. 

MÄKI, K.,  JANSS, L.L.G., GROEN, A.F., LIINAMO, A.E., OJALA, M. (2004): An indication of 

major genes affecting hip and elbow dysplasia in four Finnish dog populations. Heredity 

92:402-408. 

 151



 General discussion   

MORRISON, D.G., WILLIAMSON, W.D., HUMES, P.E. (1986): Estimates of heritabilities and 

correlations of traits associated with pelvic are in beef cattle. Journal of Animal Science 63: 

432-437. 

MUES, C. (2001): Charakterisierung und Vererbung des Arthroserisikos der 

Ellbogengelenkdysplasie (ED) beim Hund. Dissertation, Faculty of Veterinary Medicine, 

Justus-Liebig-University Gießen, Germany. 

OHLERT, S., BUSATO, A., GAILLARD, C., FLÜCKIGER, M., LANG, J. (1998): Epidemiologische 

und genetische Untersuchungen zur Hüftgelenksdysplasie an einer Population von Labrador 

Retrievern: Eine Studie über 25 Jahre. Deutsche tierärztliche Wochenschrift 105: 378-383. 

SV (2000): Zuchtwertschätzung HD. SV-Zeitung 6: 391. 

TELLHELM, B. (2003): Personal communication. 

Todhunter, R.J., Acland, G.M., Olivier, M., Williams, A.J., Vernier-Singer, M., Burton-

Wurster, N., Farese, J.P., Gröhn, Y.T., Gilbert, R.O., Dykes, N.L., Lust, G. (1999): An 

outcrossed canine pedigree for linkage analysis of hip dysplasia. The Journal of Heredity 90: 

83-92. 

Todhunter, R.J., Lust, G., Burton-Wurster. N., Mateescu, R., Quaas, R., Zhang, Z., Dykes, N., 

Volkmann, D., Casella, G., Wu, R., Acland G.M. (2004): QTL for hip dysplasia detected in a 

cross breed canine pedigree. 2nd International Conference for Advances in Canine and Feline 

Genomics, Utrecht (The Netherlands). 

http://home.ncifcrf.gov/ccr/lgd/catdog/CatDog2004_Abstract_128B59.pdf   p.33 

VAN DE SLUIS, B., ROTHUIZEN, J., PEARSON, P.L., VAN OOST, B.A., WIJMENGA, C. (2002): 

Identification of a new copper metabolism gene by positional cloning in a purebred dog 

population. Human Molecular Genetics 11: 165-173. 

ZHAI, G., STANKOVICH, J., DING, C., SCOTT, F., CICUTTINI, F., JONES, G. (2004): The genetic 

contribution to muscle strength, knee pain, cartilage volume, bone size, and radiographic 

osteoarthritis: a sibpair study. Arthritis & Rheumatism: an official journal of the American 

College of Rheumatology 50: 805-810. 

 152



 General discussion   

 Table 1. Effects of inbreeding on the genetic trend. Regression coefficients and their 

standard errors (SE) without (bRBV) and with (bRBVi) consideration of the inbreeding 

coefficient of the animals (In). 

 n bRBV
 ± SE R2 bRBVi ± SE R2 x CHD %CHD A

In ≤ 0.01 23408 -1.22 ± 0.09 0.009 -1.34 ± 0.10 0.017 1.502 ± 0.818 65.65 

In ≤ 0.013 25252 -1.17 ± 0.08 0.008 -1.33 ± 0.10 0.017 1.501 ± 0.815 65.56 

In ≤ 0.015 26135 -1.17 ± 0.08 0.008 -1.32 ± 0.10 0.015 1.500 ± 0.813 65.58 

In ≤ 0.018 29698 -1.12 ± 0.08 0.007 -1.31 ± 0.10 0.015 1.500 ± 0.812  65.53 

Total 40270 -1.03 ± 0.07 0.006 -1.26 ± 0.09 0.016 1.504 ± 0.807 65.00 

n : number of animals; R2: coefficient of determination; x CHD: mean CHD score; %CHD A: 

percentage of animals scored CHD A. 

 

Table 2. Effects of inbreeding on the phenotypic trend. Regression coefficients and their 

standard errors (SE) without (bp) and with (bpi) consideration of the inbreeding 

coefficient of the animals (In). 

 n bp ± SE R2 bpi ± SE R2

In ≤ 0.01 23408 -0.01090 ± 0.00362 0.00039 -0.01032 ± 0.00431 0.00251 

In ≤ 0.013 25252 -0.01073 ± 0.00346 0.00038 -0.01002 ± 0.00429 0.00246 

In ≤ 0.015 26135 -0.01082 ± 0.00339 0.00039 -0.00970 ± 0.00427 0.00218 

In ≤ 0.018 29698 -0.01070 ± 0.00317 0.00038 -0.00942 ± 0.00426 0.00180 

all 40270 -0.01013 ± 0.00269 0.00035 -0.00971 ± 0.00382 0.00105 

n : number of animals; R2: coefficient of determination. 
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Table 3. Additive genetic and residual correlations between canine hip dysplasia (CHD) 

and the single criteria 1 – 7 of ED-LA (Lang and others 1998) (LA1 – LA7) and ED-TH 

(Tellhelm 2003) (TH1 – TH7) 

CHD CHD ED-LA 

rg re

ED-TH 

rg re

LA1 0.570 ± 0.121 -0.046 ± 0.042 TH1 0.569 ± 0.105 -0.034 ± 0.036 

LA2 0.879 ± 0.278 -0.006 ± 0.028 TH2 0.725 ± 0.229 0.005 ± 0.028 

LA3 0.807 ± 0.134 -0.088 ± 0.034 TH3 0.239 ± 0.139 -0.001 ± 0.032 

LA4 0.494 ± 0.167 -0.023 ± 0.037 TH4 0.519 ± 0.162 -0.015 ± 0.033 

LA5 0.540 ± 0.179 -0.028 ± 0.027 TH5 0.293 ± 0.150 0.003 ± 0.028 

LA6 0.442 ± 0.363 -0.044 ± 0.024 TH6 0.459 ± 0.186 -0.055 ± 0.027 

LA7 -0.955 ± 0.351 0.031 ± 0.019 TH7 -0.121 ± 0.640 0.007 ± 0.027 

LA1-5 0.622 ± 0.107 -0.055 ± 0.028 TH1-5 0.467 ± 0.116 -0.012 ± 0.032 

LA6-7 0.404 ± 0.390 -0.034 ± 0.023 TH6-7 0.460 ± 0.169 -0.054 ± 0.025 

LA1-5: Criteria LA1 to LA5 according to Lang and others (1998); LA6-7: Criteria LA6 and 

LA7 according to Lang and others (1998); TH1-5: Criteria TH1 to TH5 according to Tellhelm 

(2003); TH6-7: Criteria TH6 and TH7 according to Tellhelm (2003). 
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Summary 

 
Verena Janutta (2005) 

 

Genetic analyses of elbow and hip dysplasia in German shepherd dogs 

 

The aims of the present thesis were to examine the occurrence and frequency of the 

degenerative joint diseases canine elbow dysplasia (ED) in a sample, and canine hip dysplasia 

(CHD) in all examined dogs of the German population of German shepherd dogs, to evaluate 

different elbow scoring schemes with respect to their benefit in selection against ED, and 

finally, to analyse the progress of selection against CHD and detect its most probable mode of 

inheritance.  

First, different systems for elbow joint evaluation were to be tested and compared for their 

benefit on screening against ED. The systems compared were on the one hand three scoring 

systems ED-SV, ED-LA and ED-TH, evaluating radiological signs of ED, and on the other 

hand a system using elbow angles. The elbow angles were dependent on the size, proportions 

and alignments of the anconeal process (PA), the radius (RA), the olecranon (OL), and the 

olecranon and parts of the ulnar trochlear notch (UL). For evaluation of all elbow parameters, 

data of 2,645 German shepherd dogs born between 1998 and 2001 was available. The ED-SV 

scores “borderline” to “severe dysplasia” were detected in 22% of all examined dogs. 

Fragmentation of the coronoid process (FCP) was the most common primary lesion for ED in 

the present thesis. Linear mixed animal models and a pedigree file including 11,426 dogs over 

6 generations were used for estimation of genetic parameters. The effects of sex, age at 

examination and the interaction of age at examination with sex were significant for ED-SV, 

ED-LA and ED-TH, birth year for ED-LA, birth month for ED-SV. The elbow angles were 

significantly influenced by the month and year of birth, X-ray positioning of the dog’s 

forelimbs, angle of elbow flection, litter size, and number of dogs X-rayed by the veterinary 

practitioner. Heritability estimates were low to moderate for ED-SV, ED-LA and ED-TH, 

with ED-SV having the highest heritability estimate, and moderate to high for the elbow 

angles. The following heritability estimates were found: h2 = 0.18 ± 0.04 for ED-SV, h2 = 

0.11 ± 0.03 for ED-LA, h2 = 0.16 ± 0.04 for ED-TH, h2 = 0.76 ± 0.04 for OL, h2 = 0.52 ± 0.05 

for PA, h2 = 0.50 ± 0.04 for UL, and h2 = 0.39 ± 0.04 for RA. The additive genetic 

correlations between ED-SV, ED-LA and ED-TH were larger than rg = 0.96, while the 

additive genetic correlations of ED-SV with three elbow angles (OL, UL, and RA) were close 
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to zero. A higher additive genetic correlation to ED-SV was found only for PA with rg = 0.31, 

which may be due to this location as a first place for developing osteophytes. The additive 

genetic correlations among different single criteria for ED-LA and ED-TH and the different 

ED scores ED-SV, ED-LA and ED-TH were between rg = 0.68 and rg = 0.98, except for the 

criteria ununited anconeal process and osteochondrosis dissecans of the trochlea humeri, 

which were mostly genetically negatively correlated to the other radiological criteria. 

However, the ED scores were apparently determined by two genetically different traits, and 

selection of German shepherd dogs with respect to elbow dysplasia might be improved by 

taking into account these two traits in the prediction of breeding values. Concerning the 

proposed elbow angle system, the distributions of predicted breeding values for susceptibility 

to ED were not affected by regarding the elbow angles as additional traits in the multivariate 

prediction procedure. Measurements of elbow angles were thus shown to be unsuitable for use 

in selection programmes against ED in German shepherd dogs. 

The second important degenerative joint disease analysed in this thesis was CHD. It was 

positively correlated with ED, with an additive genetic correlation of rg = 0.53. The progress 

of the selection against CHD up to now was analysed for dogs born between 1985 and 2003. 

Especially the time period after introduction of a selection system based on best linear 

unbiased prediction (BLUP) in 1999 was to be analysed. Data comprised 157,455 CHD 

scored animals between 1985 and 2003, with a subset of 40,270 animals born between 1998 

and 2003 with additional data on X-raying veterinary practitioner and age at examination. The 

prevalence of the CHD scores “near normal hips” to “severe dysplasia” decreased from 48.3% 

of all registered animals born between 1985 and 1988 to 35.3% of dogs born between 1999 

and 2003. An almost linearly decreasing phenotypic and genetic trend with b = -0.021 ± 0.002 

and b = -1.69 ± 0.05 was detected. The use of relative breeding values (RBVs) for selection 

proved to be more effective than the use of phenotypic scoring results of the parents. Higher 

inbreeding coefficients by birth year were associated with higher RBVs. 

As new studies posed the question for the mode of inheritance of CHD and the possibility of a 

major gene responsible for CHD, complex segregation analyses were carried out to clarify the 

mode of inheritance of hip dysplasia in German shepherd dogs. Data were used from 8,567 

examined animals comprising 20 families of 3 to 4 generations. Existence of a major gene 

besides additional minor gene effects was detected, and a mixed model with a dominant major 

gene effect seemed to be most probable for an approach using dichotomous encoding for 

CHD. The homozygote unfavourable genotype AA exhibited only small genotype 

probabilities, but in affected animals a strikingly high probability for the AB genotype was 

 157



 Summary   

detected. Selection against canine hip dysplasia therefore may be improved, if efforts would 

be done to eradicate the allele A in the population of German shepherd dogs.  
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Zusammenfassung 
 
Verena Janutta (2005) 

 

Genetische Analysen der Ellbogengelenkdysplasie (ED) und Hüftgelenkdysplasie 

(HD) beim Deutschen Schäferhund 

Ziele der vorliegenden Dissertation waren, das Auftreten und die Verteilung der 

Ellbogengelenkdysplasie (ED) in einer Stichprobe und der Hüftgelenkdysplasie (HD) bei 

allen geröntgten Deutschen Schäferhunden aus der deutschen Population zu untersuchen, 

Aussagen zu Verwendbarkeit verschiedener Beurteilungsschemata der ED zu treffen, und den 

Zuchtfortschritt der HD, sowie den Vererbungsmodus für HD in der deutschen 

Schäferhundepopulation zu bestimmen. 

 

Übersicht über die Ellbogengelenkdysplasie des Hundes 

Bei der Ellbogengelenkdysplasie des Hundes handelt es sich um eine progressive 

Skeletterkrankung, die mit osteoarthrotischen Veränderungen, einer Inkongruenz des 

Ellbogengelenkes, einem fragmentierten Processus coronoideus medialis (FCP), 

Osteochondrosis dissecans der Trochlea humeri (OCD), oder einem isolierten Processus 

anconaeus (IPA) einhergehen kann. Verschiedene Faktoren, beispielsweise Störungen der 

enchondralen Ossifikation, der Wachstumsrate und der Synchronisation von 

Wachstumsprozessen könnten einen Beitrag zur Entstehung der Ellbogengelenkdysplasie 

leisten. Klinische Symptome treten vor allem bei jungen Hunden in Form von 

(intermittierender) Lahmheit auf; radiologisch können osteoarthrotische Veränderungen oder 

Hinweise auf die oben genannten Primärläsionen auftreten. Die Heritabilität für ED wurde 

unter Verwendung unterschiedlicher Verfahren bei verschiedenen Rassen geschätzt, und lag 

im mittleren bis niedrigen Bereich. Unter Verwendung eines linearen Tiermodels mittels 

Residual Maximum Likelihood (REML)-Ansatz wurden dabei Heritabilitäten zwischen h2 = 

0,10 und h2 = 0,37 für verschiedene finnische und deutsche Hunderassen ermittelt. In neueren 

Studien wurde für ED und FCP ein gemischtes Modell der Vererbung mit Segregation eines 

Hauptgens und dem zusätzlichen Einfluss einer polygenen Komponente vermutet. Bisherige 

Selektionsprogramme anhand des Phänotyps resultierten in den meisten Fällen in einer 

Senkung der Prävalenz, könnten aber unter Umständen durch separate Erfassung der 

verschiedenen Komponenten der ED und Beachtung des möglichen Hauptgens verbessert 

werden.  
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Übersicht über die Vererbung der Hüftgelenkdysplasie des Hundes 

Die Hüftgelenkdysplasie des Hundes ist eine schon seit langem bekannte und weit verbreitete 

degenerative Skeletterkrankung, für die schon früh eine erbliche Komponente angenommen 

wurde. Vergebliche Bemühungen, das Auftreten von HD mit monogen autosomalen Formen 

der Vererbung in Einklang zu bringen, resultierten in der Annahme einer polygenen 

Vererbung mit zusätzlichem Umwelteinfluss. Heritabilitäten wurden in der Folge in einer 

großen Anzahl von Rassen geschätzt, und lagen beim Deutschen Schäferhund je nach 

verwendetem Modell und untersuchter Population zwischen h2 = 0,11 und h2 = 0,6, und bei 

den anderen Rassen zwischen h2 = 0,05 und h2 = 0,93. Auch für Hüftgelenkdysplasie wurde 

die Möglichkeit einer gemischten Vererbung mit Hauptgenkomponente und polygenem Anteil 

postuliert. Gegenwärtig werden Quantitative Trait Loci (QTL) lokalisiert, die vielleicht von 

Bedeutung für die Entwicklung der Hüftgelenkdysplasie sind, und für zukünftig zu 

entwickelnde Gentests relevant sein könnten. 

 

Genetische Analyse von drei verschiedenen Beurteilungssystemen für ED 

Einleitung 

Ziel dieser Untersuchung war es, verschiedene Systeme zur radiologischen Beurteilung des 

Ellbogengelenkes zu vergleichen und in Hinblick auf ihre Verwendbarkeit für 

Reihenuntersuchungen zu beurteilen. Das fünfstufige System ED-SV, das von der 

International Elbow Working Group empfohlen wird, findet auch bei den gegenwärtig auf 

freiwilliger Basis durchgeführten ED-Untersuchungen im Verein für Deutsche Schäferhunde 

(SV) e.V. Verwendung. Im Vergleich zu diesem System wurden die beiden Punktesysteme 

ED-LA nach Lang et al. (1998) und ED-TH nach Tellhelm (2003), die sieben verschiedene 

Befundkriterien beurteilen, bewertet.  

 

Material und Methoden 

Zur Beurteilung aller Ellbogenparameter konnten Informationen von 2.645 Deutschen 

Schäferhunden, die zwischen 1998 und 2001 geboren worden waren, verwendet werden. 

Genetische Parameter wurden unter Verwendung einer Pedigreedatei mit 11.426 Hunden aus 

sechs Generationen und linearen gemischten Tiermodellen geschätzt.  

 

Ergebnisse und Diskussion 

Mit zunehmendem Alter der Schäferhunde konnten für ED-SV, ED-LA und ED-TH 

umfassendere Veränderungen und steigende ED-Werte beobachtet werden. In der 
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untersuchten Stichprobe wurden bei 22% der Hunde die ED-Grade Grenzfall bis schwere 

Dysplasie festgestellt; von den Grunderkrankungen isolierter Processus anconaeus (IPA), 

fragmentierter Processus coronoideus (FCP) und Osteochondrosis dissecans der Trochlea 

humeri (OCD) war FCP am häufigsten vertreten. Rüden waren dabei signifikant häufiger von 

ED betroffen und häufiger in den höheren ED-Graden vertreten. Zudem zeigten sie schon in 

jüngerem Alter Anzeichen für ED als Hündinnen. Die Heritabilitätsschätzwerte lagen mit h2 = 

0,18 ± 0,04 für ED-SV, h2 = 0,11 ± 0,03 für ED-LA und h2 = 0,16 ± 0,04 für ED-TH im 

niedrigen bis mittleren Bereich, wobei ED-SV die höchste Heritabilität aufwies. Die 

Heritabilitäten für Einzelkriterien der Systeme ED-LA und ED-TH lagen zwischen h2 = 0,003 

and h2 = 0,205. Additiv-genetische Korrelationen zwischen ED-SV, ED-LA und ED-TH 

waren größer als rg = 0,96. Da das offizielle System ED-SV die höchste Heritabilität der drei 

verglichenen Punktesysteme aufwies, sollte es den größten Selektionserfolg gewährleisten, 

und somit für einfache Reihenuntersuchungen am Besten geeignet sein. Auch für die 

einzelnen Befundkriterien nach ED-LA und ED-TH wurden Korrelationen geschätzt; 

aufgrund der geringen Befundzahlen sollten diese aber kritisch betrachtet werden. Die 

additiv-genetischen Korrelationen der einzelnen Befundkriterien für ED-LA und ED-TH zu 

den verschiedene Gesamtergebnissen der Systeme ED-SV, ED-LA und ED-TH lagen fast alle 

zwischen rg = 0,68 and rg = 0,98. Die Befundkriterien 1 – 5, also Osteophyten, Sklerosierung, 

Inkongruenz und Anzeichen für einen fragmentierten Processus coronoideus, und die 

Befundkriterien 6 - 7, also Anzeichen für einen isolierten Processus anconaeus und 

Osteochondrosis der Trochlea humeri, waren untereinander jeweils hoch positiv korreliert, 

wiesen jedoch negative additiv-genetische Korrelationen zueinander auf. Die Punktesysteme 

schienen beim Deutschen Schäferhund daher von zwei genetisch verschiedenen 

Merkmalskomplexen bestimmt zu werden, und eine Verbesserung der Selektion der Hunde 

gegen ED könnte durch Einbeziehen dieser zwei verschiedenen Komplexe in die 

Zuchtwertschätzung erfolgen. 

 

Winkelmessung am Ellbogen zur ED-Erkennung 

Einleitung 

Als Alternative zur subjektiveren Klasseneinteilung des ED-SV-Systems wurde ein System 

vorgeschlagen, das durch objektive Messung von Ellbogenwinkeln die Erkennung und 

Bekämpfung von ED ermöglichen sollte. Die Größe dieser Winkel hängt von der Größe, den 

Proportionen und der Ausrichtung des Processus anconaeus (PA), des Radius (RA), des 

Olekranons (OL) und des Olekranons mit Teilen der Incisura trochlearis ulnae (UL) ab. 
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Material und Methoden 

Die Varianzkomponentenschätzung erfolgte mit dem im vorigen Abschnitt für die genetische 

Analyse der drei verschiedenen Beurteilungssysteme für ED beschriebenen Datenmaterial. 

Eine signifikante Beeinflussung der gemessenen Ellbogenwinkel insbesondere durch 

Röntgenlagerung der Vordergliedmaße wurde festgestellt. Zusätzlich erfolgte die Schätzung 

von Zuchtwerten einerseits nur anhand des ED-SV-Grades, und andererseits unter 

zusätzlicher Berücksichtigung der Ellbogenwinkel als Hilfsmerkmale. 

 

Ergebnisse und Diskussion 

Die Ellbogenwinkel zeigten Heritabilitäten im mittleren bis hohen Bereich, werden also zu 

einem hohen Anteil genetisch bestimmt (Tabelle1).  

 

Tabelle 1. Heritabilitäten (auf der Diagonalen), additiv-genetische Korrelationen 

(oberhalb der Diagonalen) und residuale Korrelationen (unterhalb der Diagonalen) von 

ED-SV und Ellbogengelenkwinkeln. 

 ED-SV OL PA UL RA 

ED-SV 0,18 ± 0,04 0,06± 0,08 0,31 ± 0,11 -0,02± 0,09 -0,04 ± 0,11 

OL 0,10 ± 0,06 0,76 ± 0,04 0,26 ± 0,06 -0,88 ± 0,02 0,02 ± 0,06 

PA 0,12 ± 0,04 0,19 ± 0,08 0,52 ± 0,05 -0,19 ± 0,06 0,33 ± 0,07 

UL -0,11 ± 0,04 -0,35 ± 0,06 -0,07 ± 0,05 0,50 ± 0,04 -0,27 ± 0,07 

RA 0,12 ± 0,04 -0,27 ± 0,07 -0,03 ± 0,05 -0,21 ± 0,04 0,39 ± 0,04 

ED-SV: ED-Beurteilung, basierend auf den Empfehlungen der International Elbow Working 

Group; OL: Winkel, der die Neigung des Olekranons beschreibt; PA: Winkel, der die nach 

kranial gerichtete Ausprägung des Processus anconaeus beschreibt; UL: Winkel, der die 

Ausdehnung von Olekranon und Teilen der Incisura trochlearis beschreibt; RA: Winkel, der 

die Beteiligung des Radius an der Gelenkbildung beschreibt.  

 

Die additiv-genetischen Korrelationen zwischen ED-SV und den drei Ellbogenwinkeln OL, 

UL und RA lagen allerdings nahe Null, für die Diagnostik von ED erscheinen die Winkel also 

nicht geeignet zu sein. Nur für den Winkel PA wurde mit rg = 0,31 eine höhere additiv-

genetische Korrelation gefunden, die möglicherweise aus der Bedeutung dieser Lokalisation 

als Stelle des ersten Auftretens radiologischer Veränderungen in Form von Osteophyten 

resultiert. Eine Einbeziehung der Winkelinformationen verbesserte den Informationsgehalt 

der ED-Zuchtwerte bei multivariater Zuchtwertschätzung nicht wesentlich, so dass durch 
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Verwendung der Winkelmessung beim Deutschen Schäferhund kein gesteigerter 

Selektionserfolg zu erwarten ist. Die Winkelmessung stellt somit für Deutsche Schäferhunde 

kein geeignetes Selektionskriterium gegen ED dar.  

 

Genetische Trends der Hüftgelenkdysplasie in der Deutschen Schäferhundepopulation 

Einleitung 

In der deutschen Population Deutscher Schäferhunde gelten seit den 1960er Jahren 

Zuchtbestimmungen gegen HD. Die zuerst angewendete phänotypische Massenselektion 

wurde 1999 durch die Einführung von Best Linear Unbiased Prediction (BLUP) Methoden 

zur Zuchtwertschätzung mittels eines linearen Tiermodells unter Berücksichtigung aller 

Verwandschaftsbeziehungen ersetzt. Der bisherige Selektionsfortschritt gegen HD, 

insbesondere Veränderungen durch Einführung des Zuchtwert-basierten Selektionssystems im 

Jahr 1999, sollte nun für Hunde, die zwischen 1985 und 2003 geboren und beim SV registriert 

wurden, analysiert werden.  

 

Material und Methoden 

Die ausgewerteten Daten umfassten 157.455 HD-untersuchte, zwischen 1985 und 2003 

geborene und beim Verein für Deutsche Schäferhunde (SV) e.V. registrierte Deutsche 

Schäferhunde (Datensatz 1); 40.270 dieser Hunde wurden zwischen 1998 und 2003 geboren 

und besaßen zusätzliche Informationen zu Röntgentierarzt und Untersuchungsalter 

(Teildatensatz 1). Die Zuchtwertschätzung erfolgte mittels der BLUP Methode für Datensatz 

1, und mittels Gibbs Sampling für Teildatensatz 1. 

 

Ergebnisse und Diskussion 

Die Prävalenz der HD-Grade „fast normal“ bis „schwere Dysplasie“ nahm von 48,3% der 

registrierten Tiere, die zwischen 1985 und 1988 geboren worden waren, auf 35,3% der Tiere, 

die zwischen 1999 und 2003 geboren worden waren, ab. Ein nahezu linearer Abfall sowohl 

des phänotypischen (Abbildung 1) als auch des genetischen Trends ließ sich dabei feststellen. 

Der Gradient des phänotypischen Trends lag bei b = -0,021 ± 0,002 pro Geburtsjahr, wobei 

der mittlere HD-Grad zwischen 1985 und 2003 von 1,84 auf 1,42 reduziert wurde. Der 

Gradient des genetischen Trends vor und nach 1999 lag bei b = -1,69 ± 0,09 bzw. b = -1,43 ± 

0,29. 
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Abbildung 1. Phänotypischer Trend für alle auf HD untersuchten und zwischen 1985 

und 2003 geborenen Deutschen Schäferhunde (Datensatz 1: N = 157.455). 

 

Die Orientierung an Zuchtwerten bot effektivere Möglichkeiten der Selektion als die Auswahl 

nach dem Phänotyp, da Zuchtwerte auch innerhalb der phänotypisch gesunden Tiere eine 

Differenzierung ermöglichen. Niedrige Relativzuchtwerte (RZW) der Eltern waren mit einem 

höheren Anteil HD-freier Nachkommen assoziiert (Tabelle 2), und sind somit bei der 

Auswahl von Paarungspartnern zu bevorzugen.  

 

Tabelle 2. Prozentsatz HD-freier Nachkommen in Abhängigkeit von den 

Relativzuchtwerten der Eltern für HD (Teildatensatz 1: N = 40.270). 

Hündin Relativzuchtwert 

≤ 80 80-90 90-100 100-110 110-120 > 120 

≤ 80 91·71 85·45 81·05 74·95 69·00 58·10 

80-90 87·30 82·44 76·09 66·64 58·65 49·58 

90-100 85·80 80·75 73·29 62·59 57·60 43·67 

100-110 83·04 74·68 70·32 53·81 46·72 35·96 

110-120 77·42 71·96 63·79 49·15 44·53 28·91 

Rüde 

>120 78·76 66·55 58·72 48·27 36·96 25·83 
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Bisher ließ sich durch Nutzung des BLUP-Systems aber noch kein gesteigerter 

Zuchtfortschritt erzielen, wofür die Zunahme der Inzuchtkoeffizienten ein möglicher Grund 

sein könnte. Auch waren höhere Inzuchtkoeffizienten der Hunde innerhalb des Geburtsjahres 

mit höheren relativen Zuchtwerten der Hunde verknüpft.  

Wie in der generellen Diskussion dargestellt, sollte daher durch Auswahl der Eltern in 

Hinsicht auf einen niedrigen Inzuchtkoeffizienten der Nachkommen der Zuchtfortschritt 

beschleunigt werden können.  

 

Komplexe Segregationsanalyse der Hüftgelenkdysplasie beim Deutschen Schäferhund 

Einleitung 

Seit etwa 40 Jahren wird HD als multifaktorielle Erkrankung betrachtet. Studien neueren 

Datums warfen nun die Frage nach der Art der Vererbung der Hüftgelenkdysplasie beim 

Hund sowie die Möglichkeit der Existenz eines Hauptgens auf. Daher sollte nun der Erbgang 

unter Nutzung der umfangreichen Familienstrukturen und der hohen Anzahl von 

Untersuchungsergebnissen in der Deutschen Schäferhundepopulation analysiert werden. 

 

Material und Methoden 

Die Daten von 8.567 HD-bewerteten Schäferhunden aus 20 Familien mit je 3-4 Generationen 

wurden mittels komplexer Segregationsanalyse untersucht. Die verschiedenen monogenen, 

polygenen und gemischten Erbgangshypothesen wurden mittels regressiver logistischer 

Modelle getestet. Das fünfstufige Merkmal HD-Grad wurde dazu auf zwei verschiedene 

Arten in ein dichotomes (HD-Grad A als HD-frei (= 0), bzw. HD-Grade A und B als HD-frei 

(= 0), alle übrigen HD-Grade als befallen (= 1)), beziehungsweise in ein trichotomes Merkmal 

(HD-Grad A (= 0), HD-Grad B als leicht betroffen (= 1), HD-Grade C bis E als schwerer 

betroffen (= 2)) umkodiert. 

 

Ergebnisse und Diskussion 

Die Existenz eines Hauptgens mit zusätzlichem polygenen Einfluss konnte belegt werden. 

Hierbei war ein gemischtes Model mit dominanter Hauptgenkomponente für den Fall der 

dichotomen HD-Kodierungen am wahrscheinlichsten (Tabelle 3). Der homozygote 

unerwünschte Genotyp AA zeigte dabei nur geringe Genotypwahrscheinlichkeiten, 

wohingegen bei betroffenen Tieren eine auffallend hohe Wahrscheinlichkeit für den 

heterozygoten Genotyp AB festgestellt wurde. Die Selektion gegen Hüftgelenkdysplasie 

sollte daher durch den Versuch, das Allel A in der Deutschen Schäferhundepopulation zu 
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eliminieren, verbessert werden. Gegenwärtige Bestrebungen mögliche QTL für HD zu 

identifizieren, um schließlich einen Gentest entwickeln zu können, sind daher 

vielversprechend. Hüftgelenkdysplasie und Ellbogengelenkdysplasie waren, wie in der 

generellen Diskussion dargestellt, mit einem additiv-genetischen Korrelationskoeffizienten 

von rg = 0,53 ± 0,09 positiv korreliert. Daher könnten sich pleiotrope Effekte einzelner oder 

nahe beieinander liegender Gene auf die verschiedenen Komponenten beider Krankheiten 

auswirken. 

 

Tabelle 3. Komplexe Segregationsanalyse unter Verwendung regressiver logistischer 

Modelle für die dichotome Kodierung des Merkmals HD (HD-frei: HD-Grad A und B) 

bei Deutschen Schäferhunden. 

Getestete Hypothese Fam -2 lnL AIC χ2 FG p 

Allgemeines Modell  7 6447.6 6475.6 - - - 

µ-Modell - 6553.1 6555.1 105.5 13 <0.001 

µ-Kov-Modell - 6553.1 6563.1 105.5 9 <0.001 

Dominant - 6496.8 6502.8 49.2 11 <0.001 

Rezessiv - 6495.2 6501.2 47.6 11 <0.001 

Monogene 

Modelle 

Willkürlich - 6493.5 6501.5 45.9 10 <0.001 

Polygene Modelle 1 6534.5 6540.5 86.9 11 <0.001 

 3 6525.7 6533.7 78.1 10 <0.001 

 5 6509.9 6519.9 62.3 9 <0.001 

 7 6509.5 6523.5 61.9 7 <0.001 

Dominantes Hauptgen, khw 5 6452.8 6468.8 5.2 6 0.518 

Dominantes Hauptgen, hw 5 6453.4 6467.4 5.8 7 0.563 

Rezessives Hauptgen, khw 5 6460.4 6476.4 12.8 6 0.046 

Rezessives Hauptgen, hw 5 6465.7 6479.7 18.1 7 0.012 

Willkürliches Hauptgen, 

khw 

5 6448.6 6466.6 1.0 5 0.963 

Gemischte 

Modelle 

Willkürliches Hauptgen, hw 5 6451.6 6467.6 4.0 6 0.677 

Fam: Familienoption; AIC: Informationskriterium nach Akaike; -2lnL: -2 log Likelihood; χ2: 

vergleicht das getestete Modell mit dem allgemeinen Modell; FG: Freiheitsgrad; µ-Modell: 

Modell setzt zufällige Umwelteffekte ohne genetische Komponente voraus; µ-Kov-Modell: 

Modell setzt zufällige Umwelteffekte unter zusätzlicher Berücksichtigung der Kovariablen 

Geschlecht und Untersuchungsalter voraus; khw: kein Hardy-Weinberg Gleichgewicht wird 

vorausgesetzt; hw: Annahme eines Hardy-Weinberg Gleichgewichtes. 
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