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Abstract 

Animals are considered sentient beings by law and the notion of animal welfare, both physical and 

psychological, is well-established (“Five Freedoms”). As a result, regulation on animal testing puts 

researchers through highly regulated and restrained protocols (to reduce the number of animals included in 

in vivo experiments and replace them with alternative procedures whenever possible. This project revolves 

around the study of the bone tissue in different species, grounding on the idea of cadaver “recycle” applied 

to bone-related research. The bone, in fact, is particularly easy to study in cadavers since it suffers the early 

consequences of post-mortal decay to a lesser extent compared to other tissues.  

The bone is a highly specialized connective tissue characterized by a mineralized extracellular matrix, 

specifically designed for structural, mechanical and metabolic functions. Despite general shared features, 

interspecific differences exist in bone microscopic organisation, which have not yet been completely 

elucidated. Because of its peculiarities, a comprehensive evaluation of the bone includes several different 

techniques, such as histology, densitometry and biomechanics. Histologic techniques are particularly 

common, especially when it is necessary to evaluate tissue biocompatibility and integration in animal 

models of bone healing and regeneration. However, due to highly mineralized nature of its matrix, several 

problems arise during bone processing, especially during decalcification (the removal of mineral from the 

bone while preserving all the essential microscopic elements and tissue antigenicity), a process that is yet far 

from being standardized, but is necessary to prepare paraffin-embedded specimens. 

The first two aims of this project were the definition of species-specific and site-specific guidelines for bone 

specimens’ decalcification and the characterization of swine and ovine bone tissue with a multidisciplinary 

approach.  

Basic protocols for trabecular bone decalcification in different species with different solutions were 

provided, showing that excellent morphologic results can be achieved with solution containing strong acids 

in rodents, sheep and pig. As a general rule, hydrochloric acid solution proved to be too aggressive, as 

previously reported. On the other hand, the combined use of hydrochloric acid and formic acid proved to be 

a very good compromise, shortening experimental time and preserving morphology. Finally, a combination 

of citric acid formic acid provided excellent morphology, but at the expenses of decalcification time. 

Collagen I was preserved in swine, canine and ovine samples that proved to have good/excellent 

morphology, while it wasn’t preserved in rats or mice, despite their excellent morphology. A 

multidisciplinary approach to the study of the bone in pigs and sheep was developed, evaluating several 

different parameters with different techniques on the same samples, also providing standard reference 

parameters about swine and ovine bone histology, densitometry and biomechanics, to be compared with 

future research results, to deepen the knowledge on the bone tissue and facilitate biomedical research on 

animal models.  

 

The histogenesis of bone can be divided in two modalities: endochondral and intramembranous, which share 

a common sequence of events. Bone growth starts during the fetal stage, and then continues after birth 
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together with the growth of the entire individual. Special structures, called cartilage canals, are involved in 

the process of endochondral ossification, with nutrients supply to the growing cartilage and waste products 

elimination being their primary functions. Cartilage canals have been described in several species, but little 

information is known about them in dogs. The development of a newborn into an adult implies dramatic 

changes in both body size and shape. The dog, in particular, exhibits the highest intraspecific differences in 

body shape and size among mammals, and this might be reflected by different growth patterns. This is 

especially true when the skull is considered, as it is the most variable body part among different breeds. 

Little information is known about skull development in dogs in relation to their adult craniometric category 

(brachycephalic, mesaticephalic, dolychocephalic). Due to the extreme plasticity of young bones, moreover, 

skeletal development could potentially be influenced by the presence of orthopaedic diseases, which could 

modify the normal shape and size of the future adult bones. 

The last three aims of this project were the study of endochondral ossification in long bones, with particular 

emphasis on the role role of cartilage canals; the study of the effects of pathology (quadriceps contracture) 

on hindlimb development; and the study of skull development and its compared features in brachycephalic, 

mesaticephalic and dolychocephalic breeds. 

New insights on cartilage canals in small-sized dogs were provided, which confirmed their involvement in 

bone extracellular matrix production in dogs, as in other species, laying the basis for more extensive studies 

on the delicate mechanism of the formation of ossification centres and the regulation of ossification. The 

abnormalities induced by quadriceps contracture on hind limb skeletal development, mainly consisted of 

volume reduction and abnormal shape of several centres, were described in a litter of Dobermann. These 

alterations that should be carefully considered when evaluating puppies affected by the disease to plan a 

therapy. Finally, novel contribution in canine craniometry and skull development were provided, 

documenting morphometric differences among dolichocephalic, mesaticephalic and brachycephalic purebred 

puppies in the early neonatal period through a radiographic and anatomic study.  

 

Cadavers invariably proved to be an invaluable source of research material, providing a valid alternative to 

in vivo experiments and contributing to the reduction of the use of experimental animals. 
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Abstract  

Gli animali sono considerati esseri senzienti per legge e la nozione di benessere animale, sia fisico che 

psicologico, è ben consolidata ("Cinque libertà"). Di conseguenza, la regolamentazione sulla 

sperimentazione sugli animali obbliga i ricercatori a protocolli altamente regolamentati nel tentativo di 

ridurre il numero di animali inclusi negli esperimenti in vivo e sostituirli con procedure alternative, quando 

possibile. Questo progetto ruota attorno allo studio del tessuto osseo in diverse specie, basandosi sull'idea del 

"riciclo" dei cadaveri applicato alla ricerca sul tessuto osseo. L’osso, infatti, è un tessuto particolarmente 

facile da studiare nei cadaveri poiché subisce le conseguenze del decadimento post-mortale in misura minore 

rispetto ad altri tessuti. 

L'osso è un tessuto connettivo altamente specializzato caratterizzato da una matrice extracellulare 

mineralizzata, specificamente progettato per funzioni strutturali, meccaniche e metaboliche. Nonostante 

molte caratteristiche generali condivise, tuttavia, esistono differenze interspecifiche nell'organizzazione 

microscopica del tessuto osseo, che non sono state completamente chiarite. 

Per via delle sue peculiarità, una valutazione completa dell'osso include obbligatoriamente diverse tecniche, 

per esempio tecniche istologiche, densitometriche e l'istologia, biomeccaniche. Le tecniche istologiche, in 

particolare, sono assai diffuse, soprattutto per la valutazione della biocompatibilità e dell’osteointegrazione 

nell’ambito della medicina rigenerativa. Inoltre, a causa della natura altamente mineralizzata della sua 

matrice, il processamento del tessuto osseo presenta molteplici problematiche, in particolare per quanto 

riguarda la decalcificazione (ovvero la rimozione dei minerali dal tessuto osseo, preservando le sue 

caratteristiche microscopiche di base e l'antigenicità tissutale), un processo che è ancora lontano dall'essere 

standardizzato, ma che risulta indispensabile al fine dell’inclusione dei campioni di osso in paraffina. 

I primi due obiettivi di questo progetto sono la definizione di linee guida specifiche per la decalcificazione 

dell’osso, in base alla specie animale, al tipo di tessuto e al sito di prelievo, e la caratterizzazione del tessuto 

osseo suino e ovino tramite un approccio multidisciplinare. 

Sono stati definiti protocolli di base per la decalcificazione dell’osso trabecolare in diverse specie (suino, 

ovino, cane, ratto, topo) con diverse soluzioni: risultati morfologici eccellenti risultati sono stati raggiunti 

con l’utilizzo di una soluzione contenente acidi forti nei roditori, negli ovini e nei suini. In generale, l’acido 

cloridrico come unico componente di una soluzione decalcificante si è dimostrato troppo aggressivo. L'uso di 

una soluzione a base di acido cloridrico e acido formico, invece, si è dimostrato un ottimo compromesso, 

accorciando i tempi di decalcificazione e preservando contemporaneamente la morfologia tissutale. Infine, 

l’utilizzo di una soluzione a base di acido formico e acido citrico ha consentito di ottenere una morfologia 

tissutale eccellente, a spese tuttavia delle tempistiche di decalcificazione. L’antigenicità tissutale (collagene 

I) è risultata conservata nei campioni di suino, pecora e cane caratterizzati da una buona/eccellente 

morfologia; così non è stato, invece, per i campioni di topo e ratto, nonostante risultati morfologici 

eccellenti. Non è chiaro, tuttavia, se questo risultato possa essere legato all’utilizzo di tecniche di 

smascheramento eccessivamente aggressive. È stato sviluppato un approccio multidisciplinare allo studio 

dell'osso di suino e ovino, valutando diversi parametri con diverse tecniche sugli stessi campioni in modo da 
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garantire uno studio completo ed approfondito di tutte le caratteristiche ossee fondamentali nell’ambito della 

ricerca. Sono stati così inoltre definiti numerosi parametri di riferimento istologici, densitometrici e 

biomeccanici sul tessuto osseo di queste specie, al fine di approfondire le conoscenze sul tessuto osseo e 

fornire un piccolo contributo alla ricerca biomedica applicata che prevede l’utilizzo di modelli animali.  

 

L'istogenesi dell'osso può essere suddivisa in due modalità: endocondrale e intramembranosa, che 

condividono una sequenza comune di eventi. Nel processo di ossificazione endocondrale sono coinvolte 

speciali strutture definite canali cartilaginei, le cui principali funzioni sono l'apporto di nutrienti alla 

cartilagine in crescita e l'eliminazione degli scarti cellulari. Lo sviluppo scheletrico inizia durante la vita 

fetale, per continuare poi nella vita postnatale in modo coordinato con la crescita dell'intero individuo. I 

canali cartilaginei sono stati descritti e studiati in diverse specie; tuttavia, non sono disponibili molte 

informazioni riguardo alle loro caratteristiche nella specie canina. Lo sviluppo di un neonato ad adulto 

implica cambiamenti radicali nelle dimensioni e nella forma del corpo. Il cane, in particolare, si caratterizza 

per enormi differenze intraspecifiche nella forma e nelle dimensioni corporee. Questa peculiarità potrebbe 

tradursi in diversi pattern di accrescimento e sviluppo scheletrico, in particolare se si considera lo sviluppo 

del cranio, che rappresenta la parte del corpo più variabile tra le diverse razze canine; non molto, tuttavia, si 

conosce attualmente dello sviluppo del cranio nel cane in relazione alla categoria craniometrica dell’adulta 

(brachicefalo, mesaticefalo, dolicocefalico). A causa dell'estrema plasticità dell’osso nei cuccioli, infine, lo 

sviluppo scheletrico è potenzialmente influenzato dalla presenza di malattie ortopediche, che potrebbero 

modificarne la normale forma e le dimensioni, risultando in deformità scheletriche. 

Gli ultimi tre obiettivi di questo progetto sono stati lo studio dell’ossificazione endocondrale nelle ossa 

lunghe, con particolare riferimento al ruolo dei canali cartilaginei; lo studio degli effetti della contrattura del 

quadricipite sullo sviluppo degli arti posteriori; e lo studio dello sviluppo del cranio e le sue caratteristiche 

nei neonati di razze brachicefale, mesaticefale e dolicocefale. 

I risultati ottenuti sui canali cartilaginei nei cani di piccola taglia hanno confermato il loro coinvolgimento 

nella produzione di matrice extracellulare, come in altre specie, ponendo le basi per studi più approfonditi sul 

delicato meccanismo di sviluppo dei centri di ossificazione e della regolazione dell'ossificazione 

endocondrale. Sono state descritte le anomalie indotte dalla contrattura del quadricipite sullo sviluppo 

scheletrico degli arti posteriori in una cucciolata di Dobermann, principalmente rappresentate dalla riduzione 

del volume e da anomalie di forma di numerosi centri di ossificazione. Queste alterazioni dovrebbero essere 

attentamente considerate quando si valutano cuccioli colpiti da questa malattia, nel tentativo di pianificare 

una corretta terapia. Infine, sono state documentate differente intraspecifiche tra gli indici craniometrici di 

neonati appartenenti a razze brachicefale, mesaticefale e dolicocefale attraverso uno studio radiografico e 

anatomico. 

 

Il cadavere si è dimostrato una eccellente fonte di materiale per la ricerca, contribuendo alla riduzione 

dell'uso di animali in qualità di alternativa agli esperimenti in vivo. 
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1. GENERAL INTRODUCTION 

 

The use of cadavers in Veterinary Medicine is very common, with teaching and research being the major 

purposes. It allows to spare experimental animals and perfectly embraces the current Italian law on the 

subject (D.lgs 26/14). Animals are considered sentient beings by law (Trattato di Lisbona, 2009) and the 

notion of animal welfare, both physical and psychological, is well-established (“Five Freedoms”). 

Therefore, the idea of using living animals for exclusively human purposes is more and more debated. As a 

result, regulation on animal testing has become rather restrictive as compared to the past, and puts 

researchers through highly regulated and restrained protocols in order to reduce the number of animals 

included in in vivo experiments and replace them with alternative procedures (such as cell, tissue and organ 

cultures, simulators and others) whenever possible.  

 

This project revolves around the study of the bone tissue in different species, grounding on the idea of 

cadaver “recycle” applied to bone-related research. The bone, in fact, is particularly easy to study in 

cadavers since it suffers the early consequences of post-mortal decay to a lesser extent compared to other 

tissues and is not significantly altered by preservation techniques like freezing; however, proper 

preservation of bone samples is essential in order to avoid artifacts and obtain reliable experimental results. 

 

The bone tissue 

The bone is a highly specialized connective tissue, specifically designed for structural, mechanical and 

metabolic functions. It is composed of 60-70% mineral, 10-20% collagen and 9-20% water (Park, 1987); 

small quantities of other organic components (e.g. proteins, lipids, polysaccharides) are also present 

(Gunderson et al., 1991). It is extremely active from a metabolic point of view, and its functions are: 

support, protection of soft tissues, movement, mineral and fat storage and hematopoiesis. 

Microscopic organisation 

Based on its microscopic organization, mammalian bone tissue is classified as cortical or trabecular. 

Cortical bone forms the diaphysis of long bones and the outer layer of short and flat bones. It is organized in 

functional units called osteons (Haversian systems), formed by lamellae circumferentially arranged around a 

longitudinal vascular channel (Haversian canal), connected to the other canals, the periosteum and the 

endosteum by means of transverse/oblique canals (Volkmann’s canals). Moreover, several uninterrupted 

layers of lamellae are to be found immediately underneath the periosteum and on the internal surface 

adjacent to the endosteum of the shaft (circumferential lamellae). Finally, interstitial lamellae fill the gaps 

between Haversian systems (Webster, 1988). Despite these shared features, however, high interspecific 

difference exists in its microscopic organisation (Table 1) Primary vascular plexiform bone is predominant 

in non-human large mammals, mixed with areas of dense Haversian tissue and avascular bone 

(Martiniakova et al., 2006; Martiniakova et al., 2006; Hillier and Bell, 2007); in these species, 
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circumferential lamellae at the endosteal and periosteal surfaces appear as narrow rings (Martiniakova, 

2006). The cortical bone of dogs and cats mainly consists of dense Haversian tissue; periosteal and 

endosteal circumferential lamellae are well developed and often interrupted by scattered Haversian osteons 

(Hillier and Bell, 2007). In rodents, primary longitudinal bone tissue is prevalent, with rare scattered osteons 

which are more frequent at the endosteal surface (Hillier and Bell, 2007); circumferential systems are poorly 

developed (Hillier and Bell, 2007). 

 

 
Tab. 1 – Differences and similarities between human and animal bone. 

 

Trabecular bone, on the other hand, forms the inner core of short and flat bones, as well as the metaphysis 

and epiphysis of long bones. It consists of a network of anastomosing trabeculae, containing bone marrow 

within their pores. Parallel sheets of lamellae form angular segments called trabecular packets, the 

functional analogous of osteons (Webster, 1988). Because of its porous microscopic organisation, trabecular 

bone shows lower resistance as compared to cortical bone; however, it contributes to bone rigidity providing 

support and load distribution and preventing elastic instability in long bones. Moreover, it is constantly 

involved in mineral homeostasis. No relevant inter-specific difference exists in the lamellar organisation of 
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trabecular bone, except for their hierarchical organisation, thickness and spatial arrangement (van 

Griensven, 2015).  

Bone biomechanics 

Mostly due to its hierarchical organisation, bone is a rigid and anisotropic material, specifically designed to 

resist flexion, compression and torsion forces and absorb impulsive forces. Its mechanical properties, which 

reflect its composition (organic and inorganic components), organisation and function, are often used in pre-

clinical and clinical studies to quantitatively determine its quality (Bailey and Vashishth, 2018). They are 

critical for the assessment of its load-bearing capacity and functionality, which is affected by aging, disease 

and pharmacological intervention (Osterhoff et al., 2016; Donnelly, 2011). Basic comprehensive descriptors 

of bone biomechanical properties are the Elastic modulus (E), which describes the relationship between the 

deformation that follows the application of a force to a bone, and the Ultimate Strength (US), which is the 

maximum strength a bone can handle before it fractures. The rigidity and resistance of cortical bone are 

higher for loadings along its longitudinal axis when compared to loadings in the circumferential or radial 

direction: this is reflected by its efficiency in resisting to the uniaxial loadings that develop longitudinally 

during normal locomotion (Park, 1987). It is characterized by toughness at low strain rates, but it behaves 

like a brittle material at high rates (Park, 1987). In fact, under uniaxial traction or compression it initially 

exhibits a linear elastic behaviour, followed by a breaking at relatively a low deformation force (Turner et 

al., 1999). During traction, it is more fragile if loaded transversally when compared to longitudinal load, 

while no difference is noted during compression (Ascenzi and Bonucci, 1967; Currey, 1998; Reilly et al., 

1974). Trabecular bone, on the other hand, is highly adaptable to loading conditions (Hébert et al., 2012; 

Ford et al., 1991; Goff et al., 2012; Odgaard, 1997; Bruyère et al., 1999). Its complex microstructure (rods 

and plates in different proportion) is different throughout the body, producing different mechanical 

properties at different sites (Ohman et al., 2007)). As a general rule, trabeculae tend to align with the major 

loading direction, being also dependent on joint movements and muscle action (Fiala, 1993). It exhibits 

three behavioural regimens: a small strain linear-elastic response, which ends when the cell walls of low-

density bone collapse, a plateau, which continues until opposite cell walls touch, causing a steep increase in 

stress (Hayes and Carter, 1976; Pugh et al, 1973; Stone et al., 1983; Gibson 1985; Wu et al., 2014). 

Moreover, because of its involvement in several pathological conditions (e.g. osteoporosis), several attempts 

to predict its biomechanical behaviour have been made (Ford et al., 1991; Potdevin et al., 2012; Bobby and 

Ramakrishnan, 2008; Majumdar, 1998, Faulkner et al., 1991; Adachi et al., 2001; Depalle et al., 2012; 

Wang et al., 2012; Parr et al., 2013). 

 

Bone tissue characterisation 

When approaching a comprehensive evaluation of the bone (in normal, pathological and experimental 

conditions), none of its basic features such as morphology, composition, mineral density and biomechanics 

can be left behind without the risk of precluding the reliability of the obtained results. The bone is a very 

complex and metabolically active tissue, and each of its properties and function can be optimally tested with 
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a specific method; to date, no single technique exists that allows to provide information simultaneously all 

the basic characteristics of bone quality. 

Dual-energy X-rays absorptiometry 

The use of dual-energy absorptiometry to measure bone mineral content and density is widespread in 

humans and has been adapted to animals because of the need to examine bone and body composition in 

longitudinal studies (Grier et al. 1996). It allows rapid, precise, non-invasive and relatively inexpensive 

measurements of bone mass or density at almost any skeletasl site, and is mostly used in humans to 

determine vertebral and femoral fracture risk (Grier et al., 1996). In fact, although it has been proven that 

microarchitecture can be accounted for the majority of bone biomechanical behaviour (Parfitt, 1992; 

Kleerekoper et al., 1985; Parfitt et al., 1983; Jensen et al., 1990), BMD contributes significantly to the 

mechanical properties of bone (Wu et al., 2014). In pigs and sheep, examinations were performed to 

determine normal bone density in normal conditions both on live animals and ex vivo (Turner et al. 1995; 

Pouilles et al., 1999), for the evaluation of the effects of different types of diets on the bone tissue (Skiba et 

al. 2016), for the non-invasive evaluation of carcasses’ composition ( Bernau et al., 2015; Soladoye et al., 

2016) and for the quantitative analysis of bone healing and regeneration in normal and pathological 

conditions (den Boer et al., 1999; Floerkemeier et al., 2010; Heiss et al., 2017).  

Histology 

Histological analysis is an essential step for the microscopic evaluation of the bone, as it allows to ascertain 

its morphology and composition. Descriptive histology is used to provide a general evaluation of the tissue, 

including morphology, structure and arrangements of cells, matrix and possibly implants and tissue/implant 

interface. Mineral components can be removed from bone specimens (decalcification), or the bone can be 

evaluated undecalcified.  

The routine staining for bone cellular detail is Hematoxylin and Eosin. Moreover, special staining can be 

applied depending on the experimental question. For example, von Kossa is used demonstrate 

mineralization in bone, Safranin O’ detects the presence of proteoglycans and Trichrome stainings allow the 

visualisation of collagen fibres. Moreover, in vivo labelling techniques (e.g. tetracycline labelling) can be 

used to evaluate the mineralization front during bone growth and remodelling (Milch et al, 1958). Finally, 

the localisation of bone specific antigens (e.g. different types of collagen, glycoproteins, proteoglycans) 

cane be semiquantitatively evaluated with immunofluorescence. Bone evaluation without previous 

decalcification is also common, as it shows both the mineralised and cellular components of bone, which 

provides vital information on bone turnover or bone formation and resorption (Goldschlager et al., 2010). 

However, performing undecalcified bone histology is challenging and requires variations in technique from 

those used in standard paraffin embedded histology (e.g. special embedding and sectioning procedures) 

(Goldschlager et al., 2010). Together with descriptive histology, bone histomorphometry can be used to 

quantitatively analyse parameters of interest such as lengths, distances between points, areas and number of 

components. Parameters describing the three-dimensional organisation of bone can be deduced based on 

two-dimensional microscopic images (Dalle Carbonare et al., 2005). Common and useful applications of 
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two-dimensional histomorphometry are the analysis of structural changes in trabecular bone and the 

patological changes in degenerative disease (e.g. osteoarthrosis) (Kang et al., 1998).  

Micro-computed tomography 

Although the possibility to deduce the three-dimensional organization of trabecular bone from two-

dimensional histologic sections is possible through histomorphometric analysis, the most reliable method to 

assess trabecular bone microscopic structure is micro-computed tomography (µCT) (Müller et al., 1998; 

Hildebrand, et al., 1999; Chappard et al., 2005). Microarchitectural parameters which have a fundamental 

role in bone quality (Fazzalari et al., 1998; Hernandez and Keaveny, 2006) are rapidly measured in a more 

direct fashion with micro-CT than they are in histomorphometry. This allows a significant improvement of 

the tools available for studying and understanding the mechanical function on the bone, especially 

trabecular bone, providing for a wealth of possibilities and unbiased determination of it architectural 

properties (Odgaard, 1997). Basic micro-CT parameters include bone volume/tissue volume ratio (the 

proportion of bone tissue in a sample); trabecular indices such as trabecular number per mm, trabecular 

thickness and trabecular separation; connectivity (the three-dimensional organisation of the trabeculae); 

structural model index (the proportion of plate-like and rod-like tissue) and degree of anisotropy. Micro-CT 

analysis is invaluable not only from a descriptive point of view, but also because through different types of 

mathematical models (e.g. finite element analysis) the biomechanical properties of the bone can be inferred 

(Parr et al., 2012; Faulkner et al., 1991; Depalle et al., 2012). 

Biomechanical testing 

Several different mechanical analyses exist to examine bone’s mechanical competence and fracture risk, 

which selectively allow to test different parameters of clinical relevance and interest, providing different 

types of information, and they can be grouped as follows: whole bone testing, mesoscale cortical and 

cancellous bone testing, microscale testing and nanoscale testing (Bailey and Vashishth, 2018) (Fig. 1). 

Whole bone testing is typically performed in axial, bending or torsional loading modes (Hernandez and 

Keaveny, 2006; Cole and van der Muelen, 2011). Bending tests are especially useful when trying to assess 

the mechanical properties of long bones, while compression tests are usually aimed to determine vertebral 

mechanical properties (Turner and Burr, 1993; Goodyear and Aspden, 2012). The characteristics of the bone 

which are more relevant for whole bone testing and influence the results are geometry and composition 

(Bailey and Vashishth, 2018). 
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Fig. 1 - Schematic of bone structural hierarchy with the commonly used mechanical characterisation technique at each length scale 

(from Bailey and Vashishth, 2018).  

Bone properties at the mesoscale are evaluated through the mechanical analysis of regularly shaped 

specimens of cortical and trabecular bone, which are typically loaded to failure in compression, tension, 

torsion or bending (Bailey and Vashishth, 2018). Being independent of whole bone geometry, these tests are 

aimed to test the contribution of bone microarchitecture, porosity and density (Bailey and Vashishth, 2018). 

Microindentation can be used to test bone at the microscale, analysing the biomechanical behaviour of 

osteons and individual trabeculae (Hunt and Donnelly, 2016). Mechanical outcome of this type of test are 

basically hardness and elastic modulus (Nyman et al., 2016). Alternative approaches include bending of 

single trabeculae and osteons (Tang et al., 2007, 2009; Ascenzi et al., 2007). Collagen fibres infiltrated with 

hydroxyapatite crystals are tested when analysing the bone at the nanoscale (Rho et al., 1998; Burket et al., 

2013) through nanoindentation, scratch tests and other in-situ tests. For nanoindentation, a force-

displacement curve is evaluated, providing mechanical outcomes of hardness and indentation modulus. 

Scratch test is used to evaluate in situ toughness and fracture toughness (Islam et al., 2012), and is able to 

detect changes in bone matrix fracture resistance due, for example, to water removal (Wang et al. 2016). 

Tension, compression and bending in situ allow to study in real time specific deformation and failure 

mechanisms that can only be inferred in traditional tests (Zimmermann et al. 2014). 

 

 



 13 

Bone processing 

Because of the peculiar composition of its matrix, characterized by a high mineral content in a 

densely packed network of collagenous and non-collagenous materials, several problems arise 

during bone processing (Liu et al., 2017), which is considered very challenging. In particular 

decalcification, the technique that removes mineral from the bone while preserving all the essential 

microscopic elements and tissue antigenicity (Gül et al., 2014), is a frustrating step. It is a very 

complicated and delicate step, to the point that special equipment (e.g. polymer resins, special 

microtome blades, special pre-staining and staining techniques) has been created in order to be able 

to process undecalcified bone. The most used decalcification methods are: immersion in acid of 

calcium chelators’ solutions (Kiviranta, 1980; Guibas et al., 2014; Mattuella et al., 2007; 

Yamamoto-Fukud, 2000; Liu et al., 2017; Neves et al., 2011; Yoshioka et al., 2002; Gupta et al., 

2014; Morse, 1945), sonication (Reineke et al., 2006; Hatta et al., 2013) and  microwave (Kok and 

Boone, 1992; Imaizumi et al., 2013; Sangeetha et al., 2013; Katoh, 2016; Pitol et al., 2007); 

agitation and/or heat are reported as enhancing factors (Schajaowicz and Cabrini, 1955; Verdenius 

and Alma, 1958; Pitol et al., 2007; Kapila et al., 2015). Immersion in decalcifying solution is 

probably the most available methods in laboratory routine. However, despite the existence of 

several processing techniques, few accepted protocols and guidelines are available.  

 

Animal models in bone-related research 

Despite the promising results of alternative procedures, in many cases animal models are still irreplaceable. 

In fact, cell or tissue cultures alone cannot recreate the complex in vivo situation  and the efficacy and safety 

of almost every therapy has to be preliminarily tested on appropriate animal models. An animal model is “a 

living organism with an inherited, naturally acquired, or induced pathological process that in one or more 

respects closely resembles the same phenomenon occurring in man” (Wessler, 2976), to be used in medical 

research in order to obtain results that can be extrapolated to human medicine. As far as bone-related 

research is concerned, animal models are essential for economical, ethical and regulatory reasons. 

Preclinical studies are often less expensive compared with large-scale clinical trials; cell and tissue cultures 

results cannot always be extrapolated to the living organism and never allow a complete biological 

evaluation; European animal testing regulation (European Medicines Agency guidelines), finally, often 

requires targeted preclinical in vivo evaluations (Stravropoulos et al., 2000). A huge number of animal bone 

models exist, in order to meet specific experimental requirements in all bone research fields: maxillo-facial 

and orthopaedic surgery (with research being done on mice, rats, rabbits, dogs, sheep, goats and pigs) (Fyda 

et al., 1995; Kuroda, 1995; Pearce et al., 2007; Por et al., 2008; Icekson et al., 2009; Bornstein et al., 2009; 

Horner et al., 2010; Gomes and Fernandes, 2011; Reifenrath et al., 2014; Liu et al., 2014; Cray et al., 2014; 

Bigham-Sadegh and Oryan, 2015; Stavropoulos et al., 2015; Semyari et al., 2015; Van Griensven, 2015), 
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dentistry (with research mostly being done on rats, rabbits, dogs, pigs and non-human primates) (Pearce et 

al., 2007; Bhardway and Bhardway, 2012; Katsamakis et al., 2013; Liu et al., 2014; Bigham-Sadegh and 

Oryan, 2015; Starvropoulos et al., 2015); metabolic, neoplastic (Yu et al., 2009) and degenerative diseases 

such as osteoporosis (with research being done mainly on mice and rats) (Lelovas et al. 2008; Ochi and 

Takeda, 2011), and others. Such great bone models assortment reflects the great differences occurring in 

bone composition and structure in different species and anatomic sites (Aerssens et al., 1998; Barbier et al., 

1999; Nunamaker, 1998; Schnapper et al., 2002; Kastl et al., 2002; Boutroy et al., 2005; Martiniakova et al., 

2006; Martiniakova et al., 2006; Van der Linden et al., 2006; Por et al., 2008; Lorinson et al., 2008; 

Diederichs et al., 2009; Donnelly et al., 2010; Bagi et al., 2011; Barak e t al., 2013; Shipov et al., 2013). As 

a consequence, different animal models turn out to be more or less useful depending on the experimental 

question, showing similarities and differences with several human physiological and pathological conditions 

(Aerssens et al., 1998; Nunamaker, 1998; Pearce et al., 2007; Bagi et al., 2011; Katsamakis et al., 2013; 

Reinfenrath et al., 2014; Bigham-Sadegh and Oryan, 2015; Teng et al., 1997; Ventura et al., 2014). In 

addition, bone tissue is highly dynamic and metabolically active, and exhibits substantial intra-specific 

changes based both on the tissue and the animal age. In fact, its composition and microarchitecture change 

as it ages and as the animal ages (Eckstein et al., 2007; Furst et al., 2008; Lochmuller et al., 2008; Gourion-

Arisquaud et al., 2009; Donnelly et al., 2010; Turunen et al., 2013; Vaccaro et al., 2012; Uchida et al. 2012), 

adapting to the mechanical loading environment according to Wolff’s law. Just as many differences exist in 

several skeletal diseases physiopathology and bone healing processes (Nunamaker, 1998; Barker and 

Wright, 2014; Katsamakis et al., 2013; Reinfenrath et al., 2014; Bigham-Sadegh and Oryan, 2015; Teng et 

al., 1997; Ventura et al., 2014) (which are bone-specific and trace embryological development), and they 

must be taken into account during experimental design. This is particularly true if bone remodeling and 

regeneration preclinical studies are to be carried out: selecting an animal of unspecified “skeletal age” 

(usually juvenile vs adult) can mislead the researchers when interpreting test results. Based on these 

observations, a detailed knowledge of all the different models of bone normal morphology is undeniable. 

The ultimate goal of bone research, whether it’s about traumatology, orthopedics, oncology, degenerative 

diseases or more, is achieving a functionally efficient clinical outcome. As a consequence, species-specific 

bone features must be preserved after therapeutic interventions, which must aim to species-specific restitutio 

ad integrum. Despite the great number of studies on the subject, selecting an appropriate animal model is 

still complicated (Reinfenrath et al., 2014; Bigham-Sadegh and Oryan, 2015), and often grounds on 

convenience (cost, ease of handling and care, size, acceptability to society) rather than coherence. 

Notwithstanding that no single pre-clinical in vivo model is ideal, the lack of conclusive data about the 

normal bone features in animal of different species and age is still a relevant obstacle that often prevents 

researchers to achieve reliable outcomes and forces them to waste valuable resources.  

 

The first aim of the project is to bridge the gaps in normal bone features and support the researchers who 

operate in the field by: 
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a) the definition of species-specific and site-specific guidelines for bone specimens’ decalcification  

b) the characterization of swine and ovine bone tissue with a multidisciplinary approach (histology, 

densitometry, microCT and biomechanical testing)  

 

Skeletal development  

The development of a newborn into an adult implies dramatic changes in body size and shape, which happen 

via continuous body growth and progressive maturation of the musculoskeletal and nervous systems 

(Helmsmuller et al, 2013). Bone growth and maturation start during the fetal stage, and then continue after 

birth together with the whole growth and maturation of the entire individual.  

Osteogenesis  

In the histogenesis of bone, the first tissue that is formed is an immature type of bone known as primary or 

woven bone, characterised by randomly oriented collagen fibres and low-mineralized matrix. It is a 

temporary tissue, which is replaced by secondary or lamellar bone or disappears to form the bone marrow 

cavity. In contrast, secondary bone is characterised by regularly arranged collagen fibres, higher matrix 

mineralisation and a higher number of osteocytes. The replacement of primary bone by secondary bone 

occurs via two modalities of osteogenesis (endochondral and intramembranous ossification), which share a 

common sequence of events: differentiation of osteoblasts, which deposit matrix that is after mineralized, 

formation of woven trabeculae which are then removed to form the bone marrow cavity, replaced by 

secondary trabeculae or converted into primary cortical bone. When this process takes place within 

primitive connective tissue), it is called intramembranous ossification; when it occurs in pre-existing 

calcified cartilage, it is called endochondral ossification (Webster, 1988).  

Intramembranous ossification typically occurs in regions of reduced/absent loadbearing, such as skull flat 

bones (e.g. frontal and parietal bones) (Hyttel, 2010). The primitive event of intramembranous ossification, 

which completes within foetal life, is mesenchymal cells’ grouping to form osteoblasts, together with 

neoangiogenesis. (Percival and Richtmeier, 2013). Osteoblasts depose a dense osteoid-rich intercellular 

matrix, where they are eventually entrapped as osteocytes. Mineral is then deposed on the osteoid matrix, 

and an irregular net of primitive nonlamellar bone trabeculae is formed, which are finally replaced by 

mature lamellar bone (Noden, 1983; Noden, 1991; Hall and Miyake, 1992; Dunlop and Hall, 1995; Jiang et 

al., 2002; Helms and Schneider, 2003). 

Endochondral ossification typically occurs in loadbearing regions, such as long bones. It develops within a 

cartilage model, which influences the shape, size and orientation of the future bone (Webster, 1988). The 

primitive event of endochondral ossification is proliferation and hypertrophy of the cell that occupy the 

central diaphysis, which arrange in columns; these cells undergo gradual regression due to the reduction and 

mineralization of extracellular matrix. Perichondrium-derived blood vessels and mesenchymal cells then 

invade the diaphyseal region, and form the diaphyseal (primary) ossification centre, which gradually 

expands at its periphery while cavitating at its internal side, to form primitive marrow cavities. Entrapped 

mesenchymal cells differentiate into osteoblasts, which are responsible for osteoid deposition within the 
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primitive bone trabeculae. While growing in diameter thanks to perichondral apposition, the diaphyseal 

ossification centres gradually develop in length in the direction of the epiphyseal (secondary) ossification 

centres, which invariably appear after birth. Basic events for the development of epiphyseal ossification 

centres mostly retrace the steps described for the diaphyseal ossification centres; their concentrical growth 

continues in the direction of the diaphyseal ossification centre at one side, and the future articular surface at 

the other side (Erlebacher et al., 1995; Olsen et al., 2000; Karsenty and Wagner, 2002; Kronenberg, 2003). 

Cartilage canals 

Cartilage canals are perichondrium-derived tube-shaped formations containing a central arteriole which 

branches out into an anastomosing network of capillaries. They house lymphatics (Wilsman and Van Sickle, 

1972), unmyelinated nerve fibers (Wilsman and Van Sickle, 1972; Stockwell, 1971; Hedberg et al., 1995) 

and mesenchymal stem cells, embedded within a loose extracellular matrix (Blumer et al., 2008). Cartilage 

canals have been described in several species, including birds and mammals (Burkus et al., 1993; Shapiro, 

1998; Ytrehus et al., 2004; Blumer et al., 2005; Blumer et al., 2006; Blumer et al., 2007; Olstad et al., 2007; 

Olstad et al., 2009; Olstad et al., 2013; Toth et al., 2013; Nissi et al., 2014; Hellings et al., 2015; 

Hendrickson et al., 2015; Kinsley et al., 2015; Nissi et al. 2015). Little detailed information are reported 

about dogs (Wilsman e Van Sickle, 1970; Wilsman and Van Sikle, 1971), mostly it is in relation to the 

development of orthopaedic diseases (Guthrie et al., 1992; Wolschrijn et al., 2008). However, a wide variety 

of CCs size and shape has been described in dogs, from short unbranched channels to long channels 

coursing from one side of the epiphysis to the other (Wilsman and Van Sickle, 1972), all of them tightly 

associated with epiphyseal ossification centres (Wilsman and Van Sickle, 1970). Their primary function is 

nutrients supply to the growing cartilage and waste products elimination. Other functions, still under 

discussion, may include a contribution to the formation and maintenance of secondary ossification centres 

(Blumer et al., 2005; Blumer et al., 2007; Blumer et al., 2006; Alvarez et al., 2005) and possibly the 

transformation of perivascular cells into matrix-producing chondrocytes as cartilage physiologically 

regresses, serving the cartilage growth itself (Olstad, 2007). Evidence demonstrated that defects of cartilage 

canal blood supply lead to disturbance of endochondral ossification, in humans as well as in other animals 

(Ythreus et al., 2007). The way these diseases are initiated is still debated.  

Skeletal development in dogs 

- Axial skeleton 

The skeletal development of the skull is very complex (Fig. 2): the neurocranium forms a protective case 

around the brain, while the splanchnocranium forms the skeleton of the face, also sorrounding head visceral 

cavities. In general, the front of the head is derived from the neural crest, while the back is derived from a 

combination of neural crest cells and head mesoderm. The bones of the skull have three different origins: the 

skeleton of the face is formed through intramembranous ossification from the branchial arches and the 

ectomesenchymal swelling of the facial area; the flat bones of the calvarium are formed through 

intramemembranous ossification as well; the bones of the floor and ventral portion of the cranial vault are 

predominantly formed by endochondral ossification (Evans, 1993; Hyttel, 2010).  
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Based on the shape of their adult skull, dogs have been classified in three cathegories: brachycephalic, 

mesaticephalic and dolichocephalic (Evans, 1993). As a general rule, dolichocephalic dogs show a greater 

development of the skull longitudinal axis; brachycephalic dogs have a shorter and larger skull, and 

mesaticephalic dogs exhibit intermediate skull features. Most veterinarian craniometric studies have been 

performed on adult animals to define their morphotype (Ellenberger and Baum, 1932; Stockard, 1941; 

Bourdelle et Bressou, 1953; Seiferle, 1966; Brehm et al., 1985; Lignereux et al., 1991; Onar et al., 2001; 

Alpak et al., 2004; Gacsi et al., 2009; Schmidt et al., 2011; Koch et al., 2012); several studies have also been 

performed to investigate the canine skull pattern derived from the wolf from a morphometric and genetic 

point of view (Drake and Klingenberg, 2010; Bannasch et al., 2010; Boyko et al., 2010; Shearin et al., 2010; 

Schoenebeck and Ostrander, 2013). 

Currently, no detailed information is currently available on growing dogs, except for two studies on German 

Shepherd puppies (Onar, 1999; Onar and Gunes, 2003). However, it has been postulated that in 

brachycephalic breeds the skull shape is generated before birth and continues its development after birth 

(Starck, 1962). 

 

 
Fig. 2 – Diagrammatic dog skull showing the sequence of initial ossification. The numerals indicate the fetal size in millimetres at 

which time each of the bone begins to ossify. Blue bones with dotted outline are formed in cartilage (from Evans HE: Prenatal 

development of the dog, Ithaca, NY, 1974, 24th Gaines Veterinary Symposium).  

 

The vertebral column is formed by perichondral and endochondral ossification. For each vertebra, with the 

exception of the atlas and the axis, form from 5 ossification centres (three for the vertebral body and two for 
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the neural arch) (Evans, 1993). The development of the body of the atlas and axis is peculiar, because part of 

the atlas centre fuses with the axis. In fact, the atlas is finally formed by three centres (one for the body and 

two for the vertebral arch), while the axis forms from seven centres (5 for the bosy and dens, two for the 

vertebral arch). The vertebral arches of the atlas fuse dorsally after 100 days approximately, then they fuse 

with the body around 110-120 days, while complete fusion of the axis occurs in the range of 220-400 days. 

(Watson and Evans, 1986; Watson et al., 1976; Watson 1981). 

- Appendicular skeleton 

In dog, as in other mammals, limbs bones develop through endochondral ossification. Limb bud growth 

starts towards the end of the fourth week of gestation, with a gap of 1-2 days between the morphogenesis of 

forelimbs and hindlimbs (Hyttel et al., 2010;  Evans and De Lahunta, 2013). Diaphyseal (primary) 

ossification centres of long bones (develop during foetal life, while the epiphyseal (secondary) ossification 

centres of long bones and most of the ossification centres of the short bones formed after birth. Skeletal 

development then proceeds in stages until adulthood, when the closure of growth plates arrests bone growth.  

Some bones are entirely formed from a single ossification centre (e.g. the clavicle most of carpal/tarsal 

bones, the phalanx III and the sesamoid bones (Cerny and Cizinauskas, 1995; Evans and De Lahunta, 2013), 

(Hare, 1959; Hare, 1961); the others derive from the fusion of different centers. In particular, all carpal and 

tarsal bones derive from a single centre, with the exception of the accessory carpal bone and the calcaneus 

(two centeres) and the intermedioradial carpal bone (three centres), (Hare, 1959; Hare, 1961; Hare, 1959; 

Hare, 1961). Metacarpal/metatarsal bones and phalanges I/II are formed from a diaphyseal ossification 

centres which fuses with a single epiphyseal ossification centres, which is located in a distal 

(metacarpal/metatarsal bones) or proximal position (phalages I/II) (Hare, 1960). The scapula develops from 

two centers (body and and tuber scapulae) (Smith, 1960; Hare, 1961; Yonamine et al., 1980). In the radius, 

ulna and fibula three centres fuse (corpus, proximal and distal epiphysis); recently, an independent centre for 

the anconeal process has been described in in large and medium breeds (Van Sickle, 1966; Gustaffson et al., 

1975; Olsson, 1983; Guthrie et al., 1992; Turner et al., 1998). The humerus , femur  and tibia develop from 

five centres (Chapman, 1965; Hare, 1960; Smith and Allocock, 1960); the pelvis from seven/eight centres 

(Riser, 1973). Irrespective of the breed, fusion takes place with the same, definite sequence. Interestingly, the 

first two that fuse are traction epiphyses: accessory carpal bone, where the flexor ulnary muscle is attached, 

and scapular tuberosity from where the bicicips brachii arises.  For the same reason, the tuber calcis also 

fuses very early (Sumner-Smith, 1966). Therefore it is reasonable to assume that mechanical loading due to 

the insertion of major muscle masses could facilitate diffusion of molecules inside the hypertrophic cells of 

cartilage, thus accelerating ossification processes (Peinado Cortes et al., 2011). Complete skeletal maturity is 

reached in dogs around one year of age; however, the growth plate of the iliac crest may be still visible 

around two years in some individuals, or may remain open permanently (Ticer, 1975).  
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Fig. 3– The major stages in the formation and development of long bones (from Rivas and Shapiro, 2002).  

 



 20 

In the last decades, limb development in dogs has been investigated with morphometric, radiographic and 

densitometric approaches. Several studies aimed to establish breed standards (Onar, 1999; Onar and Gunes, 

2003; Schmidt et al., 2011), investigate abnormal skeletal development (Vanden Berg-Foels et al., 2006; 

Breit et al., 2004) or exclude pathological conditions (Emmerson et al., 2000; Todhunter et al., 1997; 

Vanden Berg-Foels et al., 2011), quantify the long bone healing (Zotti et al., 2004), assess density variation 

in different breeds (Markel et al., 1994), and evaluate the resistance of canine spine to traumatic lesions 

(Zotti et al., 2011). Most of the investigations about skeletal development, however, aimed to age 

determination, and therefore focused on the time of appearence of limbs’ ossification centers and the time of 

growth plate closure (skeletal maturity). Since puppy trafficking has become a pressing issue in Europe, in 

fact, veterinarians are often asked to precisely determine the age of puppies in forensic scenarios. Even if a 

large number of studies are available on the subject, reported are often inhomogeneous and therefore 

incomparable, due to small sample size, unstandardized protocols and different enrollment age. For this 

reason, our research group recently performed a literature review of the about the time of ossification 

centres’ appearance and fusion, proposing a revised and simplified version of previously published table to 

provide user-friendly indications for both forensic veterinarians and clinicians. Mastering bones growth 

patterns from birth to adulthood is mandatory also to diagnose and potentially treat skeletal developmental 

abnormalities (Breit et al, 2004; Vanden Berg-Foels et al, 2006; Vanden Berg-Foels et al, 2011). In fact, in 

1973 Riser (Riser, 1973) already reported that “a clear understanding of the normal developmental pattern is 

imperative as rational base for comparison in evaluating radiographic changes associated with disease and 

injury of the hip”. Several studies focused on skeletal development abnormalities, such as hip and elbow 

dysplasia. Works about hip development, for example, suggest that its onset in Labrador Retrievers 

(Todhunter et al., 1997) (Vanden Berg-Foels et al., 2011) and German Shepherd (Madsen et al., 1991) might 

be related to ossification defects. Similarly, ossification abnormalities have been proposed to have a role in 

the pathogenesis of ununited anconeal process and coronoid disease (Janutta and Distl, 2008). 

 

However, it must be kept in mind that this type of investigations imply repeated exposures of very young 

animals to invasive X-ray examination, might imply euthanasia for precise anatomic/pathologic evaluation, 

and require validation on a reasonably large number of animals. Radiographic examination on dead animals 

whose date of birth is certain may therefore represent a convincing alternative with regard to the reduction of 

the use of living animals for research purposes.  

 

The second aim of this project was the study of some aspects of skeletal development in dogs, focusing on: 

- skull development and its compared features in brachycephalic, mesaticephalic and dolichocephalic breeds 

- the role of cartilage canals in long bones development 

- the effects of pathology (quadriceps contracture) on hindlimb development 
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Introduction  

The bone tissue is among the hardest and most challenging tissue encountered at the bench by researchers. 

Decalcification, the technique that removes mineral from the bone while preserving all the essential 

microscopic elements and tissue antigenicity (Gül et al., 2014), is probably one of the most frustrating stages 

in bone processing. A good decalcification agent should remove rapidly and completely the calcium from the 

tissue, minimise cells and tissue damage and guarantee reliable results in the sequential staining and 

immunolocalization (Culling, 1985; Sangeetha et al., 2013). Decalcification is a very complicated and 

delicate step, to the point that special equipment (e.g. polymer resins, special microtome blades, special pre-

staining and staining techniques) has been created in order to be able to process undecalcified bone. Such 

equipment, though, is quite expensive and not available to most laboratories, so decalcification followed by 

paraffin embedding is still widely used for bone specimens processing (Ehrlich et al., 2008; Farrell et al., 

2015).  

The most used decalcification methods are: immersion (Kiviranta, 1980; Guibas et al., 2014; Mattuella et al., 

2007; Yamamoto-Fukud, 2000; Liu et al., 2017; Neves et al., 2011; Yoshioka et al., 2002; Gupta et al., 2014; 

Morse, 1945), sonication (Reineke et al., 2006; Hatta et al., 2013), microwave (Kok and Boone, 1992; 

Imaizumi et al., 2013; Sangeetha et al., 2013; Katoh, 2016; Pitol et al., 2007) and electrolytic; agitation 

and/or heat are reported as enhancing factors (Schajaowicz and Cabrini, 1955; Verdenius and Alma, 1958; 

Pitol et al., 2007; Kapila et al., 2015). Immersion in decalcifying solution is probably the most available 

methods in laboratory routine. Two large families of decalcifying agents are available: acids and calcium 

chelators. Acid decalcifiers are classified as strong (hydrochloric acid, nitric acid) or weak (formic acid, 

picric acid, acetic acid). The most used calcium chelator is ethylenediaminetetraacetic acid (EDTA), which is 

considered the gold standard for cellular detail and structural tissue integrity preservation (Callis and Sterchi, 

1998; Emans et al., 2005; Frank et al., 1993; Pitol et al., 2007; Savi et al., 2017; Bancroft, 2002; Sanjeet and 

Keya, 2010; Sanjai et al., 2012; Sanjeetha et al., 2013). Strong acids are very rapid, and thus prone to over-

decalcification tissue damage risk (Alers et al., 1999; Mattuella et al., 2007; Begum et al., 2010; Callis and 

Sterchi, 1998; Leong, 2009). Weak acids and calcium chelators are more “delicate”, but need long 

decalcification timing (Yamamoto-Fukud, 2000) and multiple renewal. Solutions obtained by a combination 
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of different decalcifying agents have also been proposed (Mori et al., 1988; Castania et al., 2015; Silva et al., 

2012). Determination of decalcification degree and endpoint is another tricky stage. It can be evaluated 

radiographically, through manipulation (bending, probing, cutting), chemical testing and radiologic analysis 

(Farrell et al., 2015; Savi et al., 2017; Gonzáles-Chávez et al., 2013; Guibas et al., 2014; An and Martin, 

2003).  

Several decalcification protocols have been described in literature, based on different components 

combination and concentration. Anyway, solution concentration, decalcification timing, samples dimension 

and type (cortical vs cancellous bone) are often unspecified, leading to potential misinterpretation and 

inability to choose a suitable protocol. 

The aim of this study was to compare three acid solutions for the decalcification of cancellous bone in five 

animal species, to obtain user-friendly guidelines for everyday bone-related laboratory routine. 

 

Methods 

A total of 202 bone samples from 25 animals were included in the study: five mice, Balb/c; five rats, 

Sprague Dawley (both from Charles River Laboratories Italia s.r.l., Calco (LC), Italy); five dog, mixed-

breed; five sheep, Bergamasca; five pigs, Landrace-Large White cross. Pig bones were collected from the 

slaughterhouse. Sheep, rats and mice were collected from external laboratories, after euthanasia as part of 

unrelated experiments. The experiments were approved by Italian Ministry of Health – Permit N. 264/2013-

B (sheep); by the Mario Negri Institute for Pharmacological Research IRFMN Animal Care and Use 

Committee IACUC - Permit N. 363/2015-PR (rats); and by the Committee on the Ethics of Animal 

Experiments of the University of Milano and by Italian Ministry of Health - authorization n. 68/14 (mice). 

Dogs died/were euthanized because of incurable diseases; the owner consented in writing to post-mortem 

sampling. Canine bones were collected from animals euthanized for reasons unrelated to the study and 

donated by the owner to our institution for experimental purposes. Mice and rats were 6 months old; dogs 

were 5 to 12 years old; sheep were 3 years old; the precise age of pigs was unknown, but it was around four 

to seven months (weight: 70-80 kg). They were immediately refrigerated after death, and then stored at a 

temperature of -20°C until sampling. For large animals, samples with an approximate thickness of 1-2 mm 

were collected with a band saw from the femoral/tibial condyles. For mice the whole femur/tibia and for rats 

the whole condyles were sampled. The weight of each sample was recorded before fixation in 10% neutral 

buffered formalin for 48 hours; samples were then rinsed in running tap water for three hours and stored in 

three different decalcifying solutions (sample to solution ratio= 1g of bone to 50 ml of solution): solution A, 

combination of weak acid (7,5% citric acid + 25% formic acid in distilled water),�solution B, strong acid 

(10% hydrochloric acid) and solution C, combination of strong and weak acids (1,85% hydrochloric acid, 

4% formic acid in distilled water) (Tab. 1). Decalcification was performed at room temperature for all 

solutions, which were renewed every 3-5 days.   
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Solution Mouse (n=17) Rat (n=16) Dog (52) Sheep (n=62) Pig (n=55) 

A 7,5% citric acid + 25% formic acid n=6 n=5 n=19 n=21 n=16 

B 10% hydrochloric acid n=6 n=6 n=21 n=15 n=13 

C 1,85% hydrochloric acid + 4% formic acid n=5 n=5 n=12 n=26 n=26 

Tab. 1. Sample size. 

 

The decalcification degree of each sample was subjectively evaluated twice a day for rodents and once a day 

for mammals, according to the following criteria: floating, flexibility and cracking when cut with a blade. 

Samples were removed from the decalcifying solution when subjectively considered ready to be processed 

(floating, very flexible, minimum/no cracarsking at blade cutting), rinsed in running tap water for five hours. 

All samples were then dehydrated in a graded 50% (v/v), 70% (v/v), 95% (v/v) and 100% (v/v) ethanol 

series, embedded in paraffin and transversally cut into 5- μm -thick sections. The obtained sections were 

dewaxed and rehydrated and stained with Hematoxilin-Eosin (HE).  

Three observers independently evaluated the general features of the tissue for each section, stained with EE, 

in 3 microscopic fields at 20 X with a Nikon Eclipse E600 microscope to spot indicators of 

poor/good/excessive decalcification. A subjective score (0=poor: tissue/lamellar tearing, poor HE staining, 

absent nuclei; 1=fair: tissue/lamellar integrity, consistent HE staining, absent scant nuclei; 2=good: 

tissue/lamellar integrity, consistent HE staining, presence of > 50% of osteocytes-occupied lacunae; 

3=excellent: tissue/lamellar integrity, consistent HE staining, presence of 100% of osteocytes-occupied 

lacunae; Fig. 1). The mean value of the scores assigned to each sample by the three observers was used for 

statistical analysis.  

Collagen I was immunolocalized in score-2 and score-3 samples to evaluate antigen preservation (sample 

choice was made based on the longest available decalcification time for each solution), on samples mounted 

on special adhesion-control slides (SuperFrost Plus, Thermo Fisher Scientific) were employed and slides 

were stored over night at 60°C in a thermostat to ensure a firm adhesion of the sections during the 

immunofluorescence protocols. Briefly, 2 sections/species, decalcified with A and C solutions were dewaxed 

and rehydrated and then incubated in Tris-EDTA buffer (ph 9) at 37 °C over night to allow antigen retrieval, 

according to product information sheet. With the same aim two sections/species, decalcified at the same 

manner, were submitted to MW treatment in sodium citrate buffer (ph6) at 800 W for two cycles of 5 

minutes and then allowed to cool in the same buffer for 45 min at room temperature. Immunolocalization of 

collagen I was performed with a polyclonal anti collagen I antibody (EPR7785 ab138492 Abcam) incubated 

overnight at room temperature in a humid chamber. The antigen–antibody complex was detected with a 

TRITC-labeled donkey anti-rabbit (1:100; Vector Laboratories, Inc.) incubated for 30 min at room 

temperature. After incubation with secondary antibodies sections were washed and finally mounted on slides 

in the antifade medium Vecta Shield (Vector Laboratories, Inc) supplemented with 1 µg/ml 40,6-diamidino-

2-phenylindole (DAPI). Samples were analysed on an epifluorescence microscope (Eclipse E600, Nikon) 

also equipped for epifluorescence and a digital camera (Nikon Digital Sight, DS-U3) and software (NIS 
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elements Imaging Software; Nikon). 

Statistical analysis was performed with SAS statistical software (version 9.3, Cary Inc., NC). Differences in 

time and tissue morphology among different species and among different species with different solutions 

were tested with one-way ANOVA, standardizing for sample weight. Differences in tissue morphology 

between different solutions at different times for every species were tested with two-way ANOVA, 

standardizing for sample weight. Differences between means were considered significant at P<0,05.  

 

 
Fig. 1 - Subjective score for tissue morphology. 0=poor: tissue/lamellar tearing, poor HE staining, absent nuclei; 1=fair: 

tissue/lamellar integrity, consistent HE staining, absent/scant osteocytes-occupied lacunae; 2=good: tissue/lamellar integrity, 

consistent HE staining, presence of > 50% of osteocytes-occupied lacunae; 3=excellent: tissue/lamellar integrity, consistent HE 

staining, presence of 100% of osteocytes-occupied lacunae. Representative images of sheep bone samples decalcified with 1,85% 

hydrochloric acid, 4% formic acid.  

 

Results  

The results of the comparison of the time needed for decalcification in the different species and the obtained 

score are showed in Tab. 2A and 2B and depicted in Fig. 2A and 2B respectively. Overall, significantly 

longer time was required to decalcify canine samples; significantly higher score was obtained in mice, rats 

and pigs. Examples of excellent morphology in rats, mice and sheep are depicted in Fig. 3. 

The results of the comparison of the time needed for decalcification and the score obtained with the different 

solutions for every species are showed in Tab. 3A and 3B and depicted in Fig. 4A and 4B respectively. 

Significantly longer time was necessary for decalcification in all species with solution A. The decalcification 

time among solution B and solution C was significantly different only in dogs (solution B faster than 

solution C). Significantly higher score was obtained with solution C in rats and pigs and with solution A in 

dogs and sheep. Overall, a lower score was obtained with solution B in all species, although this difference 

was not significant in mice. 

The results of the effect of decalcification solution and time combined on tissue morphology for every 

species are showed in Tab. 4 and depicted in Fig. 5. Based on decalcification time, results can be divided in 

two groups: rodents (4A, three time frames) and mammals (4B, four time frames). In mice, significantly 

higher score was obtained with solution B and C in 0-4 days, and with solution A in 5-8 days. In rats, 

significantly higher score was obtained with solution C in 0-8 days. In dogs and sheep general lower score 

was achieved with significant difference only for solution A in sheep with 6-12 days. In pigs, significantly 

higher score was obtained with solution C with relatively short decalcification time (0-12 days); solution A 

gave significantly higher score with longer decalcification time (13-21 days).  
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Most microwaved sections detached from the slices, notwhistanding the overnight passage at 60°; on these 

samples, collagen I immunolocalization was not carried out. Preliminary results of the immunolocalization 

of collagen I in the samples that underwent EDTA incubation show that solution A and C preserve tissue 

antigenicity in pigs, sheep and dogs (Fig. 6). Best results were obtained is samples decalcified with solution 

A, where the distribution of collagen fibres’ deposition was very clear. No signal corresponding to collagen I 

fibres was detected in rats and mice samples. Nuclei were only occasionally preserved in all samples. 

Immunofluorescence negative controls, which were performed by omitting the primary antibodies, did not 

show any staining under the same exposure settings. 

 

Species Time (days) 

Mouse 5,9±1,7 

Rat 8±1,8 

Dog 17,7±0,9 

Sheep 8,9±0,9 

Pig 9,7±1 
 

 

 

 

 

 

 

Species Score 

Mouse 2,5±0,2 

Rat 2,1±0,2 

Dog 1,5±0,1 

Sheep 1,5±0,1 

Pig 2,2±0,1 
 

 

 

 

 

 

 

 

 

Tab. 2B - Results of the comparison of 

the overall score obtained in the different 

species. Values have been standardized 

for sample weight and are expressed as 

mean±ES. 

 

Fig. 2A – Graphical representation of the comparison 

of the overall time needed for decalcification in the 

different species. Values (days) have been 

standardized for sample weight and are expressed as 

mean±ES. Columns with different letters are 

significantly different (P<0,05). 

 

Tab. 2A - Results of the comparison of 

the overall time needed for 

decalcification in the different species. 

Values (days) have been standardized for 

sample weight and are expressed as 

mean±ES. 

 

Fig. 2B – Graphical representation of the comparison 

of the overall score obtained in the different species. 

Values have been standardized for sample weight and 

are expressed as mean±ES. Columns with different 

letters are significantly different (P<0,05). 
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Species Solution Time (days) 

Mouse Solution A 12,3±2,6 

Solution B 2,5±2,5 

Solution C 3±2,8 

Rat Solution A 13,1±2,8 

Solution B 5,8±2,6 

Solution C 4,6±2,7 

Dog Solution A 32,9±1,7 

Solution B 5,3±1,5 

Solution C 18,1±2 

Sheep Solution A 13,6±1,9 

Solution B 4±2,8 

Solution C 8,6±1,8 

Pig Solution A 18,7±0,9 

Solution B 4,7±1 

Solution C 4,6±0,7 

 

 

 

 

 
Fig. 3 - Excellent (score 3) tissue morphology was obtained with strong acid solution, especially in rodents. 1: mouse, 10% 

hydrochloric acid; 2: rat, 1,85% hydrochloric acid, 4% formic acid; 3: sheep, 1,85% hydrochloric acid, 4% formic acid. 

 

Species Solution Score 

Mouse Solution A 2,7±0,3 

Solution B 2,2±0,3 

Solution C 2,8±0,3 

Rat Solution A 2,2±0,4 

Solution B 1,4±0,3 

Solution C 2,7±0,4 

Dog Solution A 2,2±0,1 

Solution B 1,1±0,1 

Solution C 1,4±0,2 

Sheep Solution A 2,2±0,2 

Solution B 0,7±0,26 

Solution C 1,56±0,2 

Pig Solution A 2,4±0,1 

Solution B 1,4±0,2 

Solution C 2,9±0,1 

 
Tab. 3A – Time needed for sample decalcification in 

different species with different solutions. Values (days) 

have been standardized for sample weight and are 

expressed as mean±ES. 

 

Tab. 3B – Scores obtained in different species with 

different solutions. Values have been standardized for 

sample weight and are expressed as mean±ES. 
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Fig. 4 – Graphical representation of the time needed for sample 

decalcification (A) and the score obtained (B) in the different 

species with different solutions. Black: solution A; dark grey: 

solution B; light grey: solution C. Values (A: days) have been 

standardized for sample weight and are expressed as mean±ES. 

Columns with different letters are significantly different 

(P<0,05). 
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Species Solution Score 

Time 1 Time 2 Time 3 

Mouse Solution A - 3±0,2 2,2±0,2 

Solution B 3±0,2 1,3±0,2 - 

Solution C 3±0,2 2,1±0,3 - 

Rat Solution A 2±0,5 - 2,3±0,5 

Solution B 1,8±0,3 0,5±0,5 - 

Solution C 3±0,4 3±0,7 1,3±0,9 

 

 

 

 

 

 

 

 

 

 

Tab. 4A - Results of the effect of 

decalcification solution and time 

combined on tissue morphology for 

rodents. Time 1= 0-4 days; time 2= 5-8 

days; time 3= >8 days. Values have 

been standardized for sample weight 

and are expressed as mean±ES. 

 

Fig. 5A – Graphical representation of 

the effect of decalcification solution 

and time combined on tissue 

morphology for rodents. A: mouse; B: 

rat. Black: solution A; dark grey: 

solution B; light grey: solution C. 

Values have been standardized for 

sample weight and are expressed as 

mean±ES. Columns with different 

letters are significantly different 

(P<0,05). 
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Species Solution Score 

Time 1 Time 2 Time 3 Time 4 

Dog Solution A - 2±0,3 - 2,2±0,19 

Solution B 1,1±0,2 - - - 

Solution C 0,7±0,4 1,4±0,3 1,7±0,3 - 

Sheep Solution A - 2,1±0,3 - 2,2±0,2 

Solution B 1,1±0,1 - - - 

Solution C 0,9±0,3 1,3±0,2 1,7±0,3 - 

Pig Solution A - 2,2±0,4 2,1±0,3 2,3±0,3 

Solution B 1,8±0,2 1±0,4 1,1±0,3 - 

Solution C 3±0,2 3±0,2 - - 

 

 

 

 

Tab. 4B - Results of the effect of 

decalcification solution and time 

combined on tissue morphology 

for mammals. Time 1= 0-10 days 

for dog, 0-5 days for sheep and 

pig; time 2= 11-20 days for dog, 

6-12 days for sheep and pig; time 

3: 21-30 days for dog, 13-21 days 

for sheep, 13-20 days for pig; time 

4= >30 days for dog, >21 days for 

sheep, >20 days for pig. Values 

have been standardized for sample 

weight and are expressed as 

mean±ES. 

 

Fig. 5B – Graphical 

representation of the effect of 

decalcification solution and time 

combined on tissue morphology 

for mammals. A: dog; B: sheep; 

C: pig. Black: solution A; dark 

grey: solution B; light grey: 

solution C. Values have been 

standardized for sample weight 

and are expressed as mean±ES. 

Columns with different letters 

are significantly different 

(P<0,05). 
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Fig. 6 – Immunolocalization of collagen I in canine samples decalcified with solution A (A) and solution C (B) for 20 days. Better 

tissue detail (visualization of collagen fibres deposition, white arrows) is obtained with solution C. Bar=100 µm 

 

Discussion 

This study compared three acid solutions (strong acid, weak acids, strong and weak acids combined) for the 

decalcification of trabecular bone from 5 animal species often used in bone-related research. It is commonly 

believed that strong acid solutions deteriorate the bone, but in this study excellent tissue morphology 

(tissue/lamellar integrity, consistent HE staining, presence of 100% of osteocytes’ nuclei) was achieved with 

hydrochloric acid, when combined with formic acid, as previously described in rats’ femur (Liu et al., 2017) 

and marmosets’ teeth (Silva et al., 2012). Solution C (1,85% hydrochloric acid, 4% formic acid in distilled 

water), in fact, allowed to obtain excellent tissue morphology in mice in 0-4 days, in rats in 0-8 days and in 

pigs in 0-12 days. We consider this result relevant because it might support researchers in their activity by 

shortening experimental time as well as cutting the expenses due to solution renewal. Although occasionally 

(0-4days in mice), excellent tissue morphology was also obtained with 10% hydrochloric acid. 

Concerning decalcification time, canine bone was decalcified significantly more slowly compared to the 

other species. The age of animals could be one of the reasons for this result: in fact, small islets of cartilage 

were found within the lamellae of rodents’ and pigs’ samples. These animals are considered adults (and 

enrolled in experimental trials) when they reach sexual maturity, which does not match skeletal maturity 

skeletal maturity (Roach et al., 2003; Fukuda and Matsuoka, 1979). The mice and rats included in this study 

were six months old (considered adult) the age of pigs, on the other hand, was uncertain, but their 

slaughtering weight (80-100 kg) suggests that they were skeletally immature as well (growth plate closure is 

reported to occur in pigs between two and four years of age (Cone, 2017). This “young” and metabolically 

active bone may have been more sensitive to the action of decalcification solutions, because it contains 

minerals that are more soluble and less crystallin than they are in “old” bone (Horvath, 2006). Anyway, 

although skeletally mature, sheep samples were decalcified in a significantly lower time when compared to 

dogs. The reason for this result is not known, but it could be due to the fact that bone mineral density (BMD) 

changes in sheep based on the season (Arens et al., 2007); it could be speculated that the sheep we used for 
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this experiment were euthanized at the end of the winter, when the BMD is lower (Arens et al., 2007); 

however, no BMD analysis was performed.  

It is worth noticing that a high standard error in decalcification time was obtained with all solutions in all 

species, so it was possible to define only approximate time protocols. This high standard error could be due 

to high interindividual variability, which was not tested due to the insufficient sample size. If this was true, 

however, the standard error should be higher in dogs, which came from a less homogeneous population as 

compared to experimental animals (mice, rats, sheep) or livestock (pigs), which are usually more uniform as 

a population and as for the environment they live in and the diet they are fed. The high standard error could 

be also due to intraindividual regional (femur vs tibia) differences in bone features and density; although 

improbable, this difference was not tested. However, it cannot be completely ruled out that it could be caused 

by an internal bias in subjectively determining when the sample was ready to be processed. In fact, even if 

different options exist for such evaluation (X-ray techniques, chemical testing, Mattuella et al., 2007; 

Verdenius and Alma, 1958; Guibas et al., 2014), we choose to use a type of test (visual inspection, cutting 

with blade) which could be costless, fast and easily repeatable in everyday laboratory practice.  

The results of our study confirm that hydrochloric acid alone, although significantly faster than weak acids 

alone, is generally not recommended for the decalcification of bone samples, as demonstrated by the 

significantly lower scores obtained in most species. In fact, it proved to be aggressive and deteriorate the 

bone faster than other solutions. It is worth noticing, anyway, that occasional excellent score was achieved 

with 10% hydrochloric acid in mice: this solution might therefore represent a valid alternative in this species, 

but it should be considered that very strict monitoring would be required (e.g. hourly). On the other hand, 

hydrochloric acid proved to be a fast and reliable agent when combined with formic acid, as previously 

described for teeth (Silva et al., 2012): this mix, in fact, allowed to obtain excellent morphology in mice, rats, 

and pigs. Weak acids, finally, constantly allowed to obtain a high score in all species, significantly higher 

than other solutions in rats and sheep, at the expense of decalcification time. This result should be carefully 

considered during experimental planning, as these solutions could take longer than one month (e.g. in dogs) 

and multiple renewals to achieve appropriate decalcification, and a decalcification time lower than 12 days 

should not be expected in any of the examined species.  

To better evaluate the obtained results, the effect of the combination of decalcification solution and time on 

tissue morphology was evaluated, to be able to suggest a protocol based on the specific time requirements of 

different experiments. Significantly higher scores were obtained in rodents with solution C in relatively short 

time (0-4 days in mice, 0-8 days in rats). As mentioned earlier, excellent morphology was also obtained with 

solution B for 0-4 days in mice; anyway, a very fast decline in score is evident for this solution in all species 

as time progresses, confirming its difficult handling. Results of solution C in pigs are similar to the ones 

obtained in rodents, with significantly higher scores up until 12 days, that then rapidly decrease. As 

mentioned before, this could be related to the skeletal immaturity of the animals, which could have led to a 

higher sensitivity of the bone to decalcification solutions. An opposite result was obtained in sheep and dog 

samples, in which this solution provided better results in longer times. Lower initial scores caused by under-
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decalcification instead of over-decalcification could explain this result. High scores were obtained with 

solution A in all species in longer times, although the difference when compared to solution C is only 

significant for solution A in sheep in 6-12 days and in pigs in 13-21 days. Anyway, the scores obtained with 

solution A proved to be more constant when compared to other solutions and confirmed easier handling, 

probably due to its slow and delicate action. Finally, solution B proved to be unable to give high scores in 

mammals at any time. 

Microwave incubation resulted in tissue detachment from the slides. Based on our laboratory experience, 

slices adhesion to slides is a common problem when working with hard tissues, which tend to be more rigid 

than soft tissues and more likely are lost during processing. EDTA incubation proved to be a valid alternative 

to microwave, avoiding slices detachment and exposing collagen I. Although preliminary, the results 

obtained with immunolocalization of collagen I are substantially in agreement with the morphologic score; 

however, unexpectedly, collagen I signal was more intense for the samples decalcified with solution C 

(strong and weak acids) when compared to those decalcified with solution A (weak acids only). It can be 

hypothesized that solution C is comprehensively less aggressive, as the longer decalcification time required 

for solution A might have enhanced tissue sensibility to EDTA. EDTA, in fact, is a calcium chelator (Roger 

Hart, 2005) and its effect might have been boosted by incubation temperature. This would also explain the 

negative results obtained in rats and mice samples, which seem more prone to overdecalcification, based on 

the results of this study. Further experiments, however, need to be performed to confirm 

immunofluorescence results, especially in order to verify the effects of EDTA. Moreover, further polyclonal 

antibodies may be employed, which could be able to recognise different epitopes when compared to the one 

we used 

This study has several limits. Although the high number of samples examined, the number per group was 

uneven and this may have limited the power of the statistical analysis, for example in rodents. Moreover, 

interindividual differences in the results related to animals age and gender, as well as intraindividual regional 

differences, were not statistically evaluated. A subjective method was used to determine when the samples 

were ready to be processed and this may have influenced the results; the choice was driven by the desire to 

mimic basic laboratory resources, using fast, cheap and user-friendly techniques. Finally, factor unrelated to 

the presence of mineral content, such as the characteristics of bone organic components in different species 

and sites, were not considered, but it is not unlikely that they might influence the efficacy of decalcification 

solutions and therefore the final results.  

 

Conclusion 

This study provided basic protocols for bone decalcification in different species with different solutions and 

showed that excellent morphologic results can be achieved with solution containing strong acids in rodents, 

sheep and pig. As a general rule, 10% hydrochloric acid solution is not recommended for tissue 

decalcification; 1,85% hydrochloric acid, 4% formic acid proved to be a good compromise, shortening 

experimental time and preserving tissue morphology and antigenicity; 7,5% citric acid + 25% formic acid 
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provided good tissue morphology, at the expenses of decalcification time, and only fair antigenicity. Further 

studies are needed to further test antigen preservation after decalcification and better define these protocols. 
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Introduction 

Artificial bone substitues are widely used for bone reconstruction and regeneration (Wu et al., 2014). 

Although autologous grafting is still considered the gold standard, in fact, significant advances in the 

development of synthetic substitutes have been reached in the recent years (Campana et al., 2014). Bone 

substitutes are defined as “synthetic, inorganic or biologically organic combinations which can be inserted 

for the treatment of a bone defect instead of autogenous or allogenous bone” (Schlickewie and Schlickewie; 

2007); they can be divided into grafts, ceramics and growth factors (Campana et al., 2014). Because of their 

role in bone defect therapy, bone substitutes ideally need to satisfy different requirements, such as 

biocompatibility and absence of adverse inflammatory response at their use, optimal osteoconduction and 

osteoinduction, resorbability, ready availability and reasonable cost (Campana et al., 2014). To date, 

synthetic bone substitutes exhibit several satisfactory properties, such as mechanical properties and 

biocompatibility (Wu et al., 2014); however, there are specific deficiencies for different types of substitutes 

(friability of ceramic scaffolds (Gotman et al., 2013), poor strength of polymeric scaffolds (Hutmacher, 

2000), uncontrollable degradability (Wang et al, 2007), among others) (Wu et al., 2014). A deep knowledge 

and full understanding of structural, biomechanical and compositional bone properties is mandatory to 

design ideals biomimetic synthetic scaffolds (Wu et al., 2014). In fact, the physico-chemical and structural 

features of scaffold seem to influence significantly their performance in vivo, and three-dimensional scaffold 

might have important clinical application in regenerative medicine (Gramanzini et al., 2015; Velasquez et al. 

2013). The bone is a highly specialized connective tissue, specifically designed for structural, mechanical 

and metabolic functions. It is composed of 60-70% mineral, 10-20% collagen and 9-20% water (Park, 1987); 

small quantities of other organic components (e.g. proteins, lipids, polysaccharides) are also present 



 47 

(Gunderson et al., 1991). Based on its microscopic organization, mammalian bone tissue is classified as 

cortical or trabecular. Cortical bone is traditionally considered to be hierarchically organized in functional 

units called osteons, formed by circumferential lamellae arranged around a longitudinal vascular channel 

(Haversian canal) (Webster, 1988). Despite these shared features, cortical bone shows a different 

organisation mainly based on animal species, size, age and functional moment (Hillier and Bell, 2007; 

Sawada et al., 2014; Matiniakova et al., 2006; Martiniakova et al., 2006). In adult pigs and sheep, femoral 

cortical bone is mainly vascular plexiform, a highly organized pattern which reflects rapid increase in size 

(Currey, 1984; Martiniakova 2006; Martiniakova, 2007) many primary osteons and scattered dense 

Haversian systems are also present, together with several resorption lacunae (Martiniakova, 2006; 

Martiniakova, 2007). Histomorphometric parameters (area, perimeter, maximum and minimum diameter of 

Haversian canals and Haversian systems, as well as primary osteon’s vascular canals parameters) have also 

been described in these two species (Martiniakova, 2006; Martiniakova, 2007). Trabecular bone, on the other 

hand, consists of a network of anastomosing trabeculae, containing bone marrow within their pores. Parallel 

sheets of lamellae form angular segments called trabecular packets, the functional analogous of osteons 

(Webster, 1988). The amount of mineral inorganic components of the bone is represented by Bone Mineral 

Density (BMD). Besides more invasive techniques (e.g. measurements of ashes and mineral content), the 

most accurate way to determine BMD is considered Dual-energy X-Rays Absorptiometry (DXA), which has 

been validated for the study of BMD in pigs and sheep (Nielsen et al., 2004). Although several studies focus 

on the consequences of drugs or specific diets (Duffy et al., 2018; Kolp et al., 2017; Skiba et al., 2017) on 

BMD, few of them exist which evaluate BMD in normal conditions (Mitchell et al., 2001; Turner et al, 1995; 

Teo et al., 2006). BMD contributes significantly to the mechanical properties of bone (Wu et al., 2014); 

however, it has been proven that microarchitecture can be accounted for the majority of bone biomechanical 

behaviour (Parfitt, 1992; Kleerekoper et al., 1985; Parfitt et al., 1983; Jensen et al., 1990). Although the 

possibility to deduce the three-dimensional organization of trabecular bone from two-dimensional histologic 

sections is possible through histomorphometric analysis, the most reliable method to assess trabecular bone 

microscopic structure is micro-computed tomography (µCT) (Müller et al., 1998; Hildebrand, et al., 1999; 

Chappard et al., 2005). Microarchitectural parameters such as Bone Volume to Tissue Volume fraction 

(BV/TV, %), Trabecular Number (Tb.N/mm) and Thinckness (Tb.Th, mm) and Structural Model Index 

(SMI), among others, have a fundamental role in bone quality (Fazzalari et al., 1998; Hernandez and 

Keaveny, 2006). Since the use of this µCT for the evaluation of cortical bone, on the other hand, is still 

limited (Britz et al., 2010), histology is still widely used, especially on undecalcified samples. Bone quality 

has been quantitatively described by its mechanical properties (Bailey and Vashishth, 2018), which reflect its 

organisation and function, combining the features of its inorganic and organic components. They are critical 

for the assessment of its load-bearing capacity and functionality, which is affected by aging, disease and 

pharmacological intervention (Osterhoff et al., 2016; Donnelly, 2011). From a biomechanical point of view, 

bone is a heterogeneous material characterised by anisotropic behaviour, mostly due to its hierarchical 

organization. Cortical bone is characterized by excellent toughness at low strain rates, but at high rates it 



 48 

behaves like a brittle material (Park, 1987). Trabecular bone, on the other hand, exhibits three behavioural 

regimens: a small strain linear-elastic response, which ends when the cell walls of low-density bone collapse, 

a plateau, which continues until opposite cell walls touch, causing a steep increase in stress (Hayes and 

Carter, 1976; Pugh et al, 1973; Stone et al., 1983; Gibson, 1985; Wu et al., 2014).  

Since each of these features has an influence on the final performance of the bone tissue as a whole, they 

should all be carefully considered in the light of bone substitutes design. 

The aim of this work is therefore to comprehensively describe normal cortical and cancellous bone (femur 

and tibia) features in swine and sheep, which are often used as model to test bone substitutes’ 

biocompatibility and mechanical stability. Basic densitometric, morphological, microarchitectural and 

biomechanical bone features will be described, in order to provide multi-disciplinary information for bone 

substitues’ design and evaluation in pre-clinical trials. 

 

Methods  

Animals 

Left swine hindlimbs were collected from the slaughterhouse. The medio-distal femur and medio-proximal 

tibia of Landrance x Large White crosses weighting 80-90 kg were evaluated. Nine left hindimbs from 3-

year-old Bergamasca sheep were collected from an external laboratory, after euthanasia as part of 

experiments unrelated to the present study. The experiments were approved by Italian Ministry of Health 

(Permit N. 264/2013-B).  

 

Macroscopic and radiographic evaluation 

After complete soft tissue removal, bones underwent a visual inspection and radiographic examination 

(orthogonal views) to exclude potential abnormalities (e.g. osteochondrosis) and were stored at -20°C until 

use. Animals with homogeneous skeletal age at the radiographic exam (growth plates) were selected.  

 

Dual-energy X-rays Absorptiometry 

All bones underwent a Dual-energy X-rays Absorptiometry (DXA) (Hologic QDR-1000 Plus, Hologic, 

Waltham, MA, USA) exam as a whole, and Bone Mineral Density (BMD) was recorded at 12 different 

anatomic sites (femur: cranial diaphysis, caudal diaphysis, medial diaphysis, lateral diaphysis, medial 

condyle, lateral condyle; tibia: cranial diaphysis, caudal diaphysis, medial diaphysis, lateral diaphysis, 

medial condyle, lateral condyle) through the placement of a Region Of Interest (ROI). Each measure was 

repeated three times and mean values were used for statistical analysis. A calibration scan of a phantom was 

performed weekly to ensure accurate results. DXA analysis was repeated after sampling on isolated cortical 

and trabecular samples (see below). 
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Sampling 

For each femur and tibia, the following samples were obtained: 4 cortical bone stripes (medial, lateral, 

cranial and caudal); 1 cortical circumferential slice; 2 trabecular bone cubes (medial condyle, lateral 

condyle) (Fig. 1). Cortical stripes underwent DXA and biomechanical evaluation; cortical circumferential 

slices underwent undecalcified histologic evaluation; trabecular bone cubes underwent DXA, micro-CT and 

biomechanical analysis; a thin slice was sampled from each cube, which underwent histological analysis. 

 

 

 
Fig. 1 – Sampling: For each femur and tibia, the following samples were obtained: 4 cortical bone stripes 

(medial, lateral, cranial and caudal); 1 cortical circumferential slice; 2 trabecular bone cubes (medial 

condyle, lateral condyle). 

 

Cortical Bone histology 

Bones were then cut with a band saw to obtain cancellous bone (»2 cm x 2 cm x 2 cm for swine; »1,5 cm x 

1,5 cm x 1,5 cm for sheep) and full cortical bone specimens (»1 cm x 7 cm), corresponding to the 12 ROIs.  

The circumferential slices of cortical bone were degreased in ammonia water solution, polished with 

grinding/abrasive paper on a grinding	 wheel	 for	 geologists	 (Struers	 DAP-7) (Caccia et al., 2016)	 and 

microscopically evaluated to determine their thickness and microarchitecture (prevalent type of bone, 

Haversian systems’ and canals’ number, minimum and maximum diameter, perimeter and area).  
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Trabecular Bone histology 

Corresponding 2-mm-thick thin sections of trabecular bone were obtained at each site for microscopic 

analysis; 2-cm-thick circumferential slices from the bone adjacent to the cortical stripes were also sampled 

for undecalcified microscopic examination. The thin slices of cancellous bone were fixed in neutral buffered 

formalin for 48 hours, rinsed in running tap water for 5 hours and decalcified in acid solution (1,85% 

hydrochloric acid, 4% formic acid in distilled water) for 6 days (swine) and 15 days (sheep). All samples 

were then dehydrated in a graded 50% (v/v), 70% (v/v), 95% (v/v) and 100% (v/v) ethanol series, embedded 

in paraffin and transversally cut into 4-lm-thick sections. The obtained sections were dewaxed and 

rehydrated and routinely stained with hematoxilin and eosin (HE) and Safranin O (specific for cartilage). 

Immunolocalization of collagen I was performed with a polyclonal anti collagen I antibody (EPR7785 

ab138492 abcam) incubated overnight at room temperature in a humid chamber. The antigen–antibody 

complex was detected with a TRITC-labeled donkey anti-rabbit (1:100; Vector Laboratories, Inc.) incubated 

for 30 min at room temperature. After incubation with secondary antibodies sections were washed and 

finally mounted on slides in the antifade medium Vecta Shield (Vector Laboratories, Inc). Samples were 

analysed on an epifluorescence microscope (Eclipse E600; Nikon) also equipped for epifluorescence and a 

digital camera (Nikon digital sight, DS-U3) and software (NIS elements Imaging Software; Nikon) with a 20 

X objective. Immunofluorescence negative controls, which were performed by omitting the primary 

antibodies, did not show any staining under the same exposure settings.  
 

Micro-Computed Tomography 

Each of the collected specimen of trabecular bone underwent micro-computed tomographic examination 

(µCT 100, Scanco Medical AG, Switzerland, EU). Scanning was performed in air, with a peak voltage of 70 

kV and intensity (current) of 114 µA; the scanner was equipped with an aluminium filter to reduce beam 

hardening. Trabecular microarchitecture was quantitatively determined in manually-drawn volumes of 

interest (VOIs). Due to the presence of growth plates in porcine samples (femoral condyles and tibial 

plateau), the epiphyseal (Epiphyseal Trabecular Bone, ETB) and diaphyseal (Metaphyseal Trabecular Bone, 

MTB) portions of each sample were evaluated separately. 

 

Biomechanical testing 

 Swine trabecular specimens were cut with a band saw immediately before biomechanical testing, to obtain 

smaller specimens of uniform tissue, one at each side of the growth plate (Epiphyseal Trabecular Bone, ETB 

and Diaphyseal Trabecular Bone, DTB). Sheep trabecular specimens were tested as a whole. A four-point 

bending test, with four preload cycles and until facture, was applied on the cortical specimens. A strain gage 

rosette was glued on each sample and connected to a Quantum X control unit in order to record the values of 

deformation. The maximum stress was evaluated as well. From the three SG that compose the rosette, the 

maximum and minimum values of the deformation were calculated as !"#$,&'((*) = 	 ./(')0.1(')2 ±
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4
√26(!4(*) − !2(*))2 + (!2(*) − !9(*))2 and the Poisson ratio was computed as : = − .;<=

.>?@
. From the stress-

strain curve of the last cycle of load, the slope of the linear part was evaluated: this was the elastic modulus. 

Six preload cycles until 2 MPa of compression with end-caps were applied to ETB and DTB specimens. A 

steel sample was tested with the same procedure in order to obtain the load-displacement curve of the set-up 

and use it to correct the data and achieve the real displacement of the bone specimens. With the so-obtained 

data, the values of stress and strain of the last cycle of load were calculated and, it was then possible to 

obtain the value of the elastic modulus, defined by the Hookes law as A = B
. . The Young modulus was 

extracted by evaluating the initial and final slopes of the curve. Specimens were tested with a compression 

procedure with end-caps until failure; after correcting the displacement taking into account the machine 

compliance, the elastic modulus was computed and the failure and yielding behaviours were evaluated by 

computing, for each situation, the stress and strain.  

 

Statistical analysis 

Statistical analysis was performed with the IBM SPSS Statistics 25.0 (IBM SPSS Inc., Armonk, USA). 

Descriptive statistics was performed for BMD, micro-CT and biomechanical parameters.  

 

Results 

Macroscopic and radiographic evaluation 

Five pigs were excluded from the study due to macroscopic abnormalities compatible with osteochondritis 

dissecans of the medial femoral condyle (Fig. 2); three pigs were excluded due to radiographic abnormalities 

of the medial femoral condyle compatible with osteochondrosis (Fig. 3). Ten pigs and all nine sheep were 

finally included in the study. 

 

Dual-energy X-rays absorptiometry 

The results of bone density analysis on the whole bone and on isolated specimens are reported in App. 1, 2 

and App. 3-5 respectively.  

 

Cortical Bone histology 

Histomorphological analysis of cortical bone revealed several different patterns, as previously reported 

(Martiniakova et al., 2006) (Fig. 4). In the femur, plexiform bone was found in association with mostly 

primary osteons towards the endosteal surfaces mainly in the cranio-medial portions of the diaphysis, while a 

larger proportion of fibrolamellar bone with both primary and secondary osteon was found in the 

caudolateral diaphyseal portions, mainly towards the endosteal region. In the tibia, plexiform bone was 

primarily accompanied by primary and secondary osteons towards the endosteum in the cranial, medial and 

lateral portions of the diaphysis, with occasional areas of fibrous tissue; in the caudal diaphyseal portion, 

plexiform bone was accompanied by several areas of mixed pattern, including fibrolamellar, differently-
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arranged vascular canals and primary/secondary osteons, with occasional osteon banding (App. 6-9). The 

results of Haversian systems’ and canals’ measures are reported in App. 10-13.  

 

Trabecular Bone histology 

Histological analysis confirmed morphologic preservation of all samples after decalcification (Fig. 5). In all 

porcine samples intra-trabecular basophilic areas were found, which appeared red at Safranin O’ staining 

(cartilage) (Fig. 5); these areas seemed larger and more numerous in MTB.  Immunolocalisation of collagen I 

confirmed antigenicity preservation; in sheep samples, as expected, different levels of collagen deposition 

were evident. In swine samples, no signal was present in the areas corresponding to positive staining at 

Safranin O (cartilage) (Fig. 6).  

 

Micro-Computed Tomography 

The results of micro-CT analysis are reported in App. 14 for pigs (MTB and ETB) and App. 15 for sheep. 

Differences in micro-CT parameters between MTB and ETB in swine bone are depicted in Fig. 7. Micro-CT 

images for sheep are showed in Fig. 8 

 

Biomechanical Testing 

The results of biomechanical evaluation are reported in App. 16-21. Significant difference in US was found 

between ETB and MTB in pigs (Fig. 9) 

 

 

 

 

 

Fig. 2 - Distal epiphysis of swine femur: macroscopic pathologic 

alterations compatible with osteocondrosis dissecans of the 

medial femoral condyle (red circle). 
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Fig. 4 – Histomorphological characterization. Large areas of plexiform bone are visible, together with small areas of laminar bone 

and isolated osteons. Pig, femoral diaphysis, undecalcified (10X). 

 

Fig. 3 - Distal epiphysis of swine femur: a curvilinear radiolucent 

subchondral defect, compatible with osteocondrosis, is visible at 

the level of the medial femoral condyle (red circle). 

S 
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Fig. 5 - Histological characterization of swine trabecular bone. Intra-trabecular basophilic areas at hematoxylin and Eosin staining 

(black arrows) are confirmed to be cartilage at Safranin O staining, where they appear intensely red (red arrowws). These areas seem 

larger and more numerous in ETB (A) when compared to MTB (B). A, B: Hematoxylin and Eosin; C, D: Safranin O; pig, femoral 

condyle, decalcified. Bar=1mm. 

 

 
Fig. 6 – Immunoflourescence characterization of swine and ovine trabecular bone. In swine samples (A), no signal was present in the 

areas corresponding to cartilage. In ovine samples (B), different levels of collagen deposition were evident; this is typical of adult 

bone. Bar= 
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Fig. 7– Micro-CT thin slices of swine trabecular bone. left: ETB; right: MTB. ETB shows a lower number of trabeculae, separated 

by larger marrow cavities when compared to ETB. Bar=1mm. 

 

 

 
Fig. 7– Micro-CT thin slices of ovine trabecular bone. Left: femoral condyle; right: tibial condyle. Bar=1mm 
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Fig. 8 – Graphical representation of the differences in micro-CT parameters of swine trabecular bone between ETB (left) and MTB 

(right). A: BV/TV (%); B: SMI; C: DA; D: Conn; E: Tb.N (1/mm); F: Tb.Th (mm); G: Tb.Sp (mm). Values are expressed as 

mean±standard. Column with different letters are significantly different (p<0,05). 

 

Discussion 

When approaching the design of bone substitutes or the evaluation of the efficacy, safety and 

biocompatibility of such synthetic materials in preclinical trials, none of basic bone features such as 

morphology, composition, mineral density and biomechanics can be left behind without the risk of 

precluding the reliability of the obtained results. The bone is a very complex and metabolically active tissue, 

and each of its properties and function can be optimally tested with a specific method; to date, no single 

technique exists that allows to provide information simultaneously all the basic characteristics of bone 

quality. In this work we propose a multidisciplinary approach to swine and ovine bone tissue, through the 

study of different bone features with different techniques on the same specimens. Pigs and sheep have been 

selected for this study because they represent common models in orthopaedic research. Pigs are reported as 

the subject of choice in a variety of studies, such as femoral head osteonecrosis, cartilage and bone fractures 

and bone ingrowth studies (An and Friedman, 1999; Buser et al., 1991; Sun et al., 1999); they have been also 

employed to test fixation devices and investigate trauma (Seil et al., 1998; Massengill et al., 1982; Kousa et 

al., 2003; Kousa et al., 2003; Humphrey et Hutchinson, 2001; Southern et al., 1990).  Since swine 

commercial breeds are characterized by very high growth rate and excessive final body weight (Pearce et al., 

2007), however, pigs weighting 70-80 kg were selected at the slaughterhouse. Sheep, on the other hand, are 

becoming more and more diffuse especially in studies involving fractures, osteoporosis and osteoarthritis 

(Decker et al., 2014; Dias et al. 2018; McCoy, 2015), probably due to their body weight and hindlimb long 

bones dimension and biomechanics, which are similar to humans (Pearce et al, 2007). All bone features were 

studied at different regions of both femur and tibia (medial, lateral, crabnial, caudal diaphysis; medial and 

lateral condyles). In fact, regional differences in bone microscopic and biomechanical features have been 
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previously described is some species (Mason et al, 1995; Martin et al., 1996; Zedda et al., 2015; Bonney et 

al., 2011), which are likely to correspond to the loading strain patterns of the bone during normal locomotion 

(Bonney et al., 2011).  

Microscopic analysis of cortical bone revealed plexiform bone as the overall major component in pigs both 

for the femur and the tibia, in accordance with previous studies (Martiniakova 2006, 2007; Hillier et al., 

2007). Plexiform bone is a type of primary bone which is typically found in the long bone of large, fast-

growing animals, morphologically characterised by a “brick-wall appearence” (Martin, 1998; Hillier et al., 

2007). Previous studies enlighted a connection between osteon density and mechanical load, with a decrease 

of density on the sides of the bone where tensile strains are predominant (Mason et al., 1995). Similarly, a 

relation between osteon diameter and strain magnitude has been descripted (Frost, 1990; Skedros, 2001). In 

our study a purely qualitative analysis of cortical bone morphometric parameters was performed, which does 

not suggest the presence of such differences at different anatomical sites. However, a quantitative analysis of 

these parameters would be very interesting, potentially revealing significant differences due to muscular and 

joint anatomy and loadbearing patterns. 

Microscopic analysis of trabecular bone samples revealed typical features in all sheep samples. In all swine 

samples, small intra-trabecular areas of mineralized cartilage, confirmed with Safranin O staining were 

evident, which seem larger and more abundant in MTB when compared to ETB. Although expected, it is 

very important to remark these results: in fact, it is important to remark that pigs weighting 70-80 kg, often 

used as orthopaedic models, are far from being skeletally adult, and this has important implication on results 

interpretation. In fact, the normal rate of bone regeneration and remodelling is very high in young animals 

and decreases with ageing, and this could very likely influence the outcome of studies aimed, for example, to 

evaluate fracture healing, fixation devices and bone regeneration, with potential misinterpretation of the 

results. The primary diagnostic value of bone histomorphometry is the assessment of osteoid and bone cells, 

and three-dimensional techniques such as microCT do not provide information on bone dynamics (e.g. 

forming, resorbing and resting bone surfaces) (Müller et al., 1998). Moreover, mineralization of these 

cartilage areas would not be evident at micro-CT analysis, which is often employed in this type of studies, 

but would probably have an influence on bone biomechanical analysis, possibly leading to imprecise data 

interpretation. The reason for a higher mineralization at the metaphyseal region is not clear, but this 

difference could be due to the higher apposition rate when compared to the epiphyseal ossification centre. 

Few densitometric study exist on pigs, especially whole-body examinations aimed to non-invasive 

evaluation of carcasses’ composition (Kremer et al., 2011; Bernau et al., 2015; Soladoye et al., 2016). 

Concerning sheep, together with carcasses’ evaluation (Pearce et al., 2009), DXA has been employed to 

quantitatively analyse bone healing and regeneration, osteoporosis (den Boer et al., 1999; Floerkemeier et 

al., 2010; Heiss et al., 2017), and in normal conditions both on live animals and ex vivo (Turner et al. 1995; 

Pouilles et al., 2000). To our knowledge, no precise regional information about the femur and tibia in this 

species exist. Despite the small sample size, BMD analysis provided basic regional parameters in 70-80 kg 

pigs and adult sheep. Such results may serve as basic comparison with new researches about the tibia and the 
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femur in these species, providing a set of normal references. On the other way, the BMD analysis performed 

on isolated specimens, corrected for their size, aimed to provide standard densitometric parameters for the 

realization of scaffold materials designed for specific regions. In fact, BMD significantly contributes to the 

mechanical properties of bone (Wu et al., 2014), and regional differences in this parameter could potentially 

influence the efficacy of a non-specific synthetic substitute. It is important to notice that no precise 

information was available about the age and rearing conditions of the pigs included in the study. Accurate 

age determination, in fact, is not possible with radiography; moreover, growth plates closure is very variable 

in pigs (Cone, 2017) and only two bones were available for radiographic interpretation. Anyway, subjective 

radiographic evaluation of the available growth plates suggested a homogeneous sample. Also, no precise 

information about conditions that may have influenced bone metabolism were available (e.g. diet; non-

skeletal orthopaedic disease; metabolic disease); anyway, diet is generally standardized for these animals and 

no remarks at the pre-mortem inspection were reported. On the other hand, sheep came from a control 

experimental group, so the variables potentially affecting BMD were likely reduced.  

MicroCT analysis provided basic results about bone microarchitecture, bypassing the possible error involved 

in traditional histomorphometric analysis. In fact, basic parameters, such as relative bone volume density 

(BV/TV), mean trabecular thickness (Tb.Th), mean trabecular separation (Tb.Sp) and trabecular number 

(Tb.N) can be computed directly from three-dimensional images without underlying model assumption 

(Hildebrand and Rüegsegger, 1997). Trabecular bone is organized in a three-dimensional network of rods 

and plates, and the extrapolation of three-dimensional values from two-dimensional sections assumes a plate-

like organization (Stauber and Müller, 2005), which is not always the case. MicroCT results in the pig 

showed higher BV/TV in MTB when compared to ETB, explained by a higher Tb.N and lower Tb.Sp, 

without differences in Tb.Th; therefore, MTB can be considered more porous with respect to ETB. 

Analysing the Structural model index (SMI), a parameter which estimates the plate-rod organization of bone, 

both ETB and MTB showed a plate-like structure, which was more pronounced in ETB. SMI, in fact, varies 

from 0 (ideal plate structure) to 3 (ideal rod structure), lying between 0 and 3 for structures with both plates 

and rods (Hildebrand and Rüegsegger, 1997). Although some Authors recently proposed ellipsoid factor 

(EF) as an alternative to SMI, arguing that SMI is unavoidably influenced by the assumption that the entire 

trabecular bone surface is convex and that SMI values in literature should be considered with suspicion 

(Salmon et al., 2015), SMI is still widely used to describe microarchitectural bone features. Few negative 

SMI results were also obtained in ETB, in samples with higher BV/TV, confirming the hypothesis of close 

relation of between these two parameters (Salmon et al., 2015). 

No precise information is available at the moment about species-specific biomechanical parameters of 

cortical and cancellous bone. In this project, the elastic modulus and ultimate strength were measured both 

for cortical and cancellous bone with bending tests (cortical bone) and compression test (cancellous bone) 

with strain gages. The results obtained for all samples are in rough agreement with those reported for 

humans, sheep and cows in other studies (Zhang et al., 2014; Ding et al., 2012; Endo et al., 2016; Wu et al., 

2014). The elastic modulus of cortical bone in sheep was higher when compared to the pig and to the 
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available parameters for humans (Ding et al., 2012; Wu et al., 2014). The reason for this difference is 

unclear, but since BMD analysis showed similar results for both species, the different morphometric features 

(e.g. different amount of plexiform bone) might be responsible for it. However, it must be specified that 

several different techniques can be employed to measure the biomechanical properties of bone, and not all of 

them provide the same results (Bayley and Vashishth, 2018). Therefore, a precise comparison is difficult to 

perform.  

This study has several limits. It was not possible to establish precisely the age of the animals. Sample size 

was small, but animals were homogeneous. No precise information was available about the diet the animals 

were fed, and the skeletal consequences on different diets on bone metabolism are well-known. Anyway, all 

animals were fed the same diet. The results of this study confirmed the advantages and limitations of each 

employed technique, highlighting the importance of a consistent and combined approach to such a 

problematic tissue. 

 

Conclusion 

In conclusion this study allowed to develop a multidisciplinary approach to the study of the bone in pigs and 

sheep, evaluating several different parameters with different techniques on the same samples. This approach 

is crucial because it allows to elucidate all the fundamental features of such a complex tissue at once. In fact, 

omitting one or more of these aspects during preclinical trials could result in inaccurate study design or 

imprecise estimation and interpretation of the results, with serious consequences. Finally, reference 

parameters for normal swine and ovine bone features were provided. 
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Tables 

Table 1 – BMD values (g/cm2) for swine femur and tibia (whole bone) at different locations.  

 

 
Table 2 – BMD values (g/cm2) for ovine femur and tibia (whole bone) at different locations. 
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Table 3 – BMD values (g/cm3) for swine femur and tibia (cortical bone, isolated specimens) at different locations, corrected for 

sample size (height). 

 

 
Table 4 – BMD values (g/cm3) for swine trabecular bone (isolated specimens), corrected for sample size (height). ETB= epiphyseal 

trabecular bone; MTB: metaphiseal trabecular bone.  

 

 
Table 5 –BMD values (g/cm3) for ovine femur and tibia (isolated specimens) at different locations, corrected for sample size (height).  
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Tab. 6 – Histomorphological analysis of swine femoral diaphysis. 
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Tab. 7 – Histomorphological analysis of swine tibial diaphysis. 
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Tab. 8 – Histomorphological analysis of ovine femoral diaphysis. 
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Tab. 9 – Histomorphological analysis of ovine tibial diaphysis. 
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Bone Thickness Region mean±ES min max 

Femur 

Minimum 

Medial 3,1±0,3 2,5 4,0 

Lateral 3,8±0,6 2,0 5,3 

Cranial 3,4±0,5 1,8 4,6 

Caudal 3,6±0,6 2,5 5,4 

Maximum 

Medial 3,7±0,2 3,3 4,3 

Lateral 5,4±0,5 4,1 6,6 

Cranial 4,1±0,6 2,8 5,6 

Caudal 4,2±0,5 3,2 6,0 

Tibia 

Minimum 

Medial 4,2±0,4 3,2 5,6 

Lateral 4,3±0,4 3,4 5,5 

Cranial 3,1±0,2 32,6 3,7 

Caudal 3,2±0,09 3,0 3,5 

Maximum 

Medial 5,0±0,3 4,4 6,3 

Lateral 4,8±0,4 3,6 6,0 

Cranial 3,5±0,2 2,8 4,1 

Caudal 3,4±0,8 3,3 3,7 
Tab. 10 – Cortical thickness of swine femur and tibia. Values are expressed in mm. 

 

Bone Thickness Region mean±ES min max 

Femur 

Minimum 

Medial 2,7±0,1 2,2 3,3 

Lateral 2,8±0,2 1,8 3,4 

Cranial 2,9±0,2 2,0 3,7 

Caudal 2,8±0,2 1,9 3,7 

Maximum 

Medial 2,9±0,1 2,3 3,7 

Lateral 2,9±0,2 2,1 3,6 

Cranial 3,5±0,4 2,3 6,3 

Caudal 3,2±0,1 2,7 3,9 

Tibia 

Minimum 

Medial 4,0±0,3 2,5 5,4 

Lateral 3,6±0,2 2,6 4,7 

Cranial 4,2±0,3 3,2 5,9 

Caudal 3,6±0,2 2,6 4,4 

Maximum 

Medial 4,5±0,3 3,1 5,6 

Lateral 4,1±0,2 2,9 5,0 

Cranial 4,7±0,3 3,7 6,3 



 71 

Caudal 3,3±0,2 3,0 5,2 
Tab. 11 – Cortical thickness of ovine femur and tibia. Values are expressed in mm. 

 

Bone Parameter Region mean±ES min max 

Femur 

Osteon 

Min. diameter 

Medial    

Lateral 186±10 118 270 

Cranial 147±23 111 189 

Caudal 184±10 126 260 

Max. diameter 

Medial    

Lateral 231±10 158 344 

Cranial 180±19 143 204 

Caudal 224±11 174 290 

Perimeter 

Medial    

Lateral 677±27 449 902 

Cranial 532±66 413 641 

Caudal 659±32 489 847 

Area 

Medial    

Lateral 35654± 2922 15145 45928 

Cranial 22238±5440 12960 31800 

Caudal 33546±3276 17523 54846 

Havers. canal 

Min. diameter 

Medial    

Lateral 32±2 24 49 

Cranial 26±3 20 29 

Caudal 31±2 21 42 

Max. diameter 

Medial    

Lateral 41±3 29 72 

Cranial 42±4 35 49 

Caudal 42±2 25 57 

Perimeter 

Medial    

Lateral 118±6 92 195 

Cranial 122±11 102 139 

Caudal 121±7 80 158 

Area 

Medial    

Lateral 1071±122 639 2777 

Cranial 1038±179 709 1323 
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Caudal 1119±126 470 1754 

Tibia 

Osteon 

Min. diameter 

Medial 163±5 131 213 

Lateral 170±5 138 201 

Cranial 163±6 122 193 

Caudal 150±7 109 215 

Max. diameter 

Medial 204±8 164 315 

Lateral 208±8 161 278 

Cranial 205±11 144 271 

Caudal 189±7 151 264 

Perimeter 

Medial 591±19 493 801 

Lateral 612±17 496 767 

Cranial 590±29 417 733 

Caudal 546±20 440 774 

Area 

Medial 26910±1754 18964 44776 

Lateral 28650±1580 18936 44084 

Cranial 26826±2327 13421 38613 

Caudal 22885±1851 14736 45650 

Havers. canal 

Min. diameter 

Medial 32±1 22 46 

Lateral 31±2 20 50 

Cranial 28±2 19 45 

Caudal 26±2 17 43 

Max. diameter 

Medial 39±2 26 56 

Lateral 38±3 22 67 

Cranial 34±3 20 57 

Caudal 28±2 23 54 

Perimeter 

Medial 115±5 86 159 

Lateral 113±7 73 187 

Cranial 97±8 61 157 

Caudal 95±6 68 155 

Area 

Medial 1020±92 555 1905 

Lateral 1007±130 403 2559 

Cranial 766±133 278 1854 

Caudal 713±95 337 1812 

Tab. 12 – Histomorphometric analysis of swine femoral and tibial diaphysis. Values are expresses in µm (diameters, perimeters) or 

µm2(area). 
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Bone Parameter Region mean±ES min max 

Femur 

Osteon 

Min. diameter 

Medial 168±8 122 225 

Lateral 176±6 127 220 

Cranial 169±5 125 217 

Caudal 157±5 115 236 

Max. diameter 

Medial 205±10 143 301 

Lateral 213±6 163 254 

Cranial 214±5 174 252 

Caudal 197±6 132 271 

Perimeter 

Medial 582±25 428 797 

Lateral 612±18 466 727 

Cranial 605±15 489 722 

Caudal 560±16 415 795 

Area 

Medial 26346±2266 14239 47681 

Lateral 29076±1632 16315 40710 

Cranial 28066±1362 17647 39462 

Caudal 24284±1399 13345 49122 

Havers. canal 

Min. diameter 

Medial 20±1 13 27 

Lateral 23±2 14 43 

Cranial 23±1 11 29 

Caudal 20±1 12 28 

Max. diameter 

Medial 25±1 13 35 

Lateral 28±2 16 47 

Cranial 28±1 17 38 

Caudal 26±1 19 40 

Perimeter 

Medial 73±4 42 98 

Lateral 80±6 49 141 

Cranial 79±3 46 102 

Caudal 73±3 51 108 

Area 

Medial 412±40 133 712 

Lateral 532±85 164 1541 

Cranial 472±34 153 768 

Caudal 404±38 182 865 

Tibia Osteon Min. diameter 

Medial 163±7 133 190 

Lateral 162±10 133 179 

Cranial 162±4 108 229 
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Caudal 157±4 127 209 

Max. diameter 

Medial 208±12 156 274 

Lateral 207±14 167 225 

Cranial 196±6 125 311 

Caudal 192±6 157 276 

Perimeter 

Medial 587±28 463 709 

Lateral 592±41 471 639 

Cranial 570±15 383 845 

Caudal 556±15 445 742 

Area 

Medial 26465±2405 16587 37604 

Lateral 26413±3290 16546 29976 

Cranial 28785±3525 11246 199907 

Caudal 23806±1294 15092 6726 

Havers. canal 

Min. diameter 

Medial 30±2 20 45 

Lateral 26±3 18 30 

Cranial 22±1 14 41 

Caudal 24±1 18 34 

Max. diameter 

Medial 39±3 25 56 

Lateral 35±5 22 44 

Cranial 27±1 17 51 

Caudal 28±1 19 45 

Perimeter 

Medial 107±8 71 159 

Lateral 96±12 63 118 

Cranial 78±3 47 131 

Caudal 81±3 56 112 

Area 

Medial 883±141 378 1904 

Lateral 696±156 288 1018 

Cranial 485±39 160 1277 

Caudal 505±35 229 881 

Tab. 13 – Histomorphometric analysis of ovine femoral and tibial diaphysis. Values are expresses in µm (diameters, perimeters) or 

µm2(area). 
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  mean±ES min max 95%LIC 95%UIC 

Tb.N 
ETB 1,92±0,05 1,61 2,76 1,81 2,02 

MTB 2,90±0,11 1,89 3,87 1,81 2,02 

Tb.Th 
ETB 0,11±0,003 0,09 0,17 0,11 0,12 

MTB 0,11±0,002 0,09 0,13 0,10 0,11 

Tb.Sp 
ETB 0,50±0,01 0,34 0,60 0,47 0,52 

MTB 0,32±0,01 0,24 0,48 0,29 0,35 

SMI  
ETB 0,47±0,10 -0,45 1,39 0,26 0,68 

MTB 1,37±0,09 0,41 1,96 0,26 0,68 

DA 
ETB 1,64±0,02 1,44 1,92 1,59 1,69 

MTB 1,87±0,03 1,59 2,06 1,80 1,94 

Conn. 
ETB 16,67±1,24 7,77 35,29 14,10 19,23 

MTB 35,50±2,8 13,34 59,37 29,63 41,37 
Tab. 14 - Micro-CT parameters for swine trabecular (tibia and femur). ETB=epiphyseal trabecular bone; MTB: metaphyseal 

trabecular bone. BV/TV=relative bone volume density; Tb.N= trabecular number (1/mm); Tb.Th=mean trabecular thickness (mm); 

Tb.Sp=mean trabecular separation (mm); SMI= structural model index; Conn=connectivity (1/mm3); DA=degree of anisotropy. 

 

   mean±ES min max 95%LIC 95%UIC 

BV/TV 

femur 
medial 0,42±0,02 0,32 0,50 0,38 0,47 

lateral 0,28±0,01 0,23 0,31 0,26 0,31 

tibia 
medial 0,32±0,02 0,23 0,41 0,27 0,37 

lateral 0,29±0,02 0,22 0,42 0,24 0,34 

Tb.N 

femur 
medial 2,00±0,04 1,79 2,17 1,91 2,10 

lateral 1,66±0,03 1,53 1,82 1,58 1,74 

tibia 
medial 1,53±0,07 1,26 1,76 1,37 1,69 

lateral 1,52±0,04 1,38 1,74 1,43 1,61 

Tb.Th 

femur 
medial 0,20±0,01 0,16 0,25 0,17 0,22 

lateral 0,16±0,01 0,13 0,18 0,14 0,17 

tibia 
medial 0,19±0,01 0,15 0,23 0,16 0,22 

lateral 0,18±0,01 0,14 0,26 0,15 0,21 

Tb.Sp 

femur 
medial 0,42±0,01 0,39 0,49 0,40 0,45 

lateral 0,54±0,01 0,49 0,61 0,51 0,57 

tibia 
medial 0,61±0,02 0,52 0,70 0,55 0,67 

lateral 0,61±0,02 0,52 0,69 0,56 0,65 

SMI femur 
medial -1,50±0,18 -2,43 -0,43 -1,93 -1,06 

lateral -0,27±0,06 -0,59 -0,12 -0,41 -0,13 
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tibia 
medial -0,47±0,16 -1,18 0,1 -0,86 -0,07 

lateral -0,32±0,20 -1,72 0,35 -0,77 0,15 

DA 

femur 
medial 1,76±0,02 1,68 1,86 1,72 1,81 

lateral 1,80±0,07 1,53 2,08 1,63 1,96 

tibia 
medial 1,70±0,09 1,31 2,06 1,71 1,74 

lateral 1,78±0,10 1,48 2,52 1.54 2,00 

Conn 

femur 
medial 5,72±0,42 3,86 7,50 4,77 6,68 

lateral 6,02±0,27 5,13 7,13 5,39 6,66 

tibia 
medial 4,45±0,53 2,28 5,97 3,15 5,75 

lateral 4,60±0,45 2,30 6,77 3,58 5,63 
Tab. 15 - Micro-CT parameters for ovine trabecular bone at different locations. BV/TV=relative bone volume density; Tb.N= 

trabecular number (1/mm); Tb.Th=mean trabecular thickness (mm); Tb.Sp=mean trabecular separation (mm); SMI= structural model 

index; Conn=connectivity (1/mm3); DA=degree of anisotropy. 

 

Bone Region mean±ES min max 95%LIC 95%UIC 

Femur Diaphysis Medial 20,14±4,66 6,99 55,70 9,59 30,68 

Lateral 14,24±1,82 6,90 18,99 9,56 18,92 

Cranial 20,07±3,45 9,06 41,04 11,92 28,22 

Caudal 15,07±1,91 9,05 29,08 10,75 19,40 

Tibia 

 

Diaphysis Medial 22,80±4,52 11,52 44,79 12,12 33,48 

Lateral 19,92±3,02 12,66 35,04 12,78 27,06 

Cranial 17,65±2,31 8,63 32,55 12,43 22,86 

Caudal 20,73±3,27 11,90 40,89 13,19 28,27 

Table 16 – E values (GPa) for swine cortical bone from femur and tibia at different locations.  

 

 mean±ES min max 95%LIC 95%UIC 

ETB 1,11±0,17 0,45 2,62 0,75 1,46 

MTB 1,34±0,23 0,73 3,34 0,82 1,86 

Table 17 – E values (GPa) for swine trabecular bone. ETB=epiphyseal trabecular bone; MTB: metaphyseal trabecular bone. 
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Bone Region mean±ES min max 95%LIC 95%UIC 

Femur Diaphysis 

Medial 88,93±12,06 48,17 179,53 61,66 116,20 

Lateral 75,39±13,03 42,93 118,13 41,88 108,90 

Cranial 96,89±13,68 68,46 187,75 64,55 129,24 

Caudal 84,93±10,47 45,34 148,46 61,25 108,62 

Tibia Diaphysis 

Medial 144,40±29,89 58,39 322,00 73,71 215,10 

Lateral 77,59±8,03 50,26 126,02 58,60 96,58 

Cranial 100,60±14,68 42,80 218,66 67,40 133,80 

Caudal 96,40±11,95 48,82 156,18 68,85 123,95 

Table 18 – US values (MPa) for swine cortical bone from femur and tibia at different locations.  

 

 mean±ES min max 95%LIC 95%UIC 

ETB 9,22±0,78 4,99 15,32 7,56 10,88 

MTB 12,54±1,12 4,77 18,05 10,04 15,05 
Table 19 – US values (MPa) for swine trabecular bone. ETB=epiphyseal trabecular bone; MTB: metaphyseal trabecular bone. 

 

Bone Region mean±ES min max 95%LIC 95%UIC 

Femur 

Diaphysis 

Medial 57,71±5,37 36,30 77,03 44,50 70,42 

Lateral 48,39±6,64 31,00 95,16 33,08 63,69 

Cranial 42,49±4,04 26,36 57,67 32,48 51,60 

Caudal 54,39±6,07 30,53 76,08 40,40 68,38 

Condyles 
Medial 0,57±0,08 0,21 0,90 0,29 0,76 

Lateral 0,55±0,09 0,24 0,95 0,35 0,75 

Tibia 

 

Diaphysis 

Medial 67,95±8,37 31,07 104,83 48,66 87,25 

Lateral 63,17±4,84 37,58 77,32 51,99 74,34 

Cranial 56,80±6,14 35,82 83,75 42,29 71,30 

Caudal 59,80±9,06 36,05 123,38 38,91 80,69 

Condyles 
Medial 0,42±0,08 0,14 0,91 0,23 0,62 

Lateral 0,43±0,06 0,11 0,60 0,29 0,56 

Table 20 – E values (GPa) for ovine cortical and trabecular bone from femur and tibia at different locations.  
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Bone Region mean±ES min max 95%LIC 95%UIC 

Femur 

Diaphysis 

Medial 109,37±8,71 70,01 150,37 89,28 108,27 

Lateral 113,40±13,68 70,00 205,91 81,86 144,94 

Cranial 108,82±7,85 74,87 147,50 90,72 126,93 

Caudal 128,95±7,61 91,31 164,22 111,39 146,50 

Condyles 
Medial 21,62±2,33 10,80 32,40 16,25 26,99 

Lateral 13,12±1,23 5,70 18,10 19,30 15,95 

Tibia 

 

Diaphysis 

Medial 146,02±15,67 88,60 229,62 108,89 182,15 

Lateral 167,62±27,33 82,66 364,29 104,60 230,65 

Cranial 210,09±15,78 146,61 289,60 173,69 246,48 

Caudal 169,76±23,76 105,90 342,97 114,96 224,56 

Condyles 
Medial 19,21±3,89 5,90 44,50 10,23 28,19 

Laateral 13,12±2,26 2,70 25,40 7,92 18,34 
Table 21 – US values (MPa) for ovine cortical and trabecular bone from femur and tibia at different locations.  
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Abstract
Cartilage canals (CCs) are microscopic

structures involved in secondary ossification
centers (SOCs) development. The features of
CCs were investigated in the humeral and
femoral proximal epiphyses of small-sized
newborn dogs (from premature to 28 days after
birth) with histochemical and immunohisto-
chemical approaches. Masson’s Trichrome
revealed a ring-shaped area around CCs,
which changes in colour from green (imma-
ture collagen) to red (mature collagen) as
ossification progresses; perichondrium stain-
ing always matched the ring color. Safranin-O
was always negative. Immunohistochemical
analysis revealed immunopositivity for both
collagen type I and V around the CCs; collagen
type II was negative. CCs count showed a ten-
dency to be higher in the humerus than in the
femur. This work enlightened for the first time
changes in composition of CCs surrounding
matrix during SOCs development in dogs,
paving the way to further investigations.

Introduction
Mammalian long bones develop via endochon-

dral ossification, by formation of primary ossifi-
cation centers and secondary ossification centers
(SOCs). A crucial event preceding the formation
of SOCs is the initial generation of cartilage
canals (CCs). Cartilage canals have been
described in the long bones of birds and mam-
mals, as well as in human tarsal bones.1 Their
growth and development have been detailed
mostly in mice2,3 and chickens.4,5 Cartilage canals
are tube-shaped formations containing a central
arteriole which branches out into an anastomos-
ing network of capillaries; a single venule follows
the course of the arteriole back to the perichon-
dral plexus6 from which the CCs derives as an
invagination.2 They also house lymphatics,6

unmyelinated nerve fibers6-8 and mesenchymal
stem cells, embedded within a loose extracellular

matrix (ECM).1 The primary function of CCs is to
supply nutrition to the growing cartilage and
eliminate waste products. A wide variety of CCs
size and shape was described in the humeral
head of the dog, reflecting the metabolic needs of
specific areas. Cartilage canals varied from short
unbranched channels to channels coursing from
one side of the epiphysis to the other,6 and they
were tightly associated with SOCs.9 Other func-
tions of CCs are still under discussion: some
authors suggest they may contribute to the for-
mation and maintenance of SOCs2,3,5,10 and they
may serve the cartilage growth itself, turning
perivascular cells into matrix-producing chon-
drocytes as cartilage physiologically regresses.11

Evidence demonstrated that defects of cartilage
canal blood supply lead to disturbance of endo-
chondral ossification, in human being as well as
in animal species, including dogs.12 The way in
which these diseases is initiated is still debated.
The aim of this work was to continue and to
expand the researches on CCs behavior in the
dog. Previous researches, in fact, although very
extensive, only concern the first week of age and
medium and large breeds.6,9 Humerus and femur
proximal epiphyses were investigated with mor-
phological, histochemical and immunohisto-
chemical analyses in prematurely born and up-
to-28-days-aged. Expected result could provide
anatomical basis for a better understanding of
the onset of such endochondral disturbances, in
the light of dog health, translational and/or com-
parative research.  

Materials and Methods
Animals

Sixteen spontaneously dead puppies aged up
to 28 days and belonging to breeds categorized
as small-sized according to the standard breed
adult body weight <7 kg13 were examined
(Supplementary Table 1) and stored at -20°C.  

Puppies were full term and died as a conse-
quence of hypoxia during birth and/or bacterial
diseases in the first days of life. Their body
weight was normal in relation to the breed and
the age at the time of death. Two puppies were
premature (49 days of gestation). A sponta-
neously dead skeletally mature small-sized dog
(15-year-old) was enrolled as positive control
of ossification. The presence of skeletal abnor-
malities was excluded by macroscopic exami-
nation and confirmed by radiographic investi-
gation: the expected appearance of the ossifi-
cation centers was confirmed and no sign of
degenerative joint disease in the shoulder and
in the hip joint was detected in the mature dog.

All cadavers were obtained from breeder
prior their informed consent signature; the
research was approved by the Ethic Committee
of the University of Milan (OPBA, 58/2016).

Histology and histochemistry 
Cadavers were thawed at room temperature.

The proximal epiphyses of the left humerus
and femur (total number of specimens = 32)
were separated from the remaining bone and
fixed in buffered 10% formalin (Bio-Optica,
Milan, Italy) for 24 h as a whole. Samples were
decalcified with 45% formic acid (Sigma
Chemical Co., St. Louis, MO, USA), for 2-3 days
and then with 15% 0.5 M EDTA solution (pH
8.0 - Sigma) for 7-10 days14 and embedded in
paraffin. Serial sections (4 µm thickness)
were mounted on glass slides. Sections corre-
sponding to the sagittal median plane of each
proximal epiphysis were stained with standard
Hematoxylin-Eosin (HE), Masson’s Trichrome
(MT) and Safranin-O (SO) (Bio-Optica) in
order to follow ossification progression.
Quantitative analysis of CCs was performed on
both HE and MT stained sections, with the
Olympus DP-software program at 20x magnifi-
cation: the area corresponding to the sagittal
median plane of each proximal epiphysis was
measured, and the number of CCs in each of
them contained calculated for each dog (total
CCs: humerus vs femur; green (immature col-
lagen fibers) or red (mature collagen fibers)
CCs: humerus vs femur).
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Immunohistochemistry 
Collagen type I and II were localized with

immunohistochemical analyses according to
Di Giancamillo et al.15 A mouse anti-collagen
type V (ab-112551, Abcam, Cambridge, UK)
antibody was used too, utilizing the same pro-
cedure previously described. Briefly, all the pri-
mary antisera were diluted 1:200 with a 0.05 M
pH 7.4 Tris–HCl saline buffer (TBS: 0.05 M, pH
7.4, 0.55 M NaCl). Antigene-antibody complex-
es were detected with a ready-to-use secondary
antibody (Dako REALTM EnVisionTM/
Horseradish Peroxidase, Rabbit/Mouse) and
with 3,3'-diaminobenzidine (DAB, Dako
Cytomation) as substrate.15 Sections from the
humerus of the adult dog were used as positive
control; negative controls were performed
replacing primary and secondary antibodies.
Photomicrographs were captured with an
Olympus BX51 microscope (Olympus, Milan,
Italy) equipped with a digital camera.  

Statistical analysis
Statistical analysis was performed with SAS

statistical software (version 9.3, Cary Inc.,
NC). Data from the CCs counts were analyzed
using 2-way ANOVA with bone
(humerus/femur) and color (green/red) as
main factors, and co-variated for the area cor-
responding to the sagittal median plane of
each humeral and femoral proximal epiphysis.
Values from each dog were considered as the
experimental unit of all response variables.
The data are presented as least-square means
(SEM). Differences between means were con-
sidered significant at P<0.05. 

Results
Histology and histochemistry 

Analyses showed the appearance and the
gradual development of the SOCs of the
humeral and femoral proximal epiphyses,
according with the age. Therefore, animals
were categorized on the basis of the total num-
ber of the examined proximal epiphyses of
both humerus and femur, as follows: No
Ossification Center (NO, 43.75% humerus vs
37.50% femur; animals age: preterm up to 7
days); Early Ossification Center (EO, 18.75%
humerus and 50% femur; animals age: 7-15
days) and Ossification Center (OC 37.50%
humerus vs 12.50% femur; animals age: 15-28
days). 

Hematoxylin-Eosin
In both humerus and femur, CCs were scat-

tered in the chondroepiphysis in NO group
(Figure 1a), scattered both in the mineralized
ECM (Figure 1b) and surrounding resting car-
tilage in EO group, both scattered and entering

                             Original Paper

Figure 1. Representative image of the SOC formation in the left humerus of growing
dogs - HE staining; a) at 0 days of age; b) at 7 days of age; c) at 21 days of age. NO, no
ossification; EO, early ossification; OC, ossification center; arrow, cartilage canal; HC,
hypertrophic chondrocytes; SOC, secondary ossification center. Scale bar: 1000 µm. 
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the SOC in the OC group (Figure 1c).
Quantitative analysis revealed a tendency of
the total CCs number in the humerus, which
was higher than in femur (27.32±2.52 vs
22.15±2.27; P=0.078). As expected, the adult
dog showed no CCs.

Masson’s Trichrome
In NO group all CCs were surrounded by a

light green matrix, and the same reactivity was
always observed in the perichondrium indicat-
ing that these areas were ‘immature’ concern-
ing the collagen fibers detected. Cartilage
canals were surrounded by a basal membrane

and hosted capillaries embedded by an amor-
phous matrix in the lumen. No sign of chondri-
fication has been observed (Figure 2 a,i). In
the EO group, 50% of the CCs appeared sur-
rounded by green matrix, while the other 50%
by red matrix (Figure 2 b,c, respectively). In
the perichondrium the histochemical reactivi-
ty revealed both a green and red color indicat-
ing a gradual passage from an ‘immature’ to a
‘mature’ collagen composition in both localiza-
tions. In the OC group the presence of a well-
structured SOC was accompanied by areas of
matrix reactivity in red color, also when the
CCs were incorporated within the SOC (Figure 2d).

Perichondrium appeared in its definitive his-
tochemical red reactivity (Figure 2j). In the
skeletally mature dog, articular cartilage
stained light green, subchondral bone stained
red (Supplementary Figure 1a). The quantita-
tive analysis conducted on the three new born
studied ages revealed that total green CCs
number was significantly higher in the
humerus compared to the red CCs of the
humerus and to the green/red CCs of the
femur (P<0.05 all comparisons, Figure 2).

Safranin-O
Staining around CCs was evident, and it was

                                                                                                        Original Paper

Figure 2. Images of CCs and perichondrium in NO, EO and OC groups - Masson’s Trichrome and Safranin-O staining (left humerus).
Masson’s Trichrome staining: in NO group a homogeneously green ECM surrounds a CC (a); an amorphous matrix surrounds the cap-
illaries hosted in its lumen (a); the perichondrium stains green (i); in EO group a subtle green ring of matrix surrounds 50% of the
CC (b) and a red ring surrounds the other 50% (c); the number of CCs tends to decrease as the matrix ring changes in colour from
green to red (b,c); perichondrium colour always reflects the ring color (i,j); in OC group a red ring matrix surrounds all CC (d); the
content of SOC CCs is markedly decreased (d); the perichondrium stains red (j).  Safranin-O staining: in all groups the staining of
ECM around CCs is always paler than in the surrounded areas (e-h); the perichondrium is negative (k,l). Green ring CCs number was
significantly higher in the humerus compared to the red rings CCs of the humerus and to the green/red rings CC of the femur (P<0.05
all comparisons). All described features are observed both in the humeral and femoral head. CC, cartilage canal; HC, hypertrophic
chondrocytes; arrows,  trabeculae; SOC, secondary ossification center; PC,  perichondrium. Scale bar: 100 µm.
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paler than the surrounding ECM in all groups, irre-
spective of the ossification stage (Figure 2 e-h);
perichondrium was always negative (Figure 2 k,l).
Very intense staining was evident in the deep
layers of the articular cartilage, close to the
tight mark line in the adult dog
(Supplementary Figure 1b).

Immunohistochemistry 
Collagen type I was localized in a thin ring

surrounding the CCs in all groups (Figure 3 a-c);
the perichondrium showed an immunopositive
staining in all groups (Figure 3d). 

Collagen type II showed a very pale signal in
the ring around the CCs in all groups and a more
intense reactivity in the ECM (Figure 3 e-g); the
perichondrium revealed to be unreactive in all
groups (Figure 3h).

Collagen type V was localized in a very sub-
tle ring surrounding CCs, in all the structures
inside them in all groups and in bone marrow
(Figure 3 i-k); the perichondrium revealed a
very slight immunopositivity in all groups
(Figure 3l). A clear immunolocalisation of col-
lagen type I in the subchondral bone, of colla-

gen type II in the articular cartilage and colla-
gen type V inside the bone marrow was
observed in the adult dog (Supplementary
Figure 2 a,c, respectively).

Discussion
To date, the timing of SOCs appearance in

limb bones has only been described in medium
and large breed dogs.6,9,16 The present work
indicates that this pattern is confirmed in
small-sized dogs; it also suggests that SOC
matures faster in the humerus than in the
femur (OC humerus = 37.50% vs OC femur
=12.50%). Since CCs proved to be involved in
SOC development,1 a more precise characteri-
zation of these structures was attempted. In
rabbits,17-19 mice,3,17,20,21 rats22 and pigs,23 CCs
appear long before the SOC formation; in
medium and large breed dogs they have been
identified at birth.6,9 In this study their pres-
ence before birth was proved, as in humans24

and rabbits.18,25 Cartilage canals scattering in

all humeral and femoral heads were observed,
irrespective of the ossification stage. Age-
matched CCs number analysis was not per-
formed due to the small number of animals per
group, however the CCs number tended to be
higher in the humerus. 

This value, identified at the level of the
sagittal median plane of each proximal epiph-
ysis, may be put in relation with a higher vas-
cularization in the humerus than in the femur.
Nonetheless, CCs number may also partially
refer to the same canal, considering that canal
itself becomes curved and branched thorough
the humeral epiphyses as SOC develops,
inducing the formation of several capillary
glomeruli.9 Authors opinion is that CCs num-
bers or CCs possible repeated counts, caused
by branched canals, is always to be referred to
a higher vascularization. So that the humerus
receives a greater metabolic intake that in
turn may explain the more rapid SOC matura-
tion. This is also confirmed by another hypoth-
esis: from birth to the age of about 4 weeks,
the new-born puppy ability to stand and to walk
increases, by the rudimentary crawling mainly

                             Original Paper

Figure 3. Images of CCs and perichondrium in NO (a,e,i), EO (b,f,j) and OC (c,g.k) groups - Collagen type I, II and V immunolo-
calization. A thin CC ring positive signal for collagen type I is evident in all groups (a-c) as well as in the perichondrium (d). The
signal for collagen type II around the CC is very pale in all groups (e-g) and always negative in the perichondrium (h). The
immunopositivity for collagen type V is evident in the inner side of the CC and in the structures inside them in all groups (i-k). The
perichondrium is weakly immunopositive (l). A positive signal is also observed in the bone marrow, when present (k). A positive signal
was observed in the trabeculae of OC group for all collagen types (c,g,k).  All described features are observed both in the humeral and
femoral head.CC, cartilage canal; arrows,  trabeculae; HC, hypertrophic chondrocytes; SOC, secondary ossification center; PC,  peri-
chondrium; BM, bone marrow. Scale bar: 100 µm.
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on its hind limbs to the well-coordinated walk-
ing on both hind and fore limb.26 This implies
that humeral epiphysis earlier undergoes to
mechanical stimuli compared to the femur.
This  could stimulate CCs formation and
expansion and the release of hypertrophic fac-
tors27 and in turn a earliest SOC formation.
Masson’s Trichrome staining showed that the
subtle area surrounding CCs changed in color
from green to red as age increased, indicating
that SOC formation is accompanied by a matu-
ration of collagen fibers surrounding CCs. The
same color change accordingly occurred in the
perichondrium. 

Moreover, the number of humerus green
CCs was significantly higher than the number
of red CCs, and also higher than the number of
red CCs in both humerus and femur. In order
to find a functional meaning for such changes
in histochemical reactivity, the expression of
collagen type I and II have been immunoisto-
chemically investigated, together with pres-
ence of collagen type V. Collagen type V is a
minor, but important component of connective
tissues that are rich in collagen type I.28 In
mice, a strong expression of pro-a I (V) has
been observed concomitantly with the appear-
ance of the ossification centers, both in long
bones and vertebrae.29 Little is known about
the role of collagen V in developing bones: it
might play a role in the brittleness of the bone
by interfering with the process of mineraliza-
tion30 and/or be involved in osteogenesis.29,31,32

It has been hypothesized that fibrillar compo-
nents of the collagen matrix contribute to the
formation of a firm shell around the CCs, in
order to protect the structures located in their
lumen from the density of the cartilage
matrix.33 A positive label for collagen type I and
V in CCs was found, while the ring around
each CC was devoid of collagen type II. This
was in agreement with the pale Safranin-O
staining. These results suggest that CCs mes-
enchymal cells are involved in bone ECM pro-
duction rather than cartilage ECM production,
according to Blumer et al.4 This happens in
dogs even before the SOC formation, as previ-
ously demonstrated in pre-5 and post hatching
chickens.3 The perichondrium collagen type I
and V staining confirmed that mesenchymal
cells could directly derive from the perichon-
drium.2 Collagen V was also localized in the
bone marrow:28,32 it is therefore possible to
speculate that bone marrow cells could be
involved in type V collagen production as well
as type I.34 This is the first time that collagen
type V is described near CCs. Further studies
are needed to better characterize the histo-
chemical changes. Unfortunately, our results
did not prove any differences related to the
color changes that we observed. Future studies
will be performed in order to investigate colla-
gen structural organization and detect other

collagen types. These data, although prelimi-
nary, lay the basis for more extensive studies
on the delicate mechanisms that modulate
endochondral bone development also in the
context of the growth disorders affecting the
proximal femoral epiphysis of small-sized
breeds dogs.35 Moreover, it could be useful to
study the role of CCs in the pathogenesis of the
joint disorders affecting growing large sized
dogs, such as the humeral osteochondritis12 as
well as the fracture of the medial coronoid
process.36,37

This study finally suggests that cadaver may
be considered a useful tool, not only in gross
anatomy research,38 but also a convincing
alternative for histochemical and immunohis-
tochemical investigation to the in vivo animal
models.
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Abstract

The largest differences in intraspecific head shape among the Carnivora order are to be

found in dogs. Based on their skull morphotypes, dog breeds are currently classified as doli-

chocephalic, mesaticephalic and brachycephalic. Due to the fact that some breeds have not

been yet defined, this classification is incomplete; moreover, multi-breed studies on the skull

morphology of puppies have never been performed. The aim of this work was to verify (i)

whether differences in the skull conformation of purebred puppies are already present within

the first week of age; (ii) whether radiographic and anatomic measures could be considered

interchangeable, and (iii) to possibly classify puppies from non-categorized breeds thanks

to their radiographic cranial measurements using neural nets. One hundred and thirty-seven

dead puppies aged 0–7 days were examined considering their anatomic and radiographic

measures. All linear measures and anatomic indices significantly differed among brachyce-

phalic and non-brachycephalic puppies. Radiographic indices, with the exception of CI,

identified the three skull morphotypes (p<0.05, for all comparisons). Radiographic and ana-

tomic measures proved to be non-interchangeable in newborn puppies. Finally, nineteen

puppies belonging to 5 non-categorized breeds could be classified thanks to neural nets in

the three skull morphotypes with different probability (P between 0,66 and 0,95).

Introduction

The phenotypic differences existing within the canine species can be well-represented by
their skull shape. Although some heterogeneity in skull shape and size is found within the Car-
nivora order [1, 2], Canis lupus familiaris exhibits the largest intraspecific differences [3, 4],
mainly due to human selection. In fact, particularly during the last two centuries, dogs have
been selected according to the shape of their skull on account of attitudinal traits, personal
taste or common trends, to exceed the significant number of 200 breeds [http://www.
thekennelclub.org.uk/]. Currently, dog breeds are classified as dolichocephalic, mesaticephalic
and brachycephalic based on morphological ratios that consider the neurocranium and/or the
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splanchnocranium [5–16]. As a general rule, dolichocephalic dogs show a greater development
of the skull longitudinal axis; brachycephalic dogs have a shorter and larger skull, and mesati-
cephalic dogs exhibit intermediate skull features. This traditional craniometry-based classifica-
tion is still used despite the outcomes of several recent studies based on genetics performed
also to investigate the canine skull pattern derived from the wolf [1, 17, 18, 19, 20].

A better characterization of all the different phenotypes was gained after several morpho-
metric and allometric studies together with reference values obtained from anatomic and
radiographic linear measures and derived indices. In literature, most linear measures are ana-
tomical and performed on the skull deprived of the soft tissues [1, 2, 12, 21–23]. Other data are
based on the observation of living subjects [24, 25] or on measures from pictures [26–28].
Moreover, imaging studies on living animals by radiography [15, 29] or Computed Tomogra-
phy [14] have been performed. Nevertheless, not all dog breeds have been classified unani-
mously on the basis of their skull morphology. In fact, while some breeds fall within defined
categories, some others are still unclassified. The different techniques employed for skull mea-
surements (anatomical, photographic or radiographic) may account for this heterogeneity and
the variation of breed standards along time, depending on human selection, may as well have
influenced the results. Moreover, some authors do not agree with the imposition of strict cate-
gories and propose a continuous spectrum of skull shapes ranging from extreme brachyceph-
aly (e.g. Chihuahua) to extreme dolichocephaly (e.g. Borzoi) based on the cephalic index [26–
28, 30–34].

Noticeably, most veterinarian craniometric studies have been performed on adult animals,
so no detailed information is currently available on growing dogs. To the authors’ knowledge,
the only exception is represented by two studies on German Shepherd puppies [22, 23]. How-
ever, it has been postulated that in brachycephalic breeds the skull shape is generated before
birth and continues its development after birth [35]. Recently, an allometric study was per-
formed on newborn puppies belonging to small-sized breeds. The study included craniometric
measures, but skull morphotype was not considered [36]. Since literature lacks study design
standardization, the present investigation aimed to evaluate skull morphometry in newborn
dogs and to classify puppies belonging to previously non-categorized canine breeds. In partic-
ular, it was conducted to find out any possible (i) difference in craniometric measures between
newborn puppies belonging to dolichocephalic, mesaticephalic and brachycephalic breeds; (ii)
interchange of craniometric anatomical measures performed on newborn puppies with radio-
logical measures, and (iii) classification as dolichocephalic, mesaticephalic or brachycephalic
for newborn puppies belonging to non-categorized breeds.

Materials and methods

Animals

Puppies under examination were obtained from breeders signing a prior informed consent,
and the research was approved by the Animal Welfare Body of the University of Milan (AWB/
OPBA, 58/2016). They all aged 0–7 days and were clinically evaluated by one of the authors, a
Diplomate at the European College of Animal Reproduction (MCV). They were born full
term, after normal pregnancies and parturitions by healthy bitches, regularly vaccinated and
dewormed before mating. During the second half of gestation, all bitches had been fed a preg-
nancy-specific commercial diet. The study was strictly conducted on normal puppies only, i.e.
considered as conforming with their specific breed. All enrolled puppies showed normal devel-
opment and weight, no malformations or physical defects, and their death had occurred sud-
denly without any disease interference on their weight gain and growth. To be eligible for the
study they had to satisfy the following criteria: stillborn puppies, dying because of intra-partum
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asphyxia, born alive but dying within 1 hour after birth; puppies dying within their first week
of age because of sudden death (i.e. at an interval between first symptoms and death shorter
than 24 hours), caused by sudden septicemia, as evidenced by post mortem examination.
From the time of their death, puppies were stored at 4˚C for less than 12 hours and refrigerated
during their transfer to the laboratory unit at Università degli Studi di Milano. Breed, gender,
age and body weight were recorded before their storage at– 20˚C.

Measures

Anatomic measures and indices. Consistent with literature [16], the following linear
measures were obtained for each dog by a calliper: Cranial Length (CL), Cranial Width (CW),
Skull Length (SL), Skull Width (SW) and Facial Length (FL). Every measure was blindly
repeated three times on the whole head, accurately palpating its landmarks (Fig 1). The follow-
ing indices were also calculated: Cranial Index (CI) and Skull Index (SI) [16] (Tables 1 and 2).

Radiographic measures and indices. Radiographic exams were performed by a CR sys-
tem (FCR Fuji Capsula X1) assembled with a radiological unit (ARCOM–Simply), using a 0.6
mm focal spot. The focal spot-film distance was 100 cm and no grid was employed. Latero-lat-
eral (LL) and dorso-ventral (DV) views of the skull were obtained for each puppy. The images
were stored in an Apple database and post-processing measures were performed by Osirix
PRO1. Facial Length (FL-DV) and Cranial Length (CL-DV) were obtained on DV view [15].
Additional linear measures, extrapolated from the corresponding anatomic measures, were
evaluated [16]. Some of them, Cranial Width (CW), Skull Width (SW) and Skull Length on LL
view (SL-LL), were transferred unaltered. Others were modified, i.e. Cranial Length on LL
view (CL-LL) was measured from Inion to the most caudal part of the fronto-nasal suture and
Facial Length on LL projection (FL-LL) was measured from Prosthion to the most caudal part
of the fronto-nasal suture (Fig 2). Every measure was blindly repeated three times. The S-index
(S-I) was calculated according to literature [16]. Additional indices were extrapolated from the
corresponding anatomic ones: Cranial Index (CI), Facial Index (FI) and Skull Index (SI) [16]
(Tables 1 and 2).

Fig 1. Anatomic linear measures. A: Facial Length (FL); Cranial Length (CL); Skull Length (SL); B: Skull Width (SW); Cranial Width (CW); Bar = 1 cm.

https://doi.org/10.1371/journal.pone.0196959.g001
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The adopted terminology was chosen in accordance to the Nomina Anatomica Veterinaria
(2012) and to the textbook “Miller’s anatomy of the dog” [16].

Statistical analysis

Repeatability of each measure taken in triple was evaluated by Friedman’s test and the mean
value for each measurement was considered for further statistical analysis. Analysis of variance
was performed on puppy groups according to the traditional craniometric categories (brachy-
cephalic, mesaticephalic, dolichocephalic) to detect differences among the groups. Agreement
between anatomical and radiographic linear measurements was evaluated by the graphical
method of Bland-Altman plots and also bias between tests was calculated. Results are graphi-
cally reported indicating the average versus the difference between the couples of variables.
Two confidence bands (generally 95%) delimit the cloud of points to evaluate the number of
points falling into the bands space, thus indicating goodness of concordance between the two
methods. Neural nets were used in the attempt to classify puppies belonging to unclassified
breeds within the categories of brachycephalic, mesaticephalic or dolichocephalic. Standard-
ized radiographic parameters were classified by cluster analysis after processing in an artificial
neural network. The neural network was the unsupervised perceptron network, with a hold-
back value of 0.6 and three hidden nodes. Through the training set, the neural network can
classify new cases based on the experience acquired. Analysis of variance was further per-
formed after the new classification obtained by neural nets, as internal control. Statistical anal-
ysis was performed by the program JMP7.0 (SAS Inst., Inc., NC, USA) and the software XLstat
for Windows platform.

Table 1. Linear measures.

Linear measures Landmarks

Skull Length (SL)a from Prosthion to Inion
Cranial Length (CL)a from Inion to Nasion
Cranial Length on LL view (CL-LL)a⇤ from Inion to the caudal edge of the fronto-nasal suture

Facial Length (FL)a from Nasion to Prosthion
Facial Length on LL view (FL-LL)a⇤ from Prosthion to the caudal edge of the fronto-nasal suture

Cranial Width (CW)a the most lateral points of the neurocranium

Skull Width (SW)a the most lateral points of the zygomatic arch

Facial Length DV (FL-DV)b from Prosthion to Nasion
Cranial Length DV (CL-DV)b from Nasion to the caudal edge of the occipital condyle

aEvans and de Lahunta, 2013 [16]
bKoch et al., 2012 [15]
⇤modified measure (S1 Table).

https://doi.org/10.1371/journal.pone.0196959.t001

Table 2. Indices.

Index Formula

Cranial index (CI) a (CW x 100)/CL

Skull index (SI) a (SW x 100)/SL

S-index (S-I) b FL-DV/CL-DV

Facial index (FI) a (SW x 100)/FL

aEvans and de Lahunta, 2013 [16]
bKoch et al., 2012 [15].

https://doi.org/10.1371/journal.pone.0196959.t002
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Results

One hundred thirty-seven puppies (0–7 days) belonging to 33 different breeds met the inclu-
sion criteria and were categorized according to literature. In case of discrepancies in the results
derived from different studies, the cephalic index, when available from literature [26, 27, 33,
37] was employed to define the category for each breed, together with the results of previous
studies [5–16]. Few breeds had never been included in any craniometric study and were con-
sidered unclassified: a) Dolichocephalic (n = 24): Afghan Hound (n = 5), Schnauzer (giant)
(n = 5), English Setter (n = 4), German Shepherd (n = 3), Springer Spaniel (n = 3), Whippet
(n = 1), Dachshund (n = 1), Hovawart (n = 1), Saint Bernard (n = 1); b) Mesaticephalic (n =
29): Labrador Retriever (n = 7), Leonberger (n = 5), Jack Russel Terrier (n = 5), Shar Pei (n =
3), Beagle (n = 2), American Cocker Spaniel (n = 2), Pinscher (n = 2), Alaskan Malamute
(n = 1), Golden Retriever (n = 1), Border Collie (n = 1); c) Brachycephalic (n = 64): Chihuahua
(n = 25), Bullmastiff (n = 13), English Bulldog (n = 9), Rottweiler (n = 8), Maltese (n = 4), Shih
Tzu (n = 2), Boxer (n = 1), American Staffordshire Terrier (n = 1), Epagneul Breton (n = 1); d)
Unclassified (n = 20): Poodle (toy) (n = 8), Maremma Sheepdog (n = 6), Jagd Terrier (n = 4),
Bull Terrier (miniature) (n = 1), Belgian Shepherd (n = 1). Results of anatomic and radio-
graphic linear measures are provided as supporting information (S3 Table and S4 Table,
respectively). Results of the ANOVA performed on puppies classified as dolichocephalic,
mesaticephalic and brachycephalic according to literature are shown in (Fig 3A and 3B) and
Table 3.

All linear measures and anatomic indices significantly differed among brachycephalic and
non-brachycephalic puppies. Only the radiographic CW identified dolichocephalic puppies as
intermediate between brachycephalic and mesaticephalic ones. On the other hand, radio-
graphic indices (with the exception of the CI) discriminate among the three categories (Fig 4).

Bland-Altman plots for anatomic and radiographic linear measures indicate that a limited
though unacceptable number of outliers is present for all measures. Graphs depict the bias, the

Fig 2. Radiographic linear measures. A: Latero-lateral view (LL): Facial Length (FL-LL); Cranial Length (CL-LL); Skull Length (SL); B: Dorso-ventral view (DV):
Facial Length (FL-DV); Cranial Length (CL-DV); Skull Width (SW); Cranial Width (CW); Bar = 1 cm.

https://doi.org/10.1371/journal.pone.0196959.g002
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bias 95% confidence interval and the 95% confidence interval for the data: CW -0.043±0.189;
CL -0.067±0.246; SW 0.272±0.239; SL 0.265±0.309 (Fig 5).

Results from the new classification of puppies with neural nets indicate that 19/19 (100%)
puppies belonging to 5 previously unclassified breeds were categorized as dolichocephalic
(n = 9), mesaticephalic (n = 7) and brachycephalic (n = 3) with different probabilities (P

Fig 3. ANOVA for anatomic and radiographic linear measures pre- and post-neural net. Anatomic linear measures pre- (A) and post- (C) neural
nets; Radiologic linear measures pre- (B) and post- (D) neural nets. Values (means±SEM) are expressed as cm. a-c Means with different letters within
rows are significantly different (p<0,05). Cranial Width (CW); Cranial Length (CL); Skull Width (SW); Skull Length, (SL); Cranial Length LL
(CL-LL); Cranial Length DV (CL-DV); Facial Length LL (FL-LL); Facial Length DV (FL-DV).

https://doi.org/10.1371/journal.pone.0196959.g003

Table 3. ANOVA for anatomic and radiographic indices pre- and post-neural nets (mean±SEM).

Pre-
Neural Nets

Indices Brachycephalic
(n = 64)

Mesaticephalic
(n = 29)

Dolichocephalic
(n = 24)

p

Anatomy SI 69.67 ±0.54a 64.36±0.69b 62.53±0.75b ⇤⇤⇤

CI 84.26±2.05a 81.245±0.69b 80.56±0.76b ⇤⇤⇤

Radiology SI 70.89±0.38a 66.33±0.52b 64.29±0.56c ⇤⇤⇤

CI 84.26±2.05 89.56±2.77 81.24±2.99

FI 182.99±3.17 161.61±2.37b 146.04±2.55c ⇤⇤⇤

S-I 0.26±0.01c 0.36±0.01b 0.41±0.01a ⇤⇤⇤

Post-
Neural Nets

Indices Brachycephalic
(n = 67)

Mesaticephalic
(n = 36)

Dolichocephalic
(n = 33)

p

Anatomy SI 69.50±0.54a 64.30±0.71b 62.90±0.73b ⇤⇤⇤

CI 83.34±0.50a 82.02±0.73b 79.12±0.75b ⇤⇤⇤

Radiology SI 71.12±0.35a 66.20±0.49b 63.88±0.50c ⇤⇤⇤

CI 84.38±2.09 89.84±2.93 82.04±2.97

FI 186.31±1.61a 159.42±2.26b 143.96±2.30c ⇤⇤⇤

S-I 0.27±0.01c 0.37±0.01b 0.42±0.01a ⇤⇤⇤

Values are expressed as means±SEM.
a-c Means with different letters within rows are significantly different (p<0,05). Asterisks evidence the ANOVA significance (⇤⇤⇤p<0.01).

Skull index (SI); Cranial Index (CI); Facial Index (FI); S-Index (S-I).

https://doi.org/10.1371/journal.pone.0196959.t003
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Fig 4. Radiographic exams depicting differences in skull shape among dolichocephalic, mesaticephalic and brachycephalic newborn
puppies. Representative images of a dolichocephalic puppy (Afghan Hound A, B), a mesaticephalic puppy (Labrador Retriever C, D) and a
brachycephalic puppy (Chihuahua E, F). A, C, E: Latero-lateral views; B, D, F: Dorso-ventral views. Bar = 1 cm.

https://doi.org/10.1371/journal.pone.0196959.g004
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between 0.66 and 0.95) (S2 Table). One puppy (Poodle toy) was excluded from the neural nets
analysis due to missing radiographic data.

Results of the ANOVA performed including puppies newly classified with neural nets are
shown in (Fig 3C and 3D) and Table 3: they confirm the results of the previous ANOVA for
almost all parameters (p<0.05).

Discussion

To the authors’ knowledge, this is the first multi-breed craniometric study on newborn pup-
pies based on linear measures and indices. In fact, the present investigation provides new
insights on the craniometry of newborn puppies aged 0–7 days belonging to 33 different
breeds. The first aim of this work was to verify whether the craniometric differences that are
typical of adult dogs (brachycephalic, mesaticephalic, dolichocephalic) are already present in
newborn purebred puppies during the first week of age. Grouping puppies into these three

Fig 5. Bland–Altman difference plots to compare radiographic and anatomic measures. Differences between 2 values are plotted against the mean of the 2 values.
The blue solid line represents the bias (mean difference) and the red dotted lines represent the 95% limits of agreement. A: Skull Length (SL); B: Cranial Length (CL); C:
Skull Width (SW); D: Cranial Width (CW).

https://doi.org/10.1371/journal.pone.0196959.g005
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categories allowed highlighting significant differences among them. Linear measures almost
constantly identified two groups: brachycephalic vs non-brachycephalic morphotype (Fig 3),
as previously described by Starck [35]. Anatomy and radiography provided contrasting results
about the indices. While anatomic indices highlighted differences in skull conformation with-
out a clear identification of three separate categories, almost all radiographic indices constantly
distinguished among the three categories. The radiographic CI is the only index that displayed
no differences among puppies (Table 3): this could be due to a quite uniform cranial shape
among puppies, as supported by the anatomical corresponding index, which only isolates the
brachycephalic morphotype. However, it should also be taken into account that radiographic
landmarks (e.g. frontonasal suture) may be challenging to identify in newborns, as shown by
their higher SEM. These results were not surprising: in fact, our study suggests that anatomic
and radiographic methods cannot be used interchangeably when measuring puppies’ skulls.
Being radiographic measures considered as invasive, we tried to provide a non-invasive
method: despite a low bias, the differences in Bland-Altman plots (sometimes even higher than
1 cm) were considered unacceptably high for the purpose (Fig 5). This negative though
expected result may be likely due to the presence of soft tissues that make radiographic and
anatomic landmarks markedly different.

The last aim of this work was to classify as dolichocephalic, mesaticephalic or brachyce-
phalic puppies belonging to previously uncategorized breeds using neural nets. Neural nets
provided useful craniometric information, assigning 19/19 puppies (100%) to the three catego-
ries with different probability. Some of the skulls were classified with relatively low probability
(e.g a Jagd Terrier was classified as dolichocephalic with P = 0,66, S2 Table): this could be due
to a limited over-fitting effect of the neural network procedure and/or to the inner multivariate
variability of each sample. Multivariate samples hide an intimate structure that a “classical”
examination (as for the historical classification) cannot put on the surface. Moreover, it must be
taken into account that growing animals are submitted to dramatic morpho-functional allome-
tric changes [23], that in some animals can evolve more or less rapidly compared to others. After
the new classification, an ANOVA test was repeated as internal control, including the newly clas-
sified puppies in their respective groups. The results largely confirmed the previously performed
ANOVA: this was considered as a proof of the results of the neural nets, which were used for the
first time in this study in attempt to craniometrically classify newborn puppies. Neural nets are
bio-inspired computational models created to simulate the human brain data processing, con-
sisting of networks of highly interconnected virtual neurons that can autonomously output deci-
sions based on previously provided input information. Thus, neural nets are able to learn from
past experience through a specific training process and provide outcome on new data based on
such experience [38–40]. This learning ability makes them perfectly suitable for the solution of
classification issues. As a basis, the large amount of radiographic data obtained from puppies
belonging to classified breeds was used for the set-up in this study. However, growing animals
cannot perfectly fit the static nature of neural nets: since the skull does not grow in all directions
at the same time, the classification determined during the first week of age could be contradicted
by what determined during other periods of their skull growth. For this reason, this method can
represent a useful but not definitive tool to define puppies’ morphotype, that in our opinion
could be more helpful in the categorization of adult dogs.

A few flaws are present in this study. A very small sample size available for some breeds
(e.g. Belgian Shepherd, Saint Bernard and Hovawart) could have influenced its results, espe-
cially the ones obtained by the neural nets, which may not be fully representative for a larger
population (breed). Unfortunately, uneven sampling is often intrinsic in cadaveric studies and
hardly ever avoidable. However, the main purpose of the study, excluding the definition of
breed standards for the puppies, was in favour of the choice to enrol all available puppies,
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irrespective of their number per breed. Increasing sample size and homogeneity could allow a
better definition of breed-specific craniometry and establish breed standard references to eval-
uate skull development in newborn puppies. It could also help to define cut-off values to early
recognise skull-shape measures linked to pathologies’ predisposition such as Chiari-like mal-
formation [14, 41–43] and brachycephalic obstructive airways syndrome (BOAS) [44]. For this
reason, more studies on puppies belonging to predisposed breeds could provide new clinical
insights in dogs as well as in humans. A recent study of dog DNA revealed a genetic mutation
linked to two brachycephalic breeds, suggesting that the craniofacial diversity of dogs could be
useful to discover candidate genes involved in canine as well as human craniofacial anomalies
[45]. Future perspectives also include the evaluation of adult dogs belonging to unclassified
breeds, aiming to apply neural nets in a “craniometrically stable” sample.

Conclusion

This study ascertained for the first time the skull morphometric differences among dolichoce-
phalic, mesaticephalic and brachycephalic purebred puppies in their early neonatal period.
Such differences were observed after both anatomic and radiologic evaluation, constantly iso-
lating brachycephalic from non-brachycephalic puppies. Anatomic and radiologic measures,
however, were not interchangeable. The investigation made it also possible to reliably classify
19 puppies belonging to 5 previously uncategorized breeds using the neural nets. Moreover, it
suggested that canine cadavers can represent a valid alternative to in vivo animal models in the
study of skeleton development, as previously demonstrated [36, 46].
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Introduction 

Quadriceps contracture is an uncommon condition in dogs, mainly reported in immature animals (Bardet and 

Hohn, 1983). It is generally due to trauma, especially distal femoral fractures that are left untreated or are 

mistreated with extension devices and prolonged immobilization (Braund et al., 1980; Leighton, 1981; 

Bardet eand Hohn, 1984; Bardet, 1987). It has also been reported as a congenital anomaly (Stead et al., 1977; 

Leighton, 1981) or following parasitic infections by Neospora caninum (Dubey et al., 2007; Jacobson and 

Jardine, 1993) or Toxoplasma gondii (Holliday et al., 1963; Drake and Hime, 1967). The disease has also 

been reported in humans, but it is very rare; it is classified into three types according to the part of the muscle 

which is affected (rectus femori, vastus and mixed type) (Hagen, 1968; Williams, 1968; Sano and Kokubun, 

1985). It is most frequently described in children exposed to repeated intramuscular antibiotic administration 

into the thighs (Milcan et al., 2004; Hagen, 1968), but congenital cases have also been described (Tercier et 

al., 2012; Özdemir et al., 2006; Nozawa et al., 2004). In dogs, withdrawal of mechanical loading due to 

immobilization and lack of weight bearing result in rapid, yet reversible osteoporosis, which is more evident 

at the limb extremities (Bardet and Hohn, 1983). Muscular atrophy affecting all heads of the quadriceps 

occurs in few weeks as well, and it is also reversible (Bardet and Hohn, 1983). Irreversible changes occur at 

the level of the joints, most extensively described in the stifle (Bardet and Hohn, 1983). Two weeks after 

immobilization a pannus appears, progressively replaced by fibrous tissue that reduces the joint space and 

eventually obliterates the joint cavity after 6-8 weeks. The synovia actively proliferates, the ligaments 

become weak and the joint capsule thickens. Due to the lack of intraarticular adhesion, prevention of joint 

motion is attempted through stiff implementation of periarticular structures. The increased intraarticular 

pressure causes the articular cartilage to undergo fibrillation and deep erosion, finally leading to “pressure 

necrosis” (Bardet and Hohn, 1983).  Quadriceps contracture is diagnosed at clinical examination. Affected 

dogs typically present with severe hind limb lameness. The affected limb is held in marked rigid extension 

and is not used during ambulation. At rest, it is carried cranially with respect to the unaffected limb. Both the 

stifle and the hock cannot be flexed, and the stifle might be bent backward in genu recurvatum. The patella is 
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usually dislocated proximo-medially and marked muscular atrophy is evident. The affected limb may appear 

shorter due to hip subluxation (Bardet and Hohn, 1983). In human beings, MRI examination of congenitally 

affected limbs shows muscle volume reduction, fatty atrophy and fibrosis on transverse T1-weighted spin 

echo and T2-weighted images (Özdemir et al., 2006; Nozawa wt al., 2004).  Due to its severe and rapidly 

developing consequences, early diagnosis and complete evaluation are essential. Treatment options for 

quadriceps contracture in dogs depend on whether a realistic chance of limb’s return to function exists 

(Moores and Sutton, 2009). When severe and irreversible joint changes are evident, amputation cannot be 

avoided (Moores and Sutton, 2009). If some remaining joint function is prospected, Z-plasty of the 

quadriceps has been described (Bardet and Hohn, 1983; Leighton, 1981), without high prognostic 

expectations. Static (Moores and Sutton, 2009) and dynamic (Wilkens et al., 1993) apparatuses have been 

proposed, coupled with physical therapy, hydrotherapy, heat therapy and neuromuscular electrical 

stimulation (Moores and Sutton, 2009). Finally, Hinged Ilizarov external fixation has been successfully used 

for the correction of post-traumatic quadriceps contracture in one dog and one cat (Carnevale and Jacchetti, 

2004). 

To the Authors’ knowledge, changes occurring to hind limb ossification centres in puppies affected by 

quadriceps contracture have never been reported. The skeletal system is extremely plastic in young animals 

and likely to be dramatically affected by muscular contracture. Skeletal maturation, in fact, is a very delicate 

process and a non-physiological distribution of forces can contribute to the development of skeletal 

deformities. The aim of this study was to describe the changes caused by quadriceps contracture to the hind 

limb ossification centres in 13 affected Dobermann littermates, evaluated by Radiography and Computed 

Tomography. Some degree of shape abnormality was expected. Since compression is known to inhibit bone 

growth (Hueter-Volkmann law (Villemure and Stokes, 2009)), we also hypothesized a smaller size of the 

ossification centres exposed to compressive forces generated by quadriceps contracture in the affected limbs.  

 

Methods 

Thirteen dead Dobermann puppies affected by quadriceps contracture were examined. All puppies belonged 

to a single litter; 11 were male and 2 were female. Twelve puppies (11 males and 1 female) were affected by 

unilateral right-sided contracture (Fig. 1) and were 57 days old at the time of euthanasia; 1 puppy (female) 

had bilateral contracture and was 55 days old at the time of euthanasia. They were symptomatic since the age 

of one month and had no history of skeletal trauma. The owner had repeatedly injected all puppies 

intramuscularly in the same thigh with a non-prescription hydro-soluble drug (Stimulfos, 1ml/10 kg SID for 

10 days) due to their poor condition, as suggested by the referring Veterinarian in a similar circumstance for 

a previous litter. Puppies were referred to the Veterinary Teaching Hospital of the University of Milan for 

post-mortem examination. The owner authorized in writing the use of the cadavers for research purpose. All 

puppies underwent a complete radiographic examination of both hind limbs. Radiographic images were 

acquired with a CR25 ADC AGFA (S.p.A.) assembled with a radiological unit (Simply - Arcom S.r.l. - Italy) 

using a 0.6 mm focal spot. The focal spot-film distance was 100 cm. For each puppy, ossification centres 
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were evaluated on orthogonal views (medio-lateral and cranio-caudal/caudo-cranial); the hip was evaluated 

in ventro-dorsal view. Attention was focused on potential shape abnormalities. All puppies also underwent a 

CT examination that included the whole hind limbs from the pelvis to the digits. They were positioned in 

ventral recumbence, with the forelimbs extended cranially and the hind limbs extended caudally, as 

symmetrically as the muscular contracture allowed. Images were acquired with a 16-slices CT scanner (Ge 

BrightspeedÒ, GE Healthcare Milano – Italy), using a bone algorithm. Scanning parameters were set as 

follows: kV=120, mA=210, slice thickness=1.25 mm, pitch=0.9375. For a better evaluation of the small 

ossification centres of the feet, the hind paws were also acquired with slice thickness=0.625 mm and 

pitch=0.5625. All images were reconstructed using smoothing and edge enhancement algorithms, 

reformatted into 1,25 mm slices in transverse, dorsal and sagittal image planes and viewed in soft tissue and 

bone windowing, transferred to the picture archiving and communication system (MyPACS – MD Saronno - 

Italy) and processed with a certified medical software (OsirixPRO 64 Bit; Aycan Medical Systems). Images 

were reviewed through a 64-bit medical image viewer (Osirix MDÔ) by a single operator. Hind limb 

ossification centres were evaluated for both limbs in relation to their presence (present/absent), shape 

(normal/abnormal, with a brief description of abnormalities) and volume. For volume computation, an 

appropriate Region Of Interest (ROI) was manually selected on each transverse slice for each ossification 

centre, to maximally reduce the measurement errors due to automatic segmentation. Volume was then 

calculated through the “Compute volume” function, selecting all pertinent ROIs for each centre. The distal 

quadriceps tendon (including the patella and tibial tuberosity) was sampled immediately after euthanasia in 8 

dogs for histological/biomechanical evaluation not related to this study; so these centres were only measured 

in 5 dogs. For the study of hind paws’ sesamoid bones, each sesamoid bone was subjectively evaluated in 

relation to its dimension and attenuation with hard and soft tissues windowing and comprehensively scored 

0-3 (0=not visible; 1=barely visible; 2=well visible; 3=completely formed) (Fig. 2). The mean volume of 

each ossification centre (except for the tibial tuberosity and the patella) and the visibility of hind paws’ 

sesamoids in the affected and unaffected limbs were compared with paired t test or a corresponding non-

parametric test, depending on data distribution. A p value <0.05 was considered to be statistically significant. 

The difference in sesamoids’ visibility was first compared considering all digits together, then considering 

each digit separately. Statistical analyses were performed with a dedicated software (SPSS Statistics 24.0, 

IBM). 

Bone and muscle samples from 3 affected and unaffected puppies were macroscopically evaluated and 

submitted for histopathologic analysis. Cross-sectional bone specimens were obtained from the femur, at the 

level of the new bone formation observed at CT examination. Muscle specimens were obtained throughout 

the whole quadriceps. Bone specimens were fixed in 10% neutral buffered formalin for 48 hours and 

decalcified in acid solution (1,85% hydrochloric acid and 4% formic acid) for 8 days; muscle specimens 

were frozen at -20°C, then routinely processed. All samples were paraffin-embedded; 3-µm sections were 

stained with hematoxylin and eosin (HE) and microscopically evaluated. 
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Fig. 1 – Clinical presentation of quadriceps contracture (unilateral right-sided contracture in a 

puppy cadaver). The affected limb is rigidly hyperextended; the stifle and the hock cannot be 

flexed; the stifle is bent backward in genu recurvatum. 

 

 

 

 

 

Fig. 2 - Representative images of sesamoid bones’ subjective scoring. 0=not 

visible (the area where the sesamoid should be cannot be distinguished from 

the adjacent soft tissues); 1=barely visible (small and faint areas of 

mineralization are recognizable); 2=well visible (the sesamoid bone is 

clearly but not entirely mineralized, and its margins cannot be identified); 

3=completely formed (the sesamoid is completely mineralized, and its 

margins are well defined).  

 

 

Results  

The affected limbs appeared shorter than the unaffected ones and hyperextended (Fig. 3). The femoral head 

tended to be subluxated (Fig. 3, Fig. 4) and the stifle was back-turned (Figure3). The patella was subluxated 

proximo-medially (Figure 3, 3). Time of appearance of all examined ossification centres matched the time 

reported in literature (Newton and Nunamaker, 1985), in both affected and unaffected limbs. 

Few ossification centres exhibited shape abnormalities in all affected limbs, most of which were already 

evident at the radiographic examination: the femoral head was evidently flattened (Figure 4); the femoral 

distal epiphysis was slightly flattened and extra-rotated of almost 45° (Figure 5, 6); the tibial plateau was 

flattened, wedged into the growth plate and slightly tilted caudodorsally-cranioventrally (Figure 5); the 

proximal tibial epiphysis was slightly bent cranially and the calcaneal tuberosity was slightly misshaped. No 

other shape abnormalities were evident at the extremities. 

The mean volume of each evaluated ossification centre is showed in Appendix 1; differences among the 

affected and unaffected limbs are depicted in Fig. 7. The ischiatic tuberosity, femoral lesser trochanter and 

metatarsal I were considered too small to be reliably evaluated. 

Among the hind paws’ sesamoid bones, only the plantar sesamoids were partially visible. The score assigned 

to each of them is reported in Appendix 4. Overall, the sesamoids of the affected limbs were less visible than 

the ones of the unaffected limbs (p<0.05). This was due to differences in the II and III digit (p<0.05), but not 

in the IV and V digit (Table 1).  

All affected limbs had a solid, slightly irregularly marginated endosteal and periosteal new bone formation 

along the proximomedial/proximo-caudal surface of the femoral diaphysis (Fig. 3), which corresponded to 

asymmetric deposition of trabecular bone in the medullary cavity (Fig. 8); the quadriceps muscle was 

severely hypotrophic. Histopathological examination of affected muscles revealed replacement of the normal 

muscular architecture by severe interstitial fibrosis (Fig. 9). Muscle fibers were diffusely atrophied and 
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severely and diffusely dissected by thickened perimiseal septa and by mature collagen deposition (fibrosis). 

On transverse sections, myocites were severely reduced in size, angulated (severe atrophy) with prominent 

variation of sizes (diameters). In longitudinal sections, irregular distribution (frequent) or loss of cross 

striations were variably severe. In lesional skeletal muscleonly occasional nuclear internalization was 

observed while nuclear rowing was absent (lack of regeneration). Evaluation of the newly formed bone of 

affected femurs revealed massive endosteal proliferation of non-pathologic and slightly immature trabecular 

bone, asymmetrically occupying part of the medullary cavity.  

 

 
Fig. 3 - General features of unilateral 

quadriceps contracture (radiography). A, 

affected limb, medio-lateral view; B, 

both limbs, ventro-dorsal view; C, 

unaffected limb, medio-lateral view. Due 

to marked hyperextension, genu 

recurvatum and impossibility to flex the 

stifle and the hock, the affected limb 

cannot be positioned properly; the femur 

is extra-rotated, and the hip is 

subluxated. A solid, slightly irregularly 

marginated periosteal new bone 

formation is visible along the 

proximomedial surface of the femoral 

diaphysis (arrow). Bar=1 cm. 
 

 

Fig. 4 - Hip alterations induced by unilateral quadriceps contracture 

(computed tomography, Multi Planar Reconstruction). A, affected 

limb; B, unaffected limb. In the affected limb, the femoral head is 

smaller, hypodense and flattened (white arrow); the acetabular cavity 

is also flattened (asterisk) and the hip is subluxated. Bar=1 cm. 
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Fig. 5 - Stifle and proximal tibial alterations induced by unilateral 

quadriceps contracture (radiography). A, affected limb, stifle, caudo-

cranial view; B, unaffected limb, stifle, caudo-cranial view. C, proximal 

tibia, affected limb, medio-lateral view; D, proximal tibia, unaffected limb, 

medio-lateral view. In the affected limb, the femur is extra-rotated, and the 

epiphyseal ossification centre appears misshaped (white arrow). The 

patella cannot be easily identified, and the joint space appears narrowed. 

The tibial plateau is abnormally shaped and wedged into the growth plate 

(black arrow). 
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Fig. 6 - Stifle and femoral distal epiphysis’ alterations induced by unilateral quadriceps contracture (computed tomography, Multi 

Planar Reconstruction). A, C, E, G, affected limb; B, D, F, H, unaffected limb. E, F, G, H, isolated bone. A, B, coronal plane. C, D, 

sagittal plane. E, F, oblique plane passing through the lateral condyle. G, H, transverse plane. Despite its abnormal radiographic 

appearance, the affected distal epiphysis has a normal general shape, being only flattened proximo-distally, but the distal femur is 

extra-rotated (C, white arrow); the stifle cannot be flexed and intra-articular soft tissues appear thickened (asterisk). Note the marked 

flattening of the articular cartilage (E, arrow heads) and femoral trochlea (G, white arrow), which has an oblique slope.  
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Fig. 7 – Graphical representation of the comparison of the volume of each hindlimb ossification centre among affected and 

unaffected limb. A=pelvis; B=thigh; C=leg; D=foot. A1=iliac body; A2: ischiatic body; A3: pubis; A4: acetabular bone. B1: femoral 

head; B2: greater trochanter of the femur; B3: femoral diaphysis; B4: femoral distal epiphysis; B5: patella. C1: tibial plateau; C2: 

tibial tuberosity; C3: tibial diaphysis; C4: distal epiphysis; C5, C6, C7: fibula; C5: proximal epiphysis; C6: diaphysis; C7: distal 

epiphysis. D1: calcaneal tuberosity: D2: calcaneal body; D3: talus; D4: central tarsal bone; D5: tarsal bone I; D6: tarsal bone II; D7; 

tarsal bone III; D8: tarsal bone IV; D9: proximal epiphysis and diaphysis of the metatarsus; D10: distal epiphysis of the metatarsus; 

D11: plantar sesamoids; D12: proximal epiphysis of the proximal phalanx; D13: distal epiphysis and diaphysis of the proximal 

phalanx; D14: proximal epiphysis of the middle phalanx; D15: diaphysis and distal epiphysis of the middle phalanx; D16: distal 

phalanx.  

 

 

(A) (B) (C) (D)
 

Fig. 8 – Macroscopic features of the 

new bone formation in the medullary 

cavity of the femur. A: affected limb; 

B: unaffected limb. The shape of the 

diaphysis is slightly irregular; the 

cortex of the femur of the affected 

limb shows uneven thickness and 

there is asymmetric trabecular new 

bone apposition in the medullary 

cavity (white arrow). Transverse 

section of the femoral diaphysis, after 

the removal of the soft tissues. 
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Fig. 9 – Microscopic features of the quadriceps muscle. A: affected; B: unaffected. Normal muscle architecture is replaced by severe 

interstitial fibrosis in the affected limb. Muscle fibres are atrophied and dissected by thickened perimiseal septa and mature collagen 

deposition. Myocites are severely reduced in size, angulated, with prominent variation of sizes. Transverse section of the 

quadricepmuscle, hematoxylin and eosin staini.g; bar: 100 µm. 

 

 Unaffected Affected  

 median min max median min max p 

All sesamoids 0 0 2 0 0 2 *** 

II digit 0 0 2 0 0 1 ** 

III digit 0 0 2 0 0 2 * 

IV digit 0 0 2 0 0 1 NS 

V digit 0 0 2 0 0 1 NS 
Table 1. Differences in the visibility of plantar sesamoids 

Median, minimum and maximum values are reported. *p<0,05; **p<0,01; ***p<0,001; NS=not significant. 

 

Discussion  

To the Authors’ knowledge, this study describes for the first time the ossification centres’ abnormalities 

induced by quadriceps contracture in the hind limbs of dog puppies.  

Radiographic and CT examination confirmed the skeletal deformities previously described in affected dogs 

(Bardet and Hohn, 1983 and 1984; Bardet, 1987). 

The presence of quadriceps contracture did not seem to influence the time of appearance of hind limb 

ossification centres, since every centre that was supposed to be present at the age of 55-57 days (Newton and 

Nunamaker, 1985) was constantly recognised.  

All the centres of the hip were smaller in the affected limbs, but the difference was significant only for the 

ischiatic body. The dorsolateral aspect of the acetabular cavity is the area that is believed to receive the 

highest mechanical stress in normal conditions (Weigel and Wasserman, 1992), so it is likely to be the most 

affected by loading withdrawal in a non-load bearing limb. In the developing skeleton, this area is mainly 

occupied by the centre of the ischiatic body. The other centres that contribute to the formation of the 

acetabular cavity (iliac body, acetabular bone and pubis), have a more medial location: the lack of 
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mechanical stimulation may have influenced these centres as well (especially the iliac body), but to a lesser 

extent. The constant compression produced by the rectus femuri, which inserts on the ilium, may have 

caused the flattening and reduced size observed in the femoral head of the affected limbs, as well as 

flattening of the acetabulum and hip subluxation (Fig. 3, Fig. 4). The abnormal action of this muscular head 

may be also responsible for the overall hip asymmetry noted in most unilaterally affected puppies. The 

femoral diaphysis was smaller in the affected limb; on the other hand, although expected, no significant 

difference in volume was noted for the femoral distal epiphysis, which only appeared moderately flattened. 

The spaciousness of the stifle joint, together with the possibility of extra-rotation of the distal femur (unable 

to develop distally), were thought as a possible explanation. 

Quadriceps contracture was thought to be responsible for the tibial plateau flattening and wedging into the 

growth plate (Fig. 5), due to the constant traction produced by the muscle through its distal insertion on the 

tibial tuberosity. The condition probably caused constant compression on the tibial plateau and progressively 

complete inability to flex the stifle, finally leading to genu recurvatum. The tibial tuberosity was only 

measured in 5 animals, due to the necessity of sampling part of it together with the patella and the distal 

quadriceps tendon for reasons unrelated to the present study. No statistical analysis was performed due to the 

small sample size, but the results of the mean volume evaluation do not suggest a possible difference. While 

compression is known to inhibit bone growth (Hueter-Volkmann law (Villemure and Stokes, 2009), very 

little information is available about the effects of traction on physeal growth (Akbas et al., 1995). As well as 

for the tibial tuberosity, the patella was examined in 5 dogs only: the results of volume evaluation showed a 

smaller patella in the affected limbs. The patella has a very short timeframe of ossification (Newton and 

Nunamaker, 1985), that could be responsible for the volume reduction in affected limbs; however, due to the 

small sample size, this difference was not statistically evaluated. It is worth noticing that the patella showed 

high degree of mineralization and regular margins in all evaluated limbs: this finding seems to suggest an 

early development compared to the timeframe reported in literature (Newton and Nunamaker, 1985).  

The tibial distal epiphysis was smaller in the affected limbs. Again, the compressive forces produced by the 

disto-proximal traction from the hyperextended hock were thought to be responsible. The proximal and distal 

epiphyses of the fibula were also smaller in the affected limbs, probably undergoing the same mechanical 

stimuli produced on the tibia. The diaphyses of the tibia and fibula were smaller in the affected limbs, but 

this difference was not significant. The small size and shape of the epiphyseal ossification centres may have 

made them easier to compress when compared to the diaphyseal centres. On the other hand, the lower size of 

the femoral diaphysis in the affected limb was thought to be due to the direct and stronger action of the 

quadriceps on the femur when compared to the tibia/fibula. Although not very evident at the radiographic 

examination, almost all the centres of the tarsus and metatarsus were smaller in the affected limb. Since the 

quadriceps has no direct action on the distal part of the limb, the differences observed in this region may be 

more likely to be produced by the lack of weight bearing. In fact, quadriceps contracture induces a 

progressive inability to flex the stifle and the hock, to the point that the affected limb at rest is carried 

cranially, held in rigid extension, and is not used during ambulation (Bardet and Hohn, 1983; Bardet, 1987). 
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The absence of difference in volume for the I tarsal bone may be caused by its medial location, articulating 

distally only with the I metatarsal, so that no strong mechanical stimulus acts on it while standing or 

ambulation.  

The differences in volume of the ossification centres of the digits were hypothesized to follow a pathologic 

load-dependant distribution (Fig. 7). In the affected limbs, all centres of the II and III digit were smaller, 

except for the diaphysis of the proximal phalanx and the distal phalanx of the III digit; only the epiphysis of 

the proximal phalanx of the IV digit was smaller; and no differences were noted in the volume of any of the 

centres of the V digit. Quadriceps contracture induces progressive hyperextension and extra-rotation of the 

limb, that might be coupled with a gradual withdrawal of loading on the medial aspect of the paw. This may 

induce a precocious absence of weight bearing on the II and III digits, while the IV and V digits become 

unloaded later: such progression in asymmetrical loading may explain why differences were observed only 

in the medial part of the foot. According to literature, only the plantar sesamoids were partially recognisable. 

Their appearance, in fact, is reported to be between 6 and 15 weeks after birth (Newton and Nunamaker, 

1985). Overall, they were less visible in the affected limbs, confirming the hypothesis of a global lack of 

load-bearing. When evaluated for each digit separately, they followed the trend of the other centres of the 

digits, being less visible in the II and III digit of the affected paw, but not in the IV and V (Figure 5). These 

results seem to confirm the hypothesis of uneven loading due to limb extra-rotation. 

It is worth noticing that the dramatic alterations described in the ossification centres were evident in puppies 

that started to show symptoms only one month before this study was performed, when they started to walk 

around the age of 4 weeks. The extreme plasticity of the skeleton in puppies, in fact, makes them very 

susceptible to the effects of abnormal forces distribution. The joint degenerative changes induced by 

quadriceps contracture (especially at the level of the stifle) are described to be even more precocious than the 

skeletal ones, already appearing 2 weeks after immobilization and rapidly progressing to become irreversible 

within 6-8 weeks (Bardet and Hohn, 1983). An early diagnosis and a thorough evaluation are therefore 

mandatory when presented with puppies affected by the disease. 

The solid, slightly irregularly marginated periosteal new bone formation noted along the proximo-medial 

surface of the femoral diaphysis of every affected limb is not reported as a consequence of quadriceps 

contracture. Since no pathologic features were noted, the newly formed bone was considered to be a 

biomechanical consequence of the abnormal load distribution in the affected leg, which may have led to 

asymmetrical deposition and resorption of bone in the medullary cavity of the femur. The cause of the 

disease could not be definitely elucidated. The presence of almost exclusively unilateral right-sided disease 

makes a parasitic infection unlikely; moreover, the puppies were tested for Neospora caninum and 

Toxoplasma gondii with negative results. The features and location of the periosteal abnormality, together 

with the history of repeated injections in the same thigh, makes the hypothesis of a iatrogenic disease most 

likely, as previously demonstrated in children (Hagen, 1968; Milcan et al., 2004). Anyway, although less 

likely based on history, a congenital form cannot be excluded. 
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This study has some limitations. CT volume evaluation was performed by a single operator and the measures 

were not repeated. Together with the difficulties in manual segmentation (especially for the abnormally-

shaped and the small-sized centres), this may have influenced the obtained results. The overall visibility of 

plantar sesamoid bones was evaluated taking subjectively into account their dimension and HU attenuation, 

and this may have influenced the obtained scores. However, the concordance between the results obtained 

for the digits’ ossification centres and the sesamoid bones seems to suggest reliability of the method. Finally, 

even if the cause of the disease was not confirmed, it seems unlikely that different causes of quadriceps 

contracture could produce different effects.   

 

Conclusion  

This study describes the abnormalities induced by quadriceps contracture on the hind limb ossification 

centres of 2-months-old littermate puppies with suspected injection-induced pathology, mainly consisting of 

volume reduction and abnormal shape of several centres. Together with the degenerative joint changes 

induced by the disease, previously reported in literature, such alterations should be carefully considered 

when evaluating puppies affected by the disease to plan a therapy.  
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BONE OSSIFICATION 

CENTRE 

Unaffected (n=12)  Affected (n=14) Significance 

Pelvis Iliac body 6,99 (6,22-7,16) 7,61 (6,44-8,15) *** 

 ischiatic body 4,82 (4,31-5,19) 4,10 (3,45-4,31) *** 

 acetabular bone  0,14 (0,11-0,20) 0,13 (0,09-0,19) NS 

 pubis 0,68 (0,56-0,78) 0,67 (0,50-0,88) NS 

        ischiatic tuberosity Not evaluable 

Femur head 1,22 (1,06-1,46) 0,84 (0,64-1,25) *** 

       greater trochanter 0,16 (0,11-0,20) 0,15 (0,07-0,18) NS 

 lesser trochanter Not evaluable 

 diaphysis 15,25 (13,03-17,32) 14,21 (12,67-15,72) ** 

  distal epiphysis (fused) 3,74 (2,82-4,46) 3,84 (2,21-4,96) NS 

Stifle sesamoids patella (n=5 per group) 0,41 (0,22-0,46) 0,26 (0,24-0,31) Not evaluated 

Tibia plateau 2,13 (1,79-2,63) 1,72 (1,89-2,26) *** 

        tuberosity (n=5 per group) 0,28 (0,21-0,33) 0,27 (0,14-0,35) Not evaluated 

 diaphysis 11,63 (11,01-13,28) 11,58 (9,55-13,46) NS 

 distal epiphysis  1,67 (1,38-1,84) 1,20 (1,00-1,51) *** 

  Fibula      proximal epiphysis 0,06 (0,03-0,10) 0,03 (0,02-0,10) * 

 diaphysis 1,49 (1,32-1,76) 1,34 (1,16-1,95) NS 

 distal epiphysis 0,44 (0,35-0,51) 0,36 (0,27-0,47) ** 

Tarsus calcaneal tuberosity 0,29 (0,21-0,43) 0,24 (0,15-0,31) *** 

 calcaneal body 3,90 (3,58-4,28) 3,04 (2,40-3,71) ** 

        talus 1,94 (1,69-2,23) 1,46 (1,12-1,93) ** 

 central tarsal bone 0,58 (0,48-0,68) 0,41 (0,25-0,59) *** 

 tarsal bone I 0,06 (0,04-0,08) 0,07 (0,05-0,09) NS 

 tarsal bone II 0,07(0,06-0,09) 0,05 (0,03-0,06) ** 

 tarsal bone III 0,43 (0,36-0,49) 0,32 (0,20-0,40) ** 

 tarsal bone IV 1,35 (1,21-1,49) 1,04 (0,79-1,28) ** 

Metatarsus I  Not evaluable 

Metatarsus II diaphysis and proximal 

epiphysis  

1,23 (1,15-1,45) 1,10 (0,79-1,32) ** 

 distal epiphysis  0,28 (0,23-0,31) 0,24 (0,17-0,26) ** 

Metatarsus III diaphysis and proximal 

epiphysis  

1,66 (1,56-1,81) 1,49 (1,14-1,74) ** 

 distal epiphysis  0,47 (0,37-0,50) 0,40 (0,26-0,47) ** 

Metatarsus IV diaphysis and proximal 

epiphysis  

1,65 (1,44-1,75) 1,46 (1,12-1,57) ** 

 distal epiphysis  0,43 (0,34-0,48) 0,39 (0,27-0,46) * 

Metatarsus V    diaphysis and proximal 

epiphysis  

1,29 (1,10-1,47) 1,16 (0,91-1,34) ** 

        distal epiphysis  0,27 (0,23-0,32) 0,25 (0,21-0,29)  

Proximal 
phalanx II      

proximal epiphysis   0,09 (0,08-0,10) 0,07 (0,05-0,08) *** 

 diaphysis and distal 0,34 (0,32-0,41) 0,32 (0,24-0,36) ** 
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epiphysis  

Proximal 

phalanx III    

proximal epiphysis  0,13 (0,10-0,15) 0,10 (0,07-0,13) *** 

 diaphysis and distal 

epiphysis  

0,47 (0,44-0,55) 0,46 (0,34-0,49) * 

Proximal 

phalanx IV 

proximal epiphysis  0,12 (0,08-0,14) 0,11 (0,07-0,13) * 

 diaphysis and distal 

epiphysis  

0,45 (0,42-0,50) 0,45 (0,36-0,50) NS 

Proximal 

phalanx V     

proximal epiphysis  0,09 (0,06-0,10) 0,08 (0,06-0,10) NS 

 diaphysis and distal 

epiphysis  

0,31 (0,28-0,35) 0,31 (0,27-0,35) NS 

Middle phalanx 

II 

proximal epiphysis  0,05 (0,04-0,05) 0,04 (0,03-0,05) *** 

 diaphysis and distal 

epiphysis  

0,12 (0,11-0,14) 0,12 (0,09-0,13) ** 

Middle phalanx 

III 

proximal epiphysis  0,08 (0,07-0,10) 0,07 (0,04-0,09) ** 

 diaphysis and distal 

epiphysis  

0,18 (0,15-0,20) 0,16 (0,13-0,18) *** 

Middle phalanx 

IV 

proximal epiphysis  0,07 (0,06-0,09) 0,07 (0,04-0,08) NS 

z diaphysis and distal 

epiphysis  

0,17 (0,16-0,20) 0,17 (0,13-0,20) NS 

Middle phalanx 

V 

proximal epiphysis  0,05 (0,04-0,05) 0,04 (0,03-0,05) NS 

 diaphysis and distal 

epiphysis  

0,12 (0,11-0,13) 0,11 (0,10-0,14) NS 

Distal phalanx II  0,09 (0,06-0,10) 0,08 (0,06-0,09) * 

Distal phalanx 

III 

 0,09 (0,07-0,11) 0,08 (0,06-0,10) NS 

Distal phalanx 

IV 

 0,09 (0,06-0,10) 0,08 (0,07-0,09) NS 

Distal phalanx V  0,07 (0,05-0,08) 0,07 (0,06-0,09) NS 

Appendix 1 - Results of the evaluation of hindlimb ossification centres. The volume (cm3) is provided as median value (min-max) for 

each centre. *p<0,05; **p<0,01; ***p<0,001; NS=not significant. 
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7. GENERAL DISCUSSION 

 

With this project literature gaps about the normal features of bone in experimental animals, specific 

decalcification protocols in different species and skeletal development in dogs were filled. For these studies, 

cadavers were recycled, embracing the 3Rs principle.  

The bone is a highly specialized connective tissue, specifically designed for structural, mechanical and 

metabolic functions. Due to the peculiar composition of its matrix, characterised by high mineral content in a 

densely packed network of collagenous and non-collagenous components, preparation of bone samples is a 

laborious process, especially when decalcification is approached (Liu et al., 2017). In particular, preserving 

both good morphology and antigenicity after decalcification is very challenging. The comparison of three 

different acid solutions (strong acid, weak acids, strong and weak acids combined) allowed to define basic 

guidelines for the decalcification of trabecular bone specimens from 5 different animals species. To our 

knowledge, no previous studies were performed which compared decalcification time and results in different 

species. Canine bone was decalcified significantly more slowly when compared to other species. Because of 

the signs of skeletal immaturity found in rodents’ and pigs’ samples, age-related differences were 

hypothesized: “young” bone, in fact, may be more sensitive to the action of decalcification solutions. 

However, although skeletally mature, sheep samples were decalcified in a significantly slower time when 

compared to dogs. While the reason for this result is not known, low bone BMD could be responsible for the 

difference: in fact, BMD changes in sheep based on the season (Arens et al., 2006), and the sheep used for 

this experiment were euthanized at the end of the winter, when BMD is lower (Arens et al., 2006). Overall, it 

was only possible to define approximate time protocols, because of the high standard error obtained with all 

solutions in all species. This could be due to interindividual variability, intraindividual regional variability 

(e.g. the bone/the part of bone considered), or to an internal bias in subjectively determining when the 

sample was ready to be processed. Even if different options exist for such evaluation (Mattuella et al., 2007; 

Verdenius and Alma, 1958; Guibas et al., 2014), in fact, it was chosen to base the decision on visual 

inspection and cutting with blade, a costless and easily repeatable method in everyday laboratory practice. 

The study confirmed that hydrochloric acid alone, although significantly faster than weak acids solutions, is 

not recommended for decalcification when good tissue morphology is needed. In fact, rapid deterioration of 

bone was noted with 10% hydrochloric acid. However, it must be underlined that excellent morphology was 

occasionally achieved in mice: this solution might therefore represent a valid alternative in this species, but 

very strict monitoring would be required. On the other hand, hydrochloric acid led to excellent results when 

combined with formic acid, as previously described for teeth (Silva et al., 2012): this combination allowed to 

obtain excellent morphology in mice, rats and pigs. Weak acids alone allowed to obtain good/excellent 

morphology in all species, at the expense of decalcification time: this should be carefully considered during 

experimental planning, as it could take several weeks and multiple renewals for these solutions to be 

effective. When testing the effect of the combination of decalcification solution and time on tissue 

morphology, high scores were obtained in mice and rats with 1,85% hydrochloric acid and 4% formic acid in 
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relatively short time (0-4 days in mice, 0-8 days in rats); similar results were obtained in mice also with 10% 

hydrochloric for 0-4 days. However, a very fast decline in score was noted with time progression, confirming 

its difficult handling. Excellent morphology, on the other hand, could never be achieved with 10% 

hydrochloric acid in mammalian specimens at any time. Immunolocalization of Collagen I allowed to test the 

preservation of tissue antigenicity: preliminary results agreed with the morphologic score; further 

experiments, however, need to be performed to confirm these results. 

The peculiar composition of bone, which makes it so difficult to process, is responsible for its fundamental 

properties (such as density and mechanical behaviour), together with its microscopical tri-dimensional 

organisation. A multidisciplinary approach was proposed for the study of basic bone features in sheep and 

pigs, selected because of their common use as models in orthopaedic research. When approaching the design 

of bone substitutes or the evaluation of their efficacy, safety and biocompatibility in preclinical trials, in fact, 

none of basic bone features can be left behind without the risk of precluding results reliability. The bone is a 

very complex and metabolically active tissue, and each of its properties and functions, which have specific 

influence on its final performance as a whole, can be optimally tested with a specific method. In particular, 

microscopic organisation of cortical and trabecular bone can be evaluated with histomorphometry (Kang et 

al., 1998; Dalle Carbonare et al., 2005) and microCT (Faulkner et al., 1991; Odgaard, 1997; Müller et al., 

1998; Hildebrand, et al., 1999; Chappard et al., 2005; Parr et al., 2012; Depalle et al., 2012), respectively; the 

amount of mineral inorganic components, represented by Bone Mineral Density, can be accurately evaluated 

with Dual-energy X-Rays Absorptiometry (Grier et al., 1996; Turner et al. 1995; Pouilles et al., 1999; Wu et 

al., 2014; den Boer et al., 1999; Floerkemeier et al., 2010; Heiss et al., 2017); and its biomechanical quality 

can be assessed with several different biomechanical tests, such as flexion and compression tests (Turner and 

Burr, 1993; Goodyear and Aspden, 2012). Basic parameters for each of these features were provided for both 

pigs and sheep; although based on a small sample, they could represent a baseline for future studies on these 

species. Interestingly, due to their skeletal immaturity, two different types of trabecular bone were found at 

each side of swine growth plates, which showed slight differences in spatial organisation (e.g. different 

porosity), reflected also in their BMD and mechanical behaviour. These results highlight the crucial 

importance of the choice of animal models for preclinical studies based on their body weight: in fact, pigs 

weighting 70-80 kg (often used as orthopaedic models) are far from being skeletally mature, and this can 

have important implications on results interpretation. Advantages and limitations of each employed 

technique were analysed, highlighting the importance of a consistent and combined approach to such a 

problematic tissue. 

As demonstrated in the studies on the bone tissue in sheep and pigs and decalcification, although imaging 

techniques allow to study the bone precisely describing its tri-dimensional organisation, histology is 

fundamental for the evaluation of tissue microscopic morphology and composition. However, histologic 

analysis requires invasive sampling procedures, which make it unsuitable for in vivo studies. Once again, the 

use of cadavers for this type of studies proved to be a valid alternative, allowing to better understand limb 
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and skull development in dogs.  With this research, results from a previous study on endochondral 

ossification in small-sized dogs performed in our laboratory (Modina et al., 2017) were confirmed. Bone 

growth starts during the fetal stage and continues after birth until complete skeletal maturity is reached. In 

the histogenesis of bone, an immature type of bone (woven bone) is initially formed, which is then replaced 

by secondary bone through intramembranous (e.g. flat bones of the skull) or endochondral (e.g. long bones) 

ossification (Webster, 1988). Perichondrium-derived tube-shaped formations called cartilage canals are 

involved in epiphyseal growth, supplying nutrients to the growing cartilage and eliminating waste products 

elimination (Wilsman and Van Sickle, 1970; Wilsman and Van Sickle, 1972; Blumer et al., 2005; Alvarez et 

al., 2005; Blumer et al., 2007; Blumer et al., 2006;; Olstad, 2007). Differently from what has been described 

in other species (Kulger et al., 1979; Cole and Wezeman, 1987; Shapiro, 1998; Rivas and Shapiro, 2002; 

Blumer et al., 2007; Blumer et al., 2008)), we confirmed that cartilage canals appear in canine humerus and 

femur before birth, as previously reported (Wilsman and Van Sickle, 1970; Wilsman and Van Sickle, 1972). 

Moreover, cartilage canals’ number tended to be higher in the humerus, suggestinga a greater metabolic 

intake that, in turn, may induce a more rapid maturation of the secondary ossification centre observed in the 

humerus and femur. From birth to the age of about one month, newborns’ ability to stand and walk increases 

in a cranio-caudal way, starting from the thoracic limbs (Peterson and Kutzler, 2011), so the humerus 

undergoes mechanical stimulation earlier as compared to the femur. This could turn in a earliest formation of 

the secondary ossificationc centre (Peinado Cortes et al., 2011). Histochemical studies showed that cartilage 

canals were surrounded by a connective tissue ring which changed in color from green to red as age 

increased, indicating collagen fibers maturation. A positive label for collagen type I was also found in 

cartilage canals, while no collagen II was found in the ring around the cartilage canals: these findings were in 

agreement with the rersults of Safranin-O staining, and suggest that the mesenchymal cells are involved in 

the production of bone extracellular matrix (Blumer et al., 2007); however, it does not explain the color 

changes found in collagen fibres, suggesting that other molecules may be involved in the development of 

secondary ossification centres. Collagen V, is a minor component of connective tissues that are rich in 

collagen type I, was also localized for the first time in this study near the cartilage canals  Little is known 

about the role of collagen V in developing bones: it might play a role in bone brittleness interfering with 

mineralization (Bonaventure et al., 1989) and/or be involved in osteogenesis (Roulet et al., 2007; Kahai et 

al., 2004; Yamaguchi et al., 2005). These data, although preliminary, lay the basis for more extensive studies 

on the delicate mechanisms that modulate endochondral bone development also in the context of the growth 

disorders affecting the proximal femoral epiphysis of small-sized breeds dogs (Scherzer et al., 2009). 

Not only long bones development, but also skull development is very complex in dogs, as the bones of the 

skull have different origines (intramembranous ossification for the face and flat calvarial bones; 

endochondarl ossification for the bones of the floor and ventral portion of the cranial vault) (Evans, 1993; 

Hyttel, 2010). To our knowledge, it is not known whether the shape of the skull of adult dogs is already 

recognisable at birth or whether it develops later in life. With the aim to enlight skull development patterns, 

differences in skull shape in newborn dogs belonging to brachycephalic, mesaticephalic and dolichocephalic 
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breeds (Evans, 1993) were investigated with anatomic and radiographic approach (linear cranial measures 

and cranial indices) in a large sample (137 animals). Linear measures almost constantly identified two major 

morphologic groups (brachycephalic vs non-brachycephalic morphotype), while contrasting results about the 

indices were obtained with anatomic and radiographic methods: in fact, while anatomic indices highlighted 

differences in skull conformation without clear identification of separate categories, almost all radiographic 

indices constantly distinguished among three categories (brachycephalic, mesaticephalic and 

dolichocephalic). Moreover, since radiographic examination is an invasive procedure (especially in 

newborns and puppies), an attempt to find a close correlation between anatomic and radiographic skull 

measures was made. However, results indicate that anatomic and radiographic methods cannot be used 

interchangeably, likely due to the presence of soft tissues that make radiographic and anatomic landmarks 

markedly different. Finally, neural nets were employed in attempt to classify 19 puppies belonging to 

previously unclassified breeds, providing a categorization with high probability for most of them. Although 

growing animals cannot perfectly fit the static nature of the method (the skull does not grow in all directions 

at the same time, so the classification determined at birth could be contradicted by what determined during 

other periods of skull growth), neural nets could represent a useful define both puppies’ and adults’ 

morphotypes.  

Finally, the effects of pathology on skeletal development were studied in a litter of 2-months-old Dobermann 

Pinscher affected by quadriceps contracture. Since skeletal maturation is a very delicate and plastic process 

and a non-physiological distribution of forces can substantially contribute to the development of skeletal 

deformities, it may be dramatically affected by muscular contracture. To evaluate this hypothesis, the effects 

of quadriceps contracture on the time of appearence, shape and volume of hindlimb ossification centres were 

decsribed. The presence of quadriceps contracture did not seem to influence the time of appearance of the 

ssification centres of the pelvic limb, but several centres were smaller and/or misshaped in affected legs: the 

constant compression produced by the contracture of the different portions of the quadriceps muscle was 

thought to be responsible for these changes. In general, epiphyseal centres were more affected than 

diaphyseal ones, probably due to their small size, shape and location, which may have made them easier to 

compress when compared to the diaphyseal ones. Rectus femori contracture was thought to be responsible 

for femoral head/acetabulum flattening and hip subluxation, as well as for the overall hip asymmetry noted 

in the puppies. The constant traction produced by quadriceps distal insertion on the tibial tuberosity was 

thought to be responsible for the observed tibial plateau flattening, also causing progressively complete 

inability to flex the stifle (genu recurvatum). The compressive forces produced by the disto-proximal traction 

from the hyperextended hock were thought to be responsible for the abnormalities noted in the distal tibia. A 

different pathogenetic pattern (lack of weight-baring) was hypothesized to be responsible for the 

abnormalities noted in the distal part of the limb. In fact, quadriceps contracture induces a progressive 

inability to flex the stifle and the hock, to the point that the affected limb at rest is carried cranially, held in 

rigid extension, and is not used during ambulation. The differences in volume of the ossification centres of 

the digits were thought to follow a pathologic load-dependant distribution: hyperextension and extra-rotation 
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of the limb, in fact, might be coupled with a gradual withdrawal of loading on the medial aspect of the paw, 

which may induce a precocious absence of weight bearing on the medial digits (which were found to be 

smaller), while lateral digits become unloaded later. It is worth noticing that the severe alterations described 

in the ossification centres were evident in puppies that started to show symptoms only one month before this 

study was performed. Importantly, joint degenerative changes induced by quadriceps contracture have been 

described to be even more precocious than the skeletal ones, becoming irreversible within 6-8 weeks (Bardet 

and Hohn, 1983). An early diagnosis and a thorough evaluation are therefore mandatory. 
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8. GENERAL CONCLUSION 

 

This project grounds on the idea of cadaver recycle for research purposes. In fact, the use of cadavers allows 

to spare experimental animals and embraces the 3Rs principle (Replace, Reduct, Refine). All the bone 

specimens for these studies were collected from slaughterhouses, from laboratories after euthanasia for 

unrelated experiments or donated by private owners prior their informed consent. The bone, in fact, is very 

easy to study in cadavers since it suffers the early consequences of post-mortal decay to a lesser extent 

compared to other tissues. The bone is a highly specialized connective tissue, specifically designed for 

structural, mechanical and metabolic functions. Therefore, its structural, densitometric, compositional and 

biomechanical features depend on animal species, size and age, as well as on the specific bone that is 

considered. Moreover, literature gaps in specific patterns of skeletal development in dogs (e.g. limb and 

skull development) and the possible effect of pathological conditions on skeletal growth still exist. 

 

With this project we confirmed that cadavers are an invaluable source of research material, providing a valid 

alternative to in vivo experiments and contributing to the reduction of the use of experimental animals. This 

was proved both for the study of skeletal development in dogs and the basic features of the bone tissue in 

experimental animals. 

 

A multidisciplinary approach to the study of the bone in pigs and sheep was developed, evaluating several 

different parameters with different techniques on the same samples. This approach is crucial because it 

allows to elucidate all the fundamental features of the bone at once, in order to avoid omissions in preclinical 

study design. Moreover, reference parameters for normal swine and ovine bone features were provided. At 

the same time, basic protocols for bone decalcification in different species with different solutions were 

provided. Future perspectives include refining of the proposed decalcification protocols and testing new 

techniques for antigen unmasking and retrieval. Moreover, it would be desirable to optimize the provided 

multidisciplinary approach for swine and ovine bone, potentially extending it to other species.  

New insights on cartilage canals in small-sized dogs were provided, which confirmed that cartilage canals 

mesenchymal cells are involved in bone extracellular matrix production in dogs, as they are in other species, 

laying the basis for more extensive studies on the delicate mechanism of endochondral ossification 

regulation. Future perspectives include the evaluation of cartilage canals in canine pathological conditions 

(e.g. osteocondrosis, femoral head avascular necrosis), potentially considering all the molecules wich are 

involved in the dewvelopment of cartilage canals and ossification centres. In fact, normal skeletal 

development can be dramatically influenced by orthopaedic conditions, as demonstrated by the description 

of the abnormalities induced by quadriceps contracture on hind limb skeletal development in a litter. Such 

abnormalities mainly consisted of volume reduction and abnormal shape of several centres, alteration that 

should be carefully considered to evaluate therapeutical approaches. Finally, novel contribution in canine 

craniometry and skull development were provided, documenting morphometric differences among 
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dolichocephalic, mesaticephalic and brachycephalic purebred puppies in the early neonatal period through a 

radiographic and anatomic study. Future perspectives include the study of abnormal skull development in 

canine pathological conditions (e.g. Chiari-like malformation, hydrocephalus) and the application of the 

neural nets to classified unclassified breeds, to better define breed standards. 
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