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RESUMO 
A displasia do cotovelo é uma doença frequente em ortopedia veterinária, afetando cães 

jovens de raças grandes, com elevado impacto quer económico quer na qualidade de vida 

dos animais afetados. Os modelos pré-clínicos da articulação do cotovelo são uma ferramenta 

fundamental na pesquisa de métodos de diagnóstico mais precisos. A incongruência articular 

tem um papel importante no desenvolvimento, tratamento e prognóstico da displasia. O seu 

diagnóstico é desafiante e foco de intensa pesquisa nos últimos anos. A proximidade das 

estruturas articulares e a normalização do posicionamento do cotovelo são apontados como 

os principais obstáculos a uma boa interpretação. A medição dos espaços articulares é 

influenciada pelo posicionamento. Os avanços biomecânicos melhoraram o conhecimento da 

geometria úmero ulnar, permitindo a descrição de uma incongruência fisiológica.  

Utilizando articulações de cadáveres (>20kg) e amostras de despiste da displasia do cotovelo 

em cães das raças Cão da Serra da Estrela (EMD) e Perdigueiro Português (PPD), 

pretendemos: validar um software e metodologia para análise das curvaturas da incisura 

troclear ulnar (UTN) e da tróclea do úmero (HT), independentemente do ângulo de flexão do 

cotovelo, usando as técnicas de diagnóstico de imagem mais comuns na prática clínica; obter 

uma perspetiva geral da forma das curvaturas presentes em cães com peso superior a 20Kg; 

caracterizar o padrão de curvatura existente numa raça média e grande, e as diferenças entre 

raças que pudessem indicar uma maior propensão da raça grande para desenvolver 

incongruência. 

As curvaturas UTN/HT foram estudadas separadamente nas articulações normais de 

cadáveres, usando as projeções medio lateral em extensão (MLE) e em flexão (MLF). Para o 

estudo sem sobreposições radiográficas foi utilizada uma técnica anatómica de desarticulação 

e obtidas as projeções medio laterais adicionais rádio ulnar (MLRU) e do úmero (MLH). O 

software criado foi aplicado para medir os raios de curvatura a nível subcondral das UTN/HT. 

Os tipos de revestimento cartilaginoso articular foram também investigados. A fiabilidade das 

medidas foi estabelecida por comparação dos valores obtidos nas diferentes projeções 

radiográficas.  

Para investigar do ajuste entre a UTN/HT nas articulações normais, foram analisados os raios 

de curvatura nas projeções radiográficas e em exames de tomografia computorizada (CT) do 

cotovelo, em animais com exame CT normal. Para implementar a metodologia nas raças 

média e grande e pesquisar as diferenças, foram utilizadas as projeções radiográficas MLE 



 

 xvi  

de cães das raças PPD e EMD, e as projeções radiográficas MLF de cães da raça EMD, com 

exames ortopédico e radiográfico normais. 

O software e metodologia propostos permitiram uma análise dos raios de curvatura das 

UTN/HT adequada nas radiografias e nas imagens de CT estudadas. As medições 

apresentaram repetibilidade e reprodutibilidade, com uma boa concordância entre os valores 

obtidos (p>0.05). As tipologias das curvaturas (UTN/HT) foram semelhantes, no entanto os 

valores na UTN foram superiores aos valores na HT. A partir da observação do 

comportamento das curvaturas encontrado, foram estabelecidos sete pontos de interesse, P1 

a P7, correspondentes aos extremos (proximal e distal), dois picos intermédios e três valores 

mínimos intermédios, para serem investigados mais detalhadamente. As maiores diferenças 

entre UTN/HT em cadáveres foram encontradas no ponto inicial (P1) e no segundo pico 

intermédio (P5). A forma da curvatura encontrada foi relacionada com o padrão de transmissão 

de cargas bicêntrico através da articulação do cotovelo, descrito em raças grandes. Os dois 

picos intermédios observados na UTN (P3 e P5) correspondem a pontos de aplanamento 

relativo do osso subcondral e podem ser o resultado de uma transição entre áreas onde ocorre 

maior carga articular, em ambos os extremos da UTN, e uma zona de menor carga articular, 

no centro da UTN. Foram encontradas áreas articulares livres de cobertura cartilaginosa, 

lateralmente ao nível central na UTN. 

Em relação às duas raças estudadas, os raios de curvatura da UTN foram superiores aos da 

HT. Também os valores de ambas as curvaturas (UTN/ HT) foram superiores na raça EMD 

do que na raça PPD. Ambas as raças mostraram curvaturas UTN/HT com forma semelhante, 

no entanto a raça EMD apresentou menor proximidade nos raios de curvatura das superfícies 

úmero ulnar. Os picos intermédios na UTN (P3, P5) foram mais pronunciados na raça grande, 

correspondendo a um maior aplanamento do osso subcondral.  

A curvatura da UTN encontrada foi semelhante às descritas anteriormente na literatura 

usando diferentes metodologias. Do conhecimento dos autores, este é o primeiro trabalho 

sobre medições do raio de curvatura da HT, e o primeiro estudo da congruência úmero ulnar 

através da determinação dos raios de curvaturas. Os resultados representam um avanço na 

caracterização da congruência úmero ulnar nas raças estudadas e também no uso da 

projeção MLF do cotovelo para avaliação da congruência.  

PALAVRAS-CHAVE: anatomia clínica, incongruência articular, displasia do cotovelo no cão, 

imagiologia, radiografia, tomografia computorizada.  
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ABSTRACT 
Elbow dysplasia is a common disease in veterinary orthopedics, affecting young large-breed 

dogs, with a high economic and life quality impact of affected dogs. The use of elbow joint 

preclinical models is an important tool in the research for more accurate diagnostic methods. 

Joint incongruity has an important role in the development, treatment and prognosis of 

dysplasia. Its diagnosis can be challenging and has been the focus of intensive research in 

recent years. The proximity of joint structures and the elbow positioning standardization are 

pointed as the main obstacles to a good interpretation. Measurement of joint spaces is 

influenced by its positioning. Advances in the biomechanical field improved our knowledge on 

humeroulnar geometry, allowing the description of a physiological incongruity.  

Using joints from dog cadavers (>20Kg) and samples from elbow dysplasia screening in the 

Estrela Mountain Dog (EMD) and Portuguese Pointing Dog (PPD) breeds, this thesis aimed to 

validate a software and methodology for the ulnar trochlear notch (UTN) and humeral trochlear 

(HT) curvatures assessment, independent from the elbow flexion angle, using the most 

common imaging tools in clinical practice; to obtain an overview of the curvature shape 

presented in dogs >20Kg; to characterize the curvature pattern present in a medium and a 

large-breed in vivo, and the differences between breeds that could indicate a greater 

propensity for the large-breed to develop incongruity.  

The UTN/HT curvatures were studied firstly in separate, on the cadaveric normal joints, using 

mediolateral extended (MLE) and flexed (MLF) radiographic views. An anatomical technique 

of disarticulation was performed to study the anatomical articular surfaces without radiographic 

overlapping. Additional mediolateral radioulnar (MLRU) and humeral (MLH) radiographic views 

were acquired. To study and measure the curvature radii, the dedicated software was applied 

at the subchondral level from the UTN/HT. The types of articular cartilage covering were also 

investigated. The reliability of measurements was established by comparison of the values 

obtained using the different radiographic views.  

In the combined fit investigation between UTN/HT in normal joints, curvature radii were 

analyzed on elbow radiographic and computed tomographic (CT) exams. Elbow joints were 

considered normal when a normal CT exam was observed. To implement the methodology in 

the medium and large-breed dog and evaluate the differences between breeds, the MLE 

radiographic views from the PPD/EMD, and the MLF views from the EMD, with normal 

orthopedic and radiographic exam were used.  
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The software and the methodology proposed enabled an adequate curvature radii analysis 

from the UTN/HT in the radiographic views and CT images studied. Repeatability and 

reproducibility of measurements were observed, with a good agreement between values 

achieved (p>0.05). The UTN/HT curvature radii typologies were similar, yet the UTN values 

were higher than the HT values. From the curvature behaviour found, the extremes (proximal 

and distal), two intermediate peaks and three intermediate minimum values were detected, 

allowing the establishment of seven points of interest, P1 to P7 to be investigated in further 

detail. Higher differences between the UTN/HT were detected at the most proximal aspect of 

the joint (P1) and in the second intermediate peak (P5) in cadavers. The curvature shape found 

is related to the pattern of bicentric load transmission through the elbow joint described in 

large-breeds. The two intermediate peaks observed at the UTN (P3 and P5) correspond to 

relative flattener subchondral points and may be the result of a transition between the more 

loaded articular areas, at both UTN extremes, to a less loaded articular area, at the central 

UTN. Areas free of articular cartilaginous coverage were found lateraly at the central level at 

the UTN. 

In the two breeds studied, the curvature radii values were higher in the UTN than in the HT. 

Furthermore, both UTN/HT curvature radii values were higher in the EMD than in the PPD 

breed. Both breeds showed UTN/HT curvatures with similar shape, however EMD breed 

presented less proximity of the curvature radii on the humeroulnar surfaces. The intermediate 

peaks (P3, P5) observed at the UTN were more pronounced in the large-breed corresponding 

to points of greater flattening from the subchondral bone.  

The UTN curvature found had a similar behaviour to the reported in previous literature using 

different methodologies. Concerning the curvature radii measurements from the HT, from the 

authors’ knowledge, this is the first report and also the first description of humeroulnar 

congruity research through curvature radii evaluation. The results from this thesis represent 

an advance on the humeroulnar congruity characterization in the breeds investigated and in 

the use of a MLF radiographic view to assess congruity.  

KEY-WORDS: clinical anatomy, joint incongruity, elbow dysplasia in dogs, imaging, 

radiography, computed tomography. 
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1. GENERAL INTRODUCTION  

1.1 ELBOW DYSPLASIA 

Elbow dysplasia is the term used to describe an important group of developmental 

abnormalities affecting the canine elbow joint of young rapidly growing dogs (Temwichitr et al., 

2010), and remains the most frequent cause of non-traumatic forearm lameness in large-breed 

dogs (Farrell et al., 2014), affecting also a few medium and chondrodystrophic breeds 

(Michelsen, 2013; Coggeshall et al., 2014). The rate in males can reach twice the females’ 

rate, and the clinical manifestation is more often observed at young (1 year) and at older ages 

(>6 year) (Meyer‐Lindenberg et al., 2006). The clinical signs involve lameness, which may 

remain subtle for long periods of time, external rotation of the extremity, moderate joint 

distension, crepitation during movement, and in advanced cases decreased range of motion 

(Burton et al., 2008; Temwichitr et al., 2010; Cuddy et al., 2012; Goodrich et al., 2014; 

Coppieters et al., 2015). Elbow dysplasia is challenging both to diagnose and to treat, presents 

frequent bilateral involvement and considerable loss of function in a highly mobile joint, 

resulting in a high clinical impact (Samoy et al., 2012a; 2013). When choosing the dogs’ breed 

to acquire, pet owners may become apprehensive with the possibility of dysplasia development 

and costs associated to its treatment (DeCamp et al., 1993; Proks et al., 2011; Caron et al., 

2014).    

1.1.1 ETIOPATHOGENESIS  

The medial coronoid disease, osteochondrosis of the humeral trochlea, ununited anconeal 

process and joint incongruity were defined as specific primary lesions making up this disorder 

(Hazewinkel, 2016). Locations within the elbow joint for secondary osteophyte production are 

nonspecific and probably represent typical changes of elbow osteoarthritis (Farrell et al., 2014). 

The etiophatogenesis is unclear, although several hypotheses have been proposed 

(Hazewinkel, 2016). The mechanisms postulated include disturbed development of 

endochondral ossification with the development of osteochondrosis (Tirgari, 1974; Olsson, 

1983; Ekman and Carlson, 1998); as well as anomalies in the coronoid subchondral bone 

(Burton et al., 2007; Temwichitr et al., 2010) and abnormality of the trabecular bone (Danielson 

et al., 2006; Mariee et al., 2014; Fitzpatrick et al., 2016). Differences in the distribution of shear 

stresses and forces within the joint alignments have also been hypothesized (Wolschrijn and 

Weijs, 2004; Hulse et al., 2010; Lau et al., 2013). In most cases, influences on the development 
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and growth play an important role and various forms of joint incongruity are considered as the 

most likely mechanism involved in the elbow dysplasia development (Wind and Packard, 1986; 

Preston et al., 2001; Samoy et al., 2012b; 2012c; Böttcher et al., 2013; Fitzpatrick et al., 2013; 

Nemanic et al., 2016). Elbow joint incongruity is a fitting disturb between the ulnar trochlear 

notch, radial head and humeral condyle, first reported by Wind in 1982, on radiographs from 

Bernese Mountain Dogs with medial coronoid fragmentation process (Wind, 1986; Samoy et 

al., 2006). Incongruity types described in the literature include radioulnar incongruity, 

humeroulnar incongruity and soft tissue-bone mismatch (Wind, 1986; Fitzpatrick and Yeadon, 

2009; Samoy et al., 2012b). Humeroulnar incongruity research is less developed and the 

pathway to the signs of disease remains unclear (Proks et al., 2011; Samoy et al., 2012b; 

Michelsen, 2013). 

Recent research showed that inherited polygenic traits can occur independently or together, 

yet the pattern of inheritance differs between breeds and needs to be elucidated (Mäki et al., 

2002; Temwichitr et al., 2010). Pointed as a complex multifactorial disease, the onset of clinical 

signs is also influenced by many environmental factors such as the weight gain rate (Mäki et 

al., 2002; Lavrijsen et al., 2012).  

1.1.2 DIAGNOSIS AND SCREENING 

The imaging tools most frequently described to screen and diagnose elbow dysplasia in the 

clinical practice are radiography (Samoy et al., 2006; 2012a; Lau et al., 2015), CT (Kramer et 

al., 2006; Böttcher et al., 2009; Burton et al., 2013), arthroscopy (Samoy et al., 2013; Skinner 

et al., 2015), magnetic resonance imaging (Janach et al., 2006; Probst et al., 2008), and 

ultrasonography (Lamb et al., 2005; Hulse et al., 2010). Molecular techniques to genetically 

screen animals for the genes responsible for the disease are in development (Temwichitr et 

al., 2010). 

Radiography is the most reliable and affordable method to screen elbow dysplasia and the first 

approach in clinical cases (Samoy et al., 2006; Lau et al., 2015). Early detection of dogs 

affected diminishes the transmission of the responsible genes to offspring (Mäki et al., 2002; 

Hazewinkel, 2016). To compare the prevalence and to realize the epidemiology of the 

condition, it is necessary to standardize the classification (Hazewinkel, 2016). The most 

consensual protocol among the scientific community was developed and is regularly updated 

by the International Elbow Working Group (IEWG) (Stock and Distl, 2010). In Portugal the 

elbow dysplasia screening program started in 2014, by the Associação Portuguesa de Médicos 
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Veterinários Especialistas em Animais de Companhia (APMVEAC)1 in association with the 

Portuguese Kennel Club, according to the IEWG standards. Two radiographic perpendicular 

views: a mediolateral extended (MLE) and a craniocaudal 15º pronated views are required. 

However, in some countries, as the United States of America elbow dysplasia is screen based 

only on a mediolateral projection with the elbow flexed, taking into account only the 

osteoarthritic changes as recommended by the Orthopedic Foundation for Animals (OFA) 

(Kunst et al., 2014). Some subjectivity remains in the classification, since some specific 

changes are not easily measurable (Burton et al., 2008; Lappalainen et al., 2009; Fitzpatrick 

et al., 2009a) and even within the normal grade, differences in joint conformation are reported 

(Mäki et al., 2000; Collins et al., 2001; Preston et al., 2001; Lappalainen et al., 2009). To ensure 

a common identification system and provide a uniform and accurate language, the Federation 

Cynologique Internationale, the IEWG and the World Small Animal Veterinary Association 

(WSAVA) have worked together to create an international certificate based on the existing 

IEWG protocol.    

1.1.3 PREVALENCE   

The true prevalence of elbow dysplasia in the populations is unknown, as studies are based 

on non-representative samples of the population (Janutta et al., 2006; Malm et al., 2008). Yet, 

prevalence values reported in the most frequently affected breeds were of  38.7-54.2%  in the 

Rottweiler (Beuing et al., 2000; Mäki et al., 2001; Malm et al., 2008), 33% in the Newfoundland 

Dog (Grøndalen and Lingaas, 1991), 30.5% in the Bernese Mountain Dog (Malm et al., 2008), 

23% in the Golden Retriever (Mäki et al., 2001), 16.5% in the Estrela Mountain Dog (Alves-

Pimenta et al., 2013), 14.11-19.4% in the German Shepherd Dog (Remy et al., 2004; Janutta 

et al., 2006) and 17.1% in the Labrador Retriever (Mäki et al., 2001). The discrepancies found 

in the range of published data may derive from different protocols of elbow dysplasia scoring 

(Janutta et al., 2006), besides the efforts that some countries are doing (for several years) to 

decrease the disease incidence. Elbow dysplasia must be considered part of the breeding 

decisions, and intentional inbreeding should be avoided in the future (Mäki et al. 2001; Lewis 

et al., 2011). A correlation of 0.23 to 0.41 with hip dysplasia was described (Malm et al., 2008; 

Cachon et al., 2010; Woolliams et al., 2011) and therefore the selection against hip dysplasia 

is expected to decrease the prevalence of elbow dysplasia, and vice versa (Mäki et al., 2000; 

Ginja et al., 2008). 

                                                
1 http://www.apmveac.pt 
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1.1.4 TREATMENT  

The treatment of elbow dysplasia is another important field of veterinary intervention, beyond 

the subject of the present thesis. Both medical and surgical approaches were described 

(Fitzpatrick and Yeadon, 2009). Briefly, different medical treatment options of secondary 

osteoarthritis have been extensively reported in the literature; and surgical options were 

proposed acting directly inside the joint (Fitzpatrick at al., 2009b), or focused on the dynamic 

axial radioulnar adjustment when incongruity was deemed to be present (Mason et al., 2008; 

Böttcher et al., 2013; Fitzpatrick et al., 2013), and more recently, in cases of medial coronoid 

disease, axial to abaxial load shift from medial to lateral joint compartments (Fitzpatrick et al., 

2009c; 2015; McConkey et al., 2016). Those techniques are based on the correct biodynamical 

principal of removing mechanical weight away from the medial compartment, frequently 

affected, to the lateral compartment of the joint (Fitzpatrick et al., 2009c; Böttcher et al., 2013). 

Some extra-articular surgical procedures revealed a good outcome, but all await quantitative 

objective appraisal as to their long-term efficacy (Fitzpatrick et al., 2015; Burton et al., 2016; 

McConkey et al., 2016). Several prosthetic elbow designs have been attempted over the years 

to improve the life quality in the severe cases, yet thus far it has not enjoyed the same high 

success rate that has been shown in the total hip arthroplasty, and a long way needs to be 

traveled until it becomes a routine procedure (Franklin et al., 2014; Lorenz et al., 2015).  

1.1.5 CURRENT CHALLENGES IN DYSPLASIA SCREENNING RESEARCH 

Extensive advances were recently made in the elbow geometry research field, through 

biomechanical and imaging studies, allowing the identification of joint components associated 

to development of elbow incongruity (Wolschrijn et al., 2003; Wagner et al., 2007; Breit et al., 

2010; Villamonte-Chevalier et al., 2015). Although the huge efforts made in the diagnostic field, 

a reliable, affordable and well accepted protocol to early detect the presence and severity of 

humeroulnar incongruity is claimed, and it is crucial to find new diagnostic approaches (Collins 

et al., 2001; Samoy et al., 2006; House et al., 2009; Werner et al., 2009; Skinner et al., 2015). 

Unfortunately, the investigation of humeroulnar incongruity is still scarce (Wind, 1986; Samoy 

et al., 2012b). Radiographic examination is often considered difficult, due to the overlaping of 

various anatomical structures, and different complementary projections are required (Mason 

et al., 2002; Stein et al., 2012). On the other hand, clinically oriented elbow anatomy in its 

complexity earned a high importance with new imaging and surgical features in the benefit of 

diagnosis and treatment of canine elbow disorders, allowing the emergence of new diagnostic 



General introduction 

 7 

and therapeutic approaches (De Rycke et al., 2002; Breit et al., 2005; Constantinescu and 

Constantinescu, 2009; Villamonte-Chevalier et al., 2015).   

Other area of research in the elbow diagnosis and pathogenesis is the coronoid tissue 

examination and development of medial compartment disease, including investigation of the 

cartilaginous and subchondral tissues (Künzel et al., 2004; Wolschrijn and Weijs, 2005; Burton 

et al., 2010; Lau et al., 2013). Finally, researchers also suggest that far beyond the search for 

new effective diagnostic techniques, it is extremely important to find molecular methods to 

effectively know if the dog is free of the genetic condition before breeding (Mäki et al., 2002). 

However, because of the complexity of inheritance and the effects of environmental variables 

in the disease expression, it is unlikely that genetic testing for elbow dysplasia will be possible 

in the foreseeable future (Temwichitr et al., 2010). 
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2. AIMS 

Humeroulnar incongruity remains one of the most challenging disorders to diagnose in the 

development elbow dysplasia. Elbow geometry and the proximity of structures in the elbow 

joint are the major problems found using the common imaging modalities. 

Unfortunately, no significant progresses were made over the last years and a successful 

diagnostic tool remains elusive, being extremely important to provide continuity to elbow  

geometry research, focused on new measurement techniques and targets, in order to achieve 

new data. Thus, the present thesis had as main purposes:  

- To review elbow incongruity measurement protocols and methodologies usually applied to 

evaluate elbow geometry; as well as the role of incongruity in the etiopathogenesis of elbow 

dysplasia. 

- To develop a methodology and software for the ulnar trochlear notch (UTN) and the humeral 

trochlea (HT) curvature radii assessment, at radiographic and CT images, in order to apply it 

in the clinical practice. 

- To evaluate the UTN and HT curvature, using different lateral elbow radiographic views and 

CT images of normal elbows of large-breed dogs, ensuring clinical application. To correlate 

the curvature radii data obtained in the radiographic and CT cadaveric analysis with the data 

obtained after anatomical bone preparation. 

- To characterize the curvature radii pattern from the humeroulnar joint in a medium-breed dog, 

the Portuguese Pointing Dog (PPD) and in a large-breed dog, Estrela Mountain Dog (EMD), 

in vivo, and to obtain an overview on the variability of the shape classified as normal in a 

medium and in a large-breed dog.  
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3. JOINT INCONGRUITY ON ELBOW DYSPLASIA IN DOGS, A REVIEW 

3.1 INTRODUCTION 

Canine elbow dysplasia is a biomechanical, inherited developmental disorder, highly prevalent 

in large and giant-breed dogs (Lavrijsen et al., 2012; Mariee et al., 2014). The term elbow 

dysplasia is used to describe a group of lesions (Lavrijsen et al., 2012; Phillips et al., 2015), 

including medial coronoid disease (Danielson et al., 2006; Lau et al., 2013a; Lau et al., 2015a), 

osteochondrosis of the humeral trochlea (Fitzpatrick et al., 2009a), ununited anconeal process 

(Meyer‐Lindenberg et al., 2006; Michelsen, 2013) and joint incongruity (Wind and Packard, 

1986; Samoy et al., 2012a; 2012b; Böttcher et al., 2013; Fitzpatrick et al., 2013) occurring in 

separate or simultaneously (Lewis et al., 2011; Lavrijsen et al., 2012). The etiology is 

multifactorial involving endogenous and exogenous factors (Temwichitr et al., 2010; Lavrijsen 

et al., 2012). Medial coronoid disease is the most common form of elbow dysplasia, accounting 

more than 90% of all cases (Danielson et al., 2006; Fitzpatrick et al., 2009b; Lau et al., 2015a), 

and some remarkable differences in the development pathways were already found among 

breeds (Lavrijsen et al., 2012). Ulnar sub trochlear sclerosis is observed in the early stages of 

the disease associated with coronoid disease (Smith et al., 2009; Burton et al., 2010; Lau et 

al., 2013a; Mariee et al., 2014; Lau et al., 2015a). Joint osteoarthritis is the most frequently 

observed denouement in affected animals (Farrell et al., 2014; Franklin et al., 2014).  

Regardless of all the radiographic screening programs implemented and selection of dogs for 

reproduction, some animals present a severe condition, highlighting the existence of liability 

genes in the breed populations (Lewis et al., 2011; Alves-Pimenta et al., 2013; Lau et al., 

2015b), which suggests that something might be missing in the diagnostic protocols (Lewis et 

al., 2011; Alves-Pimenta et al., 2013; Lau et al., 2015b). In addition, and despite all the 

advances on the medical and surgical treatment field, affected dogs have a poor long-term 

prognosis due to osteoarthritis (Fitzpatrick et al., 2009c; 2009d; Fitzpatrick and Yeadon, 2009; 

Franklin et al., 2014; Lorenz et al., 2015). At older ages, an extreme condition of medial 

compartment disease may be present, often leading to a premature euthanasia (Lavrijsen et 

al., 2012; Franklin et al., 2014; Coppieters et al., 2015). Thus, medical efforts have been mostly 

focused on early detection, and new approaches are being continuously investigated in order 

to diminuish the genes transmission to the offspring (Lewis et al., 2011; Lau et al., 2015b). 

Joint incongruity is nowadays recognized as a major factor in the development of elbow 

dysplasia subsequent manifestations, however this entity is poorly known and many questions 

remain unanswered (Eljack et al., 2013; Samoy et al., 2013).  
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Joint incongruity is a fitting disturb between the UTN, radial head and humeral condyle, 

traditionally divided into radioulnar and humeroulnar incongruity (Wind, 1986; Wind and 

Packard, 1986; Werner et al., 2009; Fitzpatrick et al., 2013). Radioulnar incongruity research 

increased in the last decades and its etiology is related to an unequal growth between the 

radius and the ulna (Böttcher et al., 2009; Eljack et al., 2013). Less studies were found in 

humeroulnar congruity, as a result from UTN and HT different conformations (Proks et al., 

2011; Alves-Pimenta et al., 2016a; 2016b; 2017). There are only few articular models 

described and the pathways to the clinical signs of disease remain unclear (Proks et al., 2011; 

Samoy et al., 2012b; Michelsen, 2013). Thus, the shape assessment of both UTN and HT is 

considered challenging and important in recent investigations (Samoy et al., 2013; Krotscheck 

et al., 2014, Alves-Pimenta et al., 2015; 2016a; 2017). Different protocols were described to 

assess incongruity, but to date, there is no consensus on the most accurate method to 

diagnose humeroulnar incongruity (Skinner et al., 2015). The overlapping and proximity of 

articular surfaces at different levels are pointed as the main obstacles to the evaluation (Proks 

et al., 2011; Alves-Pimenta et al., 2015). Susceptibility to changes in elbow positioning, 

pronation and supination of the elbow were the main disadvantages pointed to techniques 

described for joint space measurements (Gemmill et al., 2005; 2006; Kramer et al., 2006; 

House et al., 2009). 

In this work, the authors review elbow incongruity current advances, with focus on its 

importance in elbow dysplasia development, on the diagnostic imaging tools currently available 

in clinical practice, on the biomechanical studies and on the genetic investigation. Advantages 

and disadvantages of recently proposed CT and radiography protocols are discussed (Samoy 

et al., 2012a; 2012b; Lavrijsen et al., 2012; Lau et al., 2015a). Other imaging tools such as 

arthroscopy, magnetic resonance imaging and ultrasonography suggested for the elbow 

dysplasia diagnosis were also included in this review (Janach et al., 2006; Samoy et al., 2012c; 

Villamonte-Chevalier et al., 2014; Lau et al., 2015a). The molecular advances in diagnosis are 

briefly presented. Relevant biomechanical studies which improved knowledge on elbow 

geometry are addressed. This review aims to update veterinarians and contribute to educate 

breeders and owners about the condition. 

3.2 ELBOW INCONGRUITY 

Elbow joint incongruity was described by Wind in 1982, on radiographs from Bernese Mountain 

Dogs with medial coronoid process fragmentation. Since then, different types of the disease 

were suggested and confusing terminology may occur (Wind, 1982; 1986; Samoy et al., 2006). 
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Types of incongruity include radioulnar incongruity, humeroulnar incongruity and soft tissue-

bone mismatch (Figure 3.1). Yet, prevalence studies on incongruity were not conducted until 

date. Some researchers advocate joint incongruity may be sometimes transient and not always 

evident at the time of diagnosis, while secondary pathologies such as medial coronoid disease, 

ununited anconeal process, cartilage erosions and osteoarthritis persist (Kramer et al., 2006; 

Burton et al., 2008; Krotscheck et al., 2014). Several medical and surgical treatment options 

are available in clinical practice (Samoy et al., 2012b; Fitzpatrick et al., 2013). The surgical 

procedures acting in the articular biomechanics are referred (Samoy et al., 2012b; Fitzpatrick 

et al., 2013). Elbow incongruity was also related to incomplete ossification of the humeral 

condyle, an entity affecting the dogs’ elbow. Since it is not included under the elbow dysplasia 

umbrella, it will not be discussed in the present work (Robin and Marcellin-Little, 2001; Carrera 

et al., 2008; Moores et al., 2012). 

 

Figure 3.1 Different types of elbow incongruity suggested and the relation with other manifestations of 
elbow dysplasia. 

 

3.2.1 RADIOULNAR INCONGRUITY 

Radioulnar incongruity is a developmental disorder characterized by a relative short radius or 

ulna, inducing a step in the transition from ulnar to radial proximal articular surfaces (Samoy 
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et al., 2012b; Böttcher et al., 2013; Nemanic et al., 2016). These forms of incongruity are also 

referred as positive (longer ulna) or negative (longer radius) radioulnar step. Positive radioulnar 

incongruity is widely recognized as a major cause of medial coronoid disease development, 

by chronic supra physiologic load on the joint medial compartment (Figure 3.2) (Holsworth et 

al., 2005; Böttcher et al., 2013). 

 

Figure 3.2 Positive radioulnar step incongruity and fragmented medial coronoid process in a 
right elbow joint. (a), MLE view; (b), sagital reconstructed CT image (red mark); (c), transverse 
CT slice; with fragmented medial coronoid process (red arrow); (d), disarticulated cadaveric 
tissue proximal radius and ulna with fragmented medial coronoid process (black arrow). 

 

A negative step is typically associated with ununited anconeal process (Meyer‐Lindenberg et 

al., 2006) which may detach, when formed as a secondary ossification center and still 

cartilaginous attached to the ulna (up to 16-20 weeks) (Breit et al., 2004; Böttcher et al., 2009; 

a b 

c d 
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Samoy et al., 2012b). However, in chondrodystrophic breeds at 6 months of age, it may also 

cause articular subluxation (Lappalainen et al., 2016). Also, a longer radius was reported in 

dogs with medial coronoid disease (Eljack et al., 2015), and fragment removal or subtotal 

coronoid ostectomy is usually recommended in the treatment of these cases, adding to 

proximal ulnar osteotomy if incongruity is present at the time (Fitzpatrick et al., 2009c; 2013; 

Samoy et al., 2012b). Some authors believe incongruity might be dynamic, with different 

relative positions of the proximal radial and ulnar joint surfaces in joint flexion or extension, as 

well as in different phases of the gait cycle, with potential pathologic loading in specific 

positions (Mason et al., 2002; Kramer et al., 2006; House et al., 2009). However, this theory 

was not confirmed. 

Radioulnar incisure conflict was also proposed in cases of avulsing medial coronoid process, 

where pathologic changes are focused on the radial incisure region (Samoy et al., 2012c; 

Burton et al., 2013; Fitzpatrick et al., 2013).  

3.2.2 HUMEROULNAR INCONGRUITY 

Humeroulnar incongruity was described when the trochlear notch does not widen properly the 

humeral condyle or has a relative wrong shape, leading to severe overload of the extremities 

and consequently to cartilage erosion (Wind, 1986; Wind and Packard, 1986; Samoy et al., 

2012b; Samoy et al., 2013). A moderate positive correlation between humeroulnar and 

radioulnar incongruity was observed (Proks et al., 2011; Samoy et al., 2012b). However, some 

authors reported the two incongruity conditions together and not as separate entities, and 

humeroulnar incongruity is commonly referred as a consequence of positive radioulnar step 

(Samoy et al., 2012c). Obviously, the formation of a radioulnar step also results in humeroulnar 

overload and its treatment by ulnar osteotomy also improves humeroulnar load distribution 

(Samoy et al., 2012a; Fitzpatrick et al., 2013). Some authors have associated imaging signs 

of humeroulnar incongruity to humeral trochlea cranial dislocation, enlargement of the caudal 

humeroulnar joint space and the elliptical shape of trochlear notch (Samoy et al., 2013). 

However, those signs require further investigation as they are dependent of elbow positioning, 

pronation or supination. The treatment options suggested for humeroulnar incongruity include 

proximal ulnar osteotomy, sliding humeral osteotomy, unicompartmental elbow replacement, 

and total elbow replacement (Mason et al., 2008; Fitzpatrick and Yeadon, 2009; Fitzpatrick et 

al., 2013; Goodrich et al., 2014; Fitzpatrick et al., 2015; McConkey et al., 2016), none acting 

directly into the joint UTN conformation.  
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Similary to humans the current concept of dog’s elbow congruity does not mean a perfect 

match. A small physiologic concave incongruity is accepted to be normal by several 

researchers, improving stress distribution within the joint during the march, with beneficial 

effects on metabolism and lubrication of cartilage during cyclic loading (Eckstein et al., 1993; 

1994; 1995; 1997; Preston et al., 2001; Dickomeit et al., 2011; Cuddy et al., 2012). Some breed 

variation in the UTN and HT shape was found (Collins et al., 2001; Breit et al., 2010; Samoy 

et al., 2012b; Alves-Pimenta et al., 2016b; 2016c). The challenge is to distinguish between 

physiologic and subtle pathologic incongruity in the different breeds. 

Some difficulties on humeroulnar incongruity assessment in radiographic studies are due to 

the proximity and consequent superposition of several different structures comprising the HT 

and the UTN (Dickomeit et al., 2011). Therefore, the objective identification of the structures 

and the development of new diagnostic approaches are imperative (Dickomeit et al., 2011; 

Goldfarb et al., 2012). A recent published work based on the comparison of the curvature radii 

from the HT and the UTN shows very promising results (Alves-Pimenta et al., 2017). 

3.2.3 SOFT TISSUE-BONE MISMATCH 

Elbow dysplasia has been suggested to be more a soft tissue instability, resulting from soft 

tissue-bone mismatch, similarly to hip dysplasia, rather than a primary bone deformation 

problem (Fitzpatrick and Yeadon, 2009). The few studies performed in this field revealed that 

rotational and compression forces exerted by the biceps brachii / brachialis muscles ulnar 

insertion tendons could lead to radial incisure fragmentation of the medial coronoid process 

associated to an inadequate joint load transmission (Williams et al., 2008). The section of these 

tendons was considered useful in the treatment of coronoid disease (Hulse et al., 2010; 

Villamonte-Chevalier et al., 2012). Wolschrijn and Weijs (2004) studying the elbow by the age 

of occurrence of coronoid process fragmentation (~ 4 months) found the trabeculae along the 

craniocaudal axis to have the same orientation of the annular ligament and proposed that the 

forces arising from the annular ligament could cause medial coronoid process avulsion 

fracture. This possible etiology is supported by the frequent occurence during fragmented 

medial process surgical removal of attachments to the annular ligament (Temwichitr et al., 

2010). But, although this is a valid hypothesis, biomechanical research on the relation between 

forces evoked and the suggested pathological changes are claimed (Schaaf et al., 2009; 

Temwichitr et al., 2010; Cuddy et al., 2012; Michelsen, 2013).  
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3.3 ELBOW INCONGRUITY DIAGNOSTIC TOOLS 

Currently, three areas of research on the development of new diagnostic approaches for elbow 

incongruity and dysplasia are recognized. They are the imaging methods, the biomechanical 

studies and the genetic research.  

3.3.1 IMAGING METHODS 

Screening measurement protocols to classify the elbow joints, like those used in the hip 

dysplasia screening, have been proposed by various authors that tried to evaluate joint 

abnormalities, osteoarthritis and geometry (Proks et al., 2011; Samoy et al., 2012a; Stein et 

al., 2012). Imaging tools currently used in the elbow incongruity assessment are radiography, 

CT, arthroscopy, magnetic resonance imaging and ultrasonography (Table 3.1). Scintigraphy 

may be useful in lameness localization subtle cases, but it is not specific to determine the 

cause or severity and it will not be discussed in this review (Cook and Cook, 2009).  

3.3.1.1 RADIOGRAPHY 

The radiographic diagnosis is used with two main purposes: to screen dogs for breeding 

selection and to identify the primary elbow disease for treatment reasons (Lavrijsen et al., 

2012). Due to its cost-effectiveness when compared with other new imaging modalities, 

radiography remains as the baseline recommended screening method (Lappalainen et al., 

2009).  The main disadvantage, is the need of several specific views to evaluate incongruity, 

due to the joint surfaces proximity and overlay (Lappalainen et al., 2009; Proks et al., 2011). 

Samoy and colleagues (2012a) reported 91.7% and 88.8% mean specificity and sensitivity for 

incongruity diagnosis using both signs of radioulnar and humeroulnar incongruity, despite the 

difficult of correct grading. Detection sensitivity increased when a step ≥ 2 mm was present or 

if other signs of incongruity were visible (Blond et al., 2005; Samoy et al., 2012a). Radioulnar 

incongruity was easily identified and the radiographic sign most frequently observed at MLE 

view. The first reports on humeroulnar incongruity were focused on the joint spaces 

measurements (Figure 3.3) and an increased joint width was the sign most frequently found 

(Samoy et al., 2012a; 2012b) (Table 3.2). The biggest disadvantage pointed to these 

methodologies is to be influenced by elbow flexion angle, as well as pronation and supination 

(Burton et al., 2013; Skinner et al., 2015). Proks et al. (2011) proposed humeroulnar joint 

congruity assessment using an elbow index of subluxation, similar to hip dysplasia, and 
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defined it as the distance between the centers of the two circles drawn on the mediolateral 

radiographic views, one by the UTN and the other by the HT curvature. The definition of the 

smallest circle is only approximated, as both UTN and HT are elliptical in large breeds (Proks 

et al., 2011; Stein et al., 2012).  

 

Figure 3.3 Humeroulnar joint space variation (white) on elbow radiographic views from the same right 
joint at different angle positionings: (a), flexed; (b), extended; (c), extended, with the dog in weight-
bearing position and a horizontal beam. 

A new technique to standardize radiographic interpretation, independent from of the elbow 

flexion angle, based on the UTN and HT curvature radii evaluation was recently described 

(Figure 3.4) (Alves-Pimenta et al., 2015; 2017). Reference values were reported in a medium 

and in a large-breed dog and significant differences that could predispose to incongruity were 

found in the large-breed (Alves-Pimenta et al., 2016b; 2016c). 

a b c 
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Figure 3.4 Assessment of humeroulnar congruity based on the UTN and HT curvature radii. (a), UTN 
and HT assessed at MLE radiographic view. (b), UTN and HT assessed at MLF view. (c), Relation from 
curvature radii found at UTN (red line) and at HT (blue line) assessed in a) and b). 

3.3.1.2 COMPUTED TOMOGRAPHY 

In the last decade, CT was considered the gold standard for incongruity detection, allowing the 

interpretation of images in different reconstructive views without overlapping (Reichle et al., 

2000; De Rycke et al., 2002; Gemmill et al., 2006; Lau et al., 2015a; Phillips et al., 2015). It 
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provides a three dimensional picture of the disease process, which is useful mainly for 

treatment planning (Fitzpatrick and Yeadon, 2009). Following the IEWG2 guidelines, its use is 

recommended in many countries for questionable and appeal cases in radiography, but a 

standardized screening examination protocol for the canine elbow is lacking. Consequently, 

there is some heterogeneity among the protocols. Scanning slice thickness and the patient 

position are the most important parameters to take into consideration in the elbow incongruity 

examination. There is a wide variation of positioning performed at different institutions in 

everyday clinical practice, and at the moment a slice thickness of maximum 1mm is 

recommended2. Like in radiography, CT does not provide information about the cartilage 

recovering (Kunst et al., 2014; Lau et al., 2015a). 

CT revealed highly accurate in the joint spaces assessment (Figure 3.5) (Gemmill et al., 2006; 

Kramer et al., 2006; Gemmill and Clements, 2007). Sagittal, oblique and dorsal reconstructions 

are indicated and the radioulnar step defect is easily detectable in case of incongruity (Gemmill 

et al., 2006; Kramer et al., 2006; Gemmill and Clements, 2007). The humeroulnar joint space 

was described as widened when an obvious lack of congruity between the humeral condyle 

and UTN was present. It was described as a comma shaped when the center of the joint space 

was wider than the proximal and distal edge of the trochlear notch (Gemmill et al., 2005; Samoy 

et al., 2012b). Humeral condyle cranial displacement was observed when the humeral condyle 

is positioned cranial to the cranial side of the radius (Samoy et al., 2012b). The major 

disadvantages of space measurement techniques were the low joint space tolerance present 

between the elbow surfaces, variation in interpretation with the elbow positioning, pronation 

and supination, and loading which brings subjectivity to the method (Table 3.2) (House et al., 

2009; Burton et al., 2013). A methodology for humeroulnar congruity assessment independent 

from the elbow flexion angle, using the sagittal reconstructed plane and similar to radiographic 

evaluation was recently reported (Alves-Pimenta et al., 2017). Techniques applying three-

dimensional measurements were also proposed to improve incongruity interpretation but they 

are not widely available (Böttcher et al., 2009; Eljack et al., 2013). 

                                                
2 See: http://www.vet-iewg.org/ 
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Figure 3.5 Humeroradial, humeroulnar and radioulnar joint spaces (arrows) assessed at CT sagittal (a) 
and dorsal (b) reconstructed images for elbow incongruity evaluation. 

Micro-CT allowed important advances in the coronoid disease knowledge (Lau et al., 2013b) 

and in the study of sclerosis, recognized as an early imaging sign of dysplastic elbows (Lau et 

al., 2013a; Mariee et al., 2014). There is evidence of a relationship between sclerosis and 

medial coronoid disease, although still debated whether sclerosis is the cause or the 

consequence of secondary degenerative changes (Danielson et al., 2006; Lau et al., 2013a; 

Mariee et al., 2014). It was postulated that perhaps coronoid disease could start at subchondral 

bone and not as a primary cartilage disease (Danielson et al., 2006; Lau et al., 2013a; Mariee 

et al., 2014). Techniques as micro-CT revealed useful to study the possible relation between 

sclerosis, incongruity and coronoid disease investigation (Lau et al., 2015b). In addition, CT-

osteoabsorptiometry is a functional CT technique that can be used for visual evaluation and 

quantification of the relative distribution and maximum subchondral bone density, which reflect 

loading history. It allows for noninvasive, loaddependent assessment of the subchondral bone 

plate (Dickomeit et al., 2011), which remodels and appears to thicken before degradation of 

the overlying articular cartilage in osteoarthritis (Krotscheck et al., 2014). 

3.3.1.3 ARTHROSCOPY 

Arthroscopy allows direct visualization and simultaneous treatment of elbow joint disease 

(Schulz et al., 2004; Fitzpatrick et al., 2009b). However, it requires an invasive procedure 

typically performed with the elbow maintained in valgus to facilitate arthroscope maneuvering 

(Schulz et al., 2004). Significant changes in joint congruity elicit during the procedure and the 

subjectivity in quantification constitute the main disadvantage of this technique (Skinner et al., 

a b 
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2015). Even so, an incongruity diagnosis sensitivity of 94-98% and specificity of 81-89% were 

reported in arthroscopic research studies (Wagner et al., 2007; Werner et al., 2009; Samoy et 

al., 2012c; Coggeshall et al., 2014). Samoy and colleagues (2012c) studied the elbow joint by 

arthroscopy and found the presence of a radioulnar step in all incongruent joints, also cartilage 

changes in both the center of the trochlear notch (in 72%) and at the humeral condyle (in 84%), 

as well as abnormal surface of the radial head (in 69%). Coronoid pathology was evident in 

every incongruent joints (Samoy et al., 2012c).  

3.3.1.4 MAGNETIC RESONANCE IMAGING 

Magnetic resonance imaging is the technique of choice to evaluate the articular cartilage 

noninvasively, also useful to assess both joint geometry and soft tissues. However, this 

procedure is less available in clinical practice and is more expensive (Probst et al., 2008). It 

can provide information about the cartilage structure and thickness (Wucherer et al., 2012), 

but some limitations for imaging the canine elbow result from the relatively small size of the 

joint, complex articulations, thin articular cartilage surfaces, and potential lack of distinction 

between the cartilage of the humerus and cartilage of the radius and ulna (Cook and Cook, 

2009). Delayed gadolinium enhanced imaging of cartilage and transverse relaxation time (T2) 

mapping have been described (Wucherer et al., 2012). Elbow incongruity is assessed by 

examining the relation between the HT and the UTN at multiple locations (Janach et al., 2006). 

Differences between large, small, and chondrodysplastic-breed dogs were reported, and a 

smaller articular gap was observed at the level of the anconeal process in large-breed dogs, 

associated with a wider gap at the center of the trochlear notch. The authors justified those 

findings with a less ability to compensate incongruity between the radius and ulna, wich may 

contribute to failure in the normal endochondral ossification at the anconeus and coronoid 

process (Janach et al., 2006).  

Magnetic resonance image allowed the differentiation of five types of cartilage covering 

present in normal joints of dogs with different types of conformation (Probst et al., 2008). Probst 

and collaborators (2008) defined as type one, a complete surface of the UTN covered with 

articular cartilage, characteristic of small and mid-sized breeds. Type two was the most 

frequently found articular cartilage covering in large and giant breeds, and defined as an 

incomplete transverse separation from the UTN covering. Type three, four and five occurred 

in large, giant and chondrodystrophic breeds respectively, where the cartilage appeared 

gradually reduced until complete transversal separation of the UTN (Janach et al., 2006; 

Probst et al., 2008). In a study performed by Wolschrijn and colleagues (2003), histological 
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examination of similar cartilage free areas revealed no signs of inflammation and cartilage in 

these locations seemed unnecessary for normal joint functioning. In humans, a lower degree 

of physiologic incongruity in specimens with a continuous layer of the articular cartilage was 

observed when compared with those with a divided articular surface (Eckstein et al., 1993). 

Improved nutrition in the deepest regions of the UTN was related with the presence of the 

cartilage free areas (Wind and Packard, 1986; Eckstein et al., 1995; Probst et al., 2008). The 

authors found information between the cartilage covering described by Probst and colleagues 

(2008) to be controversial with the values reported by Samoy and collaborators (2012c) at the 

arthroscopic studies, requiring further investigation. 

3.3.2.5 ULTRASONOGRAPHY 

High-frequency ultrasonography (8-13 MHz) is increasingly being used to assess a variety of 

musculoskeletal conditions in humans, horses and small animals (Lamb and Wong, 2005; Van 

Ryssen et al., 2012; Villamonte-Chevalier et al., 2015). When compared with other techniques, 

it has the advantages of being noninvasive, it may be used without sedation and considered 

reliable for assessment of elbow joint soft tissues such as ligaments and tendons (Hulse et al., 

2010; Van Ryssen et al., 2012; Villamonte-Chevalier et al., 2015). Both the biceps brachii / 

brachialis tendons and the annular ligament were pointed as taking influence in the medial 

coronoid disease by causing soft tissue-bone mismatch (Figure 3.6) (Wolschrijn and Weijs, 

2004; Fitzpatrick and Yeadon, 2009; Hulse et al., 2010; Villamonte-Chevalier et al., 2012). 

Although the few studies found, ultrasonography research could improve the knowledge of this 

mechanism and further investigation is required (Hulse et al., 2010; Villamonte-Chevalier et 

al., 2012). The authors also found ultrasonography useful to the diagnosis of medial coronoid 

disease, enabling the detection of lesions in radiographic doubt cases (Cook and Cook, 2009). 

As disadvantages, the high-frequency ultrasonography is not widely available and a trained 

operator is needed to perform the exam. 
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Figure 3.6 Relation between the ultrasound image and anatomical dissection 
from biceps brachii/brachialis muscles ulnar insertion tendons and the medial 
coronoid disease. (a), Ultrasonographic image from the medial aspect of 
humeroulnar joint. Large flat biceps brachii/brachialis muscles ulnar insertion 
tendons (arrowheads) and medial coronoid disease (red arrow). (1), ulna; (2), 
humerus. (b), The biceps brachii / brachialis tendons are exposed (black 
mark) in the cadaveric tissue with medial coronoid disease (black arrow). 

 

a 

2 
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3.3.2 BIOMECHANICAL STUDIES 

Improved knowledge on the elbow joint biomechanical properties may help in the early 

recognition of joint disease, in the development of screening tests and possibly in the 

development of novel treatment modalities (Dickomeit et al., 2011). However, biomechanical 

studies require additional costs and the complexity of the elbow makes joint models difficult to 

achieve. Biomechanical research performed in the dogs’ elbow includes geometrical studies, 

trans-articular joint forces mapping, joint contact patterns, joint development, subchondral 

bone density distribution and gait analysis (Table 3.3) (DeCamp et al., 1993; Preston et al., 

2001; Dickomeit et al., 2011; Burton et al., 2013; Caron et al., 2014; Lau et al., 2015b). The 

elbow is a complex joint, allowing not only flexion and extension of the thoracic limb but also 

supination and pronation (Constantinescu and Constantinescu, 2009; McConkey et al., 2016). 

Nowadays, the ulnar proximal articular surface is recognized to contribute more significantly 

to the load transfer through the canine elbow joint than initially thought (Mason et al., 2008; 

McConkey et al., 2016), with up to 50% of forces borne by the medial and the lateral coronoid 

processes and the rest by the radial head (Mason et al., 2005; Temwichitr et al., 2010).  

Recent investigations tried to link articular geometry to incongruity and medial compartment 

disease (Fitzpatrick et al., 2009d; Krotscheck et al., 2014; Lau et al., 2015b). Breit and 

collaborators (2005) found a larger proximal ulna not coincident with a larger 

humeroantebrachial contact area, creating higher local loading forces in large-breed dogs, 

including high risk breeds of medial coronoid disease development such as German Shepherd 

Dog, Rottweilers and Bernese Mountain Dog (Breit et al., 2005).   

Janach and colleagues (2006) observed a positive correlation between trochlear notch 

elliptical shape and the dogs’ body weight. Several authors studied the elbow morphology by 

different methods and concluded that the concave incongruity in large breeds produced 

peripheral articular contact, increased central joint space and a consequent bicentric 

transmission of loads (Preston et al., 2001; Dickomeit et al., 2011; Cuddy et al., 2012). Indeed, 

researches in trans-articular joint forces mapping, joint contact patterns, and subchondral bone 

density distribution highlighted a lack of articular contact at the central trochlear notch, and the 

presence of three contact areas on the canine elbow were distinguished: the caudomedial 

aspect of the radial head, the medial coronoid process, and the craniolateral aspect of 

anconeus. As the humerus rolls from medial to lateral in the radioulnar surfaces, like a bolt into 

a nut (Preston et al., 2001; Mason et al., 2005; Dickomeit et al., 2011; Cuddy, 2012), the medial 

aspect of the anconeus also presented less loading forces (Preston et al., 2001; Dickomeit et 
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al., 2011; Cuddy et al., 2012). The contact areas found corresponded to the areas of cartilage 

covering described by Probst and colleagues (2008) in large breeds, with the less loaded areas 

corresponding to cartilage free areas (Figure 3.7). 

 

Figure 3.7 Relation between elbow loading distribution and type of UTN cartilage covering. Humeral 
condyle (a). Proximal radius and ulna (b). Areas of greater load transmission through the elbow joint are 
represented (highlighted areas). Type two cartilage covering was the most frequently found in normal 
joints of large and giant breeds (c). At the medial aspect of the notch, the articular cartilage is reduced 
and thus incompletely transversely separated (arrow). 

As referred before, it is argued that the loss of cartilage in the center of the trochlear notch 

could be physiological representing a response to the lack of loading in this region (Eckstein 

et al., 1994; 1995; 1997; Janach et al., 2006). Contrary to the large breeds, small breeds 

showed contact areas located more centrally in the humeroantebrachial joint (Janach et al., 

2006). Interesting differences in curvature radii from the UTN and the HT were described in a 

medium and a large-breed dog (Alves-Pimenta et al., 2016b; 2016c). Two intermediate higher 

values were found in the large-breed related to flattener subchondral points. The authors 

associated those findings with concave incongruity being more pronounced in the larger breed 

studied, and flattener subchondral points corresponding to transitional points from the more 

loaded areas at both ulnar notch extremes, to a less loaded area at the central trochlear notch 

(Figure 3.8). Preston and others (2001) found these concave incongruity did not disappear 

with loading in dogs’ elbow, contrary to what was stated by Eckstein and colleagues (1993; 

1994; 1995; 1997) in an extensive research performed ex vivo elbow human models.  

Finally, biomechanical studies allowed the development of new therapeutic approaches. Many 

palliative procedures recommended for dogs severely affected by elbow dysplasia are based 

on axial to abaxial load shift transfer from medial to lateral joint compartments, altering thoracic 

limb alignment (Mason et al., 2008; Fitzpatrick et al., 2015; Burton et al., 2016; McConkey et 

al., 2016). In fact, dogs affected by medial coronoid disease commonly present the forearm 

supinated, a stance that significantly increases the peak contact pressure at the lateral 

a b c 
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compartment, decreasing the medial compartment contact pressure (Burton et al., 2008; 

Cuddy et al., 2012; Goodrich et al., 2014; Phillips et al., 2015). Although the biomechanical 

principle seems correct, further in vivo research is required in order to determine the 

effectiveness of described humeral or ulnar osteotomies to treat medial compartment disease 

(Mason et al., 2008; Goodrich et al., 2014; Fitzpatrick et al., 2015; McConkey et al., 2016). 
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Figure 3.8 Relation between the elbow joint load transmission and the UTN curvature radii. (a), 
Physiologic concave incongruity produces bicentric transmission of loads (arrowheads). The central 
UTN is the less loaded area. (b), Loads are transferred from the anconeal process to the radial head 
and medial coronoid process (red arrows). (c), UTN curvature radii, from the anconeal process to the 
base of the medial coronoid process, in a medium-breed (blue line) and a large-breed (red line) at MLE 
views. Physiologic incongruity was more pronounced in the large-breed at transition points from more 
loaded to less loaded areas (blue arrows). 
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3.3.3 GENETIC RESEARCH 

The genetic basis of elbow dysplasia has been studied and combined with family data to 

improve our understanding about the etiology of this disease (Stock and Distl, 2010; Lewis et 

al., 2011; Lavrijsen et al., 2012). Recent research showed that inherited polygenic traits of 

elbow dysplasia are independent from one another and the pattern of inheritance differs 

between breeds (Mäki et al., 2002; Temwichitr et al., 2010; Lewis et al., 2011). Indeed, 

previous research showed that elbow anatomy and hence congruity are influenced by genetics 

(Janach et al., 2006). The UTN had a different characteristic appearance in Rottweilers and 

Greyhound breeds (Collins et al., 2001), and breed variations in the UTN and HT congruity 

were found (Alves-Pimenta et al., 2016b; 2016c). The medial coronoid process had also 

different geometry in German Shepherd Dog and Rottweilers (Breit et al., 2010). Although 

significant differences between breeds were identified, the genetic basis of incongruity needs 

further investigation. Yet, the phenotypic heterogeneity makes it difficult to determine the 

genetic background of the different diseases. In addition, the association of a genetic and 

phenotypic level between the primary disease and secondary changes in the elbow was not 

extensively investigated (Lavrijsen et al., 2012). 

Medial coronoid disease was the most studied lesion from the elbow dysplasia and considered 

a polygenetic and multifactorial disorder (Mäki et al., 2002). The mode of inheritance in 

Labrador Retrievers fits the model of a major gene with some minor polygenic effects (Mäki et 

al., 2002). Predisposition of male Labrador Retrievers could result from disease inheritance in 

a dominant fashion with a reduced penetrance in female dogs, or by predisposing factors, such 

as weight gain, growth rate velocity and heavy exercise (Mäki et al., 2002; Hazewinkel, 2016).    

The main obstacle in dysplasia genetic research is the lack of description of the disorder in 

other (laboratory) species (Stock and Distl, 2010; Lewis et al., 2011). The challenges in the 

future genetic research result from the complex character, the wide spread of the disease, and 

the difficulties in collecting deoxyribonucleic acid (DNA) samples from whole families certainly 

carrying the disease and from control families certainly without the disease (Temwichitr et al., 

2010; Lewis et al., 2011; Hazewinkel, 2016). 
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3.4 CONCLUSION 

Despite the increasing knowledge on radioulnar incongruity, the exact mechanisms involved 

in the elbow dysplasia are not fully elucidated. Extensive progresses were made recently in 

the interpretation of humeroulnar incongruity, with the onset of radiographic and tomographic 

protocols independt from the elbow flexion to help in the future dysplasia diagnosis. Based on 

humeroulnar curvature radii studies a large-breed revealed less congruity studied. Research 

concerning to the prevalence of incongruity and the relation with other disorders in the elbow 

is lacking. The development and optimization of reliable, sensitive and reproducible 

methodologies is indispensable for assessing the phenotypic heterogeneity in elbow dysplasia. 

Although recognized involvement in the elbow dysplasia, the authors found few studies in the 

HT conformation, so further research should include its evaluation. 

Biomechanical research allowed a better knowledge on the elbow function. The next 

biomechanical challenge is to unravel the radioulnar dynamic incongruity, and future work 

should focus on the influence of limb alignment allied to the dynamic loading on incongruity 

interpretation. The development of ultrasound protocols for the interpretation of intra and peri-

articular soft tissues in dogs may clarify soft tissue-bone mismatch. Although significant 

differences were identified among breeds, the genetic basis of incongruity needs further 

investigation. The correct phenotyping of elbow dysplasia cases as well as the distinction 

between primary and secondary lesions seems essential for genetic research evolution. 
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Table 3.1 Advantages and disadvantages of the most commonly used imaging methods to study elbow incongruity and dysplasia development. 

Imaging method Advantages Disadvantages References 

Radiography - Baseline screening method,  
- Widely available,  
- Low costs,  
- Allowed curvature radii assessment 

- Additional views required, 
- Overlaps, 
- Sensitivity to diagnose radioulnar 
incongruity 

Blond et al., 2005; Proks et al., 2011; Samoy et 
al., 2012a; Stein et al., 2012; Lavrijsen et al., 
2012, Alves-Pimenta et al., 2015; 2017; 
Lappalainen et al., 2016 

Computed tomography - Without overlap,  
- 3 dimensions,  
- Considered the gold standard, 
- Good to plan treatment,  
- Allows curvature radii assessment, 
- Allows evaluation of radial incisure 

- Less availability of equipment in 
clinical practice, 
- Higher costs 
- General anesthesia required 

Reichle et al., 2000; De Rycke et al., 2002; 
Gemmill et al., 2005; 2006; Kramer et al., 2006; 
Gemmill and Clements, 2007; Böttcher et al., 
2009; Fitzpatrick and Yeadon, 2009; Samoy et 
al., 2012b; Burton et al., 2013; 2016; Eljack et 
al., 2013; 2015; Krotscheck et al., 2014; Lau et 
al., 2015a; Phillips et al., 2015; Alves-Pimenta 
et al., 2017 

Arthroscopy - Direct visualization of cartilage,  
- Diagnosis and treatment at the same time 
 

- Incongruity elicited by the 
procedure, 
- Less equipment available in clinical 
practice, 
- A trained operator is required 

Schulz et al., 2004; Wagner et al., 2007; 
Fitzpatrick et al., 2009b; Werner et al., 2009; 
Samoy et al., 2012c; Coggeshall et al., 2014; 
Skinner et al., 2015  

Magnetic resonance imaging - Technique of choice to evaluate the 
articular cartilage noninvasively, 
- Assess joint geometry,  
- Good soft tissue appreciation,  
- Allowed classification of cartilage types 

- Less equipment available in clinical 
practice, 
- Higher costs 

Janach et al., 2006; Probst et al., 2008; Cook 
and Cook, 2009; 
Wucherer et al., 2012 

Ultrasonography - Noninvasive,  
- Used without sedation,  
- Good assessment of soft tissues 
(ligaments, tendons),  
- May help tissue-bone mismatch 
investigation 

- A trained operator is required 
 

Lamb and Wong, 2005; Cook and Cook et al., 
2010; Hulse et al., 2010; Van Ryssen et al., 
2012; Villamonte-Chevalier et al., 2015 
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Table 3.2 Summary of selected references related with radioulnar and humeroulnar measurement methods to characterize the elbow joint congruity. 

Joint Imaging technique / Method 
Findings 

Advantages / Disadvantages 
Sample Reference 
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Radiographic study. Ex vivo model with / without weight-bearing simulation. 

Elbows were classified as incongruent if a widened humeroulnar joint space 
and/or a radioulnar step defect and/or an asymmetric humeroradial joint space 
were found. 

 
Sensitive and specific method to detect moderate-to-severe 
radioulnar incongruity (≥2mm), with elbow flexed at 90º. 
Incongruity appeared reduced after ex vivo weight-bearing 
simulation. DAdv: Less sensitive for discreet incongruity. 

5 Cadaveric 
elbows with 

elicited 
radioulnar 

incongruity. 

Blond et al., 
2005 

CT dorsal and sagittal reconstructions. Joint space measurements. 

Humeroradial joint space measurements. 
 
 

Humeroulnar joint space measurements were obtained and incongruity 
calculated by comparing the two measurements. 

 

At the coronoid apex, MCD elbows exhibited a significant 
radioulnar incongruity (p<0.001), though incongruity was not 
identified in all cases. DAdv: Affected by joint positioning. 

No differences were noted in the humeroulnar joint space 
between affected/normal cases. DAdv: Affected by joint 

positioning. 

42 Elbows with 
medial coronoid 
disease (MCD), 
29 control and 8 

cadaveric 
elbows. 

Gemmill et 
al., 2005; 

2006 

Radiographic study. Mediolateral view (at standing angle ~135º ± 15º). 

Radioulnar incongruity. 
Distance between the radial head and lateral coronoid process. 
 
Index of humeroulnar subluxation. 
Distance between the centers of 2 circles drawn along the margins of the UTN 
and the HT on mediolateral projections, normalized by the radius of the circle 
circumscribing the HT. 

 

A moderate correlation (r2) was found between the degree of 
humeroulnar incongruity and a radioulnar step (r2 = 0.63). 
 

The index of subluxation was greater in elbows with MCD than 
in normal elbows. Adv: Easy to perform. DAdv: The UTN is not 

always round but sometimes elliptic in large physiologic elbows. 

42 Elbows with 
MCD and 50 
without MCD 

from Labrador 
Retriever. 

Proks et al., 
2011 

 

Radiographic study. Mediolateral and Craniocaudal 15º pronated views. 

Radioulnar and humeroradial delineation. 
To measure the step between proximal radius and ulna. 
To define the humeroradial joint space as normal or too wide. 
 

 
 

Humeroulnar delineation. 
To define the joint space as normal/too wide, as parallel/comma shaped, and 
to define UTN shape as round/elliptical. 

 

Radioulnar step was the most frequent sign in incongruent joints. 
A higher detection occurred in the mediolateral view. Adv: The 

mean sensitivity for detection of incongruity was 88.8% with a 
mean specificity of 91.7%. 
DAdv: Correct grading of incongruity was difficult. 

 

Adv: In over 91% of the patients, clear distinction could be made 
between congruent and incongruent joint. DAdv: Grading was 

not possible. 

29 Incongruent 
and 9 congruent 

elbows from 
dogs of various 

ages and breeds. 

Samoy et 
al., 2012a 
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Table 3.2 Summary of selected references related with radioulnar and humeroulnar measurement methods to characterize the elbow joint congruity (continued). 

Joint Imaging technique / Method 
Findings 

Advantages / Disadvantages 
Sample Reference 
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CT reconstructions. Joint space measurements. 

Dorsal reconstructions. The humeroradial joint space was measured between 
the deepest point of the humeral condyle and the radial head, and between 
the lateral part of the humeral condyle and the radial head. 
Sagittal reconstruction. The humeroradial joint space was measured between 
the most concave part of the radial head and the humeral condyle. The 
radioulnar step was measured between the most distal point of the UTN and 
the most proximal point of the caudal radial head. 
 

Sagittal reconstruction. The humeroulnar joint space was measured between 
the most concave point of the UTN and the closest point of the humeral 
condyle. 

 

Allowed the detection of joint widening of the humeroradial joint 
space in severe elbow incongruity with concomitant MCD. 
Incongruent joints had fragmentation of the axial border of the 
medial coronoid incisure and an irregular delineation or 
pseudocystic lesion on the radioulnar transition. 
 
 
 

Allowed the detection of joint widening of the humeroulnar joint 
space, cranial displacement of the humeral condyle, a comma-
shaped humeroulnar joint space, and an elliptic shape of the 
UTN in severe elbow incongruity with concomitant MCD, which 
were not found in normal joints or congruent joints affected by 
MCD. 

80 Elbows from 
dogs with elbow 

lameness; 
10 normal 

elbows ranging 
23-32 kg. 

Samoy et 
al., 2012b 

Radiographic study. 

Radioulnar step 1. 
Mediolateral radiographs with several degrees of flexion. Distance between 
two parallel lines drawn along the plateau of the radius and the apex of the 
lateral coronoid process. 

Radioulnar step 2. 
Mediolateral views at various degrees of flexion.  
The dorsal articular surface of the radius is marked with 6 single dots on the 
screen and the computer can automatically calculate a circle. This circle is 
then moved upwards until it meets the lateral coronoid process, and the 
distance required for this is measured in mm. 

Radius of the humeral condyle. 
Mediolateral views at various degrees of flexion. A circle was created around 
the condyle and the radius of this circle calculated. 

Ulnar opening angle beta. 
A first line was drawn from the apex of the anconeal process and a second 
line from the apex of the lateral coronoid process to the deepest point of the 
UTN, and the angle was calculated. 

 

Positive correlations were found with the elbow dysplasia score 
(r2 = 0.290, p<0.001). 

 
 

Positive correlations were found with the elbow dysplasia score 
(r2 = 0.188, p<0.001). 

 
 
 
 

Absolute size of the elbow joint. DAdv: Assumes that the 

condyle is round shaped. 
 

The size of the angle provides information about the molding of 
the UTN. The smaller the opening angle beta, the more 
elliptical the UTN. DAdv: The shape of the UTN remains 

unknown. Osteophyte formation interferes with measures. 

931 Elbows from 
Bernese 

Mountain Dog. 
Mediolateral 

views at various 
degrees of 

flexion. 

Stein et al., 
2012 
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Table 3.2 Summary of selected references related with radioulnar and humeroulnar measurement methods to characterize the elbow joint congruity (continued). 

Joint Imaging technique / Method 
Findings 

Advantages / Disadvantages 
Sample Reference 
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Radiographic study. 

Ulnar quotient Q.  
Resulted from the coefficient of length L/ length a. Length L (the length of a 
line drawn along the curved UTN from the apex of the anconeal process to the 
apex of the lateral coronoid process). Length of line a (the distance between 
the anconeal process and the lateral coronoid process). 

Ulnar quotient Ae. 

Where A is the distance between the anconeal process and the lateral 
coronoid process, and e is the line perpendicular to (A), which connects with 
the deepest point of the UTN. 

Cranial subluxation of the humeral condyle (area X)  
Measures humeral condyle % encompassed by UTN. For calculi are needed: 
length of UTN, area of the humeral condyle, and the shortest distance between 
the anconeal process and lateral coronoid process. 

 

Provided information about the UTN molding. The greater the 
quotient Q, the more elliptical UTN. 
 
 
 

It describes the molding of the UTN. The greater the quotient, 
the more elliptical the UTN. 
 
 

Cranial displacement of the humeral condyle decreases the 
condyle % that is encompassed by the UTN and is therefore a 
parameter for cranial subluxation of the humeral condyle. 

931 Elbows from 
Bernese 

Mountain Dog. 
Mediolateral 

views at various 
degrees of 

flexion. 

Stein et al., 
2012 

CT sagittal reconstructions. The effect of loading on joint spaces.  

Thoracic limbs were mounted at a mid-stance angle in a custom made jig. Elbow 
joints were loaded to 0, 33, 66 and 100% of total cadaver body weight. 

Joint space measurements were performed on central, lateral and medial 
compartment images at humeroradial and radioulnar loci. 

Joint space measurements were performed on central, lateral and medial 
compartment images at humeroulnar joint. 

 
 
 

Significant changes in humeroradial congruity and pronation 
was observed with loading. 

Significant changes in humeroulnar congruity occurred 
suggesting pronation of the radius with respect to the ulna was 
induced during loading. This movement may influence the load 
experienced by the medial coronoid process and play a role on 
the etiopathogenesis of medial coronoid disease. 

10 Cadaveric 
elbows. 

Burton et al., 
2013 

Radiographic study. Incongruity in a chondrodystrophic-breed 

Measurement of the width of humeroulnar joint space at its widest point in 
mediolateral, at 90° angle. Normal (0), even and narrow joint space and the 
width of the joint space less than 1 mm; mild (1), width of the joint space from 
1 to 2 mm; moderate (2), width of the joint space from 2 to 3 mm; Severe (3), 
width of the joint space with more than 3 mm. 

 

49% (22/45) of the dogs had moderate or severe elbow joint 
incongruity associated with lameness. DAdv: Does not 

distingue radioulnar from humeroulnar incongruity. 

90 Elbows from 
Skye Terriers. 

Lappalainen 
et al., 2016 
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Table 3.2 Summary of selected references related with radioulnar and humeroulnar measurement methods to characterize the elbow joint congruity (continued). 

Joint Imaging technique / Method 
Findings 

Advantages / Disadvantages 
Sample Reference 

R
a
d

io
u
ln

a
r 

a
n

d
 

h
u

m
e

ro
u

ln
a

r CT study. Subchondral joint space width measurements 

Added to CT‐osteoabsorptiometry measurements in the elbow of dogs with 

fragmented medial coronoid process preoperatively and 6 months 
postoperatively, and to compare these to normal dogs. 

 

No differences found in the medial compartment among dogs 
with/without fragmented medial coronoid process, without 
radioulnar incongruity. But, significant differences in CT‐
osteoabsorptiometry measurements were noted in the medial 
compartment between the 2 groups.  

30 Elbows from 
large-breed dogs 

<1 year. 

Krotscheck 
et al., 2014 

R
a
d

io
u
ln

a
r 

CT dorsal and sagittal reconstructions. Joint space measurements. 

Radioulnar incongruity. Distance between sub-chondral bone surfaces of the 
radioulnar articulation, at 3 locations of the medial coronoid (the caudal ulnar 
incisure, mid-body, and cranial apex). On the sagittal plane, a circle construct 
delineated the ventral-most edge of the UTN, for accurate placement of the 
base coronoid ulnar line. 

 

+ Radioulnar incongruity was defined as displacement of the 
ulna proximally to the radius.  
- Radioulnar incongruity was defined as displacement of the ulna 
distally to the radius. 

Elbows from 
medium/large 

breeds, 25 with 
and 18 without 

MCD. 

Kramer et 
al., 2006 

CT with a 3D Sphere Fitted. Joint space measurements. 

3D models of the radioulnar joint cup. By a curve fitting process, a sphere was 
adapted to the sagittal ridge of the UTN. Radioulnar step was evaluated by 
inspection of each 3D model. 

 

Axial radioulnar incongruity was greater and more prevalent in 
elbows with severe cartilage disease, and consisted most 
commonly of a short radius. 
Adv: Improved diagnostic accuracy of radioulnar incongruity. 
DAdv: Technique not widely available. 

54 Elbows with 
simple 

fragmented 
medial coronoid 

process and 
32 elbows with 

MCD. 

Eljack et al., 
2013; 2015 

H
u
m

e
ro

u
ln

a
r 

3D laser scan digitization. Curvature radius along the UTN.  

Points were selected between anconeal process and medial coronoid 
process using a software system. 

 

Significant morphologic differences between the UTN of 
Greyhounds and Rottweilers were found. 
DAdv: Only used in cadavers. 

26 Elbows from 
Rottweilers; 

28 elbows from 
Greyhounds. 

Collins et al., 
2001 

3D laser scan digitization. Geometry of the medial coronoid process. 

Three angles where estimated in order to characterize the medial coronoid 
process. UTN subchondral contour was digitized to obtain the 3D coordinates 
of its surface points. Geometry was investigated in two defined section planes 
along the longitudinal and transverse axes of the medial coronoid process. 

 

Geometric differences in the medial coronoid process between 
breeds were more prevalent than differences between normal 
joints and those affected with medial coronoid disease within 
one breed. 
DAdv: Only the coronoid process was investigated. 

20 Normal 
elbows from 

German 
Shepherd Dog, 
14 affected with 
MCD. 12 Elbows 
from Rottweiler 

affected. 

Breit et al., 
2010 
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Table 3.2 Summary of selected references related with radioulnar and humeroulnar measurement methods to characterize the elbow joint congruity (continued). 

Joint Imaging technique / Method 
Findings 

Advantages / Disadvantages 
Sample Reference 

H
u
m

e
ro

u
ln

a
r 

CT humeroulnar congruity by curvature radii assessment. 

A set of points was marked at the subchondral level of UTN and HT and 
curvature radii calculated. 

 

Curvature radii at each point of curvature were described and 
compared. 
Adv: The methodology was independent of evaluated elbow 

angle.  

16 elbows from 
large-breed 

dogs. 

Alves-
Pimenta et 
al., 2017 

Radiographic study. Humeroulnar congruity.  

MLE and MLF. A set of points was marked at the subchondral level of UTN 
and HT and the curvature radii achieved. Curvature radii at each point of 
curvature were described in a medium and large-breed dog and compared. 

 

Differences between breeds were described in various points of 
the UTN and HT curvatures. Reference values in the breeds 
studied were reported. Adv: The methodology was independent 

from the elbow joint angle evaluated. 

16 Elbows from 
large-breeds; 
60 from PPD; 
54 from EMD. 

Alves-
Pimenta et 
al., 2016b; 

2016c; 2017 
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Table 3.3 Advances obtained through the biomechanical methods most commonly used to study elbow incongruity and dysplasia development. 

Biomechanical methods Advances References 

Geometrical studies Elliptical shape of the UTN in larger dogs; 
Physiologic concave incongruity in large dogs; 
Larger proximal ulna not coincident with larger humeroantebrachial contact 
area; 
Small-breed dogs contact areas located more centrally 

Eckstein et al., 1994; 1995; 1997; Breit et al., 2005; 
Janach et al., 2006; Krotscheck et al., 2014 

Trans-articular joint forces Higher local loading forces in large dogs; 
Proximal ulna higher contributes to load transfer than initially thought;  
During supination and pronation, peak contact pressure increases in the 
medial and lateral elbow compartments; 
Advance of novel treatment modalities 

Mason et al., 2005; 2008; McConkey et al., 2016 

Joint contact patterns Three contact areas described in large dogs: caudomedial aspect of radial 
head, medial coronoid process and anconeal craniolateral aspect; 
Lack of articular contact at the central UTN;  
During supination and pronation, contact areas decreases in the medial and 
lateral elbow compartments; 
Advance of novel treatment modalities 

Eckstein et al., 1993; Preston et al., 2001; Cuddy et al., 
2012; McConkey et al., 2016 

Joint development Early mechanical loading at the medial coronoid process; 
Annular ligament influences the development of medial coronoid process 

Wolschrijn and Weijs, 2004; Temwichitr et al., 2010 

Bone density and  
Articular cartilage distribution 

Bicentric pattern of subchondral bone density distribution and cartilage 
recovering in large-breed dogs; 
Lower ulnar bone density at medial coronoid process in case of disease 

Eckstein et al., 1997; Probst et al., 2008; Dickomeit et 
al., 2011; Phillips et al., 2015 

Gait and  
Loading analysis 

Preferential loading of the medial compartment; 
Three dimensional alignment variations with positioning; 
Forearm supination in medial coronoid disease; 
Bicentric transmission of forces at low loads; 
Study the outcome of novel treatment modalities 

DeCamp et al., 1993; Eckstein et al., 1993; Burton et 
al., 2008; 2013; 2016; Caron et al., 2014; Franklin et 
al., 2014; Goodrich et al., 2014; Fitzpatrick et al., 2015 
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4. CURVATURE RADIUS MEASUREMENTS FROM THE ULNAR TROCHLEAR NOTCH IN 

LARGE DOGS 

4.1 INTRODUCTION  

There are several types of incongruities recognized that can be divided into radioulnar and 

humeroulnar incongruity (Samoy et al., 2012). Radioulnar incongruity is a very well described 

entity and a radioulnar step defect is the most radiographic detectable change (Gemmill et al., 

2006). Humeroulnar incongruity is less well characterized perhaps due to the lack of objective 

measurements (Stein et al., 2012). Furthermore, the causative role of humeroulnar incongruity 

in the pathogenesis of elbow dysplasia is not well understood (Proks et al., 2011).  

Elbow geometry and its role in the development of articular incongruity is an emerging field of 

interest in the investigation of elbow dysplasia (Dickomeit et al., 2011; Cuddy et al., 2012). 

Many studies have been performed to estimate objectively the normal joint geometry, using 

various imaging techniques (Preston et al., 2001; Breit et al., 2010). Despite the inherent bone 

overlapping, radiography remains the most accessible technique and broadly applied in the 

diagnosis of elbow dysplasia in private clinical practice (Fitzpatrick and Yeadon, 2009). 

According to the IEWG screening program, a MLE, a MLF, and a craniocaudal 15º pronated 

elbow views are generally advised (Hazewinkel, 2014). 

Some authors argue that the humeroulnar joint can be physiologically incongruous in the 

unloaded state in humans and in large-breed dog elbows which increases as a function of the 

dog’s bodyweight (Eckstein et al., 1993, 1994). The distribution of humeroulnar stress seems 

to improve with a slightly elliptical rather than a semi-circular UTN, thus optimizing distribution 

of joint stress during loads and improving the nutrition of articular cartilage (Preston et al., 

2001). The incongruous notch is spread apart by the humerus during loading, and the contact 

areas merge in the depths of the notch, making the joint congruous upon a heavy load 

(Dickomeit et al., 2011; Cuddy et al., 2012).  

The doubt in terminology used among authors reflects the difficulties in the diagnosis of 

humeroulnar incongruity resulting in uncertainty as to the boundary between physiologic and 

pathologic cases (Wind, 1986; Wind and Packard, 1986; Samoy et al., 2006; 2012).  
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In ex vivo studies where a radioulnar step was manipulated, radiographic review was not very 

reliable for the diagnosis of elbow radioulnar incongruity (Mason et al., 2002, 2005). However, 

radiographic examinations were found to have good sensitivity and specificity on joint 

incongruity detection in dogs studied in vivo, where other signs of incongruity besides 

radioulnar step were taken into account (Samoy et al., 2012). 

To the author’s knowledge, at present there are no published data on curvature radius 

measurements from the ulnar trochlear notch, using radiographic projections. The aim of the 

study reported here, was to evaluate the central ridge of the UTN curvature in large dogs, using 

the same radiographic views that are required by the IEWG for elbow dysplasia screening 

programs, and therefore with clinical application. This required the validation of a methodology 

and the development of a dedicated software. 

4.2 MATERIALS AND METHODS    

4.2.1 ANIMALS 

Twenty elbow joints, from ten canine cadavers over 20 Kg (36 ± 14 Kg; from 20-70 Kg) of 

different ages (7 ± 4 years; from 1-12 years) and breeds were investigated in this study. The 

dogs had died for medical reasons unrelated to this study. 

A MLE and a ~45º MLF radiographic elbow views were performed on every joint included in 

this study. Cadavers were placed in lateral recumbence over the x-ray table with elbows 

directly on the cassette, and the beam collimated and centered on the medial humeral 

epicondyle, using a digital x-ray device (Fujifilm, FCR Prima, Tokyo, Japan). 

Thoracic limbs were then removed, the elbow joints opened and the articular surface of the 

UTN was cleaned meticulously. The distribution of the UTN articular cartilage covering was 

examined grossly and graded into categories in accordance with the classification system 

described by Probst et al. (2008).  

Slow maceration was used, in order to maintain the radioulnar joint but to disarticulate the 

humeroradial and humeroulnar joints. After humeral disarticulation, an additional radioulnar 

mediolateral view (MLRU) was taken. Each radiographic view was recorded on digitally and 

codified. 
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4.2.2 MEASUREMENT PROTOCOL  

Three measurements of each UTN curvature were done by the same examiner. The sequence 

of the radiographs was randomly chosen. For the curvature measurements, several reference 

points were selected at the subchondral level from the central ridge of the UTN, from the tip of 

the anconeal process to the base of the medial coronoid process in the MLRU views, using 

dedicated software created by the authors (Figure 4.1). The resultant data points were first 

expressed in pixels. 

 

Figure 4.1 Series of data points were selected at the subchondral level from the UTN central 
ridge, from the tip of the anconeal process (1) to the base of the medial coronoid process (2), in 
the MLRU (a), the MLE (b), and the MLF (c) views, using the dedicated software. 

After that, the set of selected points was successively rotated about the fixed origin and a sixth-

order polynomial curve was fit to the points. Sixth-order polynomial curve fitting resulted in no 

spurious noise for any of data sets. Higher order polynomial fits were investigated but resulted 

in spurious noise and lower order fits were less precise. Squared correlation coefficient (r2) of 

the polynomial curve fit to the points was afterwards calculated (Figure 4.2). The rotation that 

resulted in the highest r2 and gave the best curve fit through visual inspection was selected as 

the frame in which to express the curve fit. The highest, lowest and mean r2 were 1, 0.989 and 

0.998, respectively.  

1 2 
1 2 1 

 

a b c 
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Figure 4.2 Schematic representation of the rotated 
points from the UTN curvature radii. Sixth-order 
polynomial curve fits were performed, and a r2 of rotated 
polynomial points, ranging from 0 to 1, was selected as 
a frame in which to express the curve. 

The original set of points was then moved so that the tip of the anconeal process (the first 

special data pair) was located at (X0,Y0) = (0,0). After that, a normalized natural coordinate 

was constructed, s*, such that 0 ≤ s* ≤1, s*= 0 at the tip of the anconeal process and s* = 1 at 

the base of the medial coronoid process, as shown in Figure 4.3. Normalized natural 

coordinates were converted from pixels into millimeter, dividing by 9.88. Finally, the radii of 

curvature (ρ) were expressed as a function of the normalized natural coordinate, for each set 

of points: 

𝜌 =
[1 + 𝑓′2]

1.5

𝑓′′
 

where 𝑓′ and 𝑓′′ are the first and second derivatives of the polynomial fit to the points. The 

described UTN curvature measurement methodology follows the work of Collins et al. (2001) 

for disarticulated joints and was executed in the created software. 

The three measurements on the MLRU view were then repeated in a second session to 

determine repeatability (MLRU1). And similar UTN session measurements were performed in 

the MLE and MLF to determine reproducibility. 
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Figure 4.3 Curvature radii (mm) expressed as a 
function of the normalized natural coordinate for each 
data set, along the UTN central ridge (%), from the 
anconeal process (0%) to the coronoid process 
(100%). 

4.2.3 STATISTICAL ANALYSIS 

Data were analyzed using a standard computer software system (SPSS® Version 12). For 

statistical purposes, the mean of the three measurements done in each view was considered 

as the measurement reference. From each curvature, 20 sequential reference points along the 

UTN were used, separated approximately 5% from each other when expressed as a 

percentage of length along the central ridge of the UTN.  

Intraclass correlation coefficient (ICC) and Bland-Altman analysis were performed to evaluate 

repeatability and reproducibility of the measurements. The mean of the first MLRU session 

(three measurements) was compared with the mean of the MLRU1, for repeatability. To 

evaluate reproducibility, the mean of the first MLRU session was compared with the mean of 

the MLF and MLE (Lee et al. 1989; Zou, 2012). An ICC of one indicates perfect agreement, 

and an ICC of zero indicates no agreement. Lower limits of the 95% confidence interval (CI) ≥ 

0.75 indicate a strong association between the two measurements (Lee et al., 1989).  

Bland-Altman analysis was used to evaluate agreement between measurements. First, we 

calculated the mean difference ( d ) between pairs of measurements in each point and its 95% 

CI as d  ± SEM, where SEM is the standard error of the mean. Then 95% limits of agreement 
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(LA) were estimated as d  ± 1.96 standard deviation (SD). Narrower 95% LA is associated 

with higher agreement between each other (Bland and Altman, 1986). 

4.3 RESULTS 

Six (30%) elbows were classified according to the articular cartilage covering as type one, 

showing complete surface of the UTN covered with articular cartilage; and 14 (70%) elbows 

were classified as type two, showing incomplete transverse separation in the UTN articular 

cartilage covering. None of the elbows were classified as type three, four or five.  

The ICC for repeatability between the first and second measurement sessions of MLRU was 

0.99 with a 95% CI between 0.98 and 0.99 and d  was 0.11mm ( d  95% CI -0.04 to 0.26 

mm). The 95% LA were -2.98 to 3.19 mm.  

For reproducibility, the comparison between MLRU/MLE showed an ICC of 0.98 (95% CI 0.98 

to 0.99) and d  -0.28 mm ( d  95% CI -0.48 to -0.09 mm). The 95% LA were -4.32 to 3.75 

mm. The ICC for reproducibility between MLRU and MLF views was 0.98 (95% CI 0.97 to 

0.98), and d  -0.48 mm ( d  95% CI -0.70 to -0.25 mm). The 95% LA were -5.02 to 4.07 mm. 

The ICC results and the LA of the Bland-Altman analysis are showed on table 4.1. 

Table 4.1 Comparison of curvature radii measurements along the UTN obtained at the MLRU, MLRU1, 
MLE and MLF elbow radiographic views. 

MEASUREMENT 
COMPARISON 

ICC ICC 95% CI d  ± SEM 

(mm) 
d  95% CI 

(mm) 
d  ± SD 

(mm) 

95% LA 
(mm) 

MLRU/MLRU1 0.99 0.98 to 0.99 0.11±0.08 -0.04 to 0.26 0.11±1.57 -2.98 to 3.19 

MLRU/MLE 0.98 0.98 to 0.99 -0.28±0.10 -0.48 to -0.09 -0.28±2.06 -4.32 to 3.75 

MLRU/MLF 0.98 0.97 to 0.98 -0.48±0.11 -0.70 to -0.25 -0.48±2.32 -5.02 to 4.07 

 

The curvature radius expressed as a function of length along the central ridge of the UTN was 

similar in the MLRU, MLE and MLF (Figure 4.4). The radius was greatest at the beginning of 

the curve, corresponding to the anconeal process. The mid portion of the curve had two peaks 

matching to two flat spots along the UTN contour, and three corresponding depressions. 
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Figure 4.4 UTN curvature radii (mean ± SEM in mm) obtained using the MLRU (blue line), the MLE (red 
line) and the MLF (green line) radiographic views, expressed as a function of percentage of the UTN’s 
length. 

4.4 DISCUSSION 

Joint incongruity is considered an important factor in the development, treatment and 

prognosis of elbow dysplasia (Cuddy et al., 2012). Elbow dysplasia is a developmental disorder 

that occurs in young dogs, and has a hereditary component. A reliable and affordable method 

that detects elbow joint anomalies and quantifies severity of these anomalies has advantages 

and is complementary to the current protocols used in limit elbow dysplasias (Samoy et al., 

2012). 

One of the hardest changes to measure, using the diagnostic tools available in clinical practice 

is the incongruity between the central ridge of the UTN and the HT groove (Preston et al., 

2001; Gemmill et al., 2006). The anatomical structures overlapping makes radiographic 

identification of the central ridge of the trochlear notch often difficult (Mason et al., 2002). 

Adding to this, defining measuring points on radiographs is challenging due to superposition 

and positioning variation. Detailed anatomical studies, which complement the imaging 

techniques used by clinicians, could better define relationships between anatomical structures 

and structures observed in the correspondent imaging exams (Breit et al., 2010). 
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Our results showed good repeatability of measured UTN curvature with ICC of 0.98 and 95% 

CI lower limit > 0.75. The d  was 0.11 and the 95% CI included the zero (lower limit -0.04 and 

upper limit 0.26) which indicates no constant bias between the two measurements sessions 

and adequate radius measurement repeatability using the described methodology and the 

dedicated software. The ICC of both reproducibility (MLE and MLF) were also high (0.98) with 

95% CI lower limit > 0.75. The zero was not included in the d  95% CI in both comparisons, 

but the 95% LA were small enough for us to be considered acceptable (Bland and Altman, 

1986), so the described methodology and software can be used for clinical purposes with 

confidence.  

Some positioning variability between radiographic views must be considered and could justify 

the slight differences in the results observed. In the MLF view, some degree of supination may 

have occurred. Also, some degree of rotation could occur in the MLRU view, as we tried to 

mimic the position adopted in standard views, without the soft tissues around the elbow. 

Many authors have characterized specific structures in the elbow joint using different imaging 

techniques. Collins et al. (2001) compared the radius of curvature along the UTN of Rottweilers 

and Greyhounds cadavers, using 3D digitization of the ulna. They found that UTN is a complex 

function of arc length and was characteristic of each breed studied. Breit et al., (2010) used a 

3D laser scan technique to compare the surface geometry of the medial coronoid process in 

dog cadavers affected with medial compartment disease with unaffected controls. Other 

authors have measured the UTN defining it as a circle between the subcondral bone of the 

anconeal process and the lateral coronoid process. However, as seen before, in large dogs 

the notch is not always round but sometimes elliptic (Proks et al., 2011; Stein et al., 2012). 

The cartilage distribution types observed in our study (type one and two) were the most 

frequently found by other authors (Probst et al., 2008). Some researchers believe that 

cartilage-free areas in the UTN are not pathological and may represent a normal response to 

the absence of loading in these regions (Eckstein et al., 1993, 1994; Wolschrijn et al., 2003; 

Probst et al., 2008). These facts could be explained by the bicentric transmission of loads 

exhibited by some individuals reported in previous biomechanical studies (Preston et al., 

2001). This phenomenon seems to optimize stress distribution and is even more evident in 

heavier dogs of large and giant breeds (Breit et al., 2005; Janach et al., 2006). An increased 

subchondral bone density was also reported at the anconeal process and medial coronoid 

process (Dickomeit et al., 2011).  
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The appearance of the UTN curvature found in our study is in accordance with the reported by 

Collins et al. (2001) using 3D digitization in cadaver’s ulna. The authors also described the 

curvature as having two peaks. These peaks could be associated with the bicentric 

transmission of loads in the joint.  

The methodology and dedicated software reported here are suitably precise and adequate to 

evaluate the central ridge of the UTN in MLE and MLF elbow views of large-breed dogs. 

Differences found between MLE, MLF and MLRU are clinically and statistically acceptable and 

view measurements can be judged to be interchangeable. Repeatability and reproducibility 

had ICC 95% CI lower limit above 0.75 with d  between 0.11 and -0.48 mm. The LA are small 

enough for us to be confident that the software can be used to assess UTN for anatomical and 

clinical purposes. In the future it would be interesting to study the anatomic UTN curvature in 

normal and dysplastic animals of different breeds. 
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5. CURVATURE RADIUS MEASUREMENTS FROM THE HUMERAL TROCHLEA IN LARGE 

DOGS 

5.1 INTRODUCTION 

An article recently published in the Anatomical Record described a methodology and dedicated 

software to study curvature radius from the UTN central ridge curvature in large dogs (Alves-

Pimenta et al., 2015). The humeroulnar incongruity has been identified in the literature as one 

of the etiological factors of elbow dysplasia, however its diagnosis and quantification remains 

subjective and uncertain (Wolschrijn et al., 2003; Samoy et al., 2013; Skinner et al., 2015). As 

the leading cause of degenerative joint disease from the forelimb in large-breed dogs (Samoy 

et al., 2012; Lau et al., 2015), the elbow dysplasia has a clinical impact and serious economic 

consequences for breeders and owners, causing loss of function of this highly mobile joint 

(Michelsen, 2013; Lappalainen et al., 2016). 

In this work, the authors describe the assessment of HT curvature in radiographs, using the 

same methodology and software previously reported to evaluate the UTN.    

5.2 MATERIAL AND METHODS 

To implement the methodology to the HT, 20 MLE and 20 mediolateral MLF radiographic elbow 

views from cadavers over 20 Kg were included in this study, using an x-ray device (Fujifilm, 

FCR Prima, Tokyo, Japan) (Alves-Pimenta et al., 2015). An additional mediolateral humeral 

view (MLH) was acquired, after joint anatomical disarticulation to avoid radiographic 

overlapping.  

The HT surface to be analyzed was selected at the sagittal groove in contact to the UTN, with 

an elbow angle of ~132º, based on humeroulnar contact during midstance phase of the gait 

cycle (DeCamp et al., 1993; Proks et al., 2011; Lorenz et al., 2015). For this purpose, we used 

as reference the MLE view (~132º) measuring the humeral contact distance for each elbow 

(Figure 5.1) with the Image Pro Plus (version 6, Media Cybernetics, Silver Spring). Then, the 

same distance was marked at the MLH and the MLF views. After that, a set of reference points 

were selected at the subchondral level in each radiographic view. Afterwards, using the 

dedicated software, the curve that best adapted to the points was selected by a curve fitting 
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process (Figure 5.1). The same examiner (SP) performed three evaluations from each 

radiographic view.  

 

Figure 5.1 Elbow radiographic views and the HT sagittal groove analyzed. Two reference points 
(1 and 2) were selected on the proximal and distal HT groove surface in contact with the UTN 
central ridge at ~132º extension on the MLE view (a). The distance between 1 and 2 was 
measured and reference points were marked at the subchondral level. The reference points were 
marked using the same distance and methodology in the MLH (b) and MLF (c) views. By a curve 
fitting process the curve that best adapted to the points was selected (d, e and f). 

To determine repeatability, first the measurements were performed on the MLH view in two 

independent sessions. Then, similar measurements from the HT were performed in the MLE 

and MLF views, to determine reproducibility. 

The ICC and Bland-Altman analysis were used to evaluate the repeatability and the 

reproducibility of the measurements (Bland and Altman, 1986). The ICC is a measure of the 

reliability of measurements. An ICC of one indicates perfect agreement, and an ICC of zero 

indicates no agreement. The lower limit 95% CI of ICC above 0.75, allows to assume a strong 

association (Lee et al., 1989). To evaluate repeatability, the first and second MLH 

measurements were compared. The reproducibility was analyzed, comparing the first MLH 

session with the MLE and MLF (Lee et al., 1989). The sequence of radiographic views was 

a b c 

d e f 

1 

1 

1 

2 
2 

2 
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randomly chosen. For all values, p<0.05 was considered statistically significant. Statistical 

software was used for all the analyses (SPSS Version 23, IBM Corp., Armonk, New York, 

United States).  

5.3 RESULTS 

The ICC for repeatability between the first and second measurement sessions of the MLH was 

0.989 with a 95% CI between 0.986 and 0.991. The d  were 0.004 mm with 95% CI from -0.053 

to 0.062 mm, the 95% LA were -1.16 and 1.17 mm.  

For reproducibility, the comparison between MLH/MLE showed an ICC of 0.956 (95% CI 0.947 

to 0.964), d  0.046 mm (d  95% CI -0.064 to 0.157 mm) and the 95% LA were -2.21 and 2.30 

mm. For the MLH/MLF views, ICC was 0.952 (95% CI 0.942 to 0.960), d  0.028 mm with (d  

95% CI -0.088 to 0.144 mm) and the 95% LA were -2.34 and 2.40 mm.  

The curvature radius expressed as a percentage of length from the HT in contact with the UTN 

central ridge at ~132º extension had a similar appearance on the MLH, MLE and MLF (Figure 

5.2). 

5.4 DISCUSSION 

Our results indicate an adequate ICC for repeatability and reproducibility of all measurements 

from the HT curvature with all ICC 95% CI lower limits above 0.75 (Lee et al., 1989). The d  

between MLH (two sessions), MLE and MLF found were statistically insignificant (p>0.05). All 

the d  95% CI between MLH, MLE and MLF radiographic views included the zero and were 

small showing they can be used interchangeably for HT curvature measurements (Bland and 

Altman, 1986).  

We found curvature radius from the HT greater at the beginning with two peaks at the middle 

portion of the curve (Figure 5.2). In the previous similar study using the UTN, the curvature 

radius showed identical main characteristics, greater at beginning and with two intermediate 

peaks at similar anatomic level. However, UTN curvature radius showed higher values (Collins 

et al., 2001; Alves-Pimenta et al., 2015).    
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The method proposed by the authors allows to accurately evaluate the HT in large dogs. The 

similarity between HT and UTN curvature suggests that the methodology and dedicated 

software presented are promising for the measurement of humeroulnar elbow incongruity in 

both MLE and MLF radiographic views.   

 

Figure 5.2 HT curvature radii (mean ± SEM in mm) obtained using the MLH (blue line), the MLE (red 
line) and the MLF (green line) radiographic views, expressed as a function of percentage of the HT’s 
length. 

To the best of the authors’ knowledge this is the first report in curvature radius measurements 

from the HT. Differences in the HT conformation between breeds have been reported before, 

when comparing small, large and chondrodystrophic-breed dogs (Janach et al., 2006). In that 

way, future studies featuring elbow joints in various dog breeds could be interesting, to get an 

overview on the variability of shape found in normal humeroulnar elbow congruity and highlight 

changes of humeroulnar elbow incongruity associated to elbow dysplasia. 
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6. COMPUTED TOMOGRAPHIC AND RADIOGRAPHIC ASSESSMENT OF CONGRUITY 

BETWEEN ULNAR TROCHLEAR NOTCH AND HUMERAL TROCHLEA IN LARGE BREED 

DOGS  

6.1 INTRODUCTION 

Elbow dysplasia is a developmental disorder and common cause of thoracic limb lameness in 

large and giant-breed dogs (Lau et al., 2015), leading to osteoarthritis and severe disability of 

the forelimb in young dogs (Coppieters et al., 2015). An early detection method for joint 

changes would improve screening effectiveness and avoid the transmission of the disease 

genes to offspring (Coopman et al., 2014).  

Elbow incongruity plays an important role in the diagnosis, treatment options and prognosis of 

elbow dysplasia (Samoy et al., 2013; Skinner et al., 2015). Altered loading patterns result in 

increased stress on the elbow medial compartment (Wind, 1986; Preston et al., 2001; Burton 

et al., 2013). A limited degree of joint incongruity is considered physiological, but severe 

incongruity is deemed pathological and may result in differing grades of elbow dysplasia 

(Eckstein et al., 1994; De Rycke et al., 2002; Dickomeit et al., 2011). Elbow incongruity can 

occur in association with radioulnar unequal growth, differing radius and ulna length, or due to 

humeroulnar incongruity, as a result of the elliptical shape of the UTN with a lesser curvature 

radius than the HT (Samoy et al., 2012a).   

Although humeroulnar incongruity has been postulated to predispose medial coronoid disease, 

a quantitative technique to assess this finding does not exist and the evaluation remains 

subjective in nature (Samoy et al., 2012a). Some methods described in the literature 

recommend measuring the joint space to quantify incongruity, but this evaluation was 

influenced by elbow flexion angle, pronation and supination (Burton et al., 2013; Skinner et al., 

2015). Other authors proposed defining the UTN and HT by the smallest circle that could be 

described (Proks et al., 2011; Stein et al., 2012). As both UTN and HT have not an exact 

circular profile, the definition of the smallest circle is merely approximate and conditioned by 

the subjective appraisal of the examiner (Janach et al., 2006; Proks et al., 2011; Stein et al., 

2012). Some findings in arthroscopic studies, such as changes in the appearance of the UTN 

cartilage, with incomplete cartilage covering and erosion, could also suggest humeroulnar 

incongruity, but quantification was considered challenging (Wolschrijn et al., 2003; Samoy et 

al., 2013).   
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Despite its variable sensitivity, radiography is still the first-choice imaging method for elbow 

dysplasia screening (Lau et al., 2015). However, quantification of the elbow geometry is 

hampered by the proximity of different surfaces that make up the joint (Mason et al., 2005; 

Samoy et al., 2012a; Eljack et al., 2013). The development of further techniques to standardize 

radiographic interpretation of morphological variation in the humeroulnar joint shape have been 

claimed (Proks et al., 2011; Samoy et al., 2012a). CT has several advantages in elbow 

dysplasia diagnosis, such as the ability to interpret images in different reconstructive views 

without the superimposition of osseous structures (Dickomeit et al., 2011). New software 

functions offered by digital imaging also enable easier evaluation of joint images. Combining 

those diagnostic tools available in clinical practice with studies in elbow joint anatomy, may be 

useful to clarify elbow dysplasia development and enable the emergence of new therapeutic 

approaches (Eljack et al., 2013). 

The aim of the work presented here was to assess humeroulnar geometry and congruity, 

through the evaluation of the curvature radii from the central ridge of the UTN and the HT at 

the level of the sagittal groove, in radiographic and CT images of normal elbows. Software 

previously created and validated by the authors to measure the UTN and the HT radii of 

curvature was used (Alves-Pimenta et al., 2015; 2016). 

6.2 MATERIALS AND METHODS 

6.2.1 ANIMALS INCLUDED 

Sixteen normal elbow joints from nine middle to large-breed adult canine cadavers (from 1 to 

12 years; 7.7 ± 4.3 years), weighing 20 to 46 Kg (32.2 ± 7.7 Kg), six males and three females, 

were included. Two joints were excluded due to signs of slight elbow dysplasia in the 

radiographic and/or CT exam. The dogs died for medical reasons unrelated to the study. All 

the animal procedures undertaken as part of the work described in this paper were carried out 

in compliance with the regulations of our institutions, and in accordance with the Portuguese 

and European regulations for animal use and care (European Directive 2010/63/EU and 

National Decree-Law 113/2013). 

6.2.2 IMAGE ACQUISITION   

First, a MLE radiographic view was performed on every joint, using a computed x-ray device 

(Fujifilm, FCR Prima, Tokyo, Japan) (Proks et al., 2011; Alves-Pimenta et al., 2015). After that, 
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the forelimbs were separated from the trunk by removing the extrinsic musculature of the 

forelimb from the scapula, and a complete transverse CT scan of each elbow was performed. 

Acquisition of CT data was performed on a multi‐slice helical CT scanner (Mx 8000 Philips 

Brilliance, Philips, Eindhoven, Netherlands), at 140 kV and 260 mAs, using a small field of view 

and a bone reconstruction filter. Each elbow was imaged separately with the lateral side down. 

Limbs were maintained in a neutral position with respect to pronation and supination, to limit 

artefactual alterations in congruity (House et al., 2009). Images were collected with a slice 

thickness of 1.3 mm and an overlapping increment of 0.6 mm.    

6.2.3 COMPUTER IMAGING ANALYSIS 

All the radiographic views and CT images were recorded using digital support. Image analysis 

was performed on UTN central ridge, from the anconeal process to the base of the medial 

coronoid process and on HT sagittal groove in contact with the UTN on ~132º extension (Figure 

6.1) (DeCamp et al., 1993; Cuddy et al., 2012). Elbow CT images were reconstructed using a 

bone window (window width 1500 and level 300 of Hounsfield units) with a dicom viewer 

(Radiant, version 1.9.16, Medixant, Poznan, Poland). Multiplane reconstruction views were 

created to allow transverse, dorsal and sagittal images to be observed concurrently. 

Repeatable slice alignment of the UTN and HT, to be measured with the software on the CT 

images, was achieved by determining the central sagittal cross-section image (Figure 6.2). On 

the MLE view and on the reconstructed central sagittal elbow CT image, a set of 13 or 14 

points was marked at subchondral level in the HT groove and UTN central ridge, respectively 

(Figure 6.3) (Alves-Pimenta et al., 2015; 2016). Then by curve fitting, the joint curves were 

traced using a software that had been developed (Figure 6.4) (Alves-Pimenta et al., 2015; 

2016). Three independent evaluation sessions of each curvature were performed by the same 

examiner (SP). The sequence of radiographs and CT images was randomly chosen. 

6.2.4 ANATOMICAL PREPARATION  

The elbow joints were prepared using anatomical dissection. The humeroradioulnar joints were 

disarticulated using slow maceration and the articular surfaces of the UTN and HT were 

meticulously cleaned. The distribution of the cartilage covering was examined macroscopically 

and graded into categories by two examiners (MG, SP) in accordance with the classification 

system described by Probst and colleagues (Janach et al., 2006; Probst et al., 2008): type 

one, UTN surface totally covered with articular cartilage; type two, UTN articular cartilage 

covering with incomplete transverse separation; type three, UTN articular cartilage with 
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complete transverse separation; type four, UTN articular cartilage covering reduced to the 

medial aspect with a cartilaginous islet area at the lateral coronoid process; type five, only the 

UTN medial component was covered with articular cartilage.   

 

Figure 6.1 Illustration of the UTN and HT curvatures assessed. a) Medial view 
from the proximal radius and ulna. The UTN central ridge was assessed from the 
anconeal process to the base of the medial coronoid process (arrowheads). b) 
Caudal view from distal humerus, the HT groove curvature was assessed in the 
sagittal plane from the most proximal and caudal point in contact with the UTN 
central ridge, on ~132º elbow extension (arrowheads). 

 

Figure 6.2 Location of the CT sagittal reconstruction used to study humeroulnar congruity on a left 
elbow. Sagittal (a) and dorsal (b) reconstrution, and transverse slice (c). The red lines show the plane 
through which the reconstruction image was made. 1, humerus; 2 (and arrow), radius; 3, ulna. 

 

a b 

a b c 
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Figure 6.3 MLE ~132º radiographic view (a) and sagittal reconstructed CT image (b) from the elbow. A 
set of points was marked at the UTN central ridge, from the anconeal process to the base of the medial 
coronoid process and on adjacent HT groove, respectively. 

 

Figure 6.4 MLE ~132º radiographic view (a) and sagittal reconstructed CT image (b) from the elbow. 
The curves were traced by a curve fitting process on the UTN and on the HT groove. 

6.2.5 STATISTICAL ANALYSIS 

Data were assessed for normality using Shapiro–Wilk’s test and descriptive analysis was 

performed. The ICC and Bland-Altman analysis were used to evaluate intra-observer 

agreement in three independent measurement sessions and the agreement between 

measurements in the MLE views and CT images (Bland and Altman, 1986; Lee et al., 1989). 

a b 

a b 
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For these statistical purposes 20 curvature sequential radius points were used, selected by 

computer software at similar pre-established distances (~5%) from each other (Lee et al., 

1989). An ICC value of one indicates perfect agreement and zero indicates no agreement (Lee 

et al., 1989). At the Bland-Altman method, d  95% CI including the 0 indicates adequate 

statistical agreement and when the 95% lower and upper LA are small, the two measurements 

can be considered equivalent (Bland and Altman, 1986). 

Differences between UTN and HT measurements on MLE view and CT images were analysed 

based on the similarity of the curvature radii behaviour observed along the two curves. The 

curvature radii extremes (proximal and distal), two intermediates peaks and three intermediate 

minimum values were used to define seven points of interest P1 to P7. The anatomical position 

of these seven points in the radiographic and CT images were also calculated and represented 

in radiographic and CT images using computer software (Image Pro Plus, version 6, Media 

Cybernetics, Silver Spring) to measure their anatomical location in the joint.  

All data were analysed using a standard computer software system (SPSS Version 23, IBM 

Corp., Armonk, NY, USA) and p<0.05 was considered statistically significant. 

6.3 RESULTS 

6.3.1 COMPARISON BETWEEN RADIOGRAPHIC AND CT MEASUREMENTS 

The intra-observer repeatability was statistically adequate in all three measurement sessions 

on each studied variable (UTN and HT in the MLE views and CT images) with all the ICC lower 

limit 95% CI > 0.75 and the d  95% CI including the 0. The comparison between curvature radii 

in the MLE radiographic views and CT images showed an ICC of 0.85 with 95% CI from 0.82 

to 0.88 for the UTN; and an ICC of 0.89 with 95% CI from 0.86 to 0.91 to the HT. The d  

between MLE and CT measurements were statically significant, the d  95% CI did not include 

the 0, being -0.71mm (95% CI -0.97 to -0.45) for UTN and -1.04mm (95% CI -1.21 to -0.87) 

for HT (Table 6.1). 
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Table 6.1 Comparison between curvature radii measurements obtained at the MLE radiographic view 
and at the sagittal reconstructed CT image. 

 
MLE view / CT image 

ICC ICC 95% CI d  ± SEM (mm)  d  95% CI (mm) d  ± SD (mm) 95% LA (mm) 

UTN 0.85  0.82 to 0.88 -0.71 ± 0.13 -0.97 to -0.45 -0.71 ± 2.43 -5.48 to 4.06 

HT 0.89  0.86 to 0.91 -1.04 ± 0.09 -1.21 to -0.87 -1.04 ± 1.64 -4.25 to 2.17 

 

6.3.2 COMPARISON BETWEEN UTN AND HT 

In general the UTN and HT curvature radii had a similar typology (proximal and distal peaks, 

two intermediates peaks and three intermediate minimum values) being UTN bigger than HT, 

in both MLE radiographic view and sagittal CT images (Figure 6.5). Some statistically 

significant and non-significant differences were observed in curvature radii of UTN and HT in 

these 7 points of interest: the biggest differences were registered at the beginning of the curve 

(P1) and on the second intermediate peak (P5) (Table 6.2). The anatomic location of the seven 

points of interest at the UTN and HT on the radiographic and CT image are illustrated in figure 

6.6. 

6.3.3 Articular cartilage covering 

Four (25%) elbows were classified according to the articular cartilage covering as type one, 

showing complete surface of the UTN covered with cartilage; and 12 (75%) elbows were 

classified as type two, showing incomplete transverse separation in the UTN articular cartilage 

covering. None of the elbows were classified as types three, four or five. 
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Figure 6.5 Relationship between the curvature radii (mean ± SEM in mm) found along the UTN (red 
line) and the HT (blue line) curvatures, at the MLE view. P1 to P7 are seven points of interest used for 
statistical purposes and defined based on curvatures typology, maximum and minimum curvature radius 
values. 

Table 6.2 Mean differences and 95% CI (mm) observed between the UTN and HT curvature radii, at 
the seven points of interest selected, on the MLE views and on the sagittal reconstructed CT images. 

Selected 
points 

MLE view CT image 

P1 6.25* (5.90 to 6.60) 2.94* (1.64 to 4.25) 

P2 1.03* (0.46 to 1.59) 1.94* (1.35 to 2.53) 

P3 1.41* (0.44 to 2.37) 0.30 (-1.19 to 1.78) 

P4 0.04 (-0.37 to 0.44) -0.24 (-0.70 to 2.22) 

P5 1.77* (0.92 to 2.63) 1.94*(1.13 to 2.74) 

P6 0.86* (0.14 to 1.57) 0.93 (-0.02 to 1.88) 

P7 0.68 (-0.51 to 1.86) 0.83 (-1.51 to 3.16) 

* p<0.05 
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Figure 6.6 Illustration of the seven points of interest (P1 to P7) defined at the UTN central ridge and HT 
groove, on the elbow MLE radiographic view (a); and sagittal reconstructed CT image (b). 

6.4 DISCUSSION 

Accurate quantification of elbow joint congruity is important, both to guide potential clinical 

intervention and to advance our understanding on the etiopathogenesis of developmental 

elbow disease (Proks et al., 2011; Samoy et al., 2012b; Eljack et al., 2013). The absence of 

an appropriate imaging method for the accurate clinical diagnosis of humeroulnar incongruity 

makes this a more interesting challenge and the investigation of UTN and HT curvature radii 

can bring some important additional information on this issue.   

We decided to assess the UTN and HT in contact at ~132º elbow angle, based on the elbow 

angle during the mid-stance phase of the canine gait cycle (DeCamp et al., 1993; Collins et 

al., 2001; Proks et al., 2011; Lorenz et al., 2015). However, images using other joint 

angulations can also be used, since the anatomical UTN and HT areas for analysis are 

selected independently in images, based on ~132º elbow angulation and not by the visualized 

contact areas. 

Our results showed good intra-observer agreement in repeated measurement sessions, with 

all ICC lower limits 95% CI > 0.75 and non-significant d , so in future studies one measurement 

session could be enough. In fact, we found that marking the joint subchondral bone is fairly 

objective, resulting in quite a good level of similarity across different measuring sessions. We 

found a good correlation between the MLE radiographic views and sagittal CT images in UTN 

a b 

P1 
P1 

P7 P7 
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and HT curvature radii, with lower limit 95% CI > 0.75 and similarity in the typology of both 

curves. However, in general the CT curvature radii were slightly bigger (in UTN and HT) 

resulting in statistical significant differences. This last fact was not expected and may be 

associated with some kind of artefact of radiographic or tomographic images. We also found it 

easier to score bends in the CT than in the MLE view, possibly due to the bigger contrast 

observed between subchondral bone and joint space in the CT images and absence of 

osseous structures superposition. However, d  were very small, 1 mm or less, while their  95% 

LA are small enough for us to consider them acceptable for clinical purposes, so curvature 

radii measurements using radiographic and CT evaluation are identical and can be used 

interchangeably (Bland and Altman, 1986; Lee et al., 1989). 

The curvature radius of a curve at a particular point can be defined as the radius of the 

approximate circle at that point (Eckstein et al., 1994). The radius dimension changes when 

we move along a curve, unless it is a circle. Bigger curvature radii correspond to a more open 

curve and minor values correspond to a more enclosed curve. The bigger mean UTN radius 

curvature than HT was expected, as the UTN is the peripheral joint surface. The UTN and HT 

curvatures' different radii values along their extensions were also expected, due to their 

ellipsoid shapes (Wind, 1986). The definition of points of interest (P1 to P7) based on the 

curvature radii behaviour (i.e. extremes and intermediates peaks of maximum and minimum 

curvature radius values) was not based on other studies and is only intended to be a way to 

quantify objectively the association of the UTN and HT radii curvature differences to the joint 

congruence. The curve areas with small UTN and HT radii differences (ex: P4), and others with 

bigger differences (for e.g. intermediate radii peaks, P3 and P5) that correspond to relatively 

flat areas can be fundamental to adequate joint load transmission. These findings may be also 

associated with some of this sample's characteristics, as the most representative (75%) of the 

joints had type two articular cartilage covering. For some authors the absence of cartilage 

recovery is directly associated with the lower load bearing support in these regions (Probst et 

al., 2008). Previous biomechanical studies also refer that some individuals presented a 

bicentric load transmission through the humeroulnar joint at low loads with lack of contact at 

central UTN (Eckstein et al., 1994; Preston et al., 2001). The elbow joint areas of more contact 

between joint surfaces were established at the radial head, medial aspect of the distal UTN 

and on the craniolateral surface of the proximal UTN (Preston et al., 2001; Probst et al., 2008; 

Cuddy et al., 2012). Other studies also suggested an UTN subchondral nearly bicentric density 

associated with load transmission (Eckstein et al., 1994; Dickomeit et al., 2011). Our curvature 

radii UTN and HT typology would allow a higher humeroulnar joint contact between P1-P3 and 

P5-P7 and lower between P3-P5.  
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Various authors tried to describe humeroulnar incongruity by measuring the joint spaces 

(Samoy et al., 2012a; Burton et al., 2013). However, these parameters presented some 

limitations, as joint spaces easily change depending on the limb positioning in radiographic 

and CT imagery (Burton et al., 2013; Samoy et al., 2013; Goodrich et al., 2014; Skinner et al., 

2015). The UTN and HT curvature radii measuring methodology presented in this report 

enables their evaluation separately and independent of joint angulation, which can be a very 

important factor in terms of clinical use (Alves-Pimenta et al., 2015; 2016).  

This is an ex vivo study that can be associated with several limitations and the results should 

be interpreted with caution. First, radiography and CT are good diagnostic tools to assess the 

subchondral bone, but cannot evaluate the integrity of the articular cartilage (Skinner et al., 

2015). Secondly, we only studied the UTN central ridge and the HT groove, not all joint 

structures. The step between radius and ulna, which is also an important factor in elbow 

incongruity assessment, was not investigated in this study. Thus extrapolation of our results 

should be interpreted in this context. 

To the best of the authors’ knowledge the present paper is the first report on humeroulnar 

curvature congruity assessment through curvature radius evaluation. Curvature radii 

measurements can be used interchangeably in the MLE radiographic views and sagittal CT 

images. The software and methodology proposed enabled accurate measurements of the 

humeroulnar curvature radii and may be useful in future clinical studies of elbow congruity for 

early changes detection in elbow dysplasia. Further breed specific studies would be necessary 

to assess the variation that may occur in the points of interest. Future comparative research 

between normal and dysplastic dogs would be useful to assess the early variation occurring at 

the points studied and the role of incongruity in the development of elbow dysplasia. 
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7. RADIOGRAPHIC ASSESSMENT OF HUMEROULNAR CONGRUITY IN A MEDIUM AND A 

LARGE BREED OF DOG 

7.1 INTRODUCTION 

Canine elbow dysplasia is a hereditary developmental disorder and a frequent cause of 

thoracic limb lameness mainly in young large-breed dogs (Burton et al., 2008; Lau et al., 

2015a). Elbow incongruity with anatomic malalignment of joint surfaces was proposed as a 

primary etiological factor of elbow dysplasia, especially medial coronoid disease (Wind, 1986; 

Samoy et al., 2013). In fact, several authors postulated the development of cartilage lesions 

with coronoid fissuring and fragmentation secondary to mechanical supra physiological load 

on the joint medial compartment (Wind, 1986; Fitzpatrick and Yeadon, 2009). Accurate 

quantification of elbow congruity is therefore required to guide potential clinical intervention 

and improve our knowledge on elbow dysplasia pathogenesis (Coppieters et al., 2015). 

Based on recent research in the histopathologic, mechanical contact, computed tomographic, 

osteoabsorptometric and bone densitometry fields, various forms of elbow incongruity were 

described in diseased joints (Danielson et al., 2006; Gemmill et al., 2006; Samoy et al., 2012a). 

Also the presence of a physiologic incongruity in normal joints was highlighted (Gemmill et al., 

2006; Burton et al., 2013). Forms of pathological elbow incongruity include an axial step in 

proximal radioulnar joint surface (Lau et al., 2015b), and humeroulnar incongruity with 

curvature mismatch between the UTN and the HT (Preston et al., 2001; Proks et al., 2011; 

Samoy et al., 2012a; Stein et al., 2012). 

Radiography is the imaging modality of choice as first approach in the elbow dysplasia 

screening, due to its affordability and wide availability (Lau et al., 2015b). However, many 

radiographic views are nowadays recommended, and improved diagnostic techniques could 

increase treatment options and diminish the passage of disease genes to offspring (Proks et 

al., 2011; Lau et al., 2015b). In recent years, efforts were made to objectively assess normal 

radiographic geometry in different breeds (Eckstein et al., 1997; Preston et al., 2001; Gemmill 

et al., 2006; Janach et al., 2006; Samoy et al., 2012b; Goodrich et al., 2014). Methods of elbow 

congruity assessment based on joint space measurement are invariably influenced by elbow 

positioning (Gemmill et al., 2006; Proks et al., 2011; Samoy et al., 2012b; Stein et al., 2012; 

Goodrich et al., 2014). Recent research in humeroulnar congruity based on curvature radii 



Humeroulnar congruity in a medium and a large breed of dog 

 102 

evaluation is promising in measuring incongruity with precise quantification (Alves-Pimenta et 

al., 2015; 2016a; 2017). 

Our aim was to investigate humeroulnar elbow congruity, comparing the UTN and the HT radii 

of curvature, in MLE and MLF radiographic views of normal elbows in a medium and a large-

breed. Breeds enrolled in this study were the Estrela Mountain Dog, a large-breed dog with 

16.5% elbow dysplasia prevalence (Alves-Pimenta et al., 2013), and the Portuguese Pointing 

Dog, a hunting medium-breed dog which presents a low elbow dysplasia prevalence and 

severity based on unpublished studies. 

7.2 MATERIAL AND METHODS  

7.2.1 SELECTION OF SUBJECTS  

Elbow radiographic views from 57 dogs were included: 30 PPD, 17 females (17.4 ± 2.1 Kg) 

and 13 males (21.1 ± 0.7 Kg); and 27 EMD, 14 females (37.8 ± 6.4 Kg) and 13 males (46.6 ± 

4.5 Kg). The dogs were aged between 12-84 months (34.6 ± 17.8 months) and came to the 

veterinarian hospital to screen elbow dysplasia. First, an anamneses and orthopedic exam 

were performed and then, plain radiographic exam was conducted using a computed x-ray 

device (Fujifilm, FCR Prima, Tokyo, Japan). For that, dogs were sedated with 

dexmedetomidine hydrochloride and butorfanol, intravenously. The sedation was reverted with 

atipamezole hydrochloride intramuscularly. Radiographic evaluation was based on IEWG’s 

criteria. One hundred and fourteen MLE radiographic views from both breeds and 40 MLF 

elbow views from 20 EMD were selected. Each radiography was identified and codified. A 

normal orthopedic and radiographic elbow exam were used as inclusion criteria. 

7.2.2 DATA ACQUISITION 

Three measurements were performed from each UTN/HT curvature by the same examiner 

SAP. Radiographies were randomly chosen and the examiner was unaware of the animal 

identification or breed at the time of evaluation. The UTN central ridge and the HT curvatures 

on the sagittal groove in contact with UTN on ~132º extension were assessed (DeCamp et al., 

1993; Proks et al., 2011). In the MLF views, the HT was marked by measuring previously the 

same HT length in the corresponding MLE view, using Image Pro Plus (version 6, Media 

Cybernetics, Silver Spring) (Figure 7.1). Afterwards, a set of points were marked at the UTN 

central ridge and at the HT of each elbow view, then, the curves were drawn by a curve fitting 
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process, and the curvature radii were calculated by the computer software (Alves-Pimenta et 

al., 2015; 2016a). 

 

Figure 7.1 MLE elbow radiographic views from a medium-breed, the PPD (a); and a large-breed, the 
EMD (b); and MLF view from the EMD (c). A set of points were marked at the subchondral level from 
the UTN and the HT groove in contact with the UTN on extension.  

7.2.3 STATISTICAL ANALYSES 

For statistical purposes, the mean of the three measurements done in each view was 

considered as the reference measurement (Alves-Pimenta et al., 2015; 2016a). Data were 

assessed for normality using the Shapiro-Wilk test. The UTN/HT length regression coefficient 

was calculated. Twenty sequential reference radii, ~5% apart from each other along the UTN 

and HT curvatures, were used for statistical analysis (Collins et al., 2001; Alves-Pimenta et al., 

2015; 2016a).  

The ICC and the Bland-Altman analysis were used to determine the agreement between 

curvature radii measurements in the MLE and MLF elbow views (Bland and Altman, 1986). 

ICC of one indicates perfect agreement, and ICC of zero indicates no agreement. Lower limit 

95% CI of ICC above 0.75 allows to assume a strong association (Lee et al., 1989). The Bland-

Altman method, when the d  95% CI include the 0 indicates adequate statistical agreement and 

when the 95% lower and upper LA are small, the two measurements can be considered 

equivalent (Bland and Altman, 1986). 

To study elbow congruity in both breeds, the UTN and HT curvature radii measurements were 

analysed based on the similarity of the curvature radii behaviour observed along the two 

curves. The curvature radii extremes (proximal and distal), two intermediate peaks and three 

intermediate minimum values were used to define seven points of interest P1 to P7 as described 

in a previous work (Alves-Pimenta et al., 2017). Normally distributed variables were analyzed 

a b c 
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by a covariance model in these 7 points of interest with breed, gender and side as fixed factors 

and age as covariate, and were summarized using means and SD. Non-normally distributed 

variables were evaluated using the Wilcoxon-Mann-Whitney test and summarized using 

medians and interquartile ranges. Anatomical position of these points (P1 to P7) and curvature 

radii at each point were represented afterwards in the radiographs using Image Pro® Plus 

(version 6, Media Cybernetics, Silver Spring). All data were analysed using a standard 

computer software system (SPSS Version 23, IBM: Armonk, NY, USA) and p<0.05 was 

considered statistically significant. 

7.3 RESULTS  

One hundred and two (60 PPD and 54 EMD) MLE and 40 (20 EMD) MLF elbow views were 

analyzed. The coefficient of regression between the HT and UTN length on elbow extension 

view was 0.94 (p<0.05) and the HT length can be calculated using the expression: HT length 

= 0.83 x UTN length + 1.45. The ICC for UTN and HT curvature radii on MLE and MLF elbow 

views had a minimum lower limit of 0.88 for UTN and 0.89 for HT, and Bland-Altman analysis 

showed d  of 0.056 (UTN) and -0.001 (HT), being zero included in both mean CI (Table 7.1).  

Table 7.1 Comparison between curvature radii measurements obtained at the MLE and MLF 
radiographic views from the UTN and the HT. 

MLE/
MLF 

ICC ICC 95% CI  d  ± SEM (mm)  d  95% CI (mm) d  ± SD (mm) 95% LA (mm) 

UTN  0.89 0.88 to 0.90 0.056 ± 0.080 -0.10 to 0.21 0.056 ± 2.31 -4.47 to 4.58 

HT  0.91 0.89 to 0.92 -0.001 ± 0.063 -0.13 to 0.12 -0.001 ± 1.83 -3.59 to 3.59 

 

Curvature radii from the UTN and HT had a similar typology in both breeds. Both radii had the 

maximum value in the beginning of the curve (proximal), corresponding to the anconeal 

process at the ulna and corresponding humeral surface, and two intermediate peaks. The UTN 

curvature radii were bigger than HT curvature radii, except in P4 of EMD. EMD had curvature 

radii higher values than PPD in all analyzed points (Figure 7.2). The covariance model revealed 

non-statistically significant differences in the UTN and HT curvatures radii by gender, side and 

age (p>0.05). Statistical significant differences between UTN-HT radii values by breed were 

found in some of these points (p<0.05) and were more pronounced at P3 and P5 (Table 7.2). 

Schematic representation of the anatomic position of P1 to P7 and curvature radii magnitude 

are shown in Figures 7.3 and 7.4, respectively. 
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Table 7.2 Mean differences and SD (mm) between UTN and HT curvature radii measurements in the 
points of interest (P1 to P7), by breed. 

Point of 
interest 

UTN-HT (SD) 

PPD (n=60) EMD (n=54) p-value 

P1 2.00 (2.29)  3.77 (3.03)  p<0.05 

P2 1.35 (0.94) 1.07 (1.29) p>0.05 

P3 0.77 (1.77) 3.46 (3.02) p<0.05 

P4 0.40 (0.99)* -0.26 (1.21)* p<0.05 

P5 0.49 (1.84) 2.18 (2.49) p<0.05 

P6 1.41 (1.64)* 0.33 (1.53)* p<0.05 

P7 1.86 (2.24) 2.06 (2.36) p>0.05 

n, number of joints. *Not normally distributed, reported medians and interquartile ranges. p-value, 
statistical significance from comparison using the covariance model or Wilcoxon-Mann-Whitney tests in 
normally and non-normally distributed variables, respectively. 
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Figure 7.2 Curvature radii (mean ± SEM in mm) from the UTN (red line) and the HT (blue line) found 
along the curves on a medium-breed, PPD (a); and on a large-breed dog, EMD (b), at the MLE 
radiographic views. The points of interest P1 to P7 are represented. 
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7.4 DISCUSSION  

Joint incongruity is nowadays recognized as a major cause of the elbow dysplasia different 

manifestations (Coppieters et al., 2015) and several radiographic views are needed to screen 

the disorder (Hazewinkel, 2016). An accurate radiographic screening method for elbow 

congruity diagnosis would reduce the number of views needed, cost and time of sedation, 

increasing early treatment options (Skinner et al., 2013). 

The curvature radii evaluation presented in this work was similar in the elbow ~45º MLF and 

MLE views, showing an adequate ICC of all measurements from the UTN/HT curvatures (95% 

CI lower limits were above 0.75) and mean differences statistically not significant (p>0.05). 

Both radiographic views (MLF and MLE) can be used interchangeably for UTN/HT curvature 

measurement purposes (Bland and Altman, 1986). The decision of assessing the UTN central 

ridge and HT sagittal groove contact areas was based on the mean elbow angle (~132º) at the 

midstance phase of the canine gait cycle and consequently the maximum body loads through 

joint surfaces (DeCamp et al., 1993). Elbow congruity was observed in both breeds with similar 

general UTN/HT curves typology (two intermediate peaks) and UTN values slight bigger than 

HT values, except in EMD at P4. This curve typology can be described as ellipses. Points of 

minor curvature radii correspond to a more enclosed curve, and points of bigger curvature radii 

correspond to a more open curve (Alves-Pimenta et al., 2015; 2016a). The UTN/HT curvature 

radii with bigger differences in the intermediate peaks (P3 and P5) from the EMD breed are 

compatible with less humeroulnar congruity, due to the greater flattening of the ulnar 

subchondral bone at level of P3 and P5 (Collins et al., 2001; Alves-Pimenta et al., 2015). On 

the other hand, in this breed the UTN at P4 presents a lesser curvature radii than P4 HT 

resulting in higher surface concavity and in less contact of joint surfaces at this point. These 

elbow curvature characteristics were previously described in large-breed dogs and associated 

to elbow incongruity (Alves-Pimenta et al., 2015; 2017). These findings are consistent with 

previous reports on humeroulnar joint contact area mapping using joint cast techniques and 

studies of subchondral bone density osteoabsorptiometry (Preston et al., 2001; Dickomeit et 

al., 2011; Cuddy et al., 2012), and with the theory of large-breed dogs having a slight 

physiological concave incongruent humeroulnar joint (Preston et al., 2001). The concave 

incongruity produces bicentric transmission of forces at low loads (Preston et al., 2001), with 

peripheral specific areas of articular contact and lack of articular contact and increased joint 

space at the central UTN (Eckstein et al., 1997; Preston et al., 2001; Dickomeit et al., 2011). 

Therefore, based on these results and previous biomechanical studies, in the UTN/HT joint 

surfaces of large-breed dogs two contact regions can be identified, proximal (P1-P3) and distal 
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(P5-P7) and one median region P3-P5, with less contact. These UTN/HT curvature radii 

characteristics were not observed in PPD, a medium-breed dog with low prevalence and 

severity of elbow dysplasia. 

 

Figure 7.3 Schematic representation of the points of interest (P1 to P7) anatomical position in the UTN 
and HT, at MLE radiographic view from PPD (a); at MLE view from EMD (b); and at MLF view from EMD 
(c). The P3 and P5 are points of bigger differences between UTN and HT curvature radii. 

 

Figure 7.4 Schematic representation of curvature radii length in the seven points of interest studied from 
the EMD at the UTN (a), and at the HT (b). 

The ulnar subtrochlear sclerosis and osteophytes are consistent secondary radiographic signs 

of degenerative joint disease. Sclerosis is characterized by the loss of trabecular bone 

architecture and increased radiographic density. In the elbow dysplasia, ulnar subtrochlear 

sclerosis was associated to increased stiffness of subchondral bone and higher vulnerability 

of articular cartilage to injury (Lau et al., 2013). Anatomic areas preferentially affected by 

sclerosis correspond to P4-P7 location.  
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Osteophytes associated to cartilage damage are consistently present early in the anconeal 

process, proximal UTN/HT preferential contact area, attached to the remaining joint by a 

flattened curvature (P3). It would be interesting to explore if animals with mild signs of 

degenerative joint disease would have UTN/HT curvature radii alterations that could result in 

a higher stress in distal or proximal humeroulnar joint surfaces. Mariee and collaborators, 2014 

proposed that vascular compromise could play a role in the pathogenesis of osteonecrosis in 

the coronoid disease (Mariee et al., 2014). Perhaps, sclerosis could be secondary to 

incongruity and coronoid disease could start in the bone beneath the surface as postulated by 

Danielson and colleagues, 2006. 

Limitations of the present study include the use of only one medium and one large-breed dog. 

The radiographic diagnosis is not considered the gold standard tool to select healthy joints. As 

a normal orthopedic and elbow radiographic exam were used as inclusion criteria, dogs 

enrolled could be affected by sub‐clinical elbow joint pathology not yet radiographically 

apparent. Finally, some positioning variability between radiographic views could have occurred 

and would justify slight differences in the results observed (House et al., 2009). Thus, 

extrapolation of results should be interpreted in this context. 

In conclusion, UTN and HT curvature radii evaluation can be performed both in the MLF and 

MLE elbow radiographic views. The UTN and HT curvature typology of healthy elbows in a 

medium and a large-breed dog present important differences in its contact areas with distinct 

levels of concavity and flattening. Results from this work represent an advance on humeroulnar 

congruity characterization in the breeds studied and in the use of a MLF elbow view to assess 

congruity. Additional research is needed to evaluate humeroulnar congruity on dysplastic 

elbow joints. Further research is needed to study curvature radii in joints with slight signs of 

elbow dysplasia in order to better understand the role of humeroulnar incongruity in the 

disease.  
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8. GENERAL DISCUSSION 

Elbow dysplasia remains one of the most common orthopedic conditions affecting the large 

and giant rapidly growing dogs and a source of considerable loss of young animals due to joint 

osteoarthritic changes (Lewis et al., 2011; Böttcher et al., 2013; Farrell et al., 2014). With a 

high prevalence among the most appreciated breeds of companion and guard dogs, it is 

responsible for a high morbidity rate (Lavrijsen et al., 2012). More than two decades have 

passed since the landmark IEWG reported, in 1993, the topic of elbow arthrosis caused by the 

process of fragmented coronoid, osteochondrosis, ununited anconeal process, articular 

cartilage anomaly and/or joint incongruity, as being the manifestation of inherited canine elbow 

dysplasia (Samoy et al., 2006; Les, 2013; Hazewinkel, 2016). Yet, it is still difficult to 

characterize, diagnose, and treat this disorder (Danielson et al., 2006; Mariee et al., 2014). It 

is recognized that different forms of developmental elbow disease have very different causes 

and recommended treatments (Fitzpatrick and Yeadon, 2009). Clinically, the major concern is 

the highly potential for progression to medial compartment disease with medial compartment 

total erosion and a great impact in the dog’s mobility (Coppieters et al., 2015), adding to the 

ineffectiveness of treatments proposed to relieve pain, claudication, and to improve life quality 

(Fitzpatrick et al., 2013; 2015; McConkey et al., 2016). The prognosis in these cases is poor 

and the mainstay of medical treatment and palliative procedures only offers a median long 

term return to function (Böttcher et al., 2013). In the prevalence field, the control of dysplasia 

is difficult to achieve, as the different specific entities are polygenic traits inherited 

independently from one another (Lavrijsen et al., 2012). Medial coronoid disease is the lesion 

more frequently diagnosed (Burton et al., 2010; Lavrijsen et al., 2012), and although elbow 

incongruity is associated with the coronoid disease, its role is unclear (Wind, 1982; 1986; Eljack 

et al., 2015). Imaging and biomechanical research in the elbow joint have been invaluable tools 

with respect to our knowledge about the elbow normal function and the dysplasia development, 

and to evaluate new diagnostic protocols and proposed therapeutic procedures, both applied 

to in vivo and ex vivo studies (Mason et al., 2008; Goodrich et al., 2014; Lau et al., 2015a; 

Phillips et al., 2015; Burton et al., 2016).  

This work is the result of an interaction between researchers from the distinct areas of 

anatomy, imaging, engineering and statistical analysis, who worked together in the study 

design, software development, data collection, results interpretation and statistical analysis. 

Firstly, a literature research was conducted in the elbow dysplasia diagnosis field and elbow 

incongruity was found to be the hottest topic in this area and the focus of intensive research. 

Consequently, incongruity measurement methods were revised in more detail (Proks et al., 
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2011; Samoy et al., 2012a; Stein et al., 2012). Previous investigations revealed the occurrence 

of certain injuries in dysplasia, especially medial coronoid disease, may be associated to 

different forms of elbow incongruity (Fitzpatrick et al., 2016). Among elbow incongruity, 

radioulnar and humeroulnar incongruities were the most frequently disturbs described in 

literature (Böttcher et al., 2009; Eljack et al., 2013). Yet, humeroulnar incongruity was less 

reported, and therefore seemed for us relevant to establish a methodology to allow the 

humeroulnar congruity characterization and the geometric study (Wind and Packard, 1986).  

The most commonly used imaging tools to dysplasia and incongruity assessment at the clinical 

practice were revised and, despite all the advantages potentially provided by other tools 

(Samoy et al., 2012b; 2013; Coggeshall et al., 2014), radiography and CT seem to be the ones 

chosen to study incongruity for specific reasons (Reichle et al., 2000; Skinner et al., 2015). 

Radiography remains the first imaging tool used in the diagnosis protocol of both symptomatic 

and asymptomatic cases of elbow dysplasia and incongruity (Fitzpatrick et al., 2009). CT is 

considered the golden standard on incongruity detection in the last decade and is used in 

radiographic doubt cases, allowing the interpretation of images in different reconstructive views 

without overlapping (Gemmill et al., 2005, 2006; Lau et al., 2015b; Phillips et al., 2015). So, 

we analyzed anatomic structures at radiographic views and CT images, that could be 

measurable, with repeatability and clinical relevance (De Rycke et al., 2002; Gemmill and 

Clements, 2007; Goldfarb et al., 2012; Samoy et al., 2012c).  

In order to establish the humeral and ulnar structures to be evaluated in this work, firstly we 

performed an anatomical study, allying imaging analysis provided by the radiographic 

examination in different positions and loading, ultrasonography (Hulse et al., 2010; Lamb and 

Wong, 2005; Villamonte-Chevalier et al., 2015) and CT, complemented with anatomical 

dissection (Williams et al., 2008; Constantinescu and Constantinescu, 2009). This research 

work was conducted at the Veterinary Hospital from the Veterinary Sciences Department of 

Trás-os-Montes and Alto Douro University and at the Laboratory of Anatomy from the Animal 

Science Department of Trás-os-Montes and Alto Douro University. The UTN central ridge 

seemed to meet the criteria intended, as it articulates directly with the HT and is well observed 

in radiographs (Lau et al., 2015b). We choose the radiographic views, most used in clinical 

practice, allowing the identification of both the UTN and the HT (Proks et al., 2011; Samoy et 

al., 2012a; Stein et al., 2012). Craniocaudal views are also important in the incongruity 

diagnosis but were not selected because they do not allow the assessment of UTN and HT, 

as required. Since both radiography and CT are extensively used to investigate experimental 
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models of elbow incongruity, we also compared these results with those described in other 

studies (Kramer et al., 2006; Proks et al., 2011; Samoy et al., 2012a; Stein et al., 2012). 

Despite being daily observed by veterinary clinicians, the UTN central ridge and the HT sagittal 

groove structures in the dog’s elbow are not included in the Nomina Anatomica Veterinaria 

and in the future it would be interesting to review this nomenclature, improving agreement and 

precision between researchers and clinicians. The nomenclature adopted in this thesis was 

based on the nomenclature included in the Terminologia Anatomica for human medicine to 

equivalent structures, and from human and veterinarian investigations studying the same 

structures (De Rycke et al., 2002; Goldfarb et al., 2012; Eljack et al., 2013). 

Biomechanical investigation is also a mainstay currently in elbow incongruity research, with 

advances on the early recognition of the disease, on screening tests development and on the 

emerging of treatment approaches (Dickomeit et al., 2011). However, biomechanical research 

requires more costs and equipment, is more difficult to implement by the complexity of the 

elbow joint, and the interpretation of results is challenging (Breit et al., 2005). For those reasons 

biomechanical investigation was not included in this thesis.  

Both ex vivo and in vivo studies were previously reported to assess elbow incongruity, with 

advantages and disadvantages (Wagner et al., 2007). In vivo studies, allow maintenance of 

the natural conditions, however standardization is more difficult to achieve and takes longer to 

obtain a representative sample (Samoy et al., 2012a). Ex vivo studies, allow better 

standardization and ethical problems are a minor concern. Yet, additional costs are expected 

and simulation of forces acting in the dog elbow may be difficult and less reliable (Mason et 

al., 2002). In the present thesis there were studies performed ex vivo, using cadaveric elbows 

from dogs weighting more than 20 Kg, and studies in vivo using samples from EMD and PPD 

breeds.  

Ex vivo studies were executed with the two main goals: to validate a measurement method 

avoiding overlapping bony elbow structures in the radiography, and to obtain a general idea of 

the curvatures of dogs over 20 Kg. A software program was developed, and applied to the 

UTN subchondral level articular surface in order to calculate curvature radii (Alves-Pimenta et 

al., 2015). It was the first report on the UTN curvature radii in radiography, yet the results found 

are in accordance with previous studies using other imaging tools as 3D laser scan (Collins et 

al., 2001; Breit et al., 2010). After that, the same software and methodology were applied to 

the HT sagittal groove, which articulates directly with the first structure analyzed (Alves-



General discussion 

 118 

Pimenta et al., 2016a). To the authors’ knowledge, this was the first method reported on the 

HT curvature radii assessment (Alves-Pimenta et al., 2016a). The methodology was validated 

in guarantee of a fair measurement agreement, with repeatability and reproducibility, by 

measuring the same structure in the MLE and MLF elbow radiographic views, and in 

radiographic views from the ulna/ radius or humerus disarticulated (Bland and Altman, 1986; 

Alves-Pimenta et al., 2015; 2016a). No significant differences were observed between 

radiographic views at different elbow flexion angles.  

Nowadays, the biggest hurdle in the interpretation of data from incongruity evaluation is the 

positioning of relative structures, as the elbow joint presents a high range of motion with 

different relations between the three bones changing from flexion, extension, supination and 

pronation. Some authors defend that “something seems to be missing” in incongruity research 

comprehension when going from joint motion evaluation to the static evaluation mainly used 

in the clinical practice (Fitzpatrick and Yeadon, 2009). The majority of authors choose to 

evaluate the elbow joint at 132º elbow flexion angle, corresponding to the midstance phase of 

the canine gait cycle and consequently the maximum body loads through joint surfaces, to 

standardize the evaluation and improve the results interpretation (DeCamp et al., 1993; Burton 

et al., 2008). 

Different imaging techniques were used in previous investigations to characterize specific 

structures within the elbow joint. In 2010, Breit and colleagues compared the surface geometry 

of medial coronoid process in dog’s cadavers affected by medial compartment disease with 

unaffected controls, using a 3D laser scan technique. In 2001, Collins and collaborators 

compared the radius of curvature along the UTN of Rottweilers and Greyhounds cadavers, 

using three dimension digitization of the ulna. They found UTN to be a complex function of arc 

length. In fact, an elliptical shape from the UTN was correlated positively with the dog’s body 

weight (Janach et al., 2006). Our results support the previous theory of UTN central ridge and 

HT sagittal groove being elliptical (Alves-Pimenta et al., 2015, 2016a). For those reasons, 

humeroulnar congruity assessment based on the creation and comparison of perfect circles to 

fit the humeral and ulnar articular surface remains less accurate (Proks et al., 2011; Stein et 

al., 2012). 

The humeroulnar joint width measured at locations as the most caudal aspect of joint was 

proposed to analyze elbow geometry and variations of this width correlated to congruent and 

incongruent joints (Burton et al., 2013; Krotscheck et al., 2014). However, those methods 

revealed to be influenced by the joint positioning (House et al., 2009), with changes from flexion 
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to extension by altered relation between the two articular surfaces, and there was a moderate 

to fair repeatability (Samoy et al., 2012a). Based on these facts, in addition to the UTN and HT 

isolated evaluation, we investigated, in association, the relation between UTN and HT 

curvature radii in radiographic views and CT reconstructed images (Alves-Pimenta et al., 

2017). The radiographic and CT examinations were considered interchangeable to study UTN 

and HT curvatures radii using the proposed methodology (Alves-Pimenta et al., 2017). As far 

as we know, this is the first study reporting the relation between UTN and HT curvatures radii 

(Alves-Pimenta et al., 2017).  

Concerning the in vivo study, large-breed dogs are recognized to be more susceptible to elbow 

dysplasia by genetic, anatomical and environmental factors (Lavrijsen et al., 2012). The in vivo 

study was executed in order to describe the curvature pattern present in each breed, and the 

differences between breeds that could indicate a greater propensity of the large-breed to 

develop incongruity. The radiographic exam from 24 PPD, a medium-breed dog, and from 20 

EMD, a large-breed dog, were collected from 2012 to 2016 at the Veterinary Hospital from the 

Veterinary Sciences Department of Trás-os-Montes (Alves-Pimenta et al., 2016b; 2016c). The 

same curvature radii evaluation method from the UTN and HT was applied to extended 

radiographic views from the EMD and PPD breeds and to MLF radiographic views from the 

EMD. We found interesting differences in the curvature radii with distinct levels of concavity 

and flattening between the medium and the large breeds. Thus, our data suggests less 

congruity in the large-breed studied between the UTN and the HT. Therefore, more studies 

are needed in other breeds, using larger samples to confirm the results obtained in our 

investigation. Despite our successful results in the studied dog breeds, which open new 

perspectives for investigation, a clinical research published by other authors comparing UTN 

radii between affected and unaffected dogs reported differences more pronounced between 

breeds than between dogs affected with medial coronoid process disease and non-affected 

dogs within the same breed (Breit et al., 2010). Although we have not evaluated incongruent 

joints in our work, according to these studies, other factors may be involved and thereby results 

should be interpreted with caution. 

From our results, we can state that the software can be used to analyze the UTN and the HT 

curvature radii, for anatomical and clinical purposes. Yet, the measurement protocol here 

proposed, presents advantages and disadvantages. An important advantage is that it is not 

influenced by the elbow flexion angle. The disadvantage relies on the fact that as all methods 

using mediolateral radiographic views, the medial coronoid process is not totally evaluated, 
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due to the difficult visualization of coronoid distal portion by overlapping in the radiographic 

views.     

Our findings support the concept of a bicentric transmission of loads occurring in the dog’s 

elbow, as we found the UTN and HT curvature radii to vary substantially, displaying two 

intermediate higher values corresponding to the subchondral flattening points named P3 and 

P5 from the seven points selected to study in further detail (P1 to P7). These two points may 

correspond to points of transition from more loaded aspects, the two extremes, to an area of 

lesser load, the UTN central aspect. This theory has been claimed by several researches in 

different fields of biomechanics and supported by gait analysis results. Contrarily to small- 

breed dogs where the contact areas are located more centrally in the humeroantebrachial joint 

(Breit et al., 2005; Janach et al., 2006), the three distinct areas of contact on the large-breed 

dog’s elbow are at the caudomedial aspect of the radial head, at the medial coronoid process, 

and at the anconeal craniolateral aspect, with the humerus rolling from medial to lateral in the 

radioulnar articular surface, as a bolt into a nut (Preston et al., 2001; Mason et al., 2005; 

Dickomeit et al., 2011; Cuddy et al., 2012). Lack of articular contact was identified on the 

medial aspect of the anconeus and at the central UTN (Preston et al., 2001; Dickomeit et al., 

2011; Cuddy et al., 2012). The UTN/ HT curvature radii exhibited higher differences in the EMD 

breed at the intermediate peaks (P3 and P5) which is compatible with a less humeroulnar 

congruity, due to a larger flattening of the ulnar subchondral bone at these levels (Collins et 

al., 2001; Alves-Pimenta et al., 2015). On the other hand, in this breed, the UTN at P4 

presented inferior curvature radii than P4 HT, due to higher surface concavity and less contact 

of joint surfaces at this point. These elbow curvature characteristics were associated to 

propensity for elbow incongruity (Alves-Pimenta et al., 2015). 

Research in human medicine suggested that concave incongruity disappeared as the load on 

the joint increased, and a state of secondary congruity was reached with homogeneous load 

transition through increased areas of contact (Eckstein et al., 1993; 1994; 1995; 1997). 

However, Preston and collaborators studied the canine elbow and found under increasing load 

conditions, a central area remained unloaded and the UTN extremities got closer to the HT 

(Preston et al., 2001). Burton and colleagues (2013) studied the influence of dynamic loading 

on the canine elbow physiological incongruity by CT and also found that humeroulnar joint 

spaces did not change significantly through loading (Burton et al., 2013). This could explain 

the two relative flattening points observed in our studies, which could represent points of 

transition from areas of higher load, to areas usually unloaded. We may infer from these results 
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that the humeroulnar joint width at locations like the most caudal aspect of the joint varies with 

the elbow flexion angle, but not with the load, at least in the way initially suggested.  

According to Künzel and colleagues (2004), as well as Probst and collaborators (2008) there 

are areas free from cartilage recovering in the ulna of normal dogs. We also studied the 

cartilage recovering and found free cartilage recovering areas in the ulna of normal elbows. 

This finding was associated to areas of less load transmission through the joint (Wolschrijn et 

al., 2003; Probst et al., 2008).  

Findings from our review and research study represent a state of the art in this field but remain 

the tip of the iceberg and much further inquiry will be required to yield an integrated 

comprehension of the different lesions role in the elbow dysplasia. Future work should focus 

on how to move from new anatomic discoveries and progresses in biomechanics to the 

analysis of how these work together in the elbow incongruity development. It is already known 

that the medial compartment and the associated medial coronoid process are more directly 

involved in load distribution than originally suggested in these species. Further imaging 

investigation is imperative to clarify the potential role of UTN variation in the pathogenesis of 

the medial coronoid disease. The use of standardized measurement protocols may reveal 

additional conformational information.   

The elbow joint in the quadrupeds has a complex kinetics and kinematics with close tolerances 

that may have impact in the disease process (DeCamp et al., 1993; Les, 2013). Some 

researchers believe that a careful definition of the in vivo kinematics normal canine elbow as 

well as the patterns of muscular activation in the normal gait cycle, in addition to technology 

advances, will bring important progresses in the estimation of forces within various regions of 

the joint (Caron et al., 2014). For this, new kinematic modeling schemes are claimed (Les, 

2013). Personally, I believe and hope that gross anatomy will become a robust, vibrant 

research field with anatomists working together with physiologists, surgeons, radiologists and 

engineers in the search for the knowledge on fields as the orthopedics to find answers about 

the normal locomotion and disease development. 

Beyond the specific research included in this thesis, there are other important research fields 

as the medial coronoid process structural analysis (Wolschrijn and Weijs, 2004; 2005; Lau et 

al., 2013a; 2013b; 2013c), where the role of changes to subchondral bone or articular cartilage 

are much debated. In the preventive field, the genetic studies (Stock and Distl, 2010; Lewis et 

al., 2011) are the next challenge with genetic diagnosis of the disease and the prevention of 
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the inheritance of genes from asymptomatic carriers to their offspring. It will be a hard work as 

current estimates state that they are more than one hundred genes code for different traits of 

elbow dysplasia (Stock and Distl, 2010; Lewis et al., 2011). Severe handicaps result from the 

disease widespread and difficulty to precisely diagnose families free or affected by the disease. 

Collagen genes were considered to be promising candidate genes responsible for the coronoid 

disease (Hazewinkel, 2016). Progress in the diagnosis and treatment of elbow dysplasia are 

slower also by the fact that the disease does not affect (besides ostheocondrosis) human or 

laboratory animals (Stock and Distl, 2010; Hazewinkel, 2016). 
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9. CONCLUDING REMARKS  

Elbow dysplasia is still one of the most frequent forelimb disorders in dogs from large and giant 

breeds. Despite the efforts made to find a more effective diagnosis method, quantification of 

humeroulnar incongruity remains challenging. Currently, radiography is the most cost effective 

imaging tool available for elbow dysplasia diagnosis and CT its golden standard. The studies 

presented in this thesis were based on the canine model from cadavers and data from elbow 

dysplasia screening protocols in the two investigated breeds. Radiographic and CT imaging 

were used to study the elbow joint congruity. The effectiveness of the curvature measurement 

method and the proposed software were tested and considered promising in the diagnosis and 

quantification of elbow incongruity. Our experience suggests:  

Ex vivo: 

- The developed software and methodology allow accurately analyze of the UTN and the HT 

curvatures; 

- Evaluation of the curvature radii with this methodology and software is independent from the 

elbow flexion angle. Measurements can be used interchangeably between the 45º MLF and 

the MLE radiographic views and between the extended radiographic views and the sagittal 

reconstructed CT images;  

- The UTN and the HT curvatures display different radii values along the two curves as 

expected, due to its ellipsoid shapes;   

- The curvature radii from the UTN and the HT exhibit two peaks in normal elbows. These 

peaks are flattening points at the subchondral bone and may be associated with the bicentric 

transmission of loads through the joint; 

- Radii differences between UTN and HT curvatures showed to be inferior in the middle of the 

curves, at Point 4 (P4) than in the rest of the curves which can suggest less contact between 

the joint surfaces at that point; 

- Cartilage free areas may occur at UTN without pathology and may represent a normal 

response to the lack of contact at that region; 
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In vivo: 

- In the medium-breed, both UTN and HT curvature radii showed a similar typology but different 

scale, with the UTN curvature radii being higher than the HT curvature radii, as expected for a 

good fit; 

- Significant differences were found in the large-breed that could predispose to incongruity. 

Greater variations between breeds are located at the starting point (corresponding to the 

anconeal process at the ulna) and at the two flattening subchondral points of the curvatures. 

- The values reported can be used as reference in these breeds;  

- The software and methodology proposed are useful for future clinical studies of elbow 

congruity and early changes detection in elbow dysplasia. 
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ANNEX A: ANAMNESE, RADIOGRAPHIC AND ORTHOPEDIC EXAM RECORD 

ANAMNESE:                            
                              
Nome do animal:                             Data Nasc:     -     -     
                              
Idade:       Data Exame:     -     -     Chip:                       
                              
Raça:                     Propriétário:                             
                              
Sexo:       Peso:         Alimentação:                   "Ad libitum”:       
                              
Condição  corporal (1-5):                                                 
                              
Tipo de exercício/Onde passa o dia e dorme (1-3):                                     
                              
História de claudicação (membro afetado):                                       
                              
Participação em concursos/títulos/claudicação detetada:                                 
                              
EXAME ORTOPÉDICO / RADIOLÓGICO:                      
                              
Andamentos/Claudicação:                                 Lado:           
                              
Manipulação do cotovelo (dor/desconforto à flexão/extensão/pronação/supinação):                     
                              

                                                            
                              
Presença de efusão articular (caudal, medial):                                       
                              

                                                            
                              
Constantes radiográficas usadas:               Kv         mAs       ms         
                              
Resultado do exame Rx:                                                 
                              
Observações:                         Assinatura                       

 



 

 

 


