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Abstract 

 

Each year, in Canada, about 25 million commercial laying hens produce more than nine 

billion eggs, providing affordable, nutrient-dense food for consumers. However, studies have 

reported up to 97% fracture prevalence in these commercial flocks by the end of their lives, which 

poses a major welfare concern and has a detrimental impact on the sustainability of the egg-

farming industry. Providing increased opportunities for physical activity by housing design is 

currently the main strategy used to improve welfare and bone health in commercial hens. My 

research investigates how genetics and experience of physical activity during youth influence bone 

structure, bone mechanical behaviour, and bone mechanoadaptation, and validates common 

methods of fracture detection and severity assessment. All studies examine chickens of two 

commercially relevant genetic strains, who were raised in several different styles of housing that 

allow for varying types and amounts of physical activity.  

First, I characterized the in vivo mechanical behaviour of the tibiotarsi of young chickens 

during habitual activities, using strain gauge sensors to measure strains engendered in vivo. I found 

that the tibiotarsus undergoes a complex strain environment and that torsion is the predominant 

source of mechanical strain. Genetic strain and loading history both influenced the in vivo 

mechanical behaviour of the bone, with sedentary chickens exhibiting higher in vivo mechanical 

strain levels compared to those with a more active loading history. These findings provide 

important context to interpreting bone structural and material properties as determinants of these 

in vivo strains, and directly informed my third study investigating the bone’s mechanoresponse to 

controlled loading. 

Next, I sought to characterize whole bone mechanical behaviour due to axial compressive 

loading and assess its correlation to bone material and structural properties. I created finite element 

models mimicking our axial compressive loading model, with either heterogeneous or 

homogeneous tissue mineral density-derived elastic moduli, and correlated the simulated 

engendered stresses to measures of bone structure along the length of the bone. I found that mineral 

density heterogeneity did not influence stress magnitudes or patterns along the bone length, and I 

identified a set of structural parameters with a strong negative correlation to engendered stress 

levels. These findings inform future interpretations of the effect of interventions that aim to 
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improve tissue mineral density as a means to improve bone stiffness and provide a set of candidate 

stiffening structural parameters that can be targeted by genetic selection. 

In a third study, I performed in vivo controlled loading over a 2-week period to study the 

bone mechanoresponse, using a load waveform protocol that has been shown to successfully elicit 

bone formation in murine models. Applied load levels were set to engender mechanical strains 

above the measured habitual levels from my first study. I found that loaded limbs had impaired 

bone structure and decreased bone surface undergoing formation, compared to non-loaded limbs. 

These results indicate that the mechanoresponse is different in chickens compared to murine 

models; future studies are warranted to investigate the osteogenic components of load stimuli in 

chickens. 

My last study focuses on adult chickens during the laying phase and sought to cross-

validate commonly used methods of keel bone damage detection and severity assessment. 

Chickens underwent in vivo palpation to categorize them as either having or lacking fracture(s). 

Then, bones were radiographed, given a fracture severity score based on this image, and scored 

again based on visual inspection of the keel. Then, palpation and radiograph scores were correlated 

against the dissected keel scores. I found that although palpation lacks precision and accuracy, it 

was still more highly correlated to dissected fracture scores than the radiograph scores.  

Overall, the findings from this thesis inform about the determinants of bone health in young 

female chickens, and what detection and outcome measures of bone health are meaningful and 

informative in this group. This research also contributes to the general pool of knowledge on bone 

biomechanics and mechanobiology in birds, and towards understanding bone’s form-function 

relationship.  
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Resume 

 
Chaque année, au Canada, environ 25 millions de poules pondeuses commerciales 

produisent plus de neuf milliards d'œufs, ce qui contribue de manière substantielle à l'alimentation 

quotidienne de la population. Des études ont fait état d'une prévalence de 97 % de fractures dans 

les troupeaux commerciaux à la fin de leur vie, ce qui pose un problème majeur de bien-être et a 

un impact négatif sur la durabilité de l'industrie de l'élevage d'œufs, qui doit fournir aux 

consommateurs des aliments abordables et riches en nutriments. La principale stratégie 

actuellement utilisée pour améliorer le bien-être et la santé des os des poules commerciales consiste 

à leur offrir davantage de possibilités d'activité physique grâce à la conception de leur logement. 

Mes recherches portent sur la manière dont la génétique et l'expérience de l'activité physique au 

début de la vie influencent la structure osseuse, le comportement mécanique des os et la mécano-

adaptation des os, et valident les méthodes courantes de détection des fractures et d'évaluation de 

leur gravité. Toutes les études portent sur des poulets de deux souches génétiques 

commercialement pertinentes, qui ont été élevés dans plusieurs styles de logement différents 

permettant de varier les types et les quantités d'activité physique.  

Tout d'abord, j'ai caractérisé le comportement mécanique in vivo du tibiotarse de jeunes 

poulets au cours d'activités habituelles, en utilisant des capteurs à jauge de contrainte pour mesurer 

les déformations engendrées in vivo. J'ai constaté que le tibiotarse subit un environnement de 

déformation complexe et que la torsion est la source prédominante de déformation mécanique. La 

contrainte génétique et l'historique de la charge ont tous deux influencé le comportement 

mécanique in vivo de l'os, les poulets sédentaires présentant des niveaux de contrainte mécanique 

in vivo plus élevés que ceux dont l'historique de la charge est plus actif. Ces résultats fournissent 

un contexte important pour l'interprétation des propriétés structurelles et matérielles de l'os en tant 

que déterminants de ces déformations in vivo, et ont directement inspiré ma troisième étude portant 

sur la réponse mécanique de l'os à une mise en charge contrôlée. 

Ensuite, j'ai cherché à caractériser le comportement mécanique de l'os entier sous l'effet 

d'une charge de compression axiale et à évaluer sa corrélation avec le matériau osseux et les 

propriétés structurelles. J'ai créé des modèles d'éléments finis imitant notre modèle de charge de 

compression axiale, avec des modules élastiques hétérogènes ou homogènes dérivés de la densité 

minérale des tissus, et j'ai établi une corrélation entre les contraintes engendrées simulées et les 

mesures de la structure osseuse sur la longueur de l'os. J'ai constaté que l'hétérogénéité de la densité 
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minérale n'influençait pas les amplitudes ou les modèles de contrainte sur la longueur de l'os, et 

j'ai identifié un ensemble de paramètres structurels présentant une forte corrélation négative avec 

les niveaux de contrainte engendrés. Ces résultats éclairent les interprétations futures de l'effet des 

interventions visant à améliorer la densité minérale des tissus en tant que moyen d'améliorer la 

rigidité osseuse et fournissent un ensemble de paramètres structurels candidats à la rigidité qui 

peuvent être ciblés par la sélection génétique. 

Dans une troisième étude, j'ai effectué une mise en charge contrôlée in vivo sur une période 

de deux semaines pour étudier la réponse mécanique de l'os, en utilisant un protocole de forme 

d'onde de charge qui s'est avéré efficace pour provoquer la formation d'os dans des modèles murins. 

Les niveaux de charge appliqués ont été fixés de manière à engendrer des contraintes mécaniques 

supérieures aux niveaux habituels mesurés lors de ma première étude. J'ai constaté que les 

membres soumis à une charge présentaient une structure osseuse altérée et une diminution de la 

formation de surface osseuse par rapport aux membres non soumis à une charge. Ces résultats 

indiquent que la mécanoréponse est différente chez les poulets par rapport aux modèles murins ; 

des études futures sont justifiées pour étudier les composants ostéogéniques des stimuli de charge 

chez les poulets. 

Ma dernière étude porte sur des poules adultes pendant la phase de ponte et vise à valider 

de manière croisée les méthodes couramment utilisées pour détecter les lésions de l'os de la carène 

et en évaluer la gravité. Les poulets ont subi une palpation in vivo qui a permis de les classer en 

fonction de la présence ou de l'absence de fracture(s). Ensuite, les os ont été radiographiés, un 

score de gravité de la fracture leur a été attribué sur la base de cette image, et un autre score a été 

attribué sur la base d'une inspection visuelle de la quille. Les résultats de la palpation et de la 

radiographie ont ensuite été mis en corrélation avec les résultats de la quille disséquée. J'ai constaté 

que même si la palpation manque de précision et d'exactitude, la corrélation entre les scores de 

fracture disséquée et les scores de radiographie est plus forte.  

Dans l'ensemble, les résultats de cette thèse nous renseignent sur les déterminants de la 

santé osseuse chez les jeunes poulets femelles et sur les mesures de détection et de résultats de la 

santé osseuse qui sont significatives et informatives pour ce groupe. Cette recherche contribue 

également à l'ensemble des connaissances sur la biomécanique osseuse et la mécanobiologie chez 

les oiseaux, et à la compréhension de la relation forme-fonction de l'os. 
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Contributions to Original Knowledge 

 

The overarching theme of the research presented in this thesis is the investigation into 

determinants of skeletal health in the commercial egg-laying hen population: I characterized 

structural, mechanical, adaptive features of the bones of commercial egg laying (female) chickens 

and elucidated how these features are influenced by genetic strain and loading history. This 

knowledge serves to inform farmers about practices that can improve the bone health of their flocks 

and subsequent research as to what detection and outcome measures of bone health are meaningful 

and influential in chickens. 

In the first study (Chapter 4) I characterized the in vivo mechanical behaviour of the 

hindlimb’s tibiotarsi of young chickens. I measured the mechanical strains engendered at the 

tibiotarsus during a range of habitual activity types. I found that, in vivo, the tibiotarsus undergoes 

a complex loading environment comprised of axial compression, bending, and torsion, with torsion 

being the predominant source of mechanical strain. Genetic strain and loading history both 

influenced the in vivo mechanical behaviour of the bone, and sedentary chickens generally 

exhibited higher in vivo mechanical strain levels compared to those with a more active loading 

history. These findings provide important context to interpreting bone structural and material 

properties as determinants of these in vivo strains, and directly informed our subsequent study 

investigating the bone’s mechanoresponse to controlled loading.  

Next (Chapter 5), I characterized whole bone mechanical behaviour due to axial 

compressive loading and assessed its correlation to bone material and structural properties. I found 

that variations in tissue mineral density of up to 200mgHA/cm3 did not influence stress levels or 

patterns along the bone length. Furthermore, I found a strong negative correlation between 

engendered stress levels and a variety of cross-sectional structural parameters. Stress magnitude, 

but not patterns along the bone length differed between genetic strain and loading history groups. 

These findings inform future interventions aimed at increasing tissue mineral density as a means 

to improve bone strength and provide a set of candidate stiffening structural parameters that can 

serve as targets to prevent fracture.  

In a third study (Chapter 6), I characterized the bone mechanoresponse to controlled in 

vivo loading in these chickens. I surprisingly found that loading had a minimal effect on the bones’ 

microstructure, and where present, the effect was detrimental – loaded limbs had impaired bone 



 

 xxii 

microstructure compared to non-loaded limb. This reveals that the bone mechanoresponse is 

different in chickens compared to murine models, highlighting the need for further research into 

these differences.  

Lastly (Chapter 7), I sought to cross-validate three commonly used methods of detecting 

and quantifying levels of damage in keel bones – in vivo palpation, radiography, and visual 

inspection and scoring of dissected bones. I found that although palpation (the most cost- and time-

effective method) lacks precision, accuracy, and underestimates the number of fractures, it has a 

significant and strong positive correlation to fracture severity, more so than radiograph image-

based scores, which require more time and equipment to perform.  

Aside from these specific, primary applications, this research also contributes to the general 

pool of knowledge on bone biomechanics and mechanobiology, which is sparse in chickens and 

avian species, particularly in comparison to data from mammalian species. 
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Chapter 1 – Introduction 

 

Osteoporosis is a condition characterized by bone weakness, attributed to below-optimal levels 

of bone mineral density, bone volume, and/or functionally impaired bone structure. This condition 

is not exclusive to humans and has been a major concern in the commercial egg farming industry. 

Osteoporosis and its associated high fracture incidence was first observed in caged laying hens in 

the 1950’s, and is thought to be influenced by the lack of dynamic load bearing activity associated 

with caged-housing. In addition, high calcium demands associated with genetic selection to 

increase the rate of egg-laying in commercial genetic strains (calcium is sourced from bones for 

the mineralization of the eggshell) is also a contributor to osteoporosis in hens. 

Many other factors both genetic and environmental may contribute to the development of 

osteoporosis, and often do, making it a challenging condition to treat and prevent. Detection is also 

challenging (osteoporosis is commonly referred to as the “silent” disease), requiring an 

understanding of bone mechanical behaviour, how it is influenced by bone structure and material 

properties, and the ability to assess this in vivo. Understanding the etiology of this condition and 

being able to detect it are necessary means to the ultimate end goal, which is developing treatment 

and prevention interventions to improve the welfare of these animals.  

Osteoporosis continues to be a prevalent disease affecting millions of humans despite being 

the focus population of considerable research efforts into this condition; much less is known about 

bone biology, bone adaptation, and determinants of bone health in avian species, such as chickens. 

The work presented in this doctoral thesis contributes to filling this gap in knowledge, providing 

information about 1) the etiology of bone fragility in chickens, 2) meaningful outcome measures 

for detection of bone fragility, and 3) the effects of mechanical stimuli as an intervention to treat 

and prevent bone fragility.  

The next chapter (chapter 2) gives a detailed background on the biological, contextual, and 

methodological concepts, which are the pillars for the subsequent chapters (3-6) that present four 

experimental studies. All studies focused on female (egg-laying) chickens of two commercially 

relevant genetic strains, that were raised in various environments (housing systems) that favor 

different amounts/types of physical activity. Across all studies, genetic strain and loading history 

(housing environment) are considered as independent variables, to assess their influence on the 
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measured outcomes in addition to characterizing these outcomes themselves. The first three studies 

are concerned with the tibiotarsus (functionally similar to the mammalian tibia), whereas the last 

study shift focus towards the keel bone (functionally similar to the mammalian sternum).   

The first study (chapter 3) aimed at measuring and characterizing the mechanical stimuli that 

the tibiotarsus is subject to habitually, to understand the mechanical environment to which the bone 

structure and material properties are tailored. The next study (chapter 4) investigates how sensitive 

the bone’s mechanical behaviour is to variations in bone mineral density, and how a variety of 

outcomes, which describe the shape and structure of bone relate to its mechanical behaviour. The 

third study (chapter 5) investigates bone adaptation, using information learnt in study 1 (habitual 

levels of mechanical stimuli) to study the bone’s mechanoresponse to above-habitual mechanical 

strain levels. The last study assesses the validity of various commonly used measures of keel bone 

fracture severity. The final chapters (6-7) present an overarching discussion of the findings of these 

four studies and overall conclusions. 
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Chapter 2 – Background  

 

2.1 Subject: Bone  

2.1.1 General bone biology background 

Bones evolved over 500 million years ago in aquatic animals (Eames et al., 2012). Before 

this point, mineralized tissues existed in the form of exoskeletons, which limited animal body size, 

restricted body surface sensation, and limited movement and locomotion (Wagner & Aspenberg, 

2011). The transition towards inner body skeletal elements was a major adaptive advantage in 

terms of locomotion. It permitted the development of a strong muscular system, improving 

locomotor efficiency and speed, and therefore expanding the radius of habitation of these early 

vertebrates (Wagner & Aspenberg, 2011). At this point, the bone’s ability to serve as a mineral 

reservoir was less important, because minerals were readily accessible, dissolved in their 

surrounding water; in fact, it is thought that mineralized tissues evolved as an adaptation to deal 

with unwanted excessive mineral aggregation which was occurring due to high marine calcium 

concentrations present at the time (Wagner & Aspenberg, 2011). With the evolution of tetrapods 

and the transition from water to land, vertebrates were no longer readily exposed to large amounts 

of dissolved calcium in their surroundings – instead, calcium became available only at the time of 

feeding, resulting in large, frequent fluctuations in amounts of circulating calcium. Because 

calcium is a key signaling molecule in all cellular life (Krebs et al., 2015), mechanisms in the gut, 

kidneys, and bones began to evolve to control the movement of calcium and ensure its continuous 

availability for cellular signaling, and bone began to assume its secondary role as a calcium 

reservoir.  

At its base, bone tissue is made up of a composite material: elastic collagen fibers which 

form a scaffold upon which crystals of carbonated hydroxyapatite aggregate. These mineralized 

fibers are then arranged into a complex architecture with motifs that vary across hierachnical length 

scales and differ spatially within and and across anatomical sites depending on the specific local 

in vivo mechanical environment (G. C. Reilly & Currey, 1999; Reznikov et al., 2018). This 

composition and hierarchical design produces a tissue that is stiff yet flexible and tough, capable 

of withstanding high forces. However, this composite tissue is only a part of what makes up bone 
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altogether – approximately 10% of bone volume consists of cells: osteoblasts, osteoclasts, and 

osteocytes. The osteocytes comprise 90% of this cell population (L. F. Bonewald, 2011), and reside 

within small cavities in the bone termed lacunae, forming a dense network (Fig. 1). Osteocyte 

lacunae are connected by even smaller channels, canaliculi, through which osteocytes extend their 

dendritic processes and come into contact with other neighbouring osteocytes, allowing them to 

communicate with each other (L. Bonewald, 2018) (Fig. 1). 

 
Figure 1: Bone modeling and remodeling. Both processes can result in bone loss, quiescence (steady 

state), or bone gain. When bone formation and resorption are balanced (whether they are coupled as in 

remodelling or spatially separate as in modeling), bone volume is at steady state. When these two processes 

become unbalanced, bone loss (resorption > formation) or gain (formation > resorption) results. Adapted 

with permission from Baron & Kneissel, 2013. 

By means of this connectivity osteocytes are able to carry out their arguably main function: 

orchestrating bone adaptation (Schaffler & Kennedy, 2012). A hallmark feature of bone, of 
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significant interest in this thesis, is its ability to adapt to mechanical stimuli. This was first officially 

recognized by Julius Wolff in the 1800’s (Wolff, 1892), who stated that bones were able to alter 

their internal structures according to mathematical rules to decrease internal stresses. Forces 

derived from muscle contractions or ground reaction forces act on the bone and cause it to deform. 

These deformations (and/or downstream signals produced by the deformation) are sensed by the 

osteocytes, which then convert this mechanical stimulus into a biochemical one, interpret the 

signal, and subsequently communicate with effector cells to coordinate the tailored 

mechanoadaptive response (Willie, Zimmerman, et al., 2020). 

The effector cells are osteoblasts, bone-forming cells, and osteoclasts, bone-resorbing cells. 

Upon receiving signals from osteocytes, osteoblasts and/or osteoclasts will act to increase or 

decrease bone volume or alter the bone shape with a net zero change in bone volume, via a process 

called bone modelling. Modeling is characterized by the locally independent activity of osteoblasts 

and osteoclast (Fig. 1), although they may be active simultaneously at different locations (e.g. bone 

formation at the periosteal surface and bone resorption at the endosteal surface to widen the bone 

and increase its polar moment of inertia). During adulthood, bone modelling predominantly occurs 

as a means of bone adaptation to mechanical stimuli, whereas during youth, it is the main process 

by which bones grow longitudinally and radially (Burr, 2019).  

Osteoblasts and osteoclasts do not always act to adapt to mechanical stimuli; they also 

work to renew bone tissue in a process called bone remodelling (Fig. 1). Here, their activity is 

spatially coupled; a team of osteoclasts and osteoblasts, called the bone multicellular unit (BMU) 

(Frost, 1969), tread along the bone surface or through canals found within the bone and 

sequentially resorb (osteoclasts) and then form (osteoblasts) bone. Bone remodelling serves to 

renew bone tissue and is common throughout all stages of life, occurring most frequently at the 

endosteal, periosteal, and trabecular surfaces, and, in certain species, intracortically. During youth 

and at the beginning of adulthood, bone remodelling does not alter overall bone mass, but with 

aging there is a shift in the balance between formation and resorption favouring resorption and 

thus leading to a net decrease in bone volume (Dempster & Lindsay, 1993). Bone remodelling can 

be spatially targeted or stochastic (Burr, 2019). One trigger of targeted bone remodelling is 

microdamage (Burr et al., 1985), where small cracks accumulate due to repeated cycles of loading 

or loading at high levels. Microdamage is to a certain extent beneficial because the microcracks 
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dissipate energy as the loading occurs and therefore prevent overt fracture (Pezzotti & Sakakura, 

2003), so long as they are repaired before they coalesce into larger cracks which do impair bone 

structural integrity. 

 
Figure 2: Chicken keel bone. A) Whole chicken skeleton, B) Lateral aspect of a keel bone. Anatomical 

aspects referred to throughout this thesis are annotated, C) Cross sections taken at positions 1 and 2 from 

panel B, showing the characteristic cross-sectional “T” shape of the keel bone.  

In mammals and birds, bone grows via two processes: endochondral and intramembranous 

ossification (Berendsen & Olsen, 2015; Romanoff, 1960). During endochondral growth, an initial 

scaffold made of cartilage (type X collagen) is deposited by chondrocytes, beginning at a discrete 

ossification center. The cartilage then becomes mineralized and subsequently remodelled into bone 

(type I collagen scaffold). Endochondral ossification is the method by which bones elongate. 

Intramembranous ossification instead does not involve a cartilaginous intermediate stage – bone 

is directly deposited by osteoblasts on the surface of existing bone or mineralized cartilage. The 

number and location of ossification centers where endochondral ossification occurs differs across 

species. Mammalian tibiae begin growing at a primary ossification center at the mid-diaphysis, 

and later on, secondary ossification centers appear at the proximal and/or distal epiphyses (Burr, 

2019). In the avian tibiotarsus, secondary ossification centers do not appear, and bone elongation 

occurs via bone formation at the proximal and distal ends of the primary ossification center 
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(Whitehead, 2004a). This distinction may have important implications in terms of growth rates 

and cessation of growth. In mammals, eventually the epiphyseal ossification centers fuse to the 

primary ossification center, impeding further growth and therefore providing a reliable way to 

ascertain that growth has ceased, whereas in birds, whether growth completely ceases or continues 

throughout adulthood but at a decreased rate compared to youth remains unclear, and likely varies 

between avian species. Growth and ossification patterns of the keel bone (Fig. 2) have yet to be 

described for chickens (Gallus gallus). In other avian species, a cartilage scaffold grows, and 

mineralization initiates at multiple ossification centers (Hogg, 1980). The number, location, and 

timeline of appearance of these ossification centers in the chicken keel remains unknown, but 

complete ossification of the keel bone of females has been shown to be achieved during adulthood 

at 30-40 weeks (Buckner et al., 1948, 1949), and is influenced by genetic (Fawcett et al., 2020) 

and environmental (T. M. Casey-Trott, Korver, et al., 2017a; Fawcett et al., 2020) conditions.  

 
Figure 3: Bone’s hierarchical structure. Characteristics across different length scales can be grouped into 

structural and material properties Willie et al., 2020. 

 Bone is hierarchically structured (Fig. 3), with specific organizational features at different 

length scales that compound to produce a complex, tough structure made up of an anisotropic 

material that deforms viscoelastically. At the micron-level, mineralized collagen fibres can exist 

organized into discrete sheets or lamellae that are arranged along surfaces of the bone or 

concentrically surrounding vascular channels. The orientation of lamellae with respect to the 
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bone’s long axis varies regionally seemingly tailored to local in vivo mechanical behaviour; for 

example, bone regions that habitually undergo tensile strain have been shown to have lamellae 

parallel to the principal tensile axis, whereas regions under compression have lamellae oriented at 

an angle from the principal compressive axis (Riggs, Lanyon, et al., 1993; Riggs, Vaughan, et al., 

1993; Skedros et al., 2004, 2006, 2007). Space between lamellae and within small spaces between 

arranged lamellar collagen fibers are filled with disordered collagen fibers (Reznikov et al., 2014) 

to makeup a compact volume. When time for precise arrangement of collagen fibres is not 

available, such as during rapid growth or bone healing, bone tissue completely composed of 

disordered fibers is produced instead, called woven bone (Shapiro & Wu, 2019). Woven bone 

therefore is mechanically inferior to lamellar bone (J. D. Currey, 2003) and under physiological 

conditions is usually eventually remodelled into lamellar bone.  

 
Figure 4: Cortical, trabecular, and medullary bone at the tibiotarsus midshaft of a 16 week old (onset of 

puberty) chicken. MicroCT image taken at 9 μm isotropic voxel size. Medullary bone can be seen as a less 

mineralized (darker grey colour), with a more disordered/less compact appearance, lining regions of the 

endosteal surfaces.  

Macroscopically, lamellar bone generally makes up cortical and trabecular bone (Fig. 4). 

In female birds, an additional type of bone termed medullary bone develops at the onset of sexual 

maturity (C. Dacke, 1979), characterized by its dynamic fluctuations which temporally correlate 

with the oviposition cycle (C. G. Dacke et al., 1993; Kerschnitzki et al., 2014). It is therefore 

thought to function as a labile source of calcium for the mineralization of the eggshell. Medullary 
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bone appears to consist of small “trabecular-like” structures which are found at endosteal surfaces 

and within intracortical pores, composed of woven-like bone (Bonucci & Gherardi, 1975). 

Compared to cortical and trabecular, medullary bone is more calcified, with a higher apatite-to-

collagen ratio and contains more non-collagenous proteins, proteoglycans, and carbohydrates 

(Prondvai & Stein, 2014). However, medullary bone often appears less mineralized (lower 

greylevel) in tomographic images (Fig. 4), due to its small size and partial volume effects. Further 

characterization of the cellular and molecular mechanisms responsible for the spatial and temporal 

dynamics of medullary bone formation are warranted. 

Skeletal phenotype is shaped in part by adaptive plasticity but also by genetics. It has been 

shown that 45-92% of the population-wide variability in skeletal phenotype is attributed to 

genetics, the rest being determined by environmental factors. Some genetic effects can be in the 

form of single-gene mutations that cause large effects on bone traits, but genetic variation can also 

come in the form of inherited heterogeneity in the expression of a large set of genes that results in 

smaller scale variability in complex traits (Burr, 2019).  

Hormones play an important role in bone metabolism. Particularly notable is estrogen, which 

has been shown to be a major regulator of bone metabolism through its pleiotropic effects on bone 

cells (Khosla et al., 2012) – estrogen inhibits osteoclast bone resorption (Kameda et al., 1997), 

regulates bone formation by osteoblasts (Bain et al., 1993; Chow et al., 1992; Samuels et al., 1999), 

and maintains osteocyte viability (Florencio-Silva et al., 2018). In female chickens specifically, 

there is a marked increase in estrogen from 16-20 weeks of age (Johnson & van Tienhoven, 1980; 

Whitehead & Fleming, 2000) which correlates with the onset of the formation of medullary bone 

at approximately 16 weeks of age. Concrete evidence as to the mechanism by which estrogen is 

involved in medullary bone formation is lacking, but it is known that the formation of medullary 

bone is estrogen-dependent (Beck & Hansen, 2004; C. G. Dacke et al., 1993). Studies have shown 

that administration of estrogen can elicit medullary bone formation in male birds (Landauer et al., 

1941; Miller & Bowman, 1981). Moreover, oscillations in serum levels of estrogen coincide 

temporally with the oviposition cycle (Etches & Cheng, 1981; Johnson & van Tienhoven, 1980). 

A widely cited study from the 90’s used fluorochrome labels to track bone formation in femurs 

of pre-pubescent and sexually mature female chickens (see section 2.3.4 for details about this 

methodology). They observed that, in contrast to the immature chickens which exhibited bone 
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formation at periosteal and intracortical surfaces, mature femurs were devoid of any periosteal and 

intracortical bone formation and instead had substantial medullary bone formation (Hudson et al., 

1993). Other authors have since interpreted these findings as proof that, in response to the marked 

increase in estrogen following the onset of lay in chickens, osteoblasts undergo a switch in the type 

of bone they deposit and thereafter only produce medullary bone, while osteoclasts continue to 

resorb bone indiscriminately. If this were the case it would lead to a decrease in cortical and 

trabecular bone, rendering the bone weaker and explaining the observed osteoporotic phenotype 

seen in commercial laying hens, which is progressive throughout the lay phase. However, there 

have been no studies that have proven this – that osteoblasts undergo a switch and only form 

medullary bone during lay, and that said change in osteoblast behaviour is directly triggered by 

estrogen. Further investigations into medullary bone-forming osteoblast behaviour by 

histomorphometry, histology, and single-cell RNA sequencing are warranted. Moreover, efforts to 

stimulate cortical and trabecular bone formation as interventions to address osteoporosis in this 

population should not be discarded on the basis that this type of bone cannot be formed during lay. 

2.1.2 Changes to bone with age 

Most of what is known about the aging of bone has been gleaned from research on mammalian 

models, but it is reasonable to suspect that certain themes are so inherent to the structural function 

of bone that they are widely conserved across other vertebrate species, including birds. During 

growth, long bones grow longitudinally (endochondral ossification at growth plate(s)) and cross-

sectionally by progressive periosteal expansion and endosteal bone resorption/quiescence. This 

expansion increases the bone’s polar moment of inertia, drastically increasing the bone’s ability to 

resist bending and torsional shear. During adulthood, this expansion continues, but the rate of 

endosteal resorption slowly overcomes that of periosteal formation, resulting in a progressive 

decrease in cortical bone thickness which weakens the bone (Birkhold et al., 2014). Mechanical 

loading has been shown to attenuate this endosteal resorption, therefore mitigating this age-related 

impairment in bone strength (Birkhold et al., 2016). Aging also affects bone material quality which 

compounds the structural deterioration of bone (Boskey & Coleman, 2010). Studies have shown 

changes in bone mineral properties, mineral density heterogeneity, collagen cross-linking, water 

composition, among others, with age (Boskey & Coleman, 2010). The direct link, however, 
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between the nature of these changes and their effects on bone mechanical properties remains poorly 

understood.  

Effects of aging on bone structure are in part attributed to changes in bone 

mechanoresponsiveness. In mice, whereas young and adults animals adapt to loading by increased 

bone formation and decreased bone resorption, loading does not lead to a decrease in bone 

resorption in elderly mice, therefore decreasing the net positive effect on bone volume (Birkhold 

et al., 2014; Razi, Birkhold, Weinkamer, et al., 2015). Subsequent studies showed that with age, in 

vivo loading engenders lower strain stimuli (Willie et al., 2013), suggesting that it is not (only) the 

mechanoadaptive machinery that is affected by age, but rather that changes in bone material 

properties influence the way in which the bone deforms, ultimately affecting the stimulus that the 

mechanoadaptive machinery itself is sensing and responding to. In chickens, aging has been shown 

to be associated to decreased tibiotarsal trabecular thickness and cortical bone volume, bone 

volume fraction, and bone mineral density (Yamada et al., 2021). Studies investigating the effects 

on bone material properties and mechanoadaptation are lacking, as well as studies focusing on 

aging of the keel bone in particular.  

2.1.3 Effects of exercise and loading on bone 

 
Figure 5: Mechanostat framework. At normal levels of strain-related stimulus (or minimum effective 

strain, MES) no net formation or resorption occurs. Low and high levels of strain related stimulus result in 

bone resorption or formation, which alters bone mass and thus bone strength. When strain-related stimulus 

is very high, woven instead of lamellar bone is formed. This figure has been adapted from Sugiyama et al., 

2012 with permission. 
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The so-called mechanostat framework, inspired by the household thermostat, describes the 

relationship between a mechanical stimulus and the mechanoresponse it elicits. It states that bone 

adaptation is a self-regulating system; there is a level of strain-related stimulus to which the bone 

is habituated, and when the strain stimulus increases or decreases from this set point, net bone 

formation or bone resorption will occur, respectively, to adjust the bone’s volume and re-establish 

the set strain (Fig. 5) (Frost, 1987). This is an oversimplification of a very complex process, and 

many experiments have since shed light onto features of the mechanical stimulus other than its 

magnitude that influence the bone’s response (see paragraph below, osteogenic components of 

strain) (Lanyon & Rubin, 1984; Sun et al., 2018; Yang et al., 2017). But what this framework does 

capture is that the purpose of bone adaptation is optimization – to produce a bone that is just strong 

enough to resist fracture in loading conditions that it will likely encounter, minimizing the 

metabolic cost of producing and maintaining this tissue. The main way in which bone 

mechanoadaptation is studied is by in vivo loading experiments that stimulate a mechanoadaptive 

response which is then analyzed, either at the level of the outcome of the tissue response 

(mechanoresponse) or the activity of the cellular mediators (mechanoresponsiveness).  

Experimental models that allow the investigator to tightly control the load regime that the 

animal is subjected to (see section 2.3.5 on extrinsic loading models) have revealed that the bone 

does not respond to all stimuli equally. First of all, load must be applied dynamically; static 

loading, even if at otherwise osteogenic magnitudes, does not elicit a mechanoresponse (Lanyon 

& Rubin, 1984). Given a cyclic stimulus, other parameters that describe the stimulus waveform 

(Fig. 6) and influence the mechanoresponse are: 

1. Number of cycles: Early experiments using a turkey ulna model performed cyclical axial 

compressive loading and varied the number of load cycles applied during each session, 

ranging from none to 1800 cycles/day and found that the mechanoresponse was detectable 

with as few as 4 cycles/day, and plateaued at 36 cycles/day (Rubin & Lanyon, 1984b; Sun 

et al., 2018; Yang et al., 2017).   

2. Cycle frequency and rest insertions: There is a linear increase in the mechanoresponse 

with increasing cycle frequency (number of cycles per second) up until a certain point, 

after which there is a plateau (Warden & Turner, 2004). To increase the cycle frequency, 

the rate of loading and unloading must increase; therefore, it is impossible to untangle 
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these two variables – cycle frequency and load rate. Interestingly, if the cycle frequency 

is reduced by inserting rest pauses in between each bout and keeping the load rate fixed, 

the mechanoresponse is enhanced (short-term rest insertions, Srinivasan et al., 2002). 

Moreover, if the total number of load cycles per day is held fixed but they are administered 

in multiple sessions throughout the day as opposed to all at once, the mechanoresponse is 

also enhanced (Robling et al., 2000; Yang et al., 2017). It is thought that these rest periods, 

both across short and long time scales, are beneficial because mechanisms responsible for 

mechanosensation at the cellular level may become saturated, and these rest periods allow 

for a return to optimal sensitivity. 

3. Engendered strain magnitude: The difference between the magnitude of strain engendered 

and habitual strain levels is positively associated to the magnitude of the 

mechanoresponse (Rubin & Lanyon, 1985; Sugiyama et al., 2012) as long as the 

engendered strain is within the lamellar bone formation window and does not cause 

damage to the bone (Frost, 2004). This is the mechanostat. Recent advances in live 

osteocyte imaging have showed that there is an exponential relationship between the 

engendered strain magnitude and the amount of osteocytes responding (Lewis et al., 

2017), suggesting that changes in the response magnitude are mediated by changes in the 

number of responding cells as opposed to changes in the magnitude of each cell’s 

response. 

4. Engendered strain rate: The rate at which the bone is strained (µε/s) is inextricably related 

on the magnitude of strain achieved in each cycle (µε/cycle) and the cycle frequency 

(cycles/s) by the equation 

rate (με/s) = frequency (bouts/s) × magnitude (με/bout) 

       such that it is not possible to assess the influence of strain rate independent of frequency 

and magnitude. When strain rate was increased by increasing the cycle frequency (Mosley 

& Lanyon, 1998) or the strain magnitude (Turner et al., 1995) the mechanoresponse was 

enhanced.  

5. Engendered strain mode: Bone is locally adapted to strains of a specific mode. If loading 

produces strain levels that are below habitual magnitudes, but the direction of strain is 

different, for example the bone is subjected to tensile strain as opposed to habitual 
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compression, a mechanoresponse will occur (Rubin & Lanyon, 1984b; van der Meulen et 

al., 2006).  

 
Figure 6: Osteogenic components of mechanical stimuli. A) Idealized load or strain stimulus waveform, 

depicted as a triangular waveform, with parameters of interest – magnitude, frequency, rate, and rest periods 

– annotated in blue. B) Independent of the stimulus waveform, the stimulus can be further characterized 

based on the mode(s) of strain induced, which can be pure compression, bending, shear, or a combination 

of these.  

2.1.4 Bone biomechanics 

Whole-bone mechanical behaviour is determined by its stiffness and strength which can be 

measured from bone load-deformation tests (Fig. 7 A) (Jepsen et al., 2015; van der Meulen et al., 

2001). This test consists of applying a continuously increasing force to the bone (ideally such that 

the mode of engendered strain is similar to what occurs in vivo), while measuring the distance that 

the force-applying actuator moves, until the bone breaks. These curves reveal that, at the whole-

bone level, bone undergoes elastic deformation at low load levels (linear portion of the curve), and 

that after the so-called yield point, plastic deformations begin to occur (non-linear portion of the 

curve) until the bone fails at the ultimate load. When deformations occur within the elastic regime, 

the bone will return to its resting state once the applied load is removed. Conversely, once plastic 
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deformation is reached permanent damage will occur and remain even after the load is removed. 

The energy required to break the bone is termed work-to-fracture, and is equal to the area under 

(integral of) the force-displacement curve.  

 
Figure 7: Whole bone and tissue mechanical properties. Both plots have a linear (elastic) and nonlinear 

(plastic) region. A) Load-displacement curve describing whole bone mechanical behaviour. Bone stiffness 

id quantified as the slope in the elastic region. Mechanical properties annotated on the curve are a function 

of both the bone’s material and structural properties. B) Stress-strain curve describing tissue-level 

mechanical properties (bone material properties). Properties annotated on the curve are independent of bone 

volume and structure.  

Force displacement curves provide an overall concise description of the mechanical 

behaviour of the bone, but often it is of interest to further understand how the bone deforms (strain 

modes, Fig. 6 B) and the local strains that arise due to loading, as this is the stimulus triggering 

bone adaptation. In vivo mechanical strains engendered during habitual activities (background 

strains) are what bones have adapted to withstand across the lifetime of an organism and provides 

context to understand why certain bones may be shaped/composed a certain way.  Background 

strains can be experimentally measured by surgically attaching strain gauges to bones (see section 

2.3.1) and measuring strains while the animal performs whatever activities are of interest to 

measure (Biewener, 1992). An important design feature of bone that is elucidated from the 

measurements of background strains is a bone’s safety factor (the ratio of yield or failure strain to 

background strain) which quantifies how overbuilt they are and thus their ability to withstand 

unexpectedly high loads (Alexander, 1981). As illustrated by the mechanostat theory, bones adapt 

to be just strong enough to resist fracture in likely loading conditions. So, in a sense, the safety 
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factor accounts for this notion of what is “likely”. Experiments on bone from a range of species 

have measured safety factors ranging from 1.4 to 10 (Alexander, 1981; Biewener, 1993).  

Interestingly, research shows that not all bones within a skeleton have the same safety 

factor, and that sacrifices to safety factor may be necessary when there are competing needs for 

calcium. For example, calcium deprivation-driven bone resorption has been shown to occur 

disproportionately at certain skeletal sites (Lanyon et al., 1986). It is thought that this process has 

evolved to minimize the overall impact on the skeletal integrity of the organism. This may explain 

why in commercial egg-laying hens, who have been genetically selected to produce eggs more 

frequently thus producing a greater calcium demand on their bones, their keel bone is particularly 

weakened and susceptible to fracture – as natural selection is concerned, the chickens are able to 

survive (albeit likely with substantial pain and discomfort) and reproduce while having keel bone 

fractures, whereas perhaps the fracture of long bones or vertebrae would have more of an impact 

on survival and reproduction. This theory is supported by the fact that commercial hens that are 

active (such that the keel is dynamically loaded by pectoral muscle contractions) still exhibit high 

incidence of keel bone fracture (Rufener & Makagon, 2020), whereas studies selecting for 

improved keel bone traits associated to increased strength have shown decreased prevalence of 

keel bone damage in these birds (Stratmann et al., 2016). 

Background strains have been measured for a broad set of species (spanning amphibian, 

reptilian, avian, mammalian, and osteicthyan geni), bones (mainly long bones and cranial bones), 

and during different types of activities (habitual and non-habitual) (Main, 2021a; Vitienes et al., 

2023). At the tibia or tibiotarsus, peak background strains have been measured in the range of 600-

5,180 με, whereas generally cortical bone has been shown to begin yielding at 9800 ue in 

compression and 8700 με in shear, and fail at approximately 20,000 με in compression (Mirzaali 

et al., 2016; Morgan et al., 2018).  

 Background strain gauging studies usually report peak measured strains, and less often 

include strain rate, which is an important parameter that influences bone adaptation (see section 

2.1.3 on the osteogenic components of strain). Some studies measure in vivo strains while the 

animal is locomoting on a treadmill, which allows for control of step (i.e. cycle) frequency and the 

measurements of strains during different gait regimes (e.g. walking versus running). In other 

scenarios it may be more of interest to measure completely unrestricted behaviour. The choice of 
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what type of behaviour to measure – restricted or unrestricted – ultimately depends on the 

questions being asked. 

 Whole bone mechanics are a function of bone mass (volume and density), bone structure, 

and bone material properties. Standard structural measures of bone mass that can be calculated for 

cortical, trabecular, woven, and medullary bone are bone volume (BV) and volumetric tissue 

mineral density which is calculated as the average density of voxels labelled as bone (vTMD). It 

is important to note that, at this length scale, this measure of tissue mineral density is not a material 

property, because it is still a function of smaller unresolved porosities which will contribute to the 

average mineral density measured from the microCT image. These volume and density measures 

describe how much bone there is and how mineralized it is, but do not inform as to how this bone 

is organized in space. One whole-bone structural parameter commonly reported is bone curvature, 

as this creates a moment arm which enables bone bending. Microarchitectural measures of bone 

structure (Bouxsein et al., 2010) (Fig. 3) differ between bone types given that differences in 

structure is what differentiates the bone types in the first place. For cortical bone, cross-sectional 

measures of bone area (Ct.Ar = Ct.BV / heigh of VOI), total area (T.Ar = TV/height of VOI), 

periosteal perimeter (Ps.Pm), cortical area fraction (Ct.Ar/T.Ar), second and polar moments of 

inertia (Imax, Imin, pMOI), eccentricity (Imax/Imin), cortical thickness (Ct.Th) are all important 

determinants of mechanical behaviour. Trabecular bone is described by trabecular thickness 

(Tb.Th), trabecular number (Tb.N), trabecular spacing (Tb.Sp), and trabecular bone volume 

fraction (Tb.BV/TV). There are no standard outcomes for medullary bone structure 

characterization, but measures used to analyze trabecular bone would be appropriate given its 

small trabecular-like structure. Higher resolution imaging is required, however, to measure these 

features in medullary bone compared to what is required for trabecular bone.  

 Tissue material properties encompass features that range different length scales (Fig. 3). 

Starting at the larger end of the spectrum, there is bone porosity (vascular, lacunar, canalicular). 

Sometimes, imaging resolution is high enough such that bone vascular porosity can be considered 

a microstructural and not material property. Smaller scale features are independent of bone volume 

and distribution and instead are a function of physical and chemical bone properties; these are 

considered measures of bone quality. The strength, stiffness, and toughness of the bone tissue itself 

are described by a stress-strain curve, which is similar to a force-displacement curve which 
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describes whole bone mechanics, but instead is independent of volume (stress = force per unit area, 

strain = displacement per unit length) (Fig. 7 B). These factors can be related to properties of the 

constituents of bone, namely collagen and mineral, or related to the organization of these 

constituents (Willie, Zimmerman, et al., 2020). In terms of constituent properties, there is collagen 

maturity and cross-link quantity, and the size and orientation of mineral particles. In terms of their 

organization, there is collagen fiber orientation, and the distribution of mineral. These factors are 

known to influence the bone’s mechanical behaviour, but a clear understanding of how they are 

capable of this is still lacking. For example, aging is associated with an increase in collagen cross-

linking, and thus it is thought that the impairments to bone strength with aging are in part mediated 

by this increase in collagen cross-linking (Nyman et al., 2006). Yet, when cross-linking is inhibited, 

such as in the pathological condition of Lathyrism, bone strength is also impaired (Paschalis et al., 

2011). These findings suggest that cross-linking quality, in addition to amount, is important.   

 

2.2 Context: Commercial egg-laying hens 

2.2.1 The egg-farming industry 

Each year, in Canada, about 25 million laying hens produce more than nine billion eggs, 

generating $1.6 billion dollars in revenue. With approximately 6g of protein per egg and vitamins 

A, D, E, folate, iron, and zinc, they are an affordable, environmentally friendly, high quality food 

source. Ensuring the continued sustainability of this industry is therefore important, and includes 

further understanding of the determinants of chicken skeletal health and wellbeing.  

Commercial egg-laying hens, Gallus gallus domesticus, are descendants from wild red 

junglefowl (Gallus gallus) which interbred with other junglefowl (grey, Sri Lankan, green). 

Domestication is thought to have occurred from a single domestication event approximately 8,000 

years ago in Southeast Asia (M.-S. Wang et al., 2020). Young (chicks) and pre-pubescent (pullets) 

female chickens do not lay eggs; it is only after sexual maturity, which occurs at around 18 weeks 

of age, that they begin to lay eggs. Junglefowl and other avian species lay eggs in clutches – a 

group of eggs are laid consequently, after which a pause in egg-laying occurs. Domesticated 

chickens instead have been genetically selected to always stay in lay; commercial layers produce 

on average an egg a day until around 70 weeks of age when they are considered spent and 

euthanized.   
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Figure 8: Housing and genotype groups. A) Caged housing systems, B) Low complexity aviary, C) High 

complexity aviary, D) Lohamnn LSL-Lite (white-feathered) and Lohmann Brown (brown-feathered) 

genetic strains. White-feathered chickens had heavier pectoral muscles and lighter leg muscles (Vitienes et 

al., 2021).  

 A variety of genetic strains are used in commercial egg-farming in Canada, among which 

are the Lohmann LSL Lite (white-feathered, white eggs) and Lohmann Brown (brown-feathered, 
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brown eggs) genetic strains (Fig. 8 D). The Lohmann LSL Lite commercial genetic strains 

originates from the White Leghorn, while the Lohmann Brown commercial genetic strain are 

derived from Rhode Island Red, Plymouth Rock, Australorp, and New Hampshire (Malomane et 

al., 2019). These genetic strains are substantially different from each other, both physiologically 

and behaviourally. Lohmann Brown chickens are larger and generally produce less eggs. Their 

body composition is different compared to Lohmann LSL Lite in that they have larger, wider lower 

limbs, likely related to the fact that they are also less aerial than the Lohmann LSL Lite (Pufall et 

al., 2021; Rentsch et al., 2023a). Lohmann LSL Lite chickens are smaller, more active and agile, 

and use their wings to flap and perform aerial transitions more often than Lohmann Brown 

chickens. In terms of the keel bone, which is the main bone of interest when it comes to fractures 

in this population (see section 2.2.2) (Fig. 2), Lohmann LSL-Lite keels are larger, mineralize more 

rapidly, and fracture less often than Lohmann Brown keels (Rufener & Makagon, 2020).  

 Fertilized eggs spend 18 days in an incubator after which time they hatch, receive vaccines, 

and are sent to pullet farms where they remain until they begin to lay. Laying housing are equipped 

with infrastructure to facilitate the collection of eggs. Housing systems can be in the form of cages 

(normal or enriched with nesting boxes and a perch) (Fig. 8 A), or more open-concept variations 

called aviaries (Fig. 8 B-C). Within each general type of system, there are variations depending on 

the company producing the infrastructure.  

2.2.2 Osteoporosis in commercial egg-laying hen flocks 

Bone brittleness and high fracture incidence in commercial egg-laying hens was first 

reported in the 1950’s (Couch, 1955), which we now know to be attributed, at least in part, to 

osteoporosis (Whitehead & Fleming, 2000).  Studies have reported 30-97% fracture prevalence in 

flocks by the end of lay (T. M. Casey-Trott & Widowski, 2016; Hardin et al., 2019; Lay et al., 

2011; M. A. Nasr et al., 2015; Richards et al., 2011; Rodenburg et al., 2008; M. Toscano et al., 

2018; Whitehead & Fleming, 2000; Wilkins et al., 2011). It remains unclear whether age-related 

changes to bone structural and material properties play a role in fracture.  

 The keel bone is by far the most fractured bone. In addition to keel bone fractures (KBF), 

keel bones also often exhibit pronounced deviations, and keel bone damage (KBD) is a term used 

to describe both fracture and deviation; whether these are associated and deviations render bones 

more susceptible to fractures remains unknown. Keel bone fractures are thought to be painful (M. 
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A. F. Nasr et al., 2012) and therefore considered a serious welfare concern. In addition to disuse 

osteoporosis and structural impairment due to high calcium demand-related resorption, another 

factor contributing to fracture prevalence under investigation is the influence of keel bone 

mineralization delays – studies tracking KBD prevalence longitudinally have shown that 

prevalence sharply increases at the onset of lay, up until approximately 40 weeks of age after which 

it begins to plateau, coinciding with the finalization of keel bone mineralization (Rufener & 

Makagon, 2020).  

 
Figure 9: Fracture detection methods. A) In vivo palpation. Image reproduced with permission from 

Kittelsen et al., 2023. B) Radiograph image where a fracture is visible (white arrow).  

One of the reasons why there is such a broad range in reported fracture and KBD incidence 

is that different methods of detections are used across studies, some of which are not reliable and 

underestimate the prevalence (Rufener & Makagon, 2020). The most common detection method 

is palpation (Petrik et al., 2013), which can be done relatively quickly on live chickens. It is a cost 

effective method, but relies on the presence of a fracture callus to identify a fracture and it is 
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difficult with this method to detect fractures at the tip of the keel bone. Palpation therefore lacks 

precision and accuracy, and likely underestimates KBD prevalence (T. Casey-Trott et al., 2015). 

Radiography is also used to assess KBD in vivo (Fig. 9 B). This method takes more time and is 

stressful for the birds but provides much more information on the status of the keel bone. Scoring 

rubrics have been published to quantify the severity of KBD from radiograph images (Rufener et 

al., 2018), which must be performed by trained highly qualified personnel; consistency and 

agreement between scorers is a concern, which affects comparability across studies (T. Casey-Trott 

et al., 2015; Rufener & Makagon, 2020). Keel bone fracture and deviation severity can also be 

scored by observing dissected keel bones. The downside of this method is that it is done post-

mortem, and old healed fractures are difficult to identify. Furthermore, the relationship between 

number of fractures and severity of damage – as quantified by existing rubrics – and the actual 

pain and discomfort experienced by the chickens is not well understood. Regardless of the mode 

of detection, a big hindrance towards understanding the causes of keel bone damage is that it is 

not practically possible to know when the damage occurs. Unlike other animals which will exhibit 

behavioural signs of discomfort and pain, chickens are exceptionally good at masking pain, to 

avoid predation in the wild. Other logistical problems also play a role, such as the ability to follow 

individual chickens longitudinally in large flocks.  

2.2.3 Increased opportunities for physical activity to address osteoporosis 

Efforts to address the widespread osteoporosis have looked to genetics to select for 

chickens with superior bone strength and improving nutrition to maximize calcium intake and 

absorption. However, the intervention with the biggest effects on bone health-related measures 

have been to provide increased opportunities for physical activity and load bearing.  

 Housing hens in a variety of non-cage housing systems such as aviaries (Abrahamsson & 

Tauson, 1995; Fleming et al., 2006; Knowles & Broom, 1990; Leyendecker et al., 2005; Newman 

& Leeson, 1998), modified furnished cages (Jendral et al., 2008), or free-range systems (Shipov 

et al., 2010) have been shown to improve bone health and strength and reduce osteoporosis. In 

these studies, the benefits to bone are assessed by postmortem 3-point bending of long bones. 

However, non-cage housing has still been associated with high levels of keel bone fractures, higher 

than what occurs in caged birds (Rufener & Makagon, 2020). It is hypothesized that this is 

attributed to falls and collisions occurring more frequently in non-caged systems. However, there 
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is data showing that fractures are not always associated with inflammatory markers of trauma 

(Thøfner et al., 2020). It is clear that the problem is complex and multifactorial (Fig. 10), which 

opens many avenues for interventions and treatments.  

 
Figure 10: Schematic illustrating possible explanations for keel bone damage. Diagram reproduced from 

M. J. Toscano et al., 2020. 

More research aiming to address osteoporosis by focusing on the contribution of disuse has 

recently shown that increased load bearing activity particularly during youth has long-lasting 

effects on bone (T. M. Casey-Trott). This approach has been effective in human studies showing 

that exercise during youth had life-long lasting effects (Warden et al., 2014), and studies in 

mammals showing that bone is most mechanoresponsive during youth (Birkhold et al., 2014). In 

Lohmann LSL-Lite chickens, hens housed life-long in cages compared to hens raised in aviary 

housing and then moved to cages at onset of sexual maturity through lay (up to 73 weeks) had 

higher tibiotarsal total cross-sectional area, cortical cross-sectional area, and cortical bone mineral 

density, all assessed by quantitative computed tomography (200-1000 m resolution) (T. M. 

Casey-Trott, Korver, et al., 2017b). Interestingly, these authors also showed that among the hens 

raised in aviaries, there was also a lower overall prevalence of keel bone fractures (detected by 

palpation)  (T. M. Casey-Trott, Guerin, et al., 2017). In contrast, multiple other studies showed 
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increased keel bone fracture prevalence when housing (not necessarily during youth) in non-cage 

systems (Riber & Hinrichsen, 2016; Rodenburg et al., 2008). 

 The success of housing-based interventions to elicit bone formation is dependent on the 

willingness of the chickens to be active and utilize the space which they are given access to. Studies 

quantifying behaviour of Lohmann Brown and Lohmann LSL-Lite pullets (prior to onset of lay) 

housed in different types of commercially available rearing aviaries (either in commercial farms 

or research facilities, which replicated commercial conditions), showed that the aviary style affects 

the amount and types of activity that the chickens perform, and this effect is dependent on genetic 

strain (Pufall et al., 2021; Rentsch et al., 2023a). The general findings from these studies were that 

the white-feathered pullets were more active than the brown-feathered pullets, and that the style 

of aviary influenced the activity levels of white- but not brown-feathered pullets.  

 

2.3. Methods: Assessment of bone mechanical, structural, and adaptive properties 

2.3.1 Experimental measurements of bone mechanical behaviour 

Strain gauges are simple devices that can sense the deformation of the surface upon which 

they are attached.  In essence, they are a circuit with a single component: a resistor which attenuates 

the current of the circuit, reflected by a voltage drop across the resistor (Ohm’s law, 

voltage (V) = current (I) × resistance (R)) (Fig. 11 A). When the object being measured is 

strained, so is the strain gauge resistor that is attached to it, causing its resistance to change. If the 

strain (ε) is tensile, the resistance will increase, and if it is compressive, the resistance will 

decrease, by virtue of the design of the gauge. Therefore, the voltage drop across the resistor when 

it is at rest Vnominal = I × Rnominal will differ from the voltage drop across the strained resistor Vstrained 

= I × Rstrained. By measuring the voltage drops at the strained state and knowing the current being 

sent across the resistor (which remains constant), you can deduce the strained resistance Rstrained = 

VstrainedRnominal Vnominal⁄ . The relationship between strain and change in resistance is called the 

gauge factor: 

GF = 
(Rstrained - Rnominal) Rnominal⁄

ε
 

and is related to the material properties of the resistor (resistivity) and cross-sectional area of the 

resistor’s foil grid; this number along with the nominal resistance of the gauge are provided by the 
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manufacturers of commercially available strain gauges. To obtain precise measurements of small 

strains, a Wheatstone bridge circuit is used which serves to amplify the signal, thereby decreasing 

the signal-to-noise ratio (Fig. 11 A). A variety of configurations of Wheatstone bridges exist; for 

amplifying signals from individual strain gauges, the quarter-bridge configuration is used.  

 
Figure 11: In vivo strain gauging. A) Quarter bridge Wheatstone bridge circuit used to detect and amplify 

strain-derived voltage drops originating from the strain gauge (SG). Illustration reproduced with permission 

from Biewener, 1992. B) Image of rosette (circular) and axial (rectangular) strain gauges prepared for in 

vivo implantation. C) Image of a surgically exposed medial aspect of a tibiotarsus with a visible gauge 

attached to the medial surface.  

Strain gauges can come in axial or rosette configurations (Fig. 11 B). Axial gauges can only 

measure strain in one direction, and therefore the orientation in which they are attached to the 

surface will dictate which direction of strain they measure. Whereas rosette strain gauges are 

composed of three superimposed axial gauges, measure strains along three axes which span 360°. 

The strains measured from the three rosette elements form a basis that spans the plane parallel to 

the gauge attachment surface, and can therefore be used to calculate axial strain in any direction 

parallel to that plane, as well as principal (peak tensile and compressive strains in the plane) and 
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shear strains (Biewener, 1992). Usually, rosette gauges are preferrable since they provide more 

information, but they are larger than axial gauges, thus if the object measured is small, as occurs 

with certain bones, it may not be able to accommodate a rosette.  

Strain gauges were originally created for applications in the field of mechanical and civil 

engineering, but methods have been developed to implant them on the bone surfaces of living 

animals and people, and measure in vivo bone strains (Biewener, 1992). This requires applying 

various coating layers onto the gauge circuit and lead-wire attachment sites to protect the circuit 

from bodily fluids. Background strain gauging is the methodology by which strain gauges are 

surgically attached to the surface of a bone, and once the animal recovers from surgery, strains are 

measured during certain activities. Baseline strains are measured while the animal is still under 

anesthesia to account for differences in the nominal and relaxed resistances, effectively taring the 

circuit. This is important because the strain acquisition system will measure strain in relation to 

the gauge’s nominal resistance, thereby over- or under-estimated the true strain if the relaxed 

resistance differs from the nominal (this commonly occurs, since the bone surface is not usually 

flat, and attaching it causes it to deform slightly).  

These experiments are challenging and require modifications to the signal acquisition 

hardware classically used for strain gauging to address logistical difficulties that arise. One main 

issue that arises is substantial lead wire desensitization. To allow the animal to freely perform 

background activities, a long wire is needed to connect the implanted strain gauge to the 

Wheatstone bridge circuit. In a perfect world, the only energy lost in the system would be the 

voltage drop across the strain gauge resistor, but in reality, the wires themselves act as resistors. 

The Wheatstone bridge is designed with a variable resistor that essentially tares the system and 

balances out resistance from lead wire desensitization as well as the resistance introduced upon 

attaching the gauge (Rrelaxed - Rnominal). But if the hardware is limited in the amount of resistance it 

can compensate for, therefore this needs to be taken into account when making the wires to connect 

the gauges to the bridge.  

In vivo strain gauging is also used to measure whole bone stiffness. Assuming the applied 

loads are within the elastic region of the bone force-displacement curve, you can deduce the 

approximate stiffness by applying loads of varying magnitudes to the limb, measuring the 

engendered strains, and fitting a line to these points. This application is essential for performing 
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strain-matched loading experiments to study the bone’s mechanoresponse. Here, long wires are 

not needed and lead wire desensitization is not a problem. It is important however to have a 

hardware setup that allows you to measure strain and force simultaneously. Many loading 

machines have ports where the signal from the load cell is outputted, which then can be added as 

an input to the strain acquisition hardware.  

2.3.2 Simulation of bone mechanical environment by finite element modeling 

Strain gauging is valuable but limited in that it only tells us strains occurring at the discrete 

site of gauge attachment. It is not possible to cover the bone in strain gauges for in vivo 

measurements, and often it is not even possible to attach a single gauge in a particular location of 

interest, but rather we are limited to a spot which is surgically accessible and sufficiently large to 

fit the strain gauge. Moreover, with strain gauging we are limited to measuring strains on the bone’s 

surface. Therefore, finite element modelling is a useful approach to model strains across the entire 

bone and can be validated using experimentally measured strains from strain gauging.  

Finite element analysis requires the geometry of the object being modelled in the form of 

a mesh, information about the object’s material properties, and the definition of boundary 

conditions that replicate the loading condition modelled.  

1. A mesh of the bone can be created from a thresholded whole bone microCT image, taken 

at a high enough resolution to resolve trabecular bone structures. For a given study, if 

multiple models are being made, it is important to use the same threshold to binarize the 

CT images and create meshes with approximately the same number of elements.  

2. The material property of the bone is described by the elastic modulus (E) and the Poisson 

ratio (υ) which are functions of a range of microstructural and compositional properties.  

a. The elastic modulus (E) can be approximated as a function of the bone ash density 

(ash) by the equation 𝐸 = 𝑘 ×  𝜌𝑎𝑠ℎ
𝛼, where k and α are constants (J. D. Currey, 

1988a, 2004a). Given the anisotropy of bone, the value of the α exponent (and 

therefore E) should theoretically be specific to the direction of deformation, but it 

has been shown that modelling the bone with isotropic (as opposed to orthotropic) 

material properties has negligible effects on the finite element outcomes (Peng et 

al., 2006). The value of α has been reported to range between 1.5-3.0 for bone 
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(Helgason et al., 2008). The mineral density values obtained from microCT images 

is related to the ash mineral density of the bone, and we assume this relationship to 

be linear: 𝜇 = 𝑚 ×  𝜌𝑎𝑠ℎ , where 𝜇 is mineral density and 𝑚 is a constant. 

Therefore, we can rewrite the elastic modulus equation as 𝐸 = 𝑘′ ×  𝜇1.5, where 

𝑘′ =  𝑘
𝑚𝛼⁄ . Using a data point of measured elastic modulus (E*, by 

nanoindentation) and the associated tissue mineral density of this region (μ*, 

measured by microCT or synchrotron radiation microCT), we can solve for 𝑘′ to 

obtain an equation relating tissue mineral density to elastic modulus. This data point 

can be obtained from the literature or measured experimentally but should be from 

bones that are as similar as possible (in anatomical location, age, sex, genotype) to 

those being modelled.  

b. The Poisson ratio describes how much a material deforms in the direction 

perpendicular to the direction of loading, relative to the deformation in the direction 

of loading. Poisson ratios have only been measured in human and equine bones and 

are reported to range between 0.09 and 0.63 (Ashman et al., 1984; Pithioux et al., 

2002; D. T. Reilly & Burstein, 1975; Shahar et al., 2007). Studies conducting finite 

element modelling of bone often use a homogeneous Poisson ratio of 0.35, as an 

approximate midpoint in this range.  

3. Boundary conditions consist of constraints to the movement of the object being modelled, 

the magnitude and direction of the force being applied, and the surface upon which it is 

applied. 

The deformation of each mesh element is fully described by a strain tensor, composed of 

normal and shear components. Normal components describe the isotropic tension and compression 

of the element, whereas shear components describe the distortion. Principal tensile and 

compressive strains are therefore normal components of the overall strain of an element. Principal 

strains are common outputs of finite element analyses and provide additional information 

compared to stress outcomes as strain has a magnitude and a direction. Since bone structural and 

material properties are differentially adapted to modes of strain, assessing strain as opposed to 

stress outcomes are particularly of interest. Stress outcomes however are valuable in that they 

provide a concise measure of the forces present at a discrete location. The stress at a particular 
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location can also be decomposed into normal and shear components, as with strain. Normal 

stresses act perpendicular to the surface of the particle in question (in the case of finite element 

modelling, a mesh element), whereas shear stresses act parallel to the surface. The so-called von 

Mises stress is a scalar value calculated as a function of the shear stress orthogonal components 

(x, y, z). This parameter was originally formulated as a means to predict failure of ductile materials 

under complex loading, because the yielding of these materials is dependent on the shear and not 

normal components of stress. It is generally used as a summary parameter to compile information 

about the shear stress state of a loaded object and is valuable when analyzing the mechanical 

competence of bone because bone is weakest in shear.  

2.3.3 Characterization of bone structure and mineral density by computed tomography 

Computed tomography is an x-ray imaging technique where a series of x-ray images are 

taken and reconstructed into a 3-dimensional (Kak & Slaney, 2001). This technique is well suited 

to the study of bones given that bone’s distinguishing feature (especially from neighbouring 

tissues) is its mineral content, which is exactly what this imaging modality “sees”. Moreover, 

compared to histological methods, CT-imaging is both non-destructive and volumetric, thus 

enabling the extraction of a greater amount of information from a given sample.  

X-ray imaging, which is the basis of CT-imaging, takes advantage of the fact that an object 

will attenuate incoming x-ray beams by an extent which is proportional to the atomic number of 

the mass it is composed of, in other words its density. To image an object, an x-ray beam is directed 

at it, and a detector behind the object captures the photons that were not absorbed or deflected by 

the object. The x-ray image is therefore essentially a shadow, where areas on the detector of less 

photon density correspond to areas of higher density in the object imaged, along the axis of the 

electron beam; this x-ray image is a 2-dimensional projection. Computed tomography involves 

rotating the sample (or, equivalently, the x-ray beam and detector) by 180°, while taking an image 

every certain number of degrees (rotational image frequency). These raw projection images are 

then mathematically “combined” by filtered back projection to produce a 3-dimensional image 

composed of a set of 2-dimensional cross-sectional slices.  

 Computed tomography is inherently limited by two primary sources of error – partial 

volume effects and beam hardening (Fig. 12). Their effects can be minimized, sometimes until 

rendered negligible, but nevertheless should be considered. Partial volume effects arise because 
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images are made up of a set of discrete pixels. Within the volume being imaged, there may be 

interfaces between regions of different densities, as occurs for example at the surface of a bone 

(bone to air interface).  In the discretized image of the bone, the pixels along the bone surface will 

have a grey value that is influenced by both the bone tissue as well as the surrounding air or soft 

tissue (of lower density). Thus, this error manifests itself as an apparent layer of lower-density 

tissue at all bone-to-not bone interfaces which is not actually there. If the pixel size is small enough 

relative to the structures of the bone that are intended to be captured, then the effect can become 

negligible as the inclusion or exclusion of these partial volume pixels will not significantly 

influence the morphometric and densitometric outcomes.  

 
Figure 12: Computed tomography sources of error. A) Illustration of the effects of partial volume effect. 

Depending on the position of the object relative to the pixel coordinates, the shape and attenuation is altered. 

Reproduced with permission from Sperrin & Winder, 2014. B) Exemplary images of a cross-section of a 

beam. The image on the left has beam hardening effects, evidenced by the bright halo on the outer edge of 

the beam. The image on the right has undergone beam hardening correction to more accurately depict the 

density distribution of the beam. Reproduced with permission from Roche et al., 2010. 

 The beam used for lab-based microCT is polychromatic, meaning that it contains electrons 

that have a range of energies. As the beam passes through the object being imaged, electrons in the 

low-energy portion of the spectrum will be preferentially attenuated, effectively filtering the beam 

such that the energy spectrum of the incident beam is lower than that of the beam that exits the 

sample. This source of error therefore influences the accuracy of the image grey values as a 
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reflection of the object’s density. Beam hardening will have a greater effect in regions of the object 

that are thicker, and is the reason why it is best to orient the object being imaged such that the 

rotation occurs about the axis of the object’s longest width (in the case of a long bone, ideally the 

bone rotates about it’s long axis). Filters are used to narrow the spectrum of the incident beam, but 

more sophisticated imaging modalities are required for imaging with a monochromatic beam 

(synchrotron radiation micro computed tomography). 

 
Figure 13: Image segmentation and binarization. The raw greyscale is separated into regions – cortical 

and medullary canal regions in this case – using morphological operations. Then, bone is separated from 

background by thresholding, which produces binary masks.  

Image segmentation is necessary to separate bone regions (cortical, trabecular, woven, 

medullary, Fig. 13) such that they can be analyzed separately. Segmentation can be automated by 

using a sequence of morphological operations on binary masks, which then are used to select 

specific regions. This step is essential, given that each bone type has distinct biological functions, 

morphological features, and may also have different mineralization levels – for example, trabecular 

bone is often less mineralized than cortical. Once the image has been “divided” into regions and 

calibrated, a global threshold must be determined for each bone type that will be used to distinguish 

bone from background in all images used in a given study. The pixel values of microCT images 

originally are in greyscale units, and this grey value will be largely dependent on the x-ray source 

status and other environmental conditions. Therefore, to compare images that have been taken at 

different times, or between different scanners, the images must be calibrated. Images are usually 



 
 

 

 

 

32 

calibrated to units of mineral density, mass of hydroxyapatite per unit volume. Calibration 

phantoms are objects of known density that are imaged at the same time as the bones. By imaging 

two calibration phantoms of different, known densities, and measuring the average grey value in 

the image of each phantom, a linear equation can be derived that relates grey value to mineral 

density (under the assumption that the relationship between density and x-ray attenuation is indeed 

linear). The global thresholds used to distinguish bone from background then must be in units of 

mineral density (e.g. gHA/cm3). The Otsu method is an option for determining candidate 

thresholds; it is an algorithm that takes as input the image histogram and iteratively tests out each 

possible threshold value to find the one which minimizes the variance within separated groups. 

Other approaches used to determine thresholds are the mirror point method and 30% bone peak 

(Bouxsein et al., 2010). Regardless of the method used, it is imperative to visually inspect the 

thresholding result and adjust the value such that the threshold works well for all images in the 

study, selecting for what visually is clearly bone.  

The pixel values of microCT images originally are in greyscale units, and this grey value 

will be largely dependent on the x-ray source status and other environmental conditions. Therefore, 

to compare images that have been taken at different times, or between different scanners, the 

images must be calibrated. Images are usually calibrated to units of mineral density, mass of 

hydroxyapatite per unit volume. Calibration phantoms are objects of known density that are 

imaged at the same time as the bones. By imaging two calibration phantoms of different, known 

densities, and measuring the average greyvalue in the image of each phantom, a linear equation 

can be derived that relates greyvalue to mineral density (under the assumption that the relationship 

between density and x-ray attenuation). Tissue mineral density can then be calculated as the 

average pixel value within the thresholded bone region. Structural and cross-sectional 

morphological parameters can be measured from the thresholded images (binary images). 

2.3.4 Characterizing bone (re)modelling dynamics by histomorphometry 

Bone histomorphometry is the gold standard approach to investigating bone formation 

dynamics (Dempster et al., 2013). This method relies on the usage of fluorochromes which are 

administered in vivo and bind to surfaces of newly formed bone. Unless this newly formed bone 

is subsequently resorbed, the fluorochromes will remain attached to the bone tissue, and can be 

subsequently visualized post-mortem. This is a destructive, 2-dimensional ex vivo methodology. 
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Bones are embedded in plastic and sectioned to expose the surface of interest, after which the 

surface is imaged using a confocal microscope to visualize the fluorochrome labels. New non-

invasive microCT-based time-lapse morphometry approaches that employ in vivo sequential CT 

imaging and image registration to compare voxels over time in 3-dimensions have shown that the 

surface chosen for histomorphometric analysis has a significant effect on the outcome measures 

and this dependency introduces a substantial amount of variability in this outcome (Birkhold et al., 

2014). Fluorochrome-based histomorphometry remains, however the gold standard approach, 

likely due to the decreased accessibility of in vivo microCT imaging. When a single administration 

of fluorochromes is given, it is possible to quantify the minimum percent of bone surface 

undergoing bone formation at the time of administration. It is the minimum, because it is possible 

that certain surfaces, which appear unlabeled did undergo formation followed by resorption, or 

never underwent formation. Multiple administrations of fluorochromes can be given such that rates 

of bone formation can be derived as a function of the distance between subsequent labels and the 

amount of time between administrations. Moreover, with a double administration experimental 

model, some information about bone resorption can be deduced, for example if the first label is 

lacking but the second is there, this indicates that resorption followed by formation occurred 

(Birkhold et al., 2015).  

2.3.5 In vivo controlled loading to elicit a mechanoresponse 

A main way that bone mechanoadaptation is studied is by performing in vivo loading 

experiments that stimulate a mechanoadaptive response which is then analyzed, either at the level 

of the outcome of the response (mechanoresponse) or the activity of the cellular mediators 

(mechanoresponsiveness) (Main et al., 2020). The mechanoresponse is stimulated by loading the 

bone to produce deformations that are osteogenic. Loading experiments are roughly categorized 

into intrinsic and extrinsic models, based on the nature of the load stimulus that is applied. In 

intrinsic models, the animal it motivated to enhance its physical activity which leads to anabolic 

loading of the bone. Extrinsic models alternatively employ a machine with an actuator to apply 

tightly controlled forces to a limb. Both models have their pros and cons. With intrinsic models, 

an internal control is lacking, and the effect of loading can be confounded with effects of a general 

physiological response to exercise. Furthermore, the stimulus that the bone is sensing is not 

controlled – exercise protocols can produce different mechanical strain stimuli across age- and 
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weight-matched subjects likely due to variations in a wide array of factors such as muscle 

engagement, bone geometry, gait, etc. Extrinsic loading models conversely allow for more tightly 

controlled experiments and the ability to account for confounding variables. Limb loading allows 

for within subject comparisons between loaded and non-loaded limbs, and the ability to define the 

load stimulus has allowed for parametric studies investigating osteogenic components of strain. 

The downside of extrinsic loading models is that loads might be administered in a 

nonphysiological mode, however commonly used models today have implemented loading contact 

surfaces, load directions, and waveform protocols that mimic ground reaction force-derived in vivo 

loading. One limitation of this method however is its inability to recapitulate mechanical stimuli 

derived from muscle contractions. 

 A commonly used version of the in vivo non-invasive extrinsic loading model is the tibial 

axial compression model (Main et al., 2020).The lower limb is placed horizontally in the loading 

machine, and the knee and ankles are constrained by custom-made fixtures. While the knee is 

fixed, load is applied to the ankle by an actuator controlled by feedback from a load cell. Studies 

using this model in mice have shown that subjecting mice to daily loading sessions for 1 week is 

sufficient to elicit a measurable tissue level mechanoresponse (Yang et al., 2017).  

 When conducting these experiments, all parameters that define the load waveform must be 

determined: load magnitude, number of cycles per session, cycle frequency, load rate, rest 

insertions (duration and location within the waveform) (Fig. 6 A). It is also important to use 

fixtures that secure the joints properly, to avoid any bruising and soft tissue damage that may 

influence the animal’s activity during the rest of the day. Comparing results from different studies 

requires consideration of differences in the load waveform, given the substantial evidence about 

how the mechanoresponse is affected by the different osteogenic components. 

When aiming to compare the mechanoresponse of two groups, it is possible that differences 

in bone size, structure, and material properties result in differences in whole bone stiffness such 

that, when subjected to the same level of load, different levels of strains are engendered in the two 

groups at comparable bone sites. Since bone cells adapt to mechanical strain (derived) stimuli, the 

gold-standard is to implement a strain-matched protocol (Main et al., 2020), meaning that load 

levels are chosen such that all experimental groups receive the same amount of mechanical strain. 

A preliminary experiment is required where strain gauges are attached to the bones of a set of 
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animals from each group, and the bones are loaded at a range of load magnitudes while engendered 

strains are measured. Assuming a linear relationship between applied load and engendered strain, 

it is possible to fit a line to these data points and deduce a load-strain calibration equation, which 

is simply a linear equation of the form y = mx where m is the whole bone stiffness. Using group-

specific calibration equations, it is then possible to deduce group-specific load levels that will 

engender a fixed strain level. Bone stiffness is a function of bone geometry and material properties, 

and therefore changes with age, between genotypes, sex, and between healthy and mutant mice.  

The main methods to quantify the mechanoresponse are micro-computed tomography-

based measures of bone mass (volume and mineral density) and structure (whole bone length and 

geometry, cross-sectional microstructure), and histomorphometric measures of (re)modelling 

dynamics (see sections 2.3.3 and 2.3.4). In cases where these methods are not amenable, for 

example in humans, byproducts of bone formation and resorption in serum can also be measured 

by enzyme-linked immunosorbent assays (ELISA). This outcome is not site specific as the 

byproducts measured are systemic (Christenson, 1997).  
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Abstract  

The influence of loading history on in vivo strains within a given specie remains poorly 

understood, and although in vivo strains have been measured at the hindlimb bones of various 

species, strains engendered during modes of activity other than locomotion are lacking, 

particularly in non-human species. For commercial egg-laying chickens specifically, there is an 

interest in understanding their bones’ mechanical behaviour, particularly during youth, to develop 

early interventions to prevent the high incidence of osteoporosis in this population. We measured 

in vivo mechanical strains at the tibiotarsus midshaft during steady activities (ground, uphill, 

downhill locomotion) and non-steady activities (perching, jumping, aerial transition landing) in 48 

pre-pubescent female (egg-laying) chickens from two breeds that were reared in three different 

housing systems, allowing varying amounts and types of physical activity. Mechanical strain 

patterns differed between breeds, and were dependent on the activity performed. Mechanical 

strains were also affected by rearing environment: chickens that were restricted from performing 

dynamic load bearing activity due to caged-housing generally exhibited higher mechanical strain 

levels during steady, but not non-steady activities, compared to chickens with prior dynamic load-

bearing activity experience. Among chickens with prior experience of dynamic load bearing 

activity, those reared in housing systems that allowed more frequent physical activity did not 

exhibit lower mechanical strains. In all groups, the tibiotarsus was subjected to a loading 

environment consisting of a combination of axial compression, bending, and torsion, with torsion 

being the predominant source of strain. Aerial transition landing produced the highest strain levels 

with unusual strain patterns compared to other activities, suggesting it may produce the strongest 

anabolic response. These results exemplify how different breeds within a given specie adapt to 

maintain different patterns of mechanical strains, and how benefits of physical activity in terms of 

resistance to strain are activity-type dependent and do not necessarily increase with increased 

physical activity. These findings directly inform controlled loading experiments aimed at studying 

the bone mechanoresponse in young female chickens and can also be associated to measures of 

bone morphology and material properties to understand how these features influence bone 

mechanical properties in vivo. 
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Introduction 

The material properties and spatial organization of bone tissue are tailored to the bone’s in vivo 

mechanical functions (J. D. Currey, 2003). Existing evidence suggests that this is achieved through 

adaptive processes wherein the bone senses mechanical strain stimuli and modulates regional bone 

mass to maintain genetically encoded local target strain levels (Biewener & Bertram, 1993; Frost, 

2004; Hsieh & Turner, 2001; Roux, 1881). These local target strain levels can be known by 

measuring mechanical strains engendered during activities performed habitually (Meakin et al., 

2013, 2014), and provides context to whole bone morphology (Bertram & Biewener, 1988; de 

Margerie et al., 2005; Javaheri et al., 2020; Lanyon, 1987; Pauwels, 1980) and material properties 

(Keenan et al., 2017; Riggs, Lanyon, et al., 1993; Skedros et al., 1996, 2009). In vivo strains inform 

the calculation of bone safety factors, the ratio of in vivo strains to failure strains, which indirectly 

describe how capable a bone is of withstanding unexpected loading events (J. Currey, 2014; Willie, 

Zimmermann, et al., 2020). It has been theorized that bones which are subjected to highly 

predictable loads will sacrifice safety factor for load predictability (Bertram & Biewener, 1988). 

For example, bone curvature decreases bone strength but ensures that the bone will bend in a 

predictable way, such that adaptations can be regionally tailored to resist specifically tensile or 

compressive strains (G. C. Reilly & Currey, 1999; Skedros et al., 1996). Data on how bones deform 

in vivo is therefore critical towards understanding the functionality of a bone`s structure and bone 

mechanoadaptation.  

There is specifically an interest in the egg-farming industry in understanding the mechanical 

and adaptive behaviour of the bones of commercial egg-laying hens (female chickens that produce 

eggs for human consumption) to address disuse osteoporosis and high fracture incidence in this 

population (Whitehead, 2004b). Like mammals, the bones of chickens (and avian species in 

general) develop through elongation by endochondral ossification and cross-sectional expansion 

by intramembranous ossification (Whitehead, 2004b). Chicken bones are osteocytic and undergo 

intracortical remodelling (Hudson et al., 1993), and the appearance of secondary osteons begins to 

occur in females at the onset of sexual maturity at 16-18 weeks of age (Whitehead, 2004b). 

Although data on female chickens are lacking, sexual maturity has been shown to coincide with 

closure of the growth plates in long bones of male turkeys (Klingensmith et al., 1986). Modern 

commercial hens have been genetically selected for early onset of sexual maturity and to remain 



 
 

 

 

 

39 

continuously in lay from 18-72 weeks of age, instead of fluctuating between periods of lay and 

rest throughout adulthood. At 72 weeks they are considered spent hens and euthanized.  

Commercial hens and pullets (young, pre-pubertal hens) have traditionally been housed in 

extremely limiting conventional cages where there is only enough space to remain standing or 

sitting; there is insufficient room for them to walk, run, perch, or flap their wings. The lack of 

opportunity for physical activity provided to the pullets raised in conventional cages likely 

contributes to their bone fragility (Fleming et al., 2006; Whitehead, n.d.) since bone adapts to 

habitual loading conditions. Research in rodents, humans, and turkeys showed that bones are most 

mechanoresponsive during youth (Bassey et al., 1998; Birkhold et al., 2014; Main et al., 2014; 

Rubin et al., 1992), and these effects of mechanical stimuli during youth are long-lasting (Javaheri 

et al., 2020; Warden et al., 2014; Welten et al., 1994). Therefore, stimulating increased 

accumulation of lamellar bone in pullets via increased mechanical stimuli is a promising approach 

to address adult hen bone fragility, but there lacks knowledge on bone adaptation in these groups. 

To prevent bone fragility and address welfare concerns, the use of alternative housing systems that 

provide the pullets and hens with more spacious environments is being pursued. Alternative 

housing includes non-cage systems, such as aviaries, which allow for dynamic load-bearing 

activity (T. M. Casey-Trott, Korver, et al., 2017a, 2017b; Hester et al., 2013; Regmi et al., 2015, 

2016; Rufener & Makagon, 2020; Tanka Khanal, 2020; Widowski et al., 2017). Commercially 

available aviaries vary widely in their size, infrastructure, and complexity, which has been shown 

to significantly affect the amount of physical activity performed by pullets (Pufall et al., 2021; 

Rentsch et al., 2023b), and it is unknown whether similar improvements in bone health would be 

observed when rearing pullets in different styles of commercial aviaries. It also remains unclear if 

various breeds would reap similar benefits.  

Long bone in vivo habitual strains have been characterized across multiple skeletal sites in 

over 25 species (Aamodt et al., 1997; Biewener et al., 1996; Biewener & Bertram, 1993; Biewener 

& Dial, 1995; Biewener & Taylor, 1986; Blob et al., 2014; Blob & Biewener, 1999; Butcher et al., 

2008, 2011; Carter et al., 1980; Copploe et al., 2015; Demes et al., 1998, 2001; Fritton et al., 2000; 

Goodship et al., 1979; Gross et al., 1992; Keller & Spengler, 1982, 1989; Lanyon, 1972, 1973; 

Lanyon et al., 1981; Lanyon & Bourn, 1979, 1979; Lee et al., 2002; Lieberman et al., 2004; Main 

& Biewener, 2007; Manley et al., 1982; Milgrom et al., 2000; Moreno et al., 2008; Mosley et al., 
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1997; Nunamaker et al., 1990; Rabkin et al., 2001; Rubin & Lanyon, 1982, 1982, 1984a, 1984b; 

Sheffield et al., 2011; Sugiyama et al., 2012; Swartz et al., 1989, 1992; Young et al., 2017; Young 

& Blob, 2015), including chickens (Biewener et al., 1986; Carrano & Biewener, 1999; Loitz & 

Zernicke, 1992; Rubin & Lanyon, 1982), to better understand how physiological, anatomical, and 

behavioural differences shape bone structure and influence its mechanical properties. Most studies 

have measured strains of the hind limb bones during locomotion, either on a treadmill where speed 

is controlled or free locomotion. Strain measurements from common breeds of chickens during 

unrestricted, varied activities have yet to be reported. Additionally, it remains unknown how 

loading history, determined by the housing system in which pullets are reared, would affect in vivo 

strain magnitudes and patterns in long bones during habitual activities.  

Thus, our study aims to investigate the in vivo mechanical strains at the tibiotarsus during a 

variety of activities performed by two common commercial breeds of pullets. The pullets were 

raised (reared) in three different styles of commercial housing: two of the rearing housings were 

aviaries while the third rearing housing was conventional cages. Given that brown-feathered 

pullets have higher body weight, we hypothesize that 1) brown-feathered pullets will experience 

higher strains compared to white-feathered pullets. We also hypothesize that 2) across all sampled 

activities, mechanical strains will be higher in pullets reared in conventional cages compared to 

aviary-reared pullets.  

 

Methods 

Pullet Housing and Management 

All animal use and procedures were approved by the University of Guelph animal care 

committee (AUP #4127) and the McGill University animal care committee (AUP #8083). Over a 

two-year period, three consecutive flocks of Lohmann Selected Leghorn Lite (W, white-feathered) 

and Lohmann Brown Lite (B, brown-feathered) female chickens (Gallus gallus domesticus) were 

obtained from a commercial hatchery at the age of one day old. The pullets were reared from 1 

day of age to 14 weeks at the University of Guelph in either conventional rearing cages (Conv: 

Ford Dickinson, Mitchell, Ontario, Canada) (Fig. 1A), or one of two styles of commercial aviaries. 

The aviaries had either low or high spatial complexity (Low: Natura Primus, Big Dutchman, 

Holland, MI, U.S.A; High: NivoVaria, Jansen Poultry Equipment, Netherlands, and Farmer 
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Automatic Portal Pullet, Clark Ag Systems, Caledonia, ON, Canada) (Fig. 1B-C) and have been 

shown to motivate different amounts of physical activity (Pufall et al., 2021). Pullets of each breed 

were housed separately. For each flock, the Low complexity aviaries were duplicated and installed 

back-to-back within a room, therefore housing both breeds separately in the same room. B and W 

pullets in High complexity aviaries were housed in separate rooms for each flock, as the aviaries 

were too large to duplicate within a single room.  

 
Figure 1: Rearing housing system photos and illustrations during the brooding (0-6 weeks) and post-

brooding (7-14 weeks) phases. A) Conventional cage, B) Low complexity rearing aviary, C) High 

complexity rearing aviary. 
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Pullets were reared in Conv cages with 30 pullets/cage (h: 40 cm, w: 76 cm, d: 66 cm) 

during weeks 0-6 (167 cm2/pullet), and 15 pullets/cage during weeks 6-14 (334 cm2/pullet space 

allowance) (Fig. 1A). For each flock, a total of 300 pullets per breed were reared in Low aviaries 

(Fig. 1B). Chicks were confined to a brooding compartment (height: 50 cm, width: 122 cm, depth: 

94 cm) from 0-6 weeks of age (space allowance of 76 cm2/pullet from week 0-3 and 198 cm2/pullet 

from weeks 3-6). Brooding compartments were equipped with two perches, an internal feeding 

trough, and a line of nipple drinkers. After 6 weeks of age, the brooding compartments were 

opened, allowing access to the litter floor, three tiers, additional perches, and ramps, increasing the 

space allowance to 118 cm2/pullet within the system and 74 cm2/pullet of litter space, for a total 

of 192 cm2/pullet. The High housing group had 600 pullets per breed per flock. During weeks 0-6 

they had access to six perches and platforms and a space allowance of 128-138 cm2/pullet. Pullets 

had a space allowance of 307-340 cm2/pullet thereafter, once they were granted access to outer 

platforms, an additional perch, and litter space (Fig. 1C). During weeks 0-6, High aviaries were 

also equipped with two feed troughs, and two lines of nipple drinkers. Maximum perch or platform 

height did not differ between Low and High (170 cm), but High had a greater number of perches 

and platforms, and therefore more variety in perch and platform height. In addition to differences 

in 2-dimensional space allowance, the aviary housing systems (Low, High) offer more vertical 

space (via access to tiers, platforms, and perches) and are more spatially complex, compared to 

Conv. Feed, vaccination, lighting, and temperature programmes were constant across groups; 

further details are reported elsewhere (Rentsch et al., 2023b; Ross, 2021).  

A total of 48 fourteen-week-old W and B pullets were randomly sampled [n=8/breed 

(2)/rearing housing system (3)] and transported from the University of Guelph to McGill 

University (Donald McQueen Shaver Poultry Complex) across three separate occasions over the 

course of 2 years. The experiment was therefore broken down into three rounds, where a subset of 

animals was analyzed per round. During each round, upon arrival at McGill, the W and B pullets 

were housed in separate identical rooms consisting only of litter floor (total area of 13.2 m2). 

Pullets were fed ad lib standard age-appropriate crumble diet. A lighting schedule of 10h of light 

per day, at 10 lux, was maintained, and rooms were kept at 20°C. Pullets were allowed to acclimate 

for at least 72 h prior to the onset of the experiment. Time constraints allowed for experimentation 
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on two pullets per day, and thus each round of the experiment occurred over at most a 14-day 

period. Pullets were weighed the morning prior to undergoing surgery.  

Surgical Procedure to Attach Strain Gauges to the Chicken Tibiotarsus 

Pullets were sedated with 0.5-1% of isoflurane at 1 L/min O2 flow rate using a mask, and 

then intubated and maintained under anesthesia at 2-4% isoflurane. Feathers were minimally 

plucked from the medial side of the right hindlimb and a 2 cm2 region above the right side of the 

pelvis (Fig. 2A). The length of the tibiotarsus was then measured (distal tibiotarsal medial condyle 

to proximal medial tibiotarsal plateau, located via palpation) and the midpoint of the bone marked 

on the skin. We considered the bone midpoint a functionally equivalent site across breeds, as the 

relative position of structures attached to long bones has been shown to be invariant during growth 

in chickens(Grant et al., 1980). Incision areas on the limb and pelvic regions were cleaned using 

chlorohexidine, and pullets were wrapped in sterile cling wrap and laid on their right side on a 

sterile surgical drape. A 1 cm long incision was made above the medial side of the right tibiotarsus 

midshaft. To access the medial aspect of the tibiotarsus, blunt dissection was performed between 

the gastrocnemius pars medialis and the tibialis cranialis. Further blunt dissection of the extensor 

digitorum longus and flexor digitorum longus exposed the anterior and posterior sites of the 

tibiotarsus midshaft, respectively.  

 
Figure 2: Experimental methods. A. Chicken skeleton, with strain gauge lead wires (red) and breakout 

plug (yellow) at pelvic region. B. Medial and cross-sectional aspects of the tibiotarsus, with attached strain 
gauges at the midshaft: one rosette on anterior surface (light blue), and two single element gauges on medial 
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and posterior surfaces (dark blue). C. Illustration of experiment arena and data acquisition equipment. 

Dimensions of podium, ramp inclination, and perch height are indicated in blue.  

Strain gauge preparation was performed prior to surgery according to methods described 

previously (Biewener, 1992). Briefly, gauges were instrumented with 36” insulated wire, (36TDQ; 

Pheonix Wire Inc., Vermont, U.S.A), coated, and connected to a 10-position female breakout plug 

(5-534206-5; TE Connectivity, Canada). A first coating of epoxy resin (M-Bond AE-10, Micro-

Measurements, U.S.A) was applied to the lead wire solder pads, followed by a coat of xylene-

based latex (M-Coat D; MicroMeasurements, U.S.A) and thereafter polyurethane (M-Coat A; 

MicroMeasurements, U.S.A). During surgery, a long pair of forceps was used to make a 

subcutaneous tunnel from the limb incision site to the plucked region above the pelvis, along the 

medial side of the thigh (inguinal region) and moving laterally at the hip around the trunk towards 

the pelvic region, where an incision was made to expose the forceps and the wired gauges were 

tunnelled back to the limb incision site.  Care was taken to avoid damaging the lead wire insulation 

when bringing the gauges through the subcutaneous tunnel. Sites of approximately 4 mm2 on the 

anterior, medial, and posterior surface of the tibiotarsus midshaft (Fig. 2B) were prepared for gauge 

attachment by light scraping with a periosteal elevator to remove any periosteal tissue, dried with 

100% ethanol, and defatted with methyl ethyl ketone. One rosette (FRA-1-11; Tokyo Sokki 

Kenkyujo Co., Ltd, Tokyo, Japan) and two single-element (EA-06-015LA-120; Micro-

Measurements, U.S.A) gauges were attached to the anterior (rosette), medial, and posterior aspects 

(Fig. 2B) using cyanoacrylate adhesive (Ultra Liquid Control Super Glue; LePage, Canada). 

Anterior, medial, and posterior gauges were attached at the same cross-sectional level of the bone, 

with the central element of the rosette or the single-element gauges positioned in alignment with 

the bone’s longitudinal axis.  

Following gauge attachment to the bone, muscle fascia overlying the gastrocnemius pars 

medialis and the tibialis cranialis were sutured discontinuously (coated Vicryl 4-0 27”; 

ETHICON, U.S.A), and 1.5 cm of wire was tucked in subcutaneously at the midshaft incision site 

to avoid tugging on attached gauges during in vivo data collection. Similarly, 1.5-2 cm of wire 

was tucked away subcutaneously at the pelvic region incision site. Both limb and pelvic skin 

incisions were closed by continuous suturing. We locally administered 2-3 drops of a 

buprenorphine-lidocaine cocktail to each sutured incision site as an analgesic. Two elastic strings 
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were glued to either side of the breakout plug and sutured to nearby skin of the pelvic region to 

further avoid tension in lead wires and gauge detachment. Isoflurane was then slowly decreased 

while post-operative injections of saline (subcutaneous, 7 mL/kg) and meloxicam (NSAID, 

intramuscular, 0.09 mL/kg) were administered. Pullets recovered for 2-3h before experimental 

recordings were made.  

Strain Data Collection 

Following surgery recovery, pullets were alert and did not show signs of pain or lameness. 

Strain signals were measured by connecting the breakout plug at the flank region of the pullet to a 

3 m long shielded cable (326-BSV; Micro-Measurements, U.S.A) connected to a bridge amplifier 

(System 8000 Scanner; Micro-Measurements, U.S.A) (Fig. 2A, C). Quarter-bridge channels were 

balanced and calibrated (±1000 µe shunt calibration) prior to recordings while holding the pullet 

in the air such that the limbs bore no weight.  Strains were recorded (StrainSmart, Micro-

Measurements, U.S.A) using an excitation voltage of 3V and sampled at 1 kHz. A custom trigger 

circuit with input to the amplifier was used to digitally label strain data collected with the type of 

behaviour being performed at that moment. Therefore, a total of 6 channels were recorded 

corresponding to the three elements of the anterior rosette gauge (Fig. S6), the two single element 

gauges on the medial and posterior surfaces, and the trigger. Every time the trigger was pressed, 

the experimenter logged the timestamp of the trigger and the associated behaviour being performed 

by the pullet. This allowed the association between strain data and behaviour type. Video footage 

was collected with a smartphone of the entire arena to be used in conjunction with the trigger data 

and activity log to further inform the association between strain data and activity being performed.  

An area of approximately 8 m2 within a 13.6 m2 room was enclosed by a clear plastic sheet 

and 0.5 m high barriers (Fig. 2C). The arena contained a custom-built wooden podium (140 × 45 

× 45 cm), a detachable ramp (218 cm, 40° inclination), and a round perch (2.5 cm diameter, 0.5 m 

high, wood) suspended by rope. The perch was held in place while perching data was collected. 

The ramp surface was covered with a 1 cm thick rubber slab and 1 cm2 wire mesh sheet. Ramp 

angle and surface was selected based on reported recommendations (LeBlanc et al., 2018). All 

wood surfaces were treated with water sealant and were regularly cleaned. Strains were collected 

across 6 trials according to the different behaviours measured: ground locomotion, uphill ramp 

locomotion, downhill ramp locomotion, perching, jumping, and aerial transition landing. We 
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considered the pullet to be perching when the abdomen was in contact with the perch, and the knee 

and ankle were in complete flexion. Jumping did not involve wing flapping and the landing 

trajectory was mainly vertical, whereas aerial transition landing involved the use of wing flapping 

and a generally horizontal approach to the ground. The ramp and perch were introduced into the 

arena only for ramp locomotion (uphill and downhill) and perching trials, respectively. One 

experimenter remained with the chicken, motivating different activities by light taps to the back 

of the feet, and holding the attached cable. A second experimenter would trigger, log activity type 

and timestamp, and monitor recordings on the computer. Collection trials for ground, uphill, and 

downhill locomotion consisted of at least one segment of three or more consecutive steady steps. 

Perching events were each recorded for 1 min. For jumping and aerial transition landing events, 

two repeats of each activity type were collected. Carcasses were frozen for later dissection. 

Following dissection, bones were fixed in 70% ethanol.  

In vivo strain analysis 

Raw strain data was plotted in sets of 30 s intervals for visual inspection. Using plots, video 

footage, and trigger/activity log information, segments of interest containing sets of at least three 

steady steps (ground, uphill, and downhill locomotion), 30s of recording (perching), or an event 

of interest and subsequent steps (jumping and aerial transition landing) were extracted. Each 

segment of interest was analyzed using custom Python scripts 

(https://github.com/BWillieLab/InVivo_StrainGauging) which prompts the user to select graphic 

user input points to temporally flank swing phases and peak strain phases. Data was filtered using 

a fourth order Butterworth filter with a cut-off frequency of 40 Hz. Data from each segment was 

then zeroed by subtracting strain values by the average strain measured during the nearest swing 

phase. For ground, uphill, and downhill locomotion, one swing phase within each segment of 

consecutive steps was selected to zero the segment by subtracting the mean strain value of the 

swing phase from the whole segment. Peak strains during each step within the segment were 

averaged, resulting in one average peak strain value per segment of steps. Locomotion step 

frequency (step s-1 [Hz]) was also derived for each segment of ground, uphill, and downhill 

locomotion from the number of steps and segment duration. For perching, strains were zeroed 

using the closest (temporally) locomotor segment swing phase measured, and peak strains were 

measured as the average strain across a 1-minute period. Zero values for jumping and aerial 
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transition landing events were selected from a swing phase during locomotion immediately 

following the jump when possible, or from the closest (temporally) locomotor segment swing 

phase (either ground, uphill, or downhill), and peak strain was determined at the time of landing. 

Data points where peak zeroed-strain magnitude was zero were excluded, as well as data points 

further than 5 median absolute deviations away from the mean.  

We collected longitudinal strain measurements at the anterior, medial, and posterior site, 

from the central element of the rosette strain gauge (anterior) or the single-element gauges aligned 

with the bone’s longitudinal axis within a margin of error of 10. In sparse cases where the angle 

offset of the rosette was undeterminable (e.g., detachment of rosette before being able to measure), 

the offset was set to zero, i.e., the axial element of the rosette gauge was assumed to be in line with 

the bone’s longitudinal axis. From zeroed rosette strain data measured at the midshaft’s anterior 

surface, principal tensile (t) and compressive (c) strains as well as the angle of principal tensile 

strain relative to the bone’s longitudinal axis (adjusted in cases where the rosette gauge was 

misaligned relative to the bone’s long axis), referred to as tensile strain orientation (θt), were 

determined, under the assumption of a planar strain state (38). Graphic user inputs created during 

the analysis of longitudinal strains that flank regions of swing phase and peak strains were 

reutilized to calculate peak t, c, and θt. Positive θt denotes a lateral (counterclockwise) rotation 

from the bone’s longitudinal axis, whereas negative angles denote a medial (clockwise) rotation, 

as viewed from the proximal end of the tibiotarsus.  

Measures of shear strain (γ) and fractional tensile strain ratio (FTSR) at the time of peak 

principal strain on the anterior surface were then derived (Carter, 1978; Moreno et al., 2008): 

𝛾 = 2 ×  sin 𝜃𝑡  ×  cos 𝜃𝑡  ×  (𝜀𝑡 −  𝜀𝑐) 

𝐹𝑇𝑆𝑅 =  
𝜀𝑡

𝜀𝑡 + |𝜀𝑐|
 

where 𝜀𝑡 and 𝜀𝑐 are principal tensile and compressive strains, respectively. The FTSR indicates 

how dominant principal tensile strain is relative to principal compressive strain. Equal amounts of 

tensile and compressive principal strain (i.e., FTSR = 0.5) is indicative of a strain environment 

consisting solely of torsion, therefore FTSR can also be interpreted as an indicator of the 

dominance of torsion (as opposed to bending or axial compression). We also used longitudinal 
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strain recordings from the anterior and posterior axial gauges to derive peak axial (εax) and bending 

strains (εb), using the following equations (Main, 2007): 

𝜀𝑎𝑥 =  
𝜀𝑎𝑛𝑡𝑒𝑟𝑖𝑜𝑟 + 𝜀𝑝𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟

2
 

𝜀𝑏 =  |
𝜀𝑎𝑛𝑡𝑒𝑟𝑖𝑜𝑟 − 𝜀𝑝𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟

2
| 

Ground, uphill, and downhill locomotion strain data points consist of the mean peak strain 

across a segment of 3 or more consecutive steps. Data from as many segments as available were 

analyzed; based on differences in willingness to locomote, some chickens had more segments than 

others, and each segment of steps was performed at varying locomotor step frequencies given this 

was not controlled for. Perching data points are averages across the measured duration (1 min), 

and data points from jumping and aerial transition landing consist of the average peak strains 

across the two replicates performed. Due to strain gauge failure and data exclusion, the sample 

size of our reported data was lower than n=8 for some parameters; exact sample sizes for each 

strain gauge site and activity are shown in Table S1 and Fig. 3 legend. 

Mixed effects model and outcome correction 

To evaluate how mechanical strain outcomes are influenced by housing and breed, a linear 

mixed-effects model was implemented using lmer (lme4 R package, v 1.1-27.1). For each 

mechanical strain outcome per activity type, the fixed effects were rearing housing, breed, body 

weight, and step frequency (only available for ground, uphill, and downhill locomotion), and we 

adjusted for the random effect of each chicken to account for repeated measures (i.e., multiple 

segments recorded per chicken). The model was formulated as: 

𝑦𝑖𝑗𝑘  ~ (𝐹𝑖 × 𝑀𝑖) + (𝐻𝑗 × 𝐺𝑘) + (1|𝐶𝑖) + 𝑒𝑖𝑗𝑘 

where 𝑦 is the mechanical strain outcome of interest (continuous), 𝐹 is step frequency 

(continuous), 𝑀 is weight (continuous), 𝐻 is housing condition (categorical; 𝐻 =

{𝐶𝑜𝑛𝑣, 𝐿𝑜𝑤, 𝐻𝑖𝑔ℎ}), 𝐺 is breed (categorical; 𝐺 = {𝐵, 𝑊}), 1|𝐶 is the random effect for each 

chicken, and 𝑒 is the residual error for the 𝑖th chicken,  the 𝑗th housing condition, and 𝑘th breed. An 

intercept term was also included, but not shown. The interaction terms 𝐹 × 𝑀 and 𝐻 × 𝐺 were 

justified following the observation that there were crude associations between step frequency and 

weight (Fig. 3A), and housing and breed (Fig. 3B), respectively.  For activities where step 
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frequency was not available (perching, jumping, and aerial transition landing), the step frequency 

term 𝐹 was omitted from the model. Ground, uphill, and downhill locomotion strain data points 

consisted of the average peak strain across consecutive steps within a segment. For these data 

points, the inverse standard deviation of peak strains within a segment [𝑠𝑑(𝑦)−1] were used to 

weight each observation, thereby penalizing segments of steps with high intra-segment variability 

in strain [lmer(…, weights=1/sd)]. Model fits were verified by ensuring that residuals were 

centered around zero and normally distributed, and by visual inspection.  

 To account for variability in step frequency within ground, uphill, and downhill locomotion 

segments sampled from a given chicken and enable visual comparisons of plotted data between 

groups, we adjusted strain outcomes as if they were obtained from chickens with constant step 

frequencies per group. This was necessary given that in vivo strains have been widely shown to be 

influenced by locomotor speed (Biewener et al., 1983; Gatesy & Biewener, 1991; Loitz & 

Zernicke, 1992), which we did not control for and was not resemblant of habitual locomotor speed 

in their rearing housing environments. This was accomplished by using the fitted models above to 

predict new strain outcomes using original housing conditions, breeds, and chicken labels, and 

substituting chicken-specific step frequencies for group-median step frequencies. All strain values 

reported hereafter are normalized for step frequency unless otherwise specified.  

Statistical Analysis 

Two-way ANOVA was performed on strain data (prior to normalization for step 

frequency) to determine effects of rearing housing and breed (and interaction term) on strain 

outcomes, followed by pairwise Student’s t-tests. Multiple comparison p-values are reported as 

adjusted (Benjamini-Hochberg procedure) p-values denoted with the letter q. Unadjusted pairwise 

comparison and ANOVA p-values are denoted with the letter p.  Differences between breed groups 

are reported as the percentage difference of strain magnitude in B relative to W (%∆𝐵−𝑊 =

 (
(|𝐵| − |𝑊|)

𝑊⁄ ) ×  100). Differences in strain magnitudes between the Low or High housing 

group relative to Conv are also reported as percentage differences (%∆𝐴=

 (
(|𝐴| − |𝐶𝑜𝑛𝑣|)

𝐶𝑜𝑛𝑣⁄ ) ×  100, where A is specified in each case to be either Low or High). 

The effect of breed and rearing housing on body weight and step frequency was assessed by two-

way ANOVA, and post-hoc comparisons using Tukey-Kramer correction with p-values denoted 
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by the letter q. We adjusted for the random effect of each chicken to account for repeated measures 

of step frequency (i.e., multiple step frequencies from multiple segments recorded per chicken). 

Significance was set at 0.05 (for both unadjusted and adjusted).  

 

Results 

Locomotor step frequency and body weight are dependent on breed and rearing housing 

We investigated the effect of breed (B or W) and rearing housing (Conv, Low, High) on 

pullet body weight and locomotor step frequency to determine whether these variables needed to 

be included as predictors in our statistical model. We found that breed influenced body weight (p 

< 0.001), where B pullets had higher weights compared to W (19%, p < 0.001, Fig. 3A). Breed and 

rearing housing had an interactive effect on body weight (p = 0.001): although rearing housing did 

not influence B weight, in W pullets High had 13% greater weight compared to Low (q = 0.038, 

Fig. 3A). 

 
Figure 3: Effect of breed and rearing housing on A) body weight, and B) step frequency pooled for the 

three locomotor activities (ground, uphill, downhill) (mean ± sd) (n=6 for W Conv and W High, n=7 for B 
Conv and B High, n=8 for B Low and W Low). ANOVA main effects: a) breed, b) rearing housing, c) 

interaction. Significant Tukey-Kramer post-hoc comparisons indicated by bars specifying groups being 

compared, with p-values above. Note: each step frequency data point corresponds to the step frequency 

from a segment of locomotion recorded. Each individual chicken contributed multiple segments, and the 

number of segments varied across chickens. 

Breed and rearing housing had individual and interactive effects on step frequency pooled 

from the three locomotor activities measured (p < 0.001 for breed and rearing housing effects) 
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(Fig. 3B). B pullets had lower step frequency compared to W, when reared in Conv (-51%, q < 

0.001) and Low (-37%, q < 0.001) (Fig. 3B). Rearing housing did not affect step frequency in B, 

while in W step frequency progressively decreased with increased rearing housing complexity 

(High relative to Conv: -48%, q < 0.001; Low relative to Conv: -29%, q < 0.001; High relative to 

Low: -27%, q = 0.003); meaning that W Conv pullets had greater experimental step frequency than 

W High pullets. The effect of breed and rearing housing on pooled step frequency was the same 

for ground locomotion and downhill locomotion individually, while rearing housing did not 

influence uphill locomotion step frequency (Fig. S2), coinciding with lower step frequencies and 

consequent smaller effect size during uphill compared to ground (B: -42%, W: -52%) and downhill 

locomotion (B: -34%, W: -46%) (Fig. S1).  

Strain patterns differ between brown and white pullets 

We analyzed longitudinal strains from the axial elements at the anterior, medial, and 

posterior surfaces of the tibiotarsal midshaft, derived principal and shear strains from the rosette 

at the anterior surface, and cross-sectional measures of axial and bending strain derived from 

anterior and posterior longitudinal strain measurements. Strain patterns were generally less 

variable during ground, uphill, and downhill locomotion, compared to perching, jumping, and 

landing. We highlight this by presenting results separated into steady locomotor activities (ground, 

uphill, and downhill locomotion) and non-steady (perching, jumping, and aerial transition landing) 

activities. To account for a given pullet’s variability in step frequency across locomotor segments 

sampled, given the positive relationship between step frequency and strain magnitude, strain 

outcomes were recalculated with our mixed-effects model using constant step frequencies for each 

group. We selected a median step frequency per housing/breed group and per locomotor activity, 

given the effect of breed and rearing housing on step frequency (Fig. 3B). Unadjusted locomotor 

strain data are reported in the supplementary section (Fig. S2-4).  

Breed influenced longitudinal strains only during steady locomotor activities (Fig. 4). 

During ground locomotion, breed affected longitudinal strains at all 3 anatomical sites: B anterior 

strains were less tensile (-16%, p = 0.002, Fig. 4A), medial strains less compressive (-87%, p < 

0.001, Fig. 4D), and posterior strains more compressive (18%, p = 0.048, Fig. 4G) compared to 

W. During uphill locomotion, breed only affected medial longitudinal strains, with B strains being 

less compressive (-66%, p = 0.004, Fig. 4B). During downhill locomotion, medial strains were 
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tensile in B whereas compressive in W, with lower in magnitude in B (-68%, p < 0.001, Fig. 4F), 

and posterior strains were more compressive in B compared to W (88%, p = 0.007, Fig. 4I). Breed 

also affected principal tensile (εt), principal compressive (εc), and tensile strain orientation (θt) 

during ground and downhill, but not uphill, locomotion (Fig. 5). During ground locomotion, B 

generally had higher εc (98%, p < 0.001, Fig. 5D), and lower θt (-19%, p < 0.001). During downhill 

locomotion, B had lower εt (-38%, p < 0.001, Fig. 5C), and specifically in pullets reared in High, 

εt was 38% lower in B (q = 0.026, Fig. 5C) compared to W.  

Shear (), peak axial (ax), and peak bending (b) strains were affected by breed during all 

steady activities (Fig. 6). During ground locomotion,  was generally positive and higher in B 

(26%, p = 0.025, Fig. 6A), while ax was more compressive (137%, p = 0.001, Fig. 6B) compared 

to W. During uphill locomotion,  was lower (-46%, p < 0.001, Fig. 6D) in B compared to W. 

During downhill locomotion,  was also lower in B compared to W (-54%, p < 0.001, Fig. 6G), 

and specifically within pullets reared in Low (-77%, q = 0.006, Fig. 6G). Downhill ax (101%, p = 

0.011, Fig. 6H) and b (49%, p = 0.032, Fig. 6I) were higher in B compared to W.  

Anterior, medial, and posterior longitudinal strains, εc, θt, εax, and εb during non-steady activities 

were unaffected by breed (Fig. 7-9). εt and γ strain were affected during jumping and aerial 

transition landing, but not perching. During jumping, εt was less tensile in B compared to W (-

75%, p < 0.001, Fig. 8B), and specifically High reared B pullets had less tensile εt compared to W 

(-73%, q = 0.004, Fig. 8B). During jumping, γ was lower in B compared to W (-25%, p = 0.046, 

Fig. 9D). During aerial transition landing, γ was higher in B compared to W (169%, p = 0.036, Fig. 

9G).  

Conventional cage reared pullets had higher strains during steady activities and lower strains 

during non-steady activities, compared to aviary-reared pullets 

Rearing housing affected longitudinal and derived strains during steady activities (Fig. 4-

6). Rearing housing influenced anterior, but not medial or posterior, longitudinal strains during 

ground locomotion (p < 0.001, ΔHigh = -43%, ΔLow = -68%, Fig. 4A), uphill locomotion (p = 0.002, 

ΔHigh = -35%, ΔLow = -50%, Fig. 4B), and downhill locomotion (p = 0.003, ΔHigh = -27%, ΔLow = -

56%, Fig. 4C). During ground locomotion, rearing housing affected t (p < 0.001, ΔHigh = -28%, 

ΔLow = -28%, Fig. 5A). Axial and bending strains, but not shear, were influenced by rearing 
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housing during ground and uphill locomotion: Rearing housing influenced ax (p = 0.008, ΔHigh = 

88%, ΔLow =  134%, Fig. 6B) and b (p < 0.001, ΔHigh = -37%, ΔLow =  -43%, Fig. 6C) during 

ground locomotion, and b during uphill locomotion (p = 0.032, ΔHigh = -22%, ΔLow =  -36%, Fig. 

6F). However, housing and breed interacted to affect  during ground locomotion (p = 0.042, ΔHigh 

= -8%, ΔLow = -17%, Fig. 6A). Pairwise comparisons were nonsignificant, but when we compared 

average strain levels between housing groups whenever housing had a significant effect, we 

consistently observed the pattern of Conv ≥ High ≥ Low in strain magnitude, with the percentage 

(%) difference between Low or High compared to Conv being higher than the % difference 

between Low and High. The direction of principal strain as quantified by θt was affected by rearing 

housing during ground locomotion (p = 0.023, Fig. 5G) and downhill locomotion (p = 0.044, Fig. 

5I), and there was an interactive effect of breed and housing on θt during ground (p = 0.001, Fig. 

5G) and uphill (p = 0.017, Fig 5H) locomotion. 

Longitudinal strains, derived strains, and strain patterns were also affected by rearing 

environment during non-steady activities (Fig. 7-9). During jumping, rearing housing affected εt 

(p = 0.006, ΔHigh = 166%, ΔLow = 82%, Fig. 8B), and there was an interactive effect of rearing 

housing and breed on γ during jumping (p = 0.002, Brown: ΔHigh = 113%, ΔLow = 133%, White: 

ΔHigh = -29%, ΔLow = -73%, Fig. 9D). During aerial transition landing, rearing housing affected 

longitudinal posterior strains (p = 0.042, ΔHigh = 123%, ΔLow = 93%, Fig. 7I) and εax (p = 0.041, 

ΔHigh = 396%, ΔLow = 294%, Fig. 9H). There were also no significant pairwise comparisons in 

strains during non-steady activities, but we see a consistent pattern, where the effect of housing is 

significant, of High ≥ Low ≥ Conv. As in steady activities, the % difference between aviary groups 

relative to Conv is greater than the % difference between aviary groups. θt was affected by rearing 

housing during jumping (p = 0.044, Fig. 8H), where High B pullets had higher θt compared to 

Conv B (68%, q = 0.007, Fig. 8H) and Low B (110%, q = 0.003). 

The tibiotarsal midshaft experiences a combined loading environment dominated by torsion, with 

the highest strains produced during jumping and aerial transition landing 

Across all activities sampled (and considering step frequency normalized locomotor data), 

longitudinal strains averaged 166 με, -139 με, and -522 με in B, and 251 με, -466 με, and -446 με 

in W, at the anterior, medial, and posterior sites, respectively (Table S2). The highest longitudinal 
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strains were achieved during jumping (-656 με) and aerial transition landing (-698 με) at the 

posterior surface (Table S3). The anterior surface was always in tension except during aerial 

transition landing, with mildly compressive strains averaging -64 με (Table S3). Anterior principal 

tensile and compressive strains averaged 529 με and -617 με in B, and 953 με and -602 με in W 

respectively, across all activities (Table S4), with peak levels achieved during jumping (t = 1151 

με) and aerial transition landing (c = -1423 με) (Table S2). Tensile strain orientation was always 

positive, meaning that the axis of anterior principal tensile strain was always rotated counter-

clockwise (laterally, if viewed in proximal-distal direction) relative to the bone’s longitudinal axis. 

Anterior shear strains were on average 733 με in B and 784 με in W (Table S4). Peak average shear 

strains occurred during jumping (1071 με) but were nearly as high during aerial transition landing 

(931 με) and uphill locomotion (922 με) (Table S2). Peak axial strains averaged -167 με in B and 

-104 in W, and peak bending strains averaged 418 με in B and 461 με in W (Table S4), with bending 

strains being generally higher than axial strains across all activities sampled (Table S4).  

 Tibiotarsal strain patterns were more variable during non-steady activities compared to 

steady activities: during steady activities, 55% of measured tensile strain orientation data points 

lied within the range of 22.5°-67.5°, meaning closer to the diagonal (45°) than to the longitudinal 

or transverse axis of the bone whereas during non-steady behaviour only 27% lied within this 

range. During steady activities, principal tensile and compressive strains generally contributed 

equally to the overall principal strain (fractional tensile strain ratio (FTSR) near 0.5), with an 

average FTSR of 0.47 and a coefficient of variance (CV) of 29% (Fig. S5). During non-steady 

activities, FTSR averaged at 0.42 and was more variable, with a CV of 73% (Fig. S5). Group 

averages stratified by activity type (steady, non-steady) are included in the supplementary section 

(Tables S2, 4-7).  
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Figure 4: Effect of breed (Brown, White) and rearing housing (Conv, Low, High) on longitudinal strains 

during steady locomotor activities (mean ± sd). Data is normalized to the median step frequency per group, 

to control for within-chicken variations in step frequency. ANOVA main effects: a) breed, b) rearing 

housing, c) interaction. Groups with significant unadjusted (t-test) p-values indicated by bars with italicized 

p-values above. Note: plots within each row share the same y-axis scaling. 
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Figure 5: Effect of breed and rearing housing on principal tensile and compressive strains, and tensile strain 

orientation during steady locomotor activities (mean ± sd). Data has been normalized to the median step 

frequency per group, to control for within-chicken variations in step frequency. ANOVA main effects: a) 

breed, b) rearing housing, c) interaction. Groups with significant unadjusted or adjusted p-values indicated 

by bars with p-values above: Benjamini-Hochberg post-hoc (non-italicized) and t-test (italicized). Note: 

plots within each row share the same y-axis scaling.  
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Figure 6: Effect of breed and rearing housing on anterior shear strains and peak axial and bending strains 

during steady locomotor activities (mean ± sd). ANOVA main effects: a) breed, b) rearing housing, c) 

interaction. Data has been normalized to the median step frequency per group, to control for within-chicken 

variations in step frequency. Groups with significant unadjusted or adjusted p-values indicated by bars with 

p-values above: Benjamini-Hochberg post-hoc (non-italicized) and t-test (italicized). Note: plots within 

each row share the same y-axis scaling. 
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Figure 7: Effect of breed and rearing housing on longitudinal strains during non-steady activities (mean ± 

sd).  Each column includes a different activity type measured and each row includes the anatomical site of 

the tibiotarsal midshaft sampled. ANOVA main effects: a) breed, b) rearing housing, c) interaction. Groups 

with significant unadjusted or adjusted p-values indicated by bars with p-values above: Benjamini-

Hochberg post-hoc (non-italicized) and t-test (italicized). Note: Plot A has a different y-axis scaling than 

the rest of the row of anterior strains. All other plots within a given row share the same y-axis scaling.  
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Figure 8: Effect of breed and rearing housing on principal tensile and compressive strains, and tensile 

strain orientation during non-steady activities (mean ± sd). ANOVA main effects: a) breed, b) rearing 

housing, c) interaction. Groups with significant unadjusted or adjusted p-values indicated by bars with p-

values above: Benjamini-Hochberg post-hoc (non-italicized) and t-test (italicized). Note: Plot D has a 

different y-axis scaling than the rest of the row. All other plots within a given row share the same y-axis 

scaling. 
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Figure 9: Effect of breed and rearing housing on anterior shear strains and peak axial and bending strains 

during non-steady activities (mean ± sd).  ANOVA main effects: a) breed, b) rearing housing, c) interaction. 

Groups with significant unadjusted or adjusted p-values indicated by bars with p-values above: Benjamini-

Hochberg post-hoc (non-italicized) and t-test (italicized). Note: plots within each row share the same y-axis 

scaling. 

 

Discussion 

In the current study, we assessed whether rearing housing and/or breed influenced mechanical 

strain magnitudes and patterns at the tibiotarsal midshaft during various activities performed by 

pullets. We grouped behaviours measured into steady (ground, uphill, and downhill locomotion) 

and non-steady (perching, jumping, and aerial transition landing) to facilitate interpretation, given 
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that we observed lower variability in steady compared to non-steady strains and similar patterns 

in terms of the effects of breed and rearing housing within each of these activity categories. We 

evaluated the effect of breed with Lohmann Brown Lite (brown feathered) and Lohmann LSL-Lite 

(white feathered) pullets since they are widely used in commercial egg farming, and differences in 

physiology and behaviour have been reported between them (32,43–47). In addition to a group 

reared in conventional cages, we selected two aviary styles representing different ends of the 

spectrum in terms of design complexity. Aviary complexity categorization was largely influenced 

by the spatial complexity during the brooding phase (up to 6 weeks of age): pullets in the Low but 

not High complexity aviary were restricted from using ramps and platforms. The Low and High 

complexity aviaries also differ in that the High complexity style has more perches and platforms 

and is therefore able to accommodate a higher number of birds using these structures.  

Previous studies have examined in vivo tibiotarsal strains in avian species such as chickens 

(Biewener et al., 1986), turkeys (Rubin & Lanyon, 1984a), and emu (Main & Biewener, 2007). 

These studies measured strains during locomotion performed either on a treadmill or freely on the 

ground. In the current study, we measured strains during not only locomotor, but a range of activity 

types known to be naturally performed by chickens. In doing so we aimed to learn how genetic 

background and loading history influences bone mechanical properties. These data are critical to 

address the high incidence of osteoporosis and bone fractures that is endemic in this population 

and to determine what levels and types of physical activity enhance bone health. We hypothesized 

that both breed and rearing environment would affect mechanical strains measured. Specifically, 

we hypothesized that 1) Lohmann Brown (B) pullets would have higher strains compared to 

Lohmann LSL Lite (W) given their higher body weight, lower 3-point bending strength, and lower 

midshaft cortical thickness (Ross, 2021) and that 2) across all sampled activities, longitudinal and 

derived mechanical strains would be higher in pullets reared in conventional cages compared to 

aviary-reared pullets, as they are not adapted to activities of such intensity. 

 Our data did not support our first hypothesis in all strain outcomes for all activities. 

Instead, we observed a much more nuanced result with B pullets experiencing higher strain 

magnitudes compared to W for certain outcome parameters and during certain activities. We saw 

that breed affected longitudinal strains only during a subset of the activities sampled, namely 

during steady activities, while derived principal strains and shear were affected during both steady 
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and non-steady activities. These results indicate that B and W tibiotarsi undergo different loading 

conditions with different relative contributions of axial compression, bending, and torsion. In vivo 

strains are determined by the magnitude and direction of load, along with the structural and 

material properties of the bone withstanding the load. B and W pullets differ significantly in body 

weight, which is differentially distributed in the two breeds analyzed in this study. Normalized to 

body weight, B pullets have significantly lower pectoralis major, pectoralis minor, and bicep 

weights, and higher leg muscle weights (Pufall et al., 2021; Ross, n.d.). B pullets also have 

significantly lower keel bone area, humerus, radius, tibiotarsus, and femur length, and higher keel 

percent cartilage, also normalized to body weight (Pufall et al., 2021; Ross, n.d.). Although it has 

not been explicitly shown in these two breeds, these differences in muscle weights and bone 

lengths likely produce differences in the position of the center of mass and orientation of the 

ground reaction force vector relative to the tibiotarsus (Carrano & Biewener, 1999). Changes in 

center of mass position and limb orientation have been shown to affect levels of torsion in the 

femur of chicken (Carrano & Biewener, 1999); this is a possible explanation for the observed effect 

of breed on anterior shear strains that we see at the tibiotarsus midshaft. There are also possible 

effects of genetics independent of differences in anatomy or activity: in humans, multiple identical 

stress fractures were observed in monozygotic twins (Singer et al., 1990), and in chickens 

specifically, multiple studies have shown inheritance of bone characteristics affecting osteoporosis 

(Bishop et al., 2000; Dunn et al., 2007; Raymond et al., 2018). 

Our second hypothesis regarding the effect of rearing housing was partially supported. 

Although pairwise comparisons were not significant, we saw a consistent pattern in parameters 

that were affected by rearing housing style. During steady activities, Conv pullets generally had 

higher strains compared to aviary-reared pullets. In contrast and unexpectedly, Conv pullets 

generally had lower strains compared to aviary-reared pullets during the non-steady activities 

jumping and aerial transition landing. We show that jumping and aerial transition landings produce 

the highest strains in both breeds, but these activities are only performed in aviary systems and 

have been shown to occur much less frequently than steady activities (Pufall et al., 2021; Rentsch 

et al., 2023b). Therefore, steady activities were likely the predominant driver of bone adaptation, 

and the bone adaptations induced by the steady activities to decrease the strain during steady 

activities may not have the same effect during non-steady activities. 
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Across activities measured, when housing is a significant predictor of strain we consistently 

see the pattern of Low pullets having lower strain magnitudes compared to High pullets, meaning 

that Low pullets tended to have limbs that are better able to resist bone deformation during these 

measured activities than High pullets. In a study that measured pullet behaviour in similar 

commercial aviaries, pullets housed in High aviaries performed more locomotion (walking and 

running), aerial transitions, and vertical transitions compared to those in Low, quantified as the 

number of occurrences per 30 min (Pufall et al., 2021). Whether these differences in number of 

locomotor and transition events translate to differences in bone adaptation is unclear and warrants 

further investigation. Studies examining how the number of loading cycles applied during in vivo 

controlled loading affect the mechanoresponse report that only a few daily loading cycles (reported 

ranging 5-60) are sufficient to produce an anabolic response, and that increasing the number of 

cycles beyond this level does not significantly increase the anabolic response (Rubin & Lanyon, 

1984b; Sun et al., 2018; Umemura et al., 1997; Yang et al., 2017). Conversely, there is a clear 

dose-dependent relationship between the magnitude of applied load and the anabolic response in 

controlled loading studies, so long as the induced strain is within the window of lamellar bone 

formation (Hsieh & Turner, 2001; Sugiyama et al., 2012; Turner et al., 1994). Therefore, although 

High pullets may perform locomotion and aerial/vertical transitions more frequently (Pufall et al., 

2021), if the Low pullets habitually encounter higher ground reaction forces for example by 

jumping from higher heights, this could lead to a stronger adaptive response, higher in vivo axial 

stiffness, and lower in vivo strains in Low compared to High groups. This explanation is supported 

by results showing that, compared to treadmill walking, high-impact drops were shown to produce 

higher strains and more bone formation in the mid-diaphysis of the tarsometatarsal of growing 

roosters (Judex & Zernicke, 2000), but further investigation into the mechanoresponse in pullets 

is required. 

Measured peak in vivo tibiotarsal/tibial strain magnitudes across vertebrates broadly range 

from 600  to 5180  (peak longitudinal or principal strains, tensile or compressive depending 

on site measured) (Lanyon et al., 1975; Main, 2021a; Milgrom et al., 2000, 2015, 2022). 

Specifically in birds, previous studies have examined in vivo strains at the tibiotarsus of the 

chicken, emu, and turkey, during ground locomotion and report average peak principal tensile 

strain ranging from -1863  to -2350  measured at the midshaft (Biewener et al., 1986, p. 19; 
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Main & Biewener, 2007; Rubin & Lanyon, 1984a). We report peak longitudinal strain magnitudes 

of up to 698  at the posterior midshaft and peak principal strain magnitudes at the anterior surface 

of up to 1473 , both measured during aerial transition landing. We show that the tibiotarsus 

undergoes a combined loading environment in which torsion predominates. This agrees with other 

studies evaluating strains of the tibiotarsus and femur in birds (Biewener et al., 1986; Carrano & 

Biewener, 1999; Main & Biewener, 2007; Rubin & Lanyon, 1984a), and other previous reports 

showing that tibiotarsal bone cross-sectional geometry approximates an eccentric ellipsoid 

(Levenston et al., 1998; Ross, n.d.). We also show that aerial transition landing leads to unusual 

cross-sectional strain patterns evidenced by the fact that the anterior surface is in compression 

unlike during all other activities sampled where it is in tension. Aerial transition landing therefore 

may be an activity type that most strongly elicits bone formation. Further investigation comparing 

bone microstructure between Conv and aviary-reared groups can give insight as to whether there 

is higher bone mass and improved microstructure among birds with loading histories that include 

aerial transition landing. In humans, strains have been recorded as high as -3647 in compression, 

1473 in tension, and 4967 in shear (Milgrom et al., 2015), and have been shown to be variable 

across individuals (Milgrom et al., 2022). These strain magnitudes are notably higher than what 

we report here for the pullet tibiotarsus, likely a reflection of the activity performed by the humans 

being more vigorous than that performed by the pullets. Nevertheless, we similarly see variability 

in strains across individuals, and high shear strains.   

As early as at 11 weeks of age, Lohmann Brown Lite pullets were significantly heavier 

than Lohmann LSL Lite pullets, regardless of their rearing housing (Ross, 2021). This difference 

arises sometime after 6 weeks of age; at 6 weeks there is no difference in body weight between B 

and W pullets, regardless of what rearing environment they reside in (Ross, 2021). Although we 

did not see a significant interaction between breed and rearing housing on body weight, from 

pairwise comparisons we saw that rearing housing tended to affect body weight in W, but not B 

pullets. In addition, B birds were heavier than W birds when reared in Conv and Low, but not High. 

This finding warranted the inclusion of body weight as a predictor in our statistical model, allowing 

us to assess effects of breed and rearing housing on mechanical strains independent of body weight. 

W pullets reared in High complexity aviaries had significantly greater body weight compared to 

white birds reared in Low; but there was no difference in fat or lean content normalized to body 
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weight between High and Low pullets. We similarly investigated whether there was an effect of 

breed and rearing housing on measured step frequency to determine whether it should be included 

as another predictor in our model. Locomotor behaviours sampled in this study (ground, uphill, 

and downhill locomotion) were performed without controlling for speed (i.e. no treadmill), with 

the benefit of allowing for more natural behaviour. The effect of locomotor speed (Biewener et al., 

1983; Gatesy & Biewener, 1991; Loitz & Zernicke, 1992), as well as body weight (Biewener, 

1982; Biewener & Bertram, 1994; Carrano & Biewener, 1999; Main & Biewener, 2007), on 

mechanical strains has been widely reported in vertebrates, including avian species. These studies 

report that mechanical strain magnitudes increase with increasing body weight and locomotor 

speed. Although locomotor speed and step frequency are not equivalent, step frequency increases 

with increasing locomotor speed especially in smaller bipeds (Loitz & Zernicke, 1992). We saw 

that the qualitative relationship between step frequency and mechanical strain magnitudes is the 

same as what is described between speed and mechanical strain, namely that mechanical strains 

increased with increasing step frequency. Pooling all locomotor segments, we found that breed 

and rearing housing had individual and interactive effects on step frequency. W pullets exhibited 

higher step frequency than B pullets, and similar to what we saw with body weight, housing did 

not affect step frequency in B but it did in W. The biggest difference between B and W was seen 

when reared in Conv. W pullets had progressively decreasing step frequency with increasing 

housing spatial complexity, up until the point where there was no longer a difference between B 

and W in the high complexity reared group. This interactive effect of housing and breed on step 

frequency pooled from all three locomotor activities was present during ground and downhill 

locomotion but not uphill locomotion, where only breed had a significant effect on step frequency. 

The pullets moved much more slowly during uphill locomotion, so it is likely that the effect of 

rearing housing, being less prominent than that of breed, was not perceivable at these low speeds. 

It is important to note that the locomotor step frequency at which we collected strain data is not 

necessarily reflective of habitual locomotor step frequency and speed but rather of fear responses. 

A clear example of this is that we measured higher locomotor speed in white pullets reared in Conv 

compared to those reared in Low and High complexity aviaries, although habitually the Conv 

pullets are barely able to locomote at all by virtue of being in a cage.  
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A limitation in our study was that pullets underwent a wait period of 3-14 days before 

experimentation where they were all housed in an open-concept floor-based system. This was 

necessary since pullets were raised in commercial housing systems at the University of Guelph, 

but the experiments were performed at McGill University’s poultry complex (~6.5h drive away). 

Pullets were sampled randomly for experimentation, so if there was an effect of this wait time, it 

would be randomly distributed and therefore consistent across breed and housing groups. 

Moreover, alterations in bone mechanical properties due to changes in housing systems have been 

observed 20 days after relocating, but were not seen 10 days after relocating (Newman & Leeson, 

1998), suggesting that this maximum 14 day wait period was likely not long enough to have a 

significant effect on the study results. 

We chose to examine young, prepubertal chickens to specifically investigate how early loading 

history influences bone mechanics, and to avoid confounding variables that arise during the egg-

laying phase, which is when the main differences in bone remodelling dynamics arise between 

birds and mammals. Nevertheless, future studies examining in vivo strains in adult and elderly 

chickens are warranted. Future studies investigating the effects of other non-caged housing 

systems are also warranted. Given our finding that jumping produces the highest in vivo strains, 

we would further hypothesize that aviary systems like the ones we tested which contain perches 

and platforms that motivate jumping would have a stronger influence on bone adaptation compared 

to floor-based or free-range systems. Although we report differences in strains between groups, 

whether these differences are meaningful in terms of their stimulatory effect on bones remains 

unclear and requires further investigation. Measurements of bone geometry, microstructure, whole 

bone curvature, ultrastructure, and material properties are important determinants of in vivo strains 

that would address this question; however, this is beyond the scope of this study.  

Differences in muscle mass and muscle contractile forces also may be contributing to the 

observed differences in the in vivo strains between breeds and housing groups. In humans, muscle 

contraction has been shown to be the predominant source of strain compared to the influence of 

ground reaction forces (Nigg & Wakeling, 2001). The effect of muscle contractile forces on bone 

deformation depends on the attachment sites and attachment surface sizes, and in humans, it was 

shown that muscle contraction led to decreased in vivo strains (Milgrom et al., 2015). Further 

investigation into the effect of breed and loading history on muscle attachment sites, muscle 
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contractile forces, and their influence on in vivo strains could be valuable towards the prevention 

of osteoporosis in these breeds of female chickens. 

Our key findings were: 1) different breeds of chickens adapted to maintain different in vivo 

strain patterns, 2) among birds with experience of dynamic load bearing activity (aviary reared 

birds), increased frequency of activity did not lead to decreased in vivo strains, and 3) the effect 

of loading history on in vivo strains was activity-type dependent. From these data we conclude 

that Lohmann Brown and Lohmann LSL Lite pullet tibiotarsi are optimized to withstand different 

relative amounts of bending, compression, and torsion. In comparing in vivo strains between 

conventional caged and aviary-reared birds, we conclude that the effects of adaptation to physical 

activity on in vivo strains are dependent on the activity type being performed. Future studies 

aiming to characterize in vivo background strains and how they may be affected by any given 

intervention should therefore sample strains during a range of activity types. Differences in spatial 

features of aviary rearing environments coincide with differences in in vivo tibiotarsal strains, with 

Low complexity aviaries with less variability in heights of platforms/perches/tiers from which the 

pullets can jump off from generally leading to lower habitual strains and therefore lower fracture 

risk, likely due to increased opportunities for high impact load bearing activities. These findings 

inform future studies aiming to study the bone mechanoresponse in these groups (breed, rearing 

housing), as controlled loading experiments require knowledge of habitual strain levels to be able 

to experimentally engender anabolic strains above this habitual level according to the mechanostat 

theory (3). They also may be generalizable to chickens of different ages, given that in vivo strains 

measured at functionally equivalent sites during treadmill locomotion were shown to be unchanged 

across ontogeny (4, 8, 12, and 17 weeks of age) in white leghorn chickens (Biewener et al., 1986). 

Our results provide valuable information regarding the mechanical environment that the pullet 

tibiotarsus is subjected to, with which we and others can associate measures of bone geometry, 

morphology, microstructure, ultrastructure, and material properties to understand how bones are 

designed to carry out their mechanical function. These data will likely inform which rearing 

housing environments and levels of physical activities are best for improving bone health and 

animal welfare in egg-laying hens of different strains. 
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Supplemental Figures 

 

 
Supplemental Fig. 1: Effect of breed and rearing housing on step frequency during A) ground locomotion, 

B) uphill locomotion, and C) downhill locomotion, (mean ± sd). ANOVA main effects: a) breed, b) rearing 

housing, c) interaction. Significant Tukey-Kramer post-hoc comparisons indicated by bars, with p-values 

above. Note: each step frequency data point corresponds to the step frequency from a segment of 

locomotion recorded. 
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Supplemental Fig. 2: Effect of breed and rearing housing on raw (not normalized) locomotor longitudinal 

strains (mean ± sd). Each column includes a different activity type measured and each row includes the 

anatomical of the tibiotarsal midshaft sampled. Data for locomotor activities has been normalized to the 

median step frequency per group, to control for within chicken variations in step frequency. ANOVA main 

effects: a) breed, b) rearing housing, c) interaction. Groups with significant unadjusted or adjusted p-values 

indicated by bars with p-values above: Benjamini-Hochberg post-hoc (non-italicized) and t-test (italicized). 

Note: plots within each row share the same y-axis scaling. 
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Supplemental Fig. 3: Effect of breed and rearing housing on raw (not normalized) locomotor principal 

strains, and tensile strain orientation during ground, uphill, and downhill locomotion (mean ± sd). ANOVA 

main effects: a) breed, b) rearing housing, c) interaction. Groups with significant unadjusted or adjusted p-

values indicated by bars with p-values above: Benjamini-Hochberg post-hoc (non-italicized) and t-test 

(italicized). Note: plots within each row share the same y-axis scaling. 
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Supplemental Fig. 4: Effect of breed and rearing housing on raw (not normalized) peak shear, axial, and 

bending strains during ground, uphill, and downhill locomotion (mean ± sd). ANOVA main effects: a) 

breed, b) rearing housing, c) interaction. Groups with significant unadjusted or adjusted p-values indicated 

by bars with p-values above: Benjamini-Hochberg post-hoc (non-italicized) and t-test (italicized). 
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Supplemental Figure 5: Loading patterns at the anterior surface during steady and non-steady activities. 

A) Illustration depicting the loading pattern of the tibiotarsus associated to three regions of the plot. At the 

y-axis, fractional tensile strain ratio (FTSR) indicates the relative contribution of principal tensile strain to 

the overall amount of principal strain. Tensile strain orientation is the angle of the axis of principal tensile 

strain relative to the bone’s longitudinal axis. Adapted from Moreno et al. 2008 (Moreno et al., 2008). B-

D) Steady activities. E-G) Non-steady activities. The line intersecting the y-axis delineates an FTSR = 0.5, 

when principal tensile and principal compressive contribute equally. The lines intersecting the x-axis 

delineate a tensile strain orientation of 22.5° and 67.5°. When the tensile strain orientation is within this 

range, the axis of tensile strain is closer to 45° than to being either aligned with the bone’s longitudinal or 

transverse axis.  

 
Supplemental Figure 6: Strains measured from the three independent elements of the rosette gauge during 

an exemplary segment of ground locomotion. εb corresponds to the element aligned with the bone’s 

longitudinal axis, whereas εa and εc are rotated 45 degrees clockwise and counterclockwise, respectively.  
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Supplemental Table 1: Sample sizes for each group, parameter, and activity combination. 
   

Ground 

locomotion 

Uphill 

locomotion 

Downhill 

locomotion 
Perching Jumping 

Aerial 

transition 

landing 

Anterior 

longitudinal 

Conv 
B 7 5 4 6 4 6 

W 6 5 5 6 4 6 

Low 
B 8 6 7 5 5 7 

W 8 7 8 6 4 6 

High 
B 7 7 7 7 4 8 

W 6 6 5 5 3 5 

Medial 

longitudinal 

Conv 

 

B 7 5 4 4 3 5 

W 5 4 5 5 4 5 

Low 

 

B 7 5 5 2 4 5 

W 8 7 8 6 4 6 

High 

 

B 6 7 6 6 4 6 

W 6 6 5 4 3 5 

Posterior 

longitudinal 

Conv 

 

B 7 4 3 4 4 5 

W 5 4 4 6 4 5 

Low 

 

B 6 6 5 3 4 5 

W 8 6 7 6 4 4 

High 

 

B 7 7 7 6 3 6 

W 4 4 3 3 2 4 

εax, εb 

Conv 

 

B 7 4 3 4 4 5 

W 5 4 4 6 4 5 

Low 
B 6 6 5 3 4 5 

W 7 6 7 6 4 4 

High 
B 7 7 7 6 3 6 

W 4 4 3 3 2 4 

εt, εc, θt, γ 

Conv 

 

B 5 5 4 5 5 7 

W 5 4 3 4 4 2 

Low 
B 7 5 7 3 4 4 

W 7 6 7 3 4 4 

High 
B 7 7 7 7 5 8 

W 6 6 5 5 5 3 
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Supplemental Table 2: Averages of normalized strain (με) and tensile strain orientation (°) outcome 

measures per group during steady activities. 
  Longitudinal Derived 

  Anterior Medial Posterior εt εc θt γ εax εb 
 Total 339 -266 -522 596 -745 49 840 -91 431 

 B 317 -32 -580 525 -869 49 678 -126 454 

 W 364 -513 -452 674 -616 47 1035 -49 409 

 Conv 503 -268 -549 630 -858 42 852 2 563 

 Low 214 -270 -486 599 -585 49 808 -127 346 

 High 330 -250 -538 560 -817 53 855 -122 419 

B 

 

Conv 515 -27 -593 573 -870 35 729 7 615 

Low 141 -24 -488 507 -656 54 473 -150 311 

High 284 -42 -652 499 -1016 58 777 -193 460 

W 

 

Conv 491 -652 -494 733 -890 51 1066 -4 499 

Low 274 -464 -479 658 -531 45 1033 -104 381 

High 392 -479 -334 641 -556 47 968 24 350 

Supplemental Table 3: Mean longitudinal and derived strains (με) measured during sampled activities, 

averaged across the 6 experimental groups (2 breeds x 3 housing environments). 
 Longitudinal strains Derived strains 

 Anterior Medial Posterior εt εc γ εax εb 

Ground locomotion 321 -370 -490 414 -585 709 -97 386 

Uphill locomotion 383 -273 -600 750 -925 922 -106 502 

Downhill locomotion 312 -155 -477 623 -726 891 -69 405 

Perching 55 -68 -1 283 -277 112 38 182 

Jumping 207 -443 -656 1151 -1258 1071 -215 475 

Aerial transition landing -64 -486 -698 1068 -1473 931 -392 675 

Supplemental Table 4: Averages of raw strain (με) and tensile strain orientation (°) outcome measures per 

group during steady activities.  
  Longitudinal Derived 

  Anterior Medial Posterior εt εc θt γ εax εb 
 Total 339 -266 -522 596 -745 49 840 -91 431 

 B 300 -22 -583 527 -877 49 678 -130 457 

 W 359 -509 -456 676 -621 47 1041 -49 409 

 Conv 470 -257 -546 629 -862 42 852 -2 558 

 Low 215 -255 -491 603 -592 49 813 -128 350 

 High 329 -254 -546 564 -825 54 857 -125 425 

B 

Conv 464 -22 -593 576 -882 35 729 1 610 

Low 148 11 -490 511 -664 54 477 -150 315 

High 281 -49 -657 501 -1021 58 773 -197 466 

W 

Conv 478 -637 -486 727 -883 50 1069 -4 491 

Low 268 -466 -487 662 -536 45 1039 -105 384 

High 395 -479 -351 648 -567 47 976 22 356 
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Supplemental Table 5: Averages of raw strain (με) and tensile strain orientation (°) outcome measures per 

group during non-steady activities.  
  Longitudinal Derived 

  Anterior Medial Posterior εt εc θt γ εax εb 
 Total 66 -332 -452 834 -1003 52 705 -190 444 

 B 15 -246 -464 532 -365 58 788 -208 381 

 W 139 -418 -439 1232 -588 48 532 -160 514 

 Conv 123 -440 -310 620 -344 49 676 -84 418 

 Low 21 -236 -586 857 -429 44 442 -315 383 

 High 104 -371 -365 1025 -622 61 935 -135 529 

B 

Conv -84 -114 -307 426 -294 48 573 -169 347 

Low -91 -250 -787 501 -290 50 661 -374 311 

High 224 -332 -293 650 -509 64 1048 -118 451 

W 

Conv 374 -712 -321 1002 -419 49 690 15 493 

Low 160 -242 -472 1211 -564 40 223 -277 425 

High -159 -379 -496 1412 -707 55 660 -214 611 

 

Supplemental Table 6: Averages of strain (με) and tensile strain orientation (°) outcome measures per 

group across all activities, considering normalized steady strains. 
  Longitudinal Derived 

  Anterior Medial Posterior εt εc θt γ εax εb 
 Total 202 -299 -487 715 -874 50 772 -140 438 

 B 166 -139 -522 529 -617 51 733 -167 418 

 W 251 -466 -446 953 -602 48 784 -104 461 

 Conv 313 -254 -429 625 -601 46 764 -41 490 

 Low 117 -253 -536 728 -507 47 625 -221 364 

 High 217 -311 -451 793 -719 57 895 -129 474 

B 

Conv 216 -70 -450 500 -582 42 651 -81 481 

Low 25 -137 -638 504 -473 52 567 -262 311 

High 264 -187 -473 574 -762 61 912 -156 456 

W 

Conv 433 -682 -408 867 -654 50 878 5 496 

Low 217 -353 -475 935 -547 43 628 -191 403 

High 117 -429 -415 1027 -631 51 814 -95 480 
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Supplemental Table 7: Averages of strain (με) and tensile strain orientation (°) outcome measures per 

group across all activities, considering raw steady strains. 
  Longitudinal Derived 

  Anterior Medial Posterior εt εc θt γ εax εb 

 Total 202 -299 -487 715 -874 50 772 -140 438 

 B 157 -134 -524 530 -621 51 733 -169 419 

 W 249 -464 -447 954 -604 48 787 -105 461 

 Conv 296 -349 -428 625 -603 46 764 -43 488 

 Low 118 -246 -538 730 -510 47 627 -222 366 

 High 216 -313 -455 795 -723 57 896 -130 477 

B 

Conv 190 -68 -450 501 -588 42 651 -84 479 

Low 29 -120 -639 506 -477 52 569 -262 313 

High 263 -190 -475 575 -765 61 911 -158 459 

W 

Conv 426 -675 -403 865 -651 50 879 5 492 

Low 214 -354 -479 936 -550 43 631 -191 405 

High 118 -429 -424 1030 -637 51 818 -96 483 
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Chapter 4 – In vivo mechanical behaviour of the tibiotarsus of young chickens 

during controlled loading 

 

In Chapter 3 I described a study wherein I measured the mechanical strain stimuli that the 

tibiotarsus is subjected to during different types of commonly performed activities, such as ground 

locomotion, ramp locomotion, jumping, and landing. Strain gauging is limited to measuring strains 

at discrete sites along the bone’s surface. Oftentimes, surgical accessibility of the bone’s surface 

and the bone size (dictating available surface area for gauge attachment) will limit the anatomical 

locations where strain can be measured. Finite element modelling overcomes this limitation, 

allowing the estimation of engendered strains and stresses throughout the entire bone volume, but 

requires the investigator to define the loading conditions, thus requiring prior knowledge of in vivo 

background loading boundary conditions which experimenters often do not have.  

In the current chapter, I performed finite element modelling simulating the better-known 

loading conditions applied by our controlled loading device. I characterized the mechanical 

behaviour of the tibiotarsi by measuring estimated strains and stresses engendered by axial 

compressive loading at a load magnitude which engenders strains in the range of those measured 

during background activities. I then investigated how tissue mineral density and bone structural 

properties influence the bone’s mechanical behaviour. Strains modelled at the sites of gauge 

attachment were similar to those measured during background in vivo loading, lending confidence 

to the generalizability of our findings beyond the context of controlled loading, to background 

loading conditions.   
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Abstract  

Bone fragility in commercial egg-laying chickens is a major welfare concern. Efforts have 

successfully focused on stimulating increased bone volume and changes in bone structure by 

motivating increased physical activity through more spacious and complex housing systems. 

However, it remains unclear how these bone adaptations to different housing systems influence in 

vivo bone mechanical behaviour. We sampled female chickens of two genetic strains that were 

raised in housing environments that allowed for none, moderate, or high physical activity levels. 

We performed whole-bone microCT-imaging of the tibiotarsi for finite element modelling of in 

vivo tibiotarsal axial compression, with either homogeneous or heterogeneous material properties, 

to assess the effects of bone structure and material properties on engendered bone deformation and 

stress. We then quantified measures of bone structure along the bone-length and correlated these 

measures to the simulated mechanical behaviour. We found that variations in tissue mineral 

density (TMD) of up to 0.2 gHA/cm3 had negligible effects on the stress magnitudes and patterns 

along the bone-length. Bone curvature was not an outstanding correlate to stress; instead, we found 

a set of structural parameters that all had significant, strong negative correlations to bone stress. 

We did see that stress and strain magnitudes, but not patterns, differed between bones from brown- 

and white-feathered genotypes, and between bones from chickens raised in the three housing 

styles. These results inform future interpretations of changes in TMD as to their physiological 

significance in their effect on bone stress, inform mechanical testing protocols that aim to replicate 

in vivo loading, and inform poultry housing and enrichment design that encourage physical activity 

levels which lead to bone stiffening adaptations. 
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Introduction 

Commercial laying hens suffer from osteoporosis and high fracture incidence (Whitehead 

& Fleming, 2000), posing a significant welfare concern. Bone will fracture when the applied loads 

exceed the structural strength of bone. Osteoporosis occurs when there is low bone mineral density 

and deteriorated bone structure, which decrease both the bone’s stiffness and strength. In humans 

with osteoporosis, bone mass is highly correlated to fracture risk, but bone mass overlaps 

significantly in people who fracture and those who don’t indicating that bone mass alone is not 

adequate to predict fracture. The bone’s ability to bear applied loads is a function of the whole 

bone volume, geometric distribution of the volume, and the material properties of the bone. Thus, 

other whole bone properties such as stiffness and curvature as well as material level properties are 

likely important determinants of fracture risk in humans as well as egg laying hens.  

The stiffness of a bone is a function of 1) the properties of the bone material, and 2) the 

arrangement of the bone tissue in space (bone structure) (Burr, 2019; van der Meulen et al., 2001). 

The elastic modulus, a material property, describes how stiff the material itself is (which is not the 

same as the whole bone stiffness) and is assumed to be linearly related to the tissue mineral density 

(TMD) (J. D. Currey, 1988b, 2004b). Bone structure depends on how much bone there is (bone 

volume) and architectural properties such as whole bone curvature, bone length, cross-sectional 

thickness, cross-sectional area, among others. Many studies to date seeking to assess the severity 

of osteoporosis in commercial laying hens and test the effects of interventions have looked at bone 

mineral density and ash density as an indicator of bone stiffness and strength (Chen & Kim, 2020; 

Kim et al., 2012). Only recently have studies begun using high-resolution CT imaging to evaluate 

bone-type specific (cortical, trabecular) structural properties (Chen & Kim, 2020; Regmi et al., 

2017). In rodents, much more research has been performed and it has been shown that tissue 

mineral density heterogeneity does not influence bone stiffness (Razi, Birkhold, Zaslansky, et al., 

2015).  

 Recent work has shown that providing increased opportunities for physical activity by 

housing chickens in more spacious, complex environments, has positive effects on bone health 

related outcomes especially when these opportunities are provided from youth (T. M. Casey-Trott, 

Korver, et al., 2017a, 2017b; Enneking et al., 2012; Fleming et al., 2006; Heerkens et al., 2016; 

Hester et al., 2013). Chickens raised in aviaries had wider, longer bones with higher cortical bone 
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thickness, and higher bone mineral content (Vitienes et al., 2021). It remains unclear, however, 

how these adaptations relate to bone stiffness.  

 We aimed to address this gap in knowledge by performing finite element analyses 

modelling physiological axial compressive loading of the tibiotarsus to characterize the tibiotarsal 

mechanical behaviour and assess the relative effects of tissue mineral density heterogeneity (a 

material property) and structural properties on the mechanical behaviour. We sampled bones from 

two genetic strains of chickens that were raised in one of three styles of housing: a conventional 

cage that did not allow for any physical activity, and two types of aviary-style systems of low or 

high spatial complexity. We hypothesized that 1) bone mechanical behavior would be influenced 

by both mineral density heterogeneity and bone structure, 2) bone curvature would be the salient 

determinant of bone deformation due to loading, and 3) bone mechanical behavior and its 

relationship to bone structure would differ between genotype and housing groups. 

 

Materials and Methods 

1. Housing and management 

All animal use and procedures were approved by the animal care committees at the University 

of Guelph (AUP #4127) and McGill University (AUP #8083). Housing and management are 

briefly described, whereas full details are reported elsewhere (Vitienes et al., 2023). Over a two-

year period, three consecutive flocks of Lohmann Selected Leghorn Lite (white-feathered) and 

Lohmann Brown Lite (brown-feathered) female chicks (Gallus gallus domesticus) were obtained 

from a commercial hatchery at the age of one day old. The chickens were reared from 1 day of age 

to 14 weeks at the University of Guelph in either conventional rearing cages (Conv: Ford 

Dickinson, Mitchell, Ontario, Canada), or one of two styles of commercial aviaries. Conventional 

cages are spatially restrictive and do not allow for physical activity or movement - chickens are 

only able to stand and sit. Aviaries alternatively are more spacious and contain infrastructure that 

allows for more frequent and varied types of activity (e.g. jumping, ramp ascent and descent, 

perching, running) (Pufall et al., 2021; Rentsch et al., 2023a). The aviaries chosen for this study 

had either low or high spatial complexity (Low: Natura Primus, Big Dutchman, Holland, MI, 

U.S.A; High: NivoVaria, Jansen Poultry Equipment, Netherlands, and Farmer Automatic Portal 

Pullet, Clark Ag Systems, Caledonia, ON, Canada) and have been shown to motivate moderate or 
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high amounts of physical activity respectively (Pufall et al., 2021; Rentsch et al., 2023a). We have 

also previously shown that aviary-complexity has a genetic-strain dependent effect on dynamic 

load-bearing activity, where brown-feathered chickens in Low and High had similar activity levels, 

whereas white-feathered chickens in High were more active than those in Low (Rentsch et al., 

2023a). Both brown- and white-feathered chickens were more active when housed in aviaries 

(either Low or High) compared to when housed in Conv.  

Chickens of each genetic strain were housed separately. Conventional cages were populated 

with 30 chickens/cage (h: 40 cm, w: 76 cm, d: 66 cm) during weeks 0-6 (167 cm2/chicken), and 

15 chickens/cage during weeks 6-14 (344 cm2/chicken). For each flock, a total of 300 chickens per 

genetic strain were reared in Low aviaries, whereas the High housing group had 600 chickens per 

genetic strain per flock. All other conditions (feed, vaccination, lighting, temperature) were held 

constant across housing groups. 

A total of 48 fourteen-week-old white-feathered and brown-feathered chickens were randomly 

sampled (n=8 chickens/genetic strain [2]/rearing housing system [3]) and transported from the 

University of Guelph to McGill University (Donald McQueen Shaver Poultry Complex) on three 

separate occasions. Upon arrival at McGill, the white-feathered and brown-feathered chickens 

were housed in separate identical rooms consisting only of litter floor (total area of 13.2 m2). 

Chickens were fed ad libitum standard age-appropriate crumble diet. A lighting schedule of 10h 

of light per day, at 10 lux, was maintained, and rooms were kept at 20°C. Chickens were allowed 

to acclimate for at least 72 h prior to the onset of the experiment. Time constraints allowed for 

experimentation on two chickens per day, and thus the experiment occurred over a 2-week period. 

Chickens were weighed the morning prior to undergoing surgery for strain gauge attachment.  

2. In vivo strain measurements at the tibiotarsal midshaft during axial compressive loading 

Chickens were instrumented with strain gauges at the right tibiotarsus midshaft. Following 

strain gauge attachment, chickens underwent in vivo background strain gauging, results of which 

are reported elsewhere (Vitienes et al., 2023). Strain gauge preparation and surgical procedures to 

attach strain gauges are also reported elsewhere. Briefly, chickens were sedated and instrumented 

with strain gauges at the tibiotarsus midshaft. Following a 2-3h period of recovery from surgery, 

chickens underwent in vivo background strain gauging (results reported elsewhere, (Vitienes et 

al., 2023)), after which time the chicken was anesthetized again for controlled loading. Chickens 
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were sedated with 0.5-1% of isoflurane at 1 L/min O2 flow rate using a mask. Sufficient anesthetic 

depth was asserted via the loss of toe pinch reflex and palpebral reflex.   

 Chickens then underwent controlled in vivo loading wherein the tibiotarsus was subjected 

to bouts of controlled axial compressive load (120N) using a loading device (Testbench 

ElectroForce LM1, Bose, Framingham, USA), while engendered strains were recorded from a 

rosette strain gauge (FR-1-11, Tokyo Sokki Kenkyujo Co., Ltd, Tokyo, Japan) attached to the 

anterior surface of the tibiotarsus midshaft. We applied dynamic compressive loading at a 

frequency of 4 Hz by a triangular waveform with a 0.1s rest between each cycle (216 load cycles 

per trial). Applied peak loads, measured by a load cell, differed slightly from the target load level 

(125 ± 4 N average applied load). A pre-load of 10 N was maintained during the rest phase to hold 

the limb in place. The loading device was outfitted with custom 3D printed knee and ankle fixtures. 

Strain signals were measured by connecting the breakout plug at the flank region of the chicken to 

a 3m long shielded cable (326-BSV; Micro-Measurements, U.S.A) connected to a bridge amplifier 

(System 8000 Scanner; Micro-Measurements, U.S.A). Strains were recorded (StrainSmart, Micro-

Measurements, U.S.A) using an excitation voltage of 3V and sampled at 1 kHz. A total of 4 

channels were recorded, corresponding to the three elements of the rosette strain gauge at the 

anterior surface and input from the loading machine load cell, such that load and strain were 

recorded simultaneously. Following controlled loading, chickens were euthanized, and their 

carcasses frozen for later dissection, after which time the strain gauged tibiotarsi were dissected 

and stored in 70% ethanol. 

3. Microcomputed tomography of the tibiotarsus  

A total of 35 right-sided whole tibiotarsi (n=6-8/genetic strain [2]/housing [3]) were imaged to 

measure bone structure. A subset of these images (n=1/genetic strain [2]/housing [3]) were used 

for finite element analysis (FEA). Whole tibiotarsi were imaged at an isotropic voxel size of 40.5 

μm (Skyscan 1276, Bruker, Massachusetts, U.S.A; 80 kV, 200 μA, 125 ms exposure time, 0.8° 

rotation step, Aluminum 0.5 mm filter, 180° scan, no frame averaging). Images were reconstructed 

with a dynamic range of 0-0.055 cm-1 and corrections for misalignment were applied when needed. 

microCT images were calibrated to units of gHA/cm3 with calibration equations derived by 

imaging calibration phantoms (0.25 and 0.75 gHA/cm3), measuring the average grey value of each 
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phantom (GV0.25, GV0.75), and solving the system of equations assuming a linear relationship 

between bone density and x-ray attenuation to derive calibration equation constants a and b: 

{
0.25

𝑔𝐻𝐴

𝑐𝑚3
 = 𝑎 ∗ 𝐺𝑉0.25 + 𝑏

0.75
𝑔𝐻𝐴

𝑐𝑚3
 = 𝑎 ∗ 𝐺𝑉0.75 + 𝑏

 

Bones were then binarized using a global threshold of 0.22 gHA/cm3 to exclude background and 

soft tissue. The fibula was segmented and excluded from all analyses given a lack of bony 

connection to the tibiotarsus, implying it does not bear load applied in our in vivo controlled 

loading model. 

4. Finite element modeling of load-induced strain and stress across the entire tibiotarsus 

A total of 6 bones (n=1/strain [2]/housing [3]) were used in the FEA, randomly selected from 

the set of 35 bones included in this study.  

Table 1: FEA parameters and validation. Max (abs) principal strain probed in FE models at the location 

of gauge attachment and compared to principal tensile strain measured experimentally at the anterior 

midshaft surface. Percent difference between experimental- and FE-derived strains quantified relative to 

the FE strains. 

 

4.1 Whole Bone Geometry 

Whole bone microCT images selected for FEA were binarized with a global threshold of 0.22 

gHA/cm3 and segmented to separate cortical from trabecular bone at the proximal and distal 

metaphyses (10% bone length VOI size) and midshaft (5% bone length VOI size). It was not 

possible to distinguish trabecular from medullary bone in these images due to insufficient 

resolution relative to medullary bone size and consequent partial volume effects. Segmentation 

was automated using sequential morphological operations (XamFlow, Lucid Concepts AG, 

Zürich, Switzerland). The resulting multi-label mask of the whole bone with cortical and trabecular 
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sections at the proximal and distal metaphyses and midshaft was then converted to a tetrahedral 

mesh using Amira 3D software (Amira 3D 2022, Thermo Fisher Scientific, Massachusetts, U.S.A) 

(Table 1).  

4.2 FEM Boundary Conditions 

Boundary conditions replicated the controlled loading experiment (Fig. 1 A). Two reference 

points were placed at each end of the bone: at the medial and lateral condyle centers (distal) and 

at the centers of the contact points of the two femoral condyles (proximal). The midpoints of each 

pair of reference points were then used to define the bone’s long axis (as the line joining these two 

midpoints). Contact surfaces were manually selected as the flexed tibiofemoral contact surfaces 

(proximal) and the contact surface between the distal tibiotarsus and the ankle fixture (distal) (Fig. 

1 B). A load of 120 N was applied through the contact surface at the bone’s distal end at an 10° 

angle from the bone’s axis in the posterior direction (Fig. 1 A) while contact surface nodes at the 

proximal end were held fixed. This peak load value was selected as it engenders principal strains 

ranging from 236-502 με at the tibiotarsus anterior midshaft, which are similar in magnitude to 

what we previously measured during in vivo background activities (9). 

 
Figure 1: Finite element methods. A) In vivo experimental loading setup simulated by the finite element 

modelling. Load is applied to the ankle in the direction of the load axis (dashed blue line) while the knee is 

held fixed in a flexed position. The load axis was rotated by approximately 10° in the posterior direction 

relative to the bone’s axis. B) FEM knee (proximal) and ankle (distal) contact surfaces mimicking the in 

vivo experimental conditions. 
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4.3 FEM Material Properties 

To distinguish between the effects of material properties and bone structure on modelled 

strains and stress, two models were created for each bone:  

(1) A heterogeneous model where each tetrahedral mesh element was assigned a specific elastic 

modulus as a function of the tissue mineral density measured at that location in the microCT image 

(Razi, Birkhold, Zaslansky, et al., 2015). Given the ash density-elastic modulus relationship  

𝐸 = 𝑘 𝜌𝑎𝑠ℎ
1.5 

and assuming a linear relationship between ash density (ρash) and linear attenuation coefficient (μ), 

an attenuation coefficient-modulus relationship can be derived as  

𝐸𝑉𝑂𝐼𝑎
=  (

𝐸𝑉𝑂𝐼𝑏

𝜇̅𝑏
1.5 ) 𝜇̅𝑎

1.5 

where 𝐸𝑉𝑂𝐼𝑖
 is the elastic modulus and 𝜇̅𝑖 the average attenuation coefficient of a given volume of 

interest i. We used our measurements of the average tissue mineral density of the 6 FEA tibiotarsi 

(0.52 gHA/cm3, Fig. 2 A) and reported mid-diaphyseal femoral tissue elastic moduli of age-

matched female chickens (11 GPa) (S. Wang et al., 2019) as values for 𝜇̅𝑏 and 𝐸𝑉𝑂𝐼𝑏
, respectively, 

to derive an equation relating tissue mineral density to elastic modulus. 

2) A homogenous model where all tetrahedral elements were assigned a fixed elastic modulus of 

11 GPa, which we define as the modulus associated with the average tibiotarsal tissue mineral 

density (0.52 gHA/cm3).  

 4.4 FEM outcomes 

Bone meshes were divided into 20 sections along their long axis, each section consisting 

of 5% of the bone length. Average principal strains (tensile: ε̅max, compressive: ε̅min) and von 

Mises stress (σ̅v) were calculated within each region without distinguishing cortical from 

trabecular bone.  

Average principal strains and von Mises stress were also calculated for cortical and trabecular 

bone separately at the midshaft and proximal and distal metaphyses. Results are reported for each 

tibiotarsus (ε̅, σ̅v), as well as the mean across all tibiotarsi (mean ε̅, mean σ̅v). Experimentally 

measured principal strains at the anterior midshaft surface were used to validate the models (Table 

1).  
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5. Bone structure 

Thresholded whole bone images were aligned such that the bone’s longitudinal axis (defined 

as the chord joining the centroids at the proximal (5%) and distal (95%) ends of the bone) was in 

line with the global z-axis. At each slice, 2D measures of bone structure were computed and 

averaged across each 5% bone length section. We measured bone curvature (CR, mm), bone area 

(B.Ar, mm2), total area (T.Ar, mm2), bone area fraction (B.Ar/T.Ar, mm2/mm2), bone thickness 

(B.Th, mm),  bone thickness variation (B.Th.sd, mm), polar moment of inertia (pMOI = Imin + Imax, 

mm4), eccentricity (Imin/Imax, mm4/mm4), normalized inner perimeter (I.Pm/T.Ar., mm/mm2), 

normalized outer perimeter (O.Pm/T.Ar, mm/mm2), normalized total perimeter (T.Pm/T.Ar, 

mm/mm2), and inner-to-outer perimeter ratio (I.Pm/O.Pm, mm/mm) (XamFlow, Lucid Concepts 

AG, Zürich, Switzerland). Curvature measurements were normalized by each bone’s midshaft 

anterior radius (distance between the midshaft slice centroid and the anterior periosteal surface), 

based on reported recommendations (Bertram & Biewener, 1992).  

6. Statistics 

The effect of bone length section, genetic strain, housing style, and their interactions on tibiotarsal 

bone structure was assessed by repeated measures ANOVA and unpaired t-tests with Tukey’s post-

hoc corrections (SAS 9.4, SAS Institute, North Carolina, U.S.A). The correlation between bone 

structural outcomes and FE-derived von Mises stress was quantified by Pearson correlation 

coefficients, a normalized measure of covariance. A Pearson correlation coefficient (PCC) and 

associated correlation p-value were computed for each structural outcome, for each bone or bone 

subregion. Differences between groups are reported as the difference in the given parameter in 

group A relative to group B (∆parameterA−B  =  (
(|A| −  |B|)

|B|⁄ ), where A, B, and parameter 

are specified in each case). Statistical significance was set at p ≤ 0.05. 
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Figure 2: Tissue mineral density variation throughout the tibiotarsi (n=1/genetic strain [2]/housing 

[3]). A) Mean ± standard deviation of the average volumetric tissue mineral density (vTMD, gHA/cm3) 

across the tibiotarsus length. For each bone, vTMD was averaged at 1% bone length intervals (denoted 

vTMD̅̅ ̅̅ ̅̅ ̅̅ ), and the plotted mean ± sd is taken across the 6 bones. B) Mean ± standard deviation of the 

coefficient of variation (CV, %) of vTMD̅̅ ̅̅ ̅̅ ̅̅  across the tibiotarsus length. For each bone, the CV was 

calculated at each 1% bone length interval, and then averaged across the 6 bones. C) Midshaft cross section 

of each bone showing variations in vTMD, and the respective slice histogram beside. Each histogram is 

annotated with the peak vTMD and the proportion (%) of pixels included in the box, which encompasses 

pixels below the average mean vTMD assigned to the homogeneous model (0.52 gHA/cm3). 
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Figure 3: Average mechanical behaviour along the bone length (n=1 tibiotarsus/genetic strain 

[2]/housing [3]). Striped regions on the plot background indicate the 5% bone length sections across which 

data is averaged. A) Lateral and anterior aspect views of a tibiotarsus, scaled and aligned to the x axes of 

plots below. B-C) Mean (line) ± standard deviation (shaded) of the average principal strain (green: tensile, 

ε̅max; red: compressive, ε̅min) at 5% bone length sections for heterogeneous and homogeneous models, 

respectively. D-E) Mean of the percent of tensile and compressive elements within each 5% bone-length 

section for heterogeneous and homogeneous models, respectively. F-G) Mean ± sd of the average von Mises 

stress (σ̅v) at 5% bone length sections for heterogeneous and homogeneous models, respectively. 
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Results 

Tissue mineral density heterogeneity had negligible effects on bone mechanical properties 

Average volumetric tissue mineral density (vTMD, gHA/cm3) measured at 5% bone length 

sections ranged from 0.32-0.7 gHA/cm3. Bones were more highly mineralized along the diaphysis, 

compared to the less mineralized proximal and distal metaphyses (Fig. 2 A). There was also 

substantial cross-sectional variation in vTMD along the entire length of the bone, with a mean 

coefficient of variation in vTMD ranging between 20-31% (Fig. 2 B). We have observed the 

presence of medullary bone with a low level of mineralization at the midshaft endosteal surfaces 

of these 6 bones from higher resolution imaging, to which this cross-sectional variability in vTMD 

is attributed. The slice histograms provide evidence for what is seen visually in the cross-sectional 

images: there was lower peak mineralization in the brown-feathered (0.69-0.79 gHA/cm3) 

compared to white-feathered (0.72-0.84 gHA/cm3) chickens, and within the more highly 

mineralized area, vTMD was more homogeneous in the white-feathered compared to the brown-

feathered chickens (narrower histogram peak) (Fig. 2 C). The homogeneous FEMs were defined 

such that the bones had a fixed mineral density of 0.52gHA/cm3, with the implication that along 

73% of the bone’s length the homogeneous models had a mineral density up to 0.18 gHA/cm3 

lower than the heterogeneous model bones.  At the proximal and distal regions, the homogeneous 

models had a mineral density up to 0.2 gHA/cm3 higher than the heterogeneous models (Fig. 2 A). 

Cross-sectionally, in the homogeneous models there no longer was the consistent gradient in 

vTMD seen wherein the outer part of the cortex is more highly mineralized than the endosteal 

region (Fig. 2 C).  

The inclusion of realistic, spatially heterogeneous vTMD in the heterogeneous models did 

not lead to striking differences in modelled mechanical properties. Section-wise differences in 

heterogeneous and homogeneous model strains (∆ε̅maxhet−hom
, ∆ε̅minhet−hom

) ranged from -222 

to 201 με in tension and -376 to 267 με in compression. Peak mean average principal tensile (peak 

mean ε̅max) and compressive (peak mean ε̅min) strain magnitudes from the heterogeneous models 

were lower compared to the homogeneous models (∆ε̅maxhet−hom
 = -126 με, ∆ε̅minhet−hom

 = -397 

με) (Fig. 3 B-C). Both models exhibited similar proportions of tensile and compressive elements 

within each bone section (Fig. 3 D-E). Peak mean average von Mises stress (peak mean σ̅v) was 
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also lower in the heterogeneous compared to homogeneous models (∆σ̅vhet−hom
 = -1 GPa). Along 

the length of the bone, there was a consistent pattern in both heterogeneous and homogeneous 

models where strains and stress peaked at the proximal and distal regions. Given the minimal 

differences in strain and stress magnitude and patterns along the length of the bone, subsequent 

results will be presented only for homogeneous models to isolate the effects of bone geometry on 

bone mechanics.  

Heterogeneity of stress distribution across the bone length and between bone compartments 

Average principal tensile and compressive strain, and average von Mises stress, all had 

similar distributions along the bone length, with local peaks at the proximal and distal metaphyses, 

the latter being the global maximum (Fig. 3 B-C, 3 F-G). At the proximal metaphysis, strain and 

stress peaked at the 20-25% bone length region (mean ε̅max = 916 με, mean ε̅min = -1361 με, mean 

σ̅v = 13 GPa). At the distal metaphysis, peak strains and stress occurred at 75-85% of the bone 

length (mean ε̅max = 1248 με, mean ε̅min = -1781 με, mean σ̅v = 18 GPa). The local minima 

between these peaks occured at 50-60% bone length (mean ε̅max = 160 με, mean ε̅min = 708 με, 

mean σ̅v = 8 GPa). At this location, the bone was completely under compression, whereas 

elsewhere there was a combination of tension and compression, with the proportion of tensile 

elements generally increasing with distance from this local minimum towards the proximal and 

distal ends of the bone (Fig. 3 E). Global minima also occurred at a consistent location, namely 

the 0-5% bone length region (mean ε̅max = 163 με, mean ε̅min = 69 με, mean σ̅v = 1 GPa). Along 

the bone length, stress varied across a range nearly as large as the peak stress achieved (94%).  

 By observing strains plotted on the bone geometry, we saw that, from the anterior 

perspective, the bones exhibited convex bending (anterior tension, posterior compression) in the 

proximal region and concave bending (anterior compression, posterior tension) in the distal region 

(Fig. 4 A). The transition in bending direction (rotation of the neutral axis by nearly 180°) occurred 

at the distal midshaft (52-64% bone length) (Fig. 4 B), coinciding with the region of local strain 

and stress minima.  

 Bone stress was differentially distributed between cortical and trabecular bone at the 

proximal and distal metaphyses (Fig. 5 A), where the total cross-sectional stress (proximal: 10 

GPa, distal: 16 GPa) was concentrated in the cortical bone tissue (proximal: 9 GPa, distal: 16 GPa). 
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At the midshaft, where total stress (8 GPa) was lower, it was similarly distributed between cortical 

(9 GPa) and trabecular (8 GPa) bone. Variation in stress along the bone length followed different 

patterns for cortical and trabecular bone: cortical bone stress peaked at the distal metaphysis and 

was lowest at the midshaft, whereas trabecular bone stress peaked at the midshaft, and was lowest 

at the proximal metaphysis. 

 
Figure 4: Principal strain distribution (n=1 tibiotarsus /genetic strain [2]/housing [3]). For each element, 

the principal strain with the highest magnitude (max (abs)) is shown. Positive strains are tensile, negative 

strains are compressive. A) Each bone seen from the anterior and posterior aspects. Bones are scaled to a 

common length. B) Cross sectional strain distributions of an exemplary bone at the 52-64% bone length 

region, where the transition from convex (proximal) to concave (distal) bending occurs (as visualized from 

the anterior aspect).  
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Figure 5: Regional variation in stress (n=1 tibiotarsus/genetic strain [2]/housing [3]). Mean ± standard 

deviation of the average von Mises stress σ̅v in cortical (green), trabecular (blue), and total (cortical ∪ 

trabecular, black) elements at the proximal metaphysis, midshaft, and distal metaphysis.  

 
Figure 6: Homogeneous model strains and stresses in individual bones (n=1/genetic strain [2]/housing 

[3]). Shaded regions on the plot background indicate the 5% bone length sections across which data is 

averaged. A) Average principal strain (tensile:  ε̅max, compressive: ε̅min) and B) von Mises stress (σ̅v) 

along the length of each bone. For each bone, strains or stress is averaged across elements within 5% bone 

length sections.  
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Strain and stress magnitudes, but not patterns, differed between brown- and white-feathered 

chickens 

In all bones, the same pattern occurred in which strains and stress had local maxima at the 

proximal and distal regions. The white-feathered chicken bones exhibited higher strain and stress 

magnitudes compared to the brown-feathered chicken bones, particularly at these regions of local 

maxima (Fig. 6 A-B). Among brown-feathered chicken bones, there was a consistent pattern 

wherein Conv bones had the highest strains and stress, followed by Low and then High (Conv > 

Low > High). In the white-feathered group, Low bones consistently exhibited higher strains and 

stress compared to Conv and High which themselves exhibited similar strains and stress 

magnitudes (Low > High = Conv).  

Structural determinants of stresses vary across the bone length 

To investigate the relationship between bone structure the observed stress distribution 

along the bone length, we quantified bone structural parameters within 5% bone length regions for 

the full set of bones (n=6-8/genetic strain [2]/housing [3]). All structural parameters were 

influenced by bone-length section. We did not observe a clear bimodal curve in any of the 

measured structural parameters (Fig. 7) as consistently seen in our strain and stress results. In all 

groups, radius of curvature (CR) peaked at the distal metaphysis (Fig. 7 A). Bone area (B.Ar), total 

area (T.Ar), polar moment of inertia (pMOI), normalized inner perimeter (I.Pm/T.Ar), normalized 

total perimeter (T.Pm/T.Ar), and inner-to-outer perimeter ratio (I.Pm/O.Pm) had similar patterns 

along the bone length, peaking at the proximal and distal ends, and remaining relatively constant 

along the bone shaft (Fig.7 B, C, G, I, K, L). Bone area ratio (B.Ar/T.Ar) and normalized outer 

perimeter (O.Pm/T.Ar) remained relatively constant throughout the bone length (Fig. 7 D, J). Bone 

thickness (B.Th), thickness variation (s(B.Th)), and eccentricity (Imin/Imax) exhibited a curved 

distribution along the bone length, peaking at the midshaft (Fig. 7 E, F, H). 

Genetic strain influenced all parameters except CR and B.Th, either independently or in a 

bone length section dependent fashion. Compared to W, B bones had higher B.Ar., T.Ar, s(B.Th), 

pMOI, I.Pm/T.Ar, and I.Pm/O.Pm, and lower B.Ar/T.Ar. Whereas for Imin/Imax and T.Pm/T.Ar, 

how one genetic strain compared to the other depended on the bone length section. Housing style 

influenced I.Pm/O.Pm independent of bone length section, and CR and I.Pm/T.Ar in a genetic 

strain-dependent manner.  



 
 

 

 

 

107 

Whole-bone von Mises stress significantly correlated to B.Ar, T.Ar, B.Ar/T.Ar, B.Th, 

pMOI, I.Pm/T.Ar, T.Pm/T.Ar, and I.Pm/O.Pm. All these structural outcomes significantly 

negatively correlated to von Mises stress (-0.75 < PCC < -0.46) except for B.Th (PCC = 0.49) (Fig. 

8). At the proximal 30% of the bone, B.Th had a significant positive correlation with stress 

(PCC=0.72) while s(B.Th), I.Pm/T.Ar, T.Pm/T.Ar, and I.Pm/O.Pm had significant negative 

correlations with stress (-0.97 < PCC < -0.82). Correlations at the distal 30% of the bone were 

similar to correlations of the whole bone: stress was negatively correlated to B.Ar, T.Ar, 

B.Ar/T.Ar, Imin+Imax, I.Pm/T.Ar, T.Pm/T.Ar, and I.Pm/O.Pm (-0.97 < PCC < -0.78) and positively 

correlated to O.Pm/T.Ar (PCC = 0.57) and B.Th (PCC = 0.89). In the middle section of the bone, 

there were no significant correlations between structural outcomes and stress.  
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Figure 7:  Bone morphology along the bone length (n=6-8 tibiotarsi/genetic strain [2]/housing [3]). For 

each bone, morphological outcomes were measured at each slice and averaged across 5% bone length 

sections (plot background stripes). Mean values per group (genetic strain x housing) are plotted. ANOVA 

p-values for the effects of bone length section (L), genetic strain (GS), housing (H), and all two-way 

interactions (L*GS, L*H, GS*H) are indicated within each plot. There were no section-dependent effects 

of housing (L*H); in the cases where there was a significant interaction between bone length section and 

genetic strain, significant (yellow) and trending (orange) pairwise comparisons between genetic strains are 

indicated below for each section. 



 
 

 

 

 

109 

 
Figure 8: Correlation between bone morphology and mechanical properties (6 bones, n=1 

tibiotarsus/genetic strain [2]/housing [3]). Mean ± standard deviation (across bones) of the Pearson 

correlation coefficients for the linear correlation between each morphological parameter and the von Mises 

stress along the bone length. Correlations were calculated for whole bone data, as well as separately for 

each third of the bone length (proximal, middle, and distal 33%). Listed on the left of each plot are the 

median correlation p-values.  
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Discussion 

The focus of this study was to characterize the mechanical behaviour of the tibiotarsus 

under controlled in vivo loading and assess its relation to bone material and structural properties, 

while taking into consideration the effects of genotype and rearing housing (a determinant of 

loading history). We simulated our experimental in vivo tibiotarsal loading model to estimate 

engendered principal strains and von Mises stress throughout the whole bone and validated our 

simulation with in vivo principal strain measurements at the anterior midshaft. We then quantified 

the correlation between subject specific stress along the bone length and a variety of measures of 

bone structure along the bone length, to investigate whether certain structural features (and if so 

which) could explain the simulated spatial patterns of mechanical stress. We hypothesized that 1) 

bone mechanical behavior would be influenced by both mineral density heterogeneity and bone 

structure, 2) bone curvature would be the salient determinant of bone deformation due to in vivo 

tibiotarsus loading, and 3) bone mechanical behavior and its relationship to bone structure would 

differ between genotype and housing groups. We found that variations in tissue mineral density of 

up to 0.2 gHA/cm3 had negligible effects on the stress magnitudes. Bone curvature was not an 

outstanding correlate to von Mises stress, but rather we found a set of structural parameters that 

all had significant, strong negative correlations to bone stress. We did see that stress and strain 

magnitudes, but not patterns, differed between brown- and white-feathered chicken bones, and 

between bones from chickens reared in the three housing styles.  

To assess the influence of tissue mineral density heterogeneity, we modelled each bone 

twice with 1) heterogeneous elastic moduli and 2) homogeneous elastic moduli. The homogeneous 

models allowed us to isolate the effects of bone structure on the mechanical behaviour of the bone, 

and in comparing outcomes with the heterogeneous models we were able to assess whether the 

consideration of tissue mineral density heterogeneity and magnitude (from which the elastic 

moduli were derived), in addition to bone structure plays a determining role in the bone’s 

mechanical behaviour. 

We observed substantial tissue mineral density heterogeneity in the bones, both 

longitudinally and cross-sectionally. Along the bone diaphysis, the tissue mineral density was up 

to 0.3 gHA/cm3 higher than at the metaphyseal regions. Throughout the bone cross-section, tissue 

mineral density was relatively homogeneous at the periosteal and intracortical regions, whereas 
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endosteally there was a sharp transition to lower-mineralized medullary bone. The elastic modulus 

assigned to the homogeneous models was derived as a function of the average tissue mineral 

density across the whole bone. Therefore, implementing a homogeneous material property 

approach not only removed the effect of mineral density heterogeneity, but also introduced a 

differential effect on the elastic modulus, dependent on the location in the bone. Thus, in some 

regions there was an increase in the elastic modulus of the homogenized model relative to the 

heterogeneous model (e.g. metaphyses, endosteal surface), and in other regions a decrease (e.g. 

diaphysis, intracortical region). 

Our data indicated that mechanical strains and stress fluctuated along the bone length, with 

two peaks occurring at the proximal and distal regions. This spatial variation in strains and stress 

was not mediated by heterogeneity in tissue mineral density, as it was observed in both 

homogeneous and heterogeneous models. Furthermore, there was a negligible difference in 

engendered stress between the heterogeneous and homogeneous models. These results indicate 

that changes in tissue mineral density at or below 0.2 gHA/cm3, which corresponds to 

approximately 25% of the average cortical diaphyseal vTMD of age- and genetic strain-matched 

chickens (Vitienes et al., 2021) were not influential on von Mises stress. These findings are 

relevant when it comes to assessing the physiological relevance of statistically significant increases 

in TMD and BMD, due to behavioural or pharmacological interventions in this population. These 

data highlight the importance of interventions that target structural adaptations rather than bone 

mineral density to stiffen bone.  

We did however observe higher peak principal strain in the homogeneous compared to the 

heterogeneous models, with average peak strains differing by up to 397 με. This difference is likely 

physiologically relevant, since we have previously shown in chickens from the genotype and 

housing, that in vivo locomotor peak principal strains range from 525-1016 με in magnitude 

(Vitienes et al., 2023). Therefore, the magnitude of the discrepancy between homogeneous and 

heterogeneous models amounts to as much as 76% of the in vivo locomotor peak principal strains.  

Given that the von Mises stress is purely a function of shear stress, our results show that tissue 

mineral density heterogeneity did not contribute to the bones’ ability to resist shear strain, but was 

relevant for resisting normal principal strain. Bones have generally been shown to be weakest in 

shear (Cowin, 2001; Keaveny et al., 2001). Together this suggests that efforts to prevent fractures 
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should not solely focus on improving tissue mineral density, but also consider other structural and 

ultrastructural determinants of bone stiffness and strength. These data also suggest that future 

studies involving FEA on avian tibiotarsi can directly implement a homogeneous material property 

model, without the need to create a much more complex FE model with heterogeneous, element-

specific material properties calibrated to units of mineral density.  

We observed a robust pattern in which both principal strains and von Mises stress have a 

bimodal distribution along the bone length, peaking at the proximal and distal metaphyses. The 

fact that both principal tensile and compressive strains peak simultaneously with the peak 

compressive strain being slightly higher than the peak tensile, indicates that there is a combination 

of compression and bending in these regions (Main, 2021b). The heat maps show anterior convex 

and concave bending in the proximal and distal ends, respectively. Bending occurs when the axis 

of applied load does not intersect with the centroid of the bone in the plane that is perpendicular 

to said load. This scenario occurs during off axis loading, or when there is a moment arm due to 

curvature of the bone. In the case of our FE models, load was applied along an axis rotated 10° 

posteriorly relative to the bone’s axis, therefore producing a moment arm along all bone cross-

sections. It has been theorized that, although bone is weaker in bending compared to pure 

compression, structural and tissue-level adaptations that enable bending of the bone are 

evolutionarily favourable, as they result in a predictable direction of deformation under variable 

load directions (Bertram & Biewener, 1988). Chickens are active and habitually perform a variety 

of activity types such as ground and ramp locomotion, wing-assisted locomotion, jumping, and 

perching (Pufall et al., 2021; Rentsch et al., 2023a), all of which likely produce variable 

magnitudes and directions of ground reaction forces acting on the tibiotarsi; this scenario would 

support the need to have structural features that result in consistent bone deformation directions 

under these variable conditions.   

At the midshaft, both principal strains and von Mises stress decrease to a local minimum. 

Relative to their peaks there is a more substantial decrease in principal strains compared to von 

Mises stress, indicating a predominance of shear stress at the midshaft. This is corroborated by the 

fact that at the midshaft we saw a nearly 180° rotation of the neutral axis of bending across 12% 

of the bone length. These lower stress levels at the midshaft suggest that there is a higher safety 

factor in this region; a safety factor is the ratio of habitual stress to ultimate stress, quantifying how 
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overbuilt the bone is and serving as an indicator of how prepared the bone is to encounter 

unexpected loading conditions (Willie, Zimmermann, et al., 2020).  

When we assessed the von Mises stress distribution between cortical and trabecular bone 

compartments, our results suggest that von Mises stress is shared relatively equally between 

cortical and trabecular bone at the midshaft when overall stresses are relatively low (proportional 

to the relative amounts of cortical and trabecular bone in this region), compared to the metaphyses 

where further increases in stress are disproportionately shared by cortical bone. 

Overall our results agree with the single other study that has performed finite element 

modelling of in vivo controlled loading of an avian tibiotarsus, specifically the chukar partridge 

(Verner, 2017), which modelled the same in vivo loading conditions as we did. They showed that 

peak strains occur at the proximal and distal metaphyses, whereas at the midshaft strains were 

lower. Our von Mises stress data suggests that there is substantial shear occurring in addition to 

bending and compression. In the chukar partridge they similarly show that the tibiotarsus 

undergoes a combination of bending, compression, and torsion-induced shear. In the chukar 

partridge, however, the highest strains occur at the proximal metaphysis as opposed to the distal 

metaphysis, and minimum strains occur relatively more proximal that what we saw in the chicken 

tibiotarsus. The differences in modelled mechanical behavior between the two avian species may 

be due to the substantial difference in bone length and overall size of the birds (chukar: 0.4 kg, 

chicken: 1.3 kg).   

These findings exemplify the complex relationship between bone structure and the 

mechanical strain and stress landscape that is produced upon loading, highlighting the importance 

of performing experimental studies to measure and model strains across a variety of species, 

genetic strains, ages, and disease states.  They also show that different sites of the bone undergo 

different modes of loading (e.g. mainly axial compression and shear at the midshaft compared to 

substantial bending at the metaphyses) and therefore serve to inform mechanical testing protocols 

that aim to replicate physiological failure conditions.  

In terms of differences in mechanical properties between genetic strains and between 

chickens with different loading histories (housing systems), we saw that the general patterns of 

strain and stress distribution across the bone length are present in all bones analyzed. Comparing 

genetic strains, most notably we saw that mechanical strains were higher in the white- compared 
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to brown-feathered chicken bones. In other words, brown-feathered chicken bones were better able 

at resisting deformation when subjected to our simulated in vivo controlled loading conditions. 

The brown-feathered Lohmann Brown genetic strain has a higher average body weight compared 

to the Lohmann Selected Leghorn Lite (Vitienes et al., 2023) and larger muscles (Pufall et al., 

2021), therefore their bones are adapted to supporting these higher load levels habitually, which 

may explain this finding. We previously quantified bone microstructural properties at the 

tibiotarsus midshaft of chickens in these groups (Vitienes et al., 2021) and found that although 

white-feathered chicken bones had higher cortical thickness and cortical area fraction, they had 

lower polar moment of inertia and robusticity. Together these data suggest that the polar moment 

of inertia and robusticity adaptations are more successful in resisting bone deformation, at least at 

the midshaft when subjected to our controlled loading conditions. This is likely because a 

substantial source of the deformation we engender at the midshaft is shear , and increases to the 

polar moment of inertia and robusticity are particularly effective at resisting torsion-induced shear 

strain (Main, 2021b).  

In looking at differences in mechanical strains and stress between bones from our three 

rearing housing groups, we hypothesized that chickens with more experience of physical activity 

will have acquired bone-stiffening adaptations such that, for a given applied force, their bones 

would deform less compared to chickens with a more sedentary history. We know that there is a 

genetic strain dependent effect of rearing housing on the amount of dynamic load bearing activity 

that these groups of chickens perform (Pufall et al., 2021; Rentsch et al., 2023a). Both genetic 

strains of chickens raised in conventional cages were less active than those raised in aviaries, but 

brown-feathered chickens performed similar levels of dynamic load bearing activity in Low and 

High housing environments (Rentsch et al., 2023a). In contrast, white-feathered chickens from 

High were more active than those in Low (B: Conv < Low = High; W: Conv < Low < High) 

(Rentsch et al., 2023a). We therefore expected to see similar genetic strain-specific patterns in the 

simulated strains and stress. We did see different patterns in the different genetic strains, but they 

did not mimic the patterns in activity levels. The discrepancy that we are observing – that chickens 

which presumably were more active did not necessarily have stiffer bones – could be due to an 

incomplete understanding of the force stimuli that these bones are receiving when the chickens are 

housed in the different rearing environments. Studies investigating bone’s mechanoresponsiveness 
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in other species have shown that only a few cycles of dynamic load are sufficient to elicit a bone 

anabolic response, provided the strain engendered by these load cycles is sufficiently high (Main 

et al., 2020). Thus, it is possible that, for example, in the brown-feathered chickens there were 

indeed physiologically relevant differences in the amount of dynamic load bearing activity 

performed between Low and High groups, but we were unable to perceive them, statistically, in 

our previous study. Even if both brown-feathered and white-feathered chicken bones equally 

profited from opportunities for increased physical activity when housed in aviaries, there may be 

genetic-strain differences in osteocyte mechanosensitivity, mechanotransduction, and/or 

(re)modelling dynamics of mechanoresponse effector cells that could lead to different 

mechanoresponse outcomes to a given stimulus (Robling & Turner, 2002), all of which warrant 

further investigation.  

We next sought to investigate how different bone structural features relate to its mechanical 

behaviour by measuring the correlation between structural parameters measured along the bone 

length and our modelled von Mises stress along the bone length. We looked at a variety of cross-

sectional structural parameters known to influence bone deformation and chose to measure 

correlations from the whole bone as well as within one of three regions along the bone. The 

relationship between bone structure and stress along the whole bone was similar at the proximal 

and distal 1/3 of the bone, suggesting that the similar mechanical behaviour we observe in the 

proximal and distal metaphyses is mediated by similar bone structural features. At the midshaft, 

none of the parameters we measured significantly correlated to stress, possibly because there is 

little variation in stress in this region to begin with. This may suggest that the bone has a higher 

safety factor in this region, which is in line with the hypothesis that bone structural design 

prioritizes resisting shear deformation.  

Our hypothesis that bone curvature would be a salient correlate to bone stress was not 

supported by our data. We found multiple measures that had significant correlations to bone stress, 

and curvature was not among them, although whole bone stress had a negative correlation with 

curvature that trended to significance. Bone area, total area, bone area ratio, and polar moment of 

inertia are all known bone stiffening adaptations, and this is confirmed by our findings that show 

they significantly negatively correlate to bone stress. Bone thickness is also a common parameter 

considered to be a determinant of stiffness, yet here we saw it to be positively correlated to bone 
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stress, along the whole bone and also in proximal and distal sections. This exemplifies how a 

bone’s mechanical behaviour is a product of a complex interaction of structural features, each of 

which may not independently have the same effect on bone stress as they would in combination 

with other features.  

Our study has limitations. It was not feasible to perform finite element analyses on a sample 

size higher than n=1, due to the extensive time required to create and run each model. We did 

however see similar strain and stress patterns in each bone, which lends confidence to the 

interpretations of our findings. In terms of experimental design, our ability to interpret our strain 

and stress findings in relation to the differences in activity levels between housing groups is limited 

by our ability to quantify their physical activity levels in ways which are relevant to the bone’s 

mechanoresponse. The common practice in poultry research is to identify focal birds and observe 

them for a given amount of time (e.g. 5 min) and record the occurrence of different activity types 

(Pufall et al., 2021; Rentsch et al., 2023a). Future research is needed to investigate the effects of 

other microstructural features such as porosity and osteon density, and other material properties 

such as collagen fiber orientation, osteocyte lacuno-canalicular network topology and volume, 

among others which also influence the bone’s mechanical properties.  

In summary, our key findings were 1) variations in tissue mineral density of up to 0.2 

gHA/cm3 had negligible effects on the stress magnitudes 2) bone curvature was not an outstanding 

correlate to stress, and 3) stress and strain magnitudes, but not patterns, differed between brown- 

and white-feathered chicken bones, and between bones from chickens reared in the three housing 

styles. These data inform mechanical testing protocols that aim to replicate in vivo loading, as well 

as poultry housing and enrichment design to encourage certain levels and ranges of physical 

activities. 
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Chapter 5 – Tibiotarsal mechanoresponse to in vivo controlled loading 
 

 

In this chapter, I describe a study that aimed to examine the tibiotarsus’ mechanoresponse. 

We performed an in vivo controlled loading experiment where chickens were subjected to a 

controlled load stimulus intended to elicit a bone mechanoresponse, which we then characterized 

in terms of its effect on bone structure and the resulting cellular level response. Based on the 

mechanostat theory, the common approach to eliciting a bone formation response to physiological 

loading is to load the bone to a level that engenders mechanical strain magnitudes which are above 

those habitually experienced by the bones. Thus, prior knowledge of these habitual strain 

magnitudes is needed, which is what was measured in Chapter 3. Based on these results, we 

selected a load level for out controlled loading experiment that engenders strains 4-9 times those 

which we measured to occur during a range of normal activities. In Chapter 4, I performed finite 

element modelling to simulate the strain and stress distributions throughout the bone using loading 

conditions that mimic our experimental in vivo controlled loading setup. The results from these 

finite element models thus provide us with an in depth understanding about the stimulus eliciting 

the bone mechanoresponse that we measure in the current study.   
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Abstract 

 Bone mechanoadaptation in avian species remains widely unexplored. It is a particular 

topic of interest in commercial egg-laying hens as it relates to interventions aiming to address 

widespread osteoporosis and high fracture incidence in this group by motivating increased bone 

anabolic physical activity. We have shown that housing chickens in non-cage systems leads to 

improvements to bone structure, both in white- and brown-feathered genetic strains. However, a 

recent study showed that the white-feathered strain is much more physically active than the brown-

genetic strain when housed in non-caged systems, suggesting that there are genetic strain 

differences in mechanoresponsiveness. To investigate this, we sampled white- and brown-

feathered chickens that were raised in either cages or two styles of aviary (non-cage) systems of 

low and high spatial complexity. We subjected the chickens’ right tibiotarsi to two weeks of 

controlled in vivo loading, the left limb serving as an internal control, using a loading protocol that 

has been shown to be anabolic in murine models. We administered calcein to label surfaces of 

bone formation, and measured the mechanoresponse by comparing microCT-derived measures of 

bone density and structure, and calcein-labelled surfaces, between loaded and non-loaded limbs. 

We also measured circulating serum markers for bone formation (P1NP) and resorption 

(TRAP5b). We hypothesized that loading would induce a genetic-strain dependent effect, with 

white-feathered chickens exhibiting a less pronounced mechanoresponse. We found that indeed 

the response to loading was genetic strain dependent, where only white-feathered and not brown-

feathered chickens exhibited a response. Surprisingly, loading impaired bone density and structure, 

and was associated to lower calcein labelling and lower circulating TRAP5b. These findings 

highlight how bone adaptation differs in chickens compared to murine models. Parametric studies 

aiming to elucidate the anabolic components of load stimuli are required.  

  



 
 

 

 

 

124 

Introduction 

Osteoporosis and fragility-related bone fractures in commercial egg-laying hens are 

prevalent  and have a negative impact on animal welfare (Whitehead & Fleming, 2000). These 

welfare concerns compounded with increasing consumer awareness and a shift towards a demand 

for more ethical practices in animal agriculture has motivated egg-farmers to seek out interventions 

to improve the bone health of their flocks. One intervention of interest makes use of bone’s 

hallmark quality of being mechanoresponsive (Frost, 1987), providing chickens with increased 

opportunities for physical activity to stimulate bone formation and thereby strengthen their bones.  

The effect of mechanical stimuli on bone has been widely studied in mammalian (mainly murine) 

models. We know from controlled in vivo loading experiments that, when bones are dynamically 

loaded to an extent which produces mechanical strain magnitudes 2-3 times above those which 

occur habitually during everyday activity, a bone anabolic response ensues (Frost, 1987; Main et 

al., 2020). In addition to strain magnitude, other parameters describing the load induced strain 

stimulus also influence the osteogenic response, such as the frequency of cycles (which is related 

to the loading rate), and the number of cycles applied per day (Main et al., 2020).  

Improvements to bone health-related outcomes have been reported in egg-laying hens 

housed in non-cage systems (T. M. Casey-Trott, Korver, et al., 2017c; Enneking et al., 2012; 

Fleming et al., 2006; Heerkens et al., 2016; Hester et al., 2013; Whitehead, 2004b), although they 

are also associated with increased fracture prevalence in the keel bone specifically (Harlander-

Matauschek et al., 2015; Rufener & Makagon, 2020; M. Toscano et al., 2018; M. J. Toscano et al., 

2020; Wilkins et al., 2011), likely attributed to, in part, increased collisions and injury. In light of 

this, researchers and farmers have observed that if chickens are housed in complex systems, they 

must be introduced to them from a young age such that they can develop the cognitive skills to 

safely navigate these environments and be able to find food and water. Providing these increased 

opportunities for physical activities early in life has also produce more pronounced benefits to 

bone health related outcomes which have long-lasting effects through adulthood, regardless of how 

much physical activity the chickens perform during adulthood (T. M. Casey-Trott, Korver, et al., 

2017c). These findings mirror what has been shown in murine models and humans – that bones 

are most mechanoresponsive during youth (Birkhold et al., 2014) and that anabolic adaptations to 

loading during youth are long lasting (Warden et al., 2014).   
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 The limitations of this intervention – providing increased opportunities for physical activity 

– is that compliance is uncontrollable. In both commercial (Pufall et al., 2021) and laboratory 

settings that replicate commercial barns (Rentsch et al., 2023a), the amount and types of physical 

activity that young chickens perform is dependent on both the style of housing system and the 

genetic strain of the chicken. Both studies looked at chickens that were raised in aviaries, which 

are open-concept types of non-cage housing systems equipped with platforms, perches, ramps, and 

floor space allowing birds to locomote. The relative amount and distribution of these different 

infrastructure components varies between manufacturers, and can generally be categorized as 

either low, moderate, or high complexity (Rentsch et al., 2023a).  

Over the course of three visits spanning 3 months, the first study surveyed a total of 11 

commercial farms with either a low, moderate, or high complexity aviary, housing either white-

feathered or brown-feathered young chickens, and quantified the occurrence and duration of a set 

of activity types.  Aviary style had an effect on the occurrence and duration of nearly all activity 

types measured, and this effect was often genetic-strain dependent, where white-feathered 

chickens were more active in more complex systems while brown-feathered chickens had similar 

activity levels in all three complexity level systems. The second study, which aimed to replicate 

the experimental model of the first study in a more controlled environment, arrived at similar 

findings: they found that white-feathered chickens were more active than brown-feathered 

chickens, and that aviary complexity level influenced behaviour levels almost exclusively in white- 

and not brown-feathered chickens (Rentsch et al., 2023a).  

To assess the effect of these differing levels of physical activity on bone, we sampled 

tibiotarsi from these chickens, performed micro-computed tomographic imaging (microCT) of a 

mid-diaphyseal region of interest, and quantified bone density and cross-sectional 

microarchitectural parameters, which are associated to increased bone stiffness and strength 

(Vitienes et al., 2021). Based on what we know about bone adaptation (which has been almost 

exclusively informed by mammalian studies) we expected to observe improvements to bone in 

aviary-raised chickens, compared to cage-reared, with effects of aviary style and genetic strain that 

would mirror the effects that these factors had on activity levels – namely, chickens housed in 

more complex aviaries would have more substantial improvements to bone outcomes given the 

dose-dependent relationship between system complexity and activity levels, and that these 
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improvements would be almost exclusively observed in the white-feathered genetic strain. Instead, 

we saw that although aviary-reared chickens had better bone outcomes than cage-reared chickens, 

there were no significant differences across aviary-style groups, let alone any genetic strain 

dependent differences (Vitienes et al., 2021). Together, these findings suggest that there are 

differences in mechanoresponse between these genetic strains, and that the relationship between 

mechanical stimulus and anabolic response may not be dose-dependent in these groups. Genotypic 

variations in mechanoresponse have been shown in mice (Rummler et al., 2021). 

Thus, although there is ample evidence that exercise results in bone anabolic effects in 

chickens, a deeper understanding of bone adaptation and osteogenic components of load stimuli is 

lacking. In vivo experimental model have been used to address these knowledge gaps (Main et al., 

2020), wherein a controlled stimulus is applied to a limb of an animal while the contralateral serves 

as an internal control, and the mechanoresponse is quantified by comparing microCT-based 

microarchitectural outcomes (Bouxsein et al., 2010) and histomorphological measures of bone 

formation (Dempster et al., 2013) between loaded and non-loaded bones. To date, only three 

studies have performed in vivo controlled loading in avian species: on adult male chickens (Rubin 

& Lanyon, 1984b), adult turkeys (Rubin & Lanyon, 1987), and young male chukar partridges 

(Verner, 2017), the latter being the only one done non-invasively. The first two studies (among the 

first in vivo loading studies to be performed, in the 1980’s) osteotomized and placed caps near the 

metaphyses of rooster and turkey ulnae with pins that allowed for the application of forces. The 

investigators aimed to assess how load-induced strain magnitude and dynamic versus compressive 

loading influenced the mechanoresponse, quantified by changes in bone area measured from 

radiographic images of bone cross-sections. They observed that only dynamic (not static) loading 

is osteogenic, and that the response to loading followed a dose-dependent relationship to 

engendered strain magnitude.  

Only recently was there a new investigation into avian bone mechanoresponse, specifically 

of the chukar partridge (Verner, 2017). The authors employed a non-invasive axial compression 

dynamic loading protocol identical to one shown to consistently produce an anabolic response in 

mice (Willie et al., 2013), albeit with a peak applied load of 130N that engendered strains 

approximately 1.5-2.5 times those measured to occur during high speed locomotion birds. 

Interestingly, they showed that although loading led to increased endosteal mineral apposition rate 
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and mineralizing surface, there was a decrease in bone volume and a trending decrease in bone 

area, with no changes to mineral density.  

In this current study, we aimed to address the gap in knowledge concerning chicken bone 

adaptation by conducting a non-invasive controlled in vivo loading experiment on the hindlimbs 

of young, pre-pubescent female chickens. In addition to characterizing the mechanoresponse in 

this group, we sought compare the mechanoresponse of white- and brown-feathered genetic strains 

raised in either conventional cages or two styles of aviaries (low and high complexity), to 

understand how genotype and loading history (rearing housing style) influence the bone 

mechanoresponse. We hypothesized that chickens raised in different aviaries would have similar 

responses to a controlled strain stimulus, and that there would be differences in mechanoresponse 

between genetic strains, with white-feathered chickens being less mechanoresponsive than brown-

feathered chickens.  

  

Materials and Methods 

Pullet Housing and Management 

All animal use and procedures were approved by the animal care committees at the 

University of Guelph (AUP #4127) and McGill University (AUP #8083). Housing and 

management are briefly described, whereas full details are reported elsewhere. A flock of 

Lohmann Selected Leghorn Lite (white-feathered) and Lohmann Brown Lite (brown-feathered) 

female chicks (Gallus gallus domesticus) were obtained from a commercial hatchery at the age of 

one day old. The chickens were reared from 1 day of age to 14 weeks at the University of Guelph 

in either conventional rearing cages (Conv: Ford Dickinson, Mitchell, Ontario, Canada), or one of 

two styles of commercial aviaries. Conventional cages are spatially restrictive, only allowing for 

standing and sitting, whereas aviaries are more spacious and contain infrastructure that allows for 

more frequent and varied types of activity (e.g. jumping, ramp ascent and descent, perching, 

running) (Pufall et al., 2021; Rentsch et al., 2023a). The aviaries chosen for this study had either 

low or high spatial complexity (Low: Natura Primus, Big Dutchman, Holland, MI, U.S.A; High: 

NivoVaria, Jansen Poultry Equipment, Netherlands, and Farmer Automatic Portal Pullet, Clark Ag 

Systems, Caledonia, ON, Canada) and have been shown to motivate moderate or high amounts of 

physical activity respectively (Pufall et al., 2021; Rentsch et al., 2023a). We have also previously 
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shown that aviary-complexity has a genetic-strain dependent effect on dynamic load-bearing 

activity, where brown-feathered chickens in Low and High had similar activity levels, whereas 

white-feathered chickens in High were more active than those in Low (Rentsch et al., 2023a). Both 

brown- and white-feathered chickens were more active when housed in aviaries (either Low or 

High) compared to when housed in Conv.  

A total of 48 fourteen-week-old white-feathered and brown-feathered chickens were 

randomly sampled (n=8 chickens/genetic strain [2]/rearing housing system [3]) and transported 

from the University of Guelph to McGill University (Donald McQueen Shaver Poultry Complex) 

on three separate occasions. Upon arrival at McGill, the white-feathered and brown-feathered 

chickens were housed in separate identical rooms consisting only of litter floor (total area of 13.2 

m2). Chickens were allowed to acclimate for 72h prior to the onset of the loading experiment, 

which lasted two weeks. After these two weeks, all chickens were euthanized, and bones were 

dissected and stored in 70% ethanol.  

Strain-load calibration 

We sought to perform a strain-matched loading protocol, controlling for the amount of 

strain induced by in vivo loading across experimental groups. Differences in bone material and 

structural properties across groups may result in differences in whole bone stiffness, which in turn 

would require the application of group-specific load levels to engender a target fixed strain 

magnitude across groups. Therefore, prior to conducting the loading experiment, we measured 

whole bone stiffness on a separate set of chickens, to deduce group-specific equations relating load 

to strain (Main et al., 2010). 

 
Figure 1: In vivo loading methodology. A. Image of a chicken undergoing axial compressive loading to 

the right hindlimb. The knee (right) is held fixed while load-controlled displacement is applied to the ankle 

(left). B. Illustration of the loading set up. Load is applied at an angle distal the bone’s axis. C. Triangular 

waveform implemented in the controlled loading protocol. Oscillations between 10 (preload) and 180 (peak 



 
 

 

 

 

129 

load) N are applied, with a 0.1s rest period between each bout, and a 5s rest period every four bouts. Rest 

insertions have been shown to potentiate the response to loading (Srinivasan et al., 2002, 2003).  

As part of a separate study assessing in vivo background strains engendered during habitual 

forms of physical activity, strain gauge sensors were surgically attached to a set of 48 chickens 

(n=8/genetic strain [2]/rearing housing [3]) at the tibiotarsal anterior, medial, and posterior 

surfaces. Data from habitual background activities have been reported elsewhere (Vitienes et al., 

2023). After background strain gauging, chickens were anesthetized (1L/min O2, 3% isoflurane). 

Chickens were then subjected to controlled in vivo cyclic axial compressive loading (Testbench 

ElectroForce LM1, Bose, Framingham, USA) of the tibiotarsus over a range of peak load 

magnitudes (30, 60, 90, 120, 150, 180, 200N), while the resulting mechanical strains at the sites 

of gauge attachment were simultaneously recorded (System 8000 Scanner; Micro-Measurements, 

U.S.A). The loads were applied to the right limb ankle, while the knee was held fixed (Fig. 1 A-

B). The limb was secured at a preload of 10N. The loading waveform consisted of a triangular 

waveform where a total of 50 load cycles were applied, without any rest insertions, at a load rate 

of  (𝑝𝑒𝑎𝑘 𝑙𝑜𝑎𝑑 − 𝑝𝑟𝑒𝑙𝑜𝑎𝑑 0.075⁄ ) 𝑁/𝑠. For each bone, two trials of loading were performed (i.e. 

bouts of load were applied for each load magnitude twice). For each trial, in vivo tibiotarsal axial 

stiffness was calculated as the ratio of the peak load to the peak strain: 

𝑆𝑖,𝑗 =  
(𝑝𝑒𝑎𝑘 𝑙𝑜𝑎𝑑𝑖,𝑗)

(𝑝𝑒𝑎𝑘 𝑠𝑡𝑟𝑎𝑖𝑛𝑖,𝑗)⁄  

for the i'th trial of the j’th load level. Stiffness data points were excluded if |∆𝑠𝑡𝑟𝑎𝑖𝑛𝑖,𝑗
| ≤ 1 or if 

𝑆𝑖,𝑗 fell further than 8 median absolute deviations away from the median stiffness. Two separate 

average axial stiffnesses were calculated across the 7 peak load levels, for trial 1 and trial 2, and 

the average with the lowest coefficient of variation was selected as the representative data point 

for a given chicken, denoted 𝑆. In vivo axial stiffness did not significantly differ across 

experimental groups (genetic strain, housing); therefore, a fixed load level was applied to all 

groups. 

In vivo tibiotarsal loading 

Chickens were subjected to two weeks (5 days/week) of in vivo controlled loading. Each 

day, chickens underwent a loading session wherein they were anesthetized, and a cyclical axial 

compressive load was applied to the right limb ankle while the knee was held fixed (Fig. 1 B). The 



 
 

 

 

 

130 

left limb served as a non-loaded internal control. Each session consisted of 216 cycles of load 

applied at a frequency of 4Hz (to mimic habitual step frequency (Vitienes et al., 2023)) (Fig. 1 C). 

We applied a target load level of 180N, which produces strain magnitudes of 270-2833 με, 

amounting to 4-9 times the amount of strain engendered during locomotion in these genetic strains 

of chickens (Table 1) (Vitienes et al., 2023). A preload of 10 N was maintained to secure the limb 

within the loading device. Load was applied with a triangular waveform, with a loading/unloading 

rate of 2266 N/s, a rest of 0.1s between each loading bout, and a 5s rest insertion after every 4 

bouts (Fig. 1 C). Pullets recovered from anesthesia within 2-3 minutes and were observed for 10 

minutes before returning them to their housing room. Pullets were monitored and no physical 

adverse effects of loading were observed (i.e. limping or bruising at ankle or knee). Loading 

sessions, including induction and recovery from anesthesia, lasted approximately 10 minutes. The 

loading of the 48 chickens included in the study took approximately 6 hours. Given that the 

response to loading has been shown to be influenced by circadian rhythm (Bouchard et al., 2022) 

we sampled birds randomly each day to account for this confounding variable.  

Table 1: Average axial stiffness, walking strain, and deduced strain engendered by 180N of axial 

compressive loading, at the anterior, medial, and posterior surfaces of the tibiotarsus midshaft. Walking 

strains and axial stiffness were measured on a separate set of chickens (Vitienes et al., 2023).  

 

After 3 and 10 days of loading, chickens were injected with calcein (5 mg/ml solution, 

dosage of 30 mg/kg, intraperitoneal administration) and alizarin (30mg/ml solution, dosage of 30 

mg/kg, intraperitoneal administration), respectively, to label bone surfaces undergoing bone 

formation. At the end of the experiment (2 days after the last loading session), blood was collected 

from the brachial vein, chickens were euthanized, and both tibiotarsi dissected and stored in 70% 

ethanol. The alizarin staining was diffuse and non-specific, therefore we only report results for the 

calcein label. 
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Micro-computed tomography and static morphometry 

To assess the effect of loading on bone length and curvature, whole tibiotarsi were imaged 

at an isotropic voxel size of 81 μm (Skyscan 1276, Bruker, Massachusetts, U.S.A; 80kV, 200uA, 

45 ms integration time, 180° scan, no frame averaging). Images were then aligned such that the 

bone’s long axis was parallel to the global z-axis, and the fibula was segmented and excluded from 

all analyses given a lack of bony connection to the tibiotarsus, implying it does not bear load. 

Whole bone images were binarized with a threshold of 0.24 gHA/cm3. The longitudinal axis of 

whole bone binarized images was defined as the chord joining the centroids at the proximal (10% 

bone length) and distal (90% bone length) ends of the bone. Bones were then rotated such that the 

anterior surface of the bone faced the +x direction. Tibiotarsal curvature was measured at each 

slice, and then averaged across 1% bone length intervals (number of slices within each interval 

varied according to subject-specific bone length) (XamFlow, Lucid Concepts AG, Zürich, 

Switzerland). Radius of curvature (CR) was computed as the distance between the slice centroid 

and the slice intercept of the bone’s longitudinal axis. Subject specific measures of CR were 

normalized by their respective midshaft anterior radii (distance between the midshaft slice centroid 

and the anterior periosteal surface), based on reported recommendations (Bertram & Biewener, 

1992). Bone length was measured based on the number of slices containing bone.  

To assess the effect of loading on bone structure and density, a region of interest comprised 

of 5% of the bone’s length centered at the midshaft was also imaged at an isotropic voxel size of 

9 μm (Skyscan 1276, Bruker, Massachusetts, U.S.A; 80 kV, 200 μA, 644 ms integration time, 360° 

scan, no frame averaging), which we then down-sampled by a factor of two (to 18 μm). Images 

were reconstructed with a dynamic range of 0-0.055 cm-1 and corrections for misalignment were 

applied when needed. Subsequent image calibration, alignment, segmentation, and microstructural 

analysis was performed using custom workflows (XamFlow, Lucid Concepts AG, Zürich, 

Switzerland). Images were calibrated to units of gHA/cm3 with calibration equations derived by 

imaging calibration phantoms (0.25 and 0.75 gHA/cm3), measuring the average grey value of each 

phantom (GV0.25, GV0.75), and solving the system of equations assuming a linear relationship 

between bone density and x-ray attenuation to derive calibration equation constants a and b: 
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{
0.25

𝑔𝐻𝐴

𝑐𝑚3
 = 𝑎 ∗ 𝐺𝑉0.25 + 𝑏

0.75
𝑔𝐻𝐴

𝑐𝑚3
 = 𝑎 ∗ 𝐺𝑉0.75 + 𝑏

 

Midshaft images were segmented into cortical (containing cortical bone) and medullary 

(containing trabecular and medullary bone) compartments, and binarized to produce masks of 

cortical, trabecular, and medullary bone using density-based and morphometric thresholding. 

From the cortical compartment, cortical bone was defined as voxels with a density above 340 

gHA/cm2. From the medullary compartment, trabecular bone was defined as 1) voxels with a 

density between 480 gHA/cm2 and 2) forming clusters above 100 μm2 (below reported trabecular 

thickness of chickens of similar age (Chen & Kim, 2020)). Excluded clusters (density above 480 

gHA/cm2 but area below 100 μm2) were considered as medullary bone, along with voxels of 

density between 225 and 480 gHA/cm2.  This dual criteria approach was based on findings showing 

the existence of regions of highly mineralized medullary bone, which the authors termed calcium 

halos (Kerschnitzki et al., 2014). Mineral density thresholds for cortical, trabecular, and medullary 

bone were determined by calculating the Otsu threshold (Otsu, 1979) for each compartment – in 

the case of the medullary compartment, using a multi-Otsu approach to distinguish between 3 

(background, medullary bone, trabecular bone), instead of 2 (background, cortical bone) 

compartments – and then averaging the thresholds across all bones. We then tested out these 

average global thresholds (cortical, trabecular, and medullary) and percent variations of them (e.g. 

85%, 95%, 105%) on a subset of images and selected the values which, upon visual inspection, 

produced the best binarization across this subset. Cortical, trabecular, and medullary bone volumes 

of interest were further sectioned into anatomical quadrants (anterior, medial, posterior, lateral), 

to assess whether the effect of loading is region-specific. All outcome measures listed below, 

except for polar moment of inertia and eccentricity, were measured for each quadrant.  

Cortical bone outcomes were assessed at the midshaft; they consisted of cortical bone 

volumetric tissue mineral density (Ct.vTMD), cortical thickness (mean, Ct.Th; standard deviation, 

Ct.Th.sd), cortical area (Ct.Ar = cortical volume/length of region of interest), total area (area 

enclosed by periosteal perimeter, T.Ar = total volume/length of region of interest), cortical area 

fraction (Ct.Ar/T.Ar), polar moment of inertia (pMOI = Imax + Imin), cortical eccentricity (Imin/Imax), 

and cortical porosity (Ct.Po = cortical pore volume/cortical volume). Note that here we define 
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cortical volume to be the volume of thresholded cortical bone, that includes cortical bone and 

excludes cortical pores (as opposed to the volume of the cortical compartment mask which 

includes both bone and pores). 

The trabecular bone outcomes were assessed at the midshaft; we measured trabecular 

volumetric tissue mineral density (Tb.vTMD), trabecular thickness (mean, Tb.Th; standard 

deviation, Tb.Th.sd), trabecular spacing (Tb.Sp), trabecular number (Tb.N), trabecular bone 

volume (Tb.BV), medullary canal volume (Tb.TV), and trabecular bone volume fraction 

(Tb.BV/Tb.TV). For the medullary bone, we measured medullary volumetric tissue mineral 

density (Md.vTMD), and medullary bone volume fraction (Md.BV/Tb.TV).  

Histomorphometry 

 Following microCT imaging, bones were embedded in polymethyl-methacrylate and 

sectioned transversely at the midshaft. The exposed surface (of the proximal piece) was ground, 

polished, and imaged with a confocal microscope at 10x magnification to visualize the calcein and 

alizarin fluorochrome labels (Zeiss LSM-780-NLO). Images were then analyzed using a custom 

workflow (XamFlow, Lucid Concepts AG, Zürich, Switzerland) to measure periosteal and 

endosteal surfaces. Unfortunately, the alizarin labelling was diffuse and non-specific, and therefore 

could not be analyzed. Thus, the following parameters were assessed for the calcein label: (Ps.BS, 

Ec.BS, [mm]), and lengths along these surfaces containing a calcein label (Ps.sLS, Ec.sLS, [mm]). 

The amount of bone surface under formation was then quantified as the ratio of the labelled surface 

relative to the entire surface (Ps.sLS/Ps.BS, Ec.sLS/Ec.BS, [mm/mm]) (Dempster et al., 2013).  

Statistics 

The effect of genetic strain and rearing housing style on bone axial stiffness was assessed 

by ANOVA. For the microCT and histomorphometry analyses, the within subject effect of loading 

and/or region (cross-sectional quadrants for microCT outcomes, and surfaces – periosteal and 

endosteal – for histomorphometry), and their interactions with genetic strain, rearing housing, and 

each other, were assessed by repeated measures ANOVA. The effects of loading and its interaction 

with other fixed effects are reported in the manuscript.  Differences between loaded and non-

loaded limbs were assessed by paired t-tests and denoted by ∆ =  𝐿𝑜𝑎𝑑𝑒𝑑 − 𝑁𝑜𝑛𝑙𝑜𝑎𝑑𝑒𝑑. When 

the difference is specific for a certain group, this will be specified as a subscript of Δ. The between 
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subject effect of genetic strain, housing, loading, and all two-way interactions on circulating serum 

markers was assessed by ANOVA, and differences between groups by t-test with Tukey’s post-

hoc correction. Significance was set at p < 0.05. 

 

Results 

Loading impaired cortical, trabecular, and medullary bone density and microarchitecture 

 Loading impaired cortical volumetric tissue mineral density (Fig. 2 A, Δ = -8 mgHA/cm3) 

independent of region, genetic strain, or housing. There was a region-specific effect of loading on 

cortical thickness (Fig. 2 B,  Δant = -0.022 mm, Δpost = -0.019 mm, Δlat = -0.032 mm), cortical area 

(Fig. 2 C, Δpost = -0.082 mm2, Δlat = -0.098 mm2), total area (Fig. 2 D), cortical area fraction (Fig. 

2 E, Δlat = -0.007 mm2/mm2), trabecular bone volume fraction (Fig. 2 G, Δlat = -0.002 mm3/mm3), 

and medullary bone volume fraction (Fig. 2 J, Δant = -0.015 mm3/mm3, Δmed = -0.009 mm3/mm3, 

Δpost = -0.01 mm3/mm3, Δlat = -0.011 mm3/mm3), all of which were impaired by loading. Loading 

had a genetic-strain dependent effect on cortical thickness (Fig. 2 B, ΔW = -0.029 mm), medullary 

volumetric tissue mineral density (Fig. 2 I, ΔW = -11 mgHA/cm3), and medullary volumetric bone 

volume fraction (Fig. 2 J, ΔB = -0.005 mgHA/cm3, ΔW = -0.017 mgHA/cm3). Loading impaired 

trabecular number in a housing-specific manner (Fig. 2 H, Δconv = -0.006 mm-1). Cortical porosity, 

trabecular separation, and trabecular thickness were unaffected by loading (Table 2).  
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Table 2: Average ± standard deviation of whole bone and cross-sectional structural parameters and 

circulating levels of P1NP (a byproduct of bone formation), which were all unaffected by loading or the 

interaction of loading with genetic strain, housing, or cross-sectional region. Mean and standard deviation 

of curvature is presented as the range measured along the bone length. 
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Figure 2: Effect of controlled loading on diaphyseal cortical, trabecular, and medullary bone. A) 

cortical volumetric tissue mineral density, B) cortical thickness, C) cortical area, D) total area, E) cortical 

area fraction, F) trabecular volumetric tissue mineral density, G) trabecular bone volume fraction, H) 

trabecular number, I) medullary volumetric tissue mineral density, J) medullary bone volume fraction. 

Outcomes were measured in a volume of interest centered at the tibiotarsal midshaft, comprising of 5% of 

the tibiotarsal length. The statistical model used included genetic strain (GS; white or brown), rearing 

housing (H; Conv, Low, or High), limb (L; non-loaded or loaded), anatomical region (R; A, M, P, L), and 

all 2-way interactions as predictors, and we present here only significant effects of limb (loading, L) and/or 

its interaction with the other 3 predictors. Significant pairwise comparison (paired t-test) between non-

loaded and loaded limbs are indicated by *, while trending pairwise comparisons are indicated by #. 

Significance for all tests was set at p < 0.05, and trending as 1 < p ≤ 0.05. 
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Loading was associated to lower bone formation and resorption 

 The proportion of midshaft bone surface undergoing bone formation was affected by 

loading in a genetic strain-dependent manner (Fig. 3). Loading coincided with a significantly lower 

amount of proportion of labelled bone surface in white-feathered (Fig. 3 B, ΔW = -0.062 mm/mm) 

but not brown-feathered chickens. Across all bones (pooling loaded and non-loaded), the average 

proportion of labelled surface was 0.93 mm/mm at the periosteum and 0.60 mm/mm at the 

endosteum.  

 
Figure 3: Histomorphometric measures of bone formation. A) Exemplary confocal images of a non-

loaded and loaded midshaft surface. B) Single labelled surfaces normalized to bone surface were quantified 

for periosteal and endosteal surfaces of the tibiotarsus midshaft of non-loaded (white) and loaded (blue) 

limbs. The statistical model used included genetic strain (GS; white or brown), rearing housing (H; Conv, 

Low, or High), limb (L; non-loaded or loaded), surface (S; periosteal or endosteal) and all 2-way 

interactions as predictors, and we present here only significant ANOVA effects of limb (loading, L) and/or 

its interaction with the other 3 predictors. Significant (normal) and trending (italic) pairwise comparison p-

values comparing non-loaded and loaded limbs are indicated. Significance for all tests was set at p < 0.05. 

 Circulating levels of the bone formation marker P1NP were unaffected by loading, whereas 

circulating levels of the bone resorption marker TRAP5b were affected by loading in a genetic 

strain-dependent manner, with significantly lower levels seen in loaded compared to non-loaded 

limbs of white-feathered but not brown-feathered chickens (Fig. 4, ΔW = -0.943 mIU/ml).  

Bone morphology was unaffected by loading 

Bone length, curvature, midshaft polar moment of inertia, and midshaft eccentricity were 

all unaffected by loading. We measured an average (across all bones, loaded and nonloaded) bone 

length of 118 ± 4.35 mm. Bone curvature along the bone length, normalized to the midshaft 

anterior radius, ranged from 0.004 to 0.08 mm/mm. We quantified cross-sectional morphology by 
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polar moment of inertia (pMOI = Imin + Imax) and eccentricity (Imin/Imax), which we measured to be 

on average 122 ± 33.3 mm4 and 0.762 ± 0.045 mm4/mm4 respectively.  

 
Figure 4: Serum markers for bone resorption measured in chickens that underwent loading (blue) and a 

separate non-loaded control group (white). The statistical model used included genetic strain (GS; white or 

brown), rearing housing (H; Conv, Low, or High), loading group (L; non-loaded or loaded), and all 2-way 

interactions as predictors, and we present here only significant ANOVA effects of loading group (L) and/or 

its interaction with the other 2 predictors. Significant Tukey’s post hoc t-test between non-loaded and 

loaded chickens are indicated by *. Significance for all tests was set at p < 0.05. 

 

Discussion 

In the current study, we aimed to characterize the bone mechanoresponse in young, pre-

pubescent female chickens and assess whether genotype and/or loading history influenced their 

mechanoresponse. Our study was both load and strain matched since the load level used (180N 

was the same for all chickens and our in vivo strain gauging data revealed a similar strain-load 

relationship (e.g. in vivo stiffness) across the two genetic strains of chickens. We employed once 

per day non-invasive controlled dynamic axial compressive load over 2 weeks to the right 

tibiotarsus, while the left limb remained a non-loaded internal control. We hypothesized that we 

would successfully induce a bone anabolic response. Furthermore, we hypothesized that the 

mechanoresponse to a strain-matched stimulus would not differ across groups of chickens with 

different loading histories, but would be less pronounced in the white-feathered genetic strain 

compared to the brown-feathered genetic strain. Such a result might explain why brown- and 

white-feathered genetic strains have similar bone structural adaptations to aviary-housing even 

though white-feathered chickens are significantly more active in these aviaries.  
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We employed a loading waveform previously shown to produce a bone anabolic response 

in mammalian species (Willie et al., 2013), with the only difference being the peak load level 

applied which we chose such that it engendered above habitual (4-9 times (Vitienes et al., 2023)) 

mechanical strains at the tibiotarsus midshaft; all other waveform parameters (number of cycles 

per session, cycle frequency, load rate, rest durations) were unchanged. Investigators arrived at 

this set of parameters used in murine loading studies by trying to mimic physiological loading – 

for example, the cycle frequency of 4 Hz approximates the locomotor step frequency of mice – 

and by parametric studies testing out different waveform parameter values. We have shown step 

frequency to be approximately 4 Hz in the current groups of chickens (Vitienes et al., 2023), and 

assumed that as in mice, rest insertions between loading cycles would be osteogenic, or at least 

neutral; therefore, we used these same parameters in our current loading waveform. Successful 

murine loading studies and the chukar partridge non-invasive loading study applied loads that 

engendered strains 2-3 times above those which occur habitually. In our current study, we 

increased this factor to 4-9, given the lack of response observed in chukar partridges.  

Unexpectedly, we saw a negative effect of loading on bone density and structure. In line 

with our hypothesis, we saw that the mechanoresponse differed between genetic strains, but instead 

of the white-feathered genetic strain being less mechanoresponsive, we saw that they had a 

stronger negative response to loading, while brown-feathered chickens were generally unaffected 

by loading. Histomorphometry and serum measures, which shed light on the cellular level response 

also show a similar genetic-strain dependent effect of loading, where the effect is seen in white 

and not brown-feathered chickens. In the only other study that has performed controlled non-

invasive loading on an avian specie (chukar partridge) also saw impairments to bone structure, 

namely cortical bone volume and bone area (trending). The authors conducted experiments on 

young (10-week-old) male chukars, applying dynamic axial compressive loading to the tibiotarsus, 

engendering strain patterns similar to those occurring during treadmill locomotion. They used a 

loading waveform identical to ours (216 cycles/day, 4 Hz cycle frequency), with the exception that 

they engendered lower strain levels (absolute values as well as a lower factor increase compared 

to background strains, 1.5-2.5 compared to 4-9 in our study) for 3 weeks.  

The older invasive loading studies alternatively did elicit and measure a bone formation 

response. They performed osteotomies at the metaphyses of the ulnae of adult male chicken and 
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turkey and applied cyclical loading at 0.5 Hz cycle frequency for 6 weeks, applying 36-1800 cycles 

per day. In both studies, the peak strains engendered were similar in magnitude to what was 

measured to be engendered during vigorous wing flapping, but the cross-sectional strain pattern 

(strain mode) due to controlled loading was substantially different from in vivo strain patterns 

(~90° rotation of the neutral axis). They observed increases in bone mineral content arising after 

14 days of loading, and the appearance of osteoid and periosteal and endosteal surfaces which 

began to mineralize at around day 28 of loading. The invasiveness of the loading model would at 

first instance raise concern that the observed bone formation is part of a healing response, however 

the control group that underwent the osteotomy but was not loaded exhibited bone resorption, as 

would be expected in the case of disuse.   

Therefore, loading that engenders mildly (Verner, 2017) and moderately (this study) higher 

strains compared to background activity, in a physiological mode, resulted in impairments to bone 

structure, while loading that engendered strains similar in magnitude to those occurring 

physiologically but with differences in strain mode elicited an anabolic response. It is therefore 

possible that mammals and avian species differ in the relative sensitivity to different osteogenic 

components of strain, and that avian species are more sensitive to changes in strain mode as 

opposed to strain magnitude.  

Bone impairment in response to in vivo controlled loading is not unprecedented in the 

mammalian literature – two studies from the same group report decreased trabecular bone volume 

fraction, trabecular thickness, and trabecular volumetric tissue mineral density in response to 

loading in young BALB/c mice (Brodt & Silva, 2010; Silva et al., 2012). They employed a 

triangular loading waveform with rest insertions after each load cycle, and loaded the animals for 

60 cycles/day, for 3 weeks, engendering strain magnitudes ranging from 800 to 1300 με at the 

endosteal surface of the tibial midshaft. However, other studies loading BALB/c mice at similar 

or higher (Holguin et al., 2013; Rummler et al., 2021) target strain levels and employing similar 

waveforms report an anabolic response to loading, and therefore it remains unclear the cause of 

these drastically different responses.  

The in vivo controlled loading methodology was originally developed to model fatigue 

loading and study the process of microdamage accumulation and repair in bone (Burr et al., 1985). 

In these early studies, investigators showed that microdamage could be produced in the bone not 
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only by engendering high strain magnitudes, but also by applying a high number of cycles of low 

strain-inducing loads (Burr et al., 1985). It is possible that our loading protocol induced 

microdamage, due to the engendered strain magnitudes either being too high, or the number of 

cycles per day applied being excessive. One study measured cycles-to-failure in chickens housed 

in either free-range or battery cage conditions and showed higher cycles-to-failure (i.e. superior 

fatigue resistance) in free-range chickens (Taylor et al., 2001). They measured cycles-to-failure 

ranging from 10,000 to 100,000. Our loading model applied 216 cycles of loading per day, for a 

total of 10 days, amounting to 2,160 cycles across the entirety of our experiment (15 day), applying 

strains at the medial tibiotarsus of -2,800 με. Overall peak strains engendered by our loading are 

likely higher, given that we show peak strains to occur at proximal and distal metaphyseal sights 

in the tibiotarsus when subjected to axial compressive loading (Vitienes et al., 2024). In humans, 

microdamage begins to appear at 2,500 με in tension and 4,000 με in compression (Pattin et al., 

1996), and likely at lower shear strains given that bone is weakest in shear.  Given that we have 

also showed the tibiotarsus to undergo substantial shear strain both in vivo (Vitienes et al., 2023) 

and during controlled loading (Vitienes et al., 2024), it is likely that our load levels induced 

microdamage, and this is contributing to the measured impairments to bone density and structure. 

We measured impairments to cortical thickness, cortical area, but not total area, suggesting 

that it is at the endosteal and not periosteal surface that either bone formation is being inhibited, 

or increased bone resorption is occurring. At this age, the chickens are still growing, therefore the 

contralateral non-loaded limb should be undergoing both endosteal and periosteal expansion. 

Although the effect of surface (periosteal or endosteal) on the proportion of bone surface 

undergoing formation was not significant, we observed numerical differences in the effect of 

loading on the different surfaces, with the endosteal surface exhibiting numerically higher 

reduction to labelled surface in loaded compared to non-loaded limbs, which agrees with our 

microstructural findings. We also show that, systemically, there is a decrease in markers for bone 

resorption due to loading, suggesting that the mechanism by which loading is impairing bone 

structure is not by increased bone resorption but rather decreased bone formation.  

We observed a robust genetic-strain dependent effect of loading, where loading affected 

white-feathered birds almost exclusively, which could explain why aviary rearing has similar 

effects on white- and brown-feathered chicken microarchitecture even though white-feathered 
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chickens were significantly more active than brown-feathered chickens (Pufall et al., 2021; 

Rentsch et al., 2023a).  Further research into the molecular and cellular mechanisms responsible 

for this difference could shed light onto possible genetic-strain specific genetic-targets to enhance 

bone mechanoresponsiveness in these groups.  

Our study naturally has multiple limitations. Unfortunately, the alizarin fluorochrome 

labelling was unsuccessful, which impaired us from being able to measure rates of mineral 

apposition. Furthermore, since the alizarin injection was second to the calcein, administered 

towards the end of the experiment as opposed to the beginning, we only have information about 

the immediate effect of loading on bone formation, and our measures of bone formation surfaces 

and microCT based bone density and structural outcomes are off by 10 days from each other. Other 

studies performing controlled loading have shown that background activity levels can mask the 

anabolic response to loading (Meakin et al., 2013) – if the animals become more active during the 

experiment, then the non-loaded limb will also undergo increased loading compared to at the onset 

of the experiment, and therefore the difference between the loaded and non-loaded limb is 

dampened. In the case of our study, chickens were raised at the University of Guelph in their 

respective housing systems and transported to McGill where they were housed together (each 

genetic strain in a separate room) in a free-range system for the 2-week duration of the experiment. 

We were not able to quantify their activity levels in this new environment to ascertain whether 

background activity was increased or not, and it is possible that it was. In rodents and small 

animals, this issue is mitigated thanks to the development of in vivo microCT imaging which 

allows investigators to image the loaded and non-loaded limbs at baseline. In this case, the outcome 

measure of interest is not a static measure taken at the end of the experiment, but rather the change 

in the measure from baseline to end.  

Future studies are required to understand material level properties of these bones to study 

the process of microdamage formation and repair, how it may differ between genetic strains, and 

in light of the fact that, at this age, the bone (re)modelling machinery becomes concerned with the 

additional task of managing calcium homeostasis for egg-shell mineralization. Another avenue to 

further understand mechanoadaptation and mechanobiology in these groups is to perform 

parametric studies seeking a set of loading parameters that results in a bone anabolic response, and 
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then interpreting the significance of these parameter values in terms of what type of loading these 

bones have evolved to respond to.  

In summary, our key findings were that 1) controlled in vivo axial compressive loading 

which engendered strains at the tibiotarsus midshaft ranging from 4-9 times what occurs during 

habitual background physical activity led to impairments in cortical, trabecular, and medullary 

bone density and cross-sectional microarchitecture, and 2) these impairments were genetic-strain 

dependent, occurring almost exclusively in the white-feathered and not brown-feathered genetic 

strain. These findings exemplify how bone adaptation differs in chickens to what we know to occur 

in mammals, highlighting the need for future research on chicken and avian bone mechanobiology. 

From a practical standpoint, our findings suggest that the efficacy of alternative housing systems 

that offer increased opportunities for physical activity should not be assessed by the amount of 

physical activity that the chickens perform in the systems, especially when seeking to compare 

between different genetic strains, but rather focus on direct outcomes that are determinants of bone 

strength, such as bone structure and mechanical behaviour/properties.  
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Chapter 6 – Validation of keel bone damage scoring 

 

Chapters 3, 4, and 5 focus on characterizing the mechanical behaviour of the tibiotarsus 

bone and then using this information to inform a controlled loading experiment to study the bone’s 

mechanoresponse. These results are valuable in that they are novel, and highlight differences 

between avian and mammalian bones which warrants further investigation. They also provide 

concrete information to egg farmers who are trying to address the widespread osteoporosis and 

bone fragility of their flocks, in terms of how physical activity may affect bone health, and how 

genetic strain plays a role in housing-derived interventions to motivate bone anabolic physical 

activity.  

Chapter 6 also has direct applications to on-farm practices for the detection and monitoring 

of bone health in commercial flocks. Here we shift gears and focus on the keel bone (as opposed 

to the tibiotarsus), which is the most fractured bone in the commercial laying hen population. 

Detection and longitudinal monitoring of fractures within commercial flocks is difficult, due to the 

large population sizes and to the fact that chickens are experts at hiding pain and discomfort, 

making it nearly impossible to use behavioural cues as indicators of fracture presence. Two 

common methods to assess fracture status and severity in vivo are by palpation or by scoring of 

radiograph images. Both methods are known to lack precision but are currently the only feasible 

options for farmers. Palpation is particularly popular as it does not require any equipment. We 

sought to assess the accuracy of these two methods by comparing in vivo palpation and radiograph 

scores to ex vivo fracture and deviation scores and found that although palpation lacks precision, 

it significantly correlated to ex vivo fracture severity score. These results support the continued 

use of palpation to assess keel bone status in commercial hens.  
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Abstract 

Up to 95% of commercial egg-laying hens reach the end of their lives with at least one keel 

bone fracture. Many chickens also possess keel bone deviations, and a popular hypothesis is that 

the development of deviations prone keels to fracture. A barrier to elucidating the etiology of these 

fractures has been the ability to longitudinally track the status of individual chickens’ keel bones, 

and reliably assess flock level fracture incidence and severity. To address this problem, we aimed 

to validate two common fracture assessment methods: in vivo palpation, and radiograph image 

scoring, and measure the correlation between fracture and deviation status. We sampled 101 adult 

female chickens and classified them as either having or lacking keel bone fractures by in vivo 

palpation. These chickens then underwent radiograph imaging, and images were scored for 

fracture severity. Chickens were then euthanized, and the true keel bone status was assessed by ex 

vivo fracture severity and deviation severity scoring. We then assessed the correlation of these 

different scores by Spearman’s rho correlation. We found that ex vivo keel bone fracture and 

deviation severity scores were not correlated. Palpation scores correlated to both ex vivo fracture 

and deviation scores, while radiograph scores correlated to ex vivo deviation scores only. These 

results support the continued use of palpation, a cost- and time-efficient method to assess chicken 

fracture status. Furthermore, they suggest that deviations do not cause fractures.  
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Introduction 

Commercial egg-laying hens produce billions of eggs each year, which substantially 

contributes to the global food source, but places a large burden on their bones and contributes to 

the observed osteoporosis and high fracture incidence (Whitehead & Fleming, 2000). In Canada, 

consumer interest and animal welfare advocates have pushed for a government-mandated 

transition away from conventional-style caged housing systems, replacing them with alternative 

systems that are more spacious and allow chickens to perform natural activities. In providing 

opportunities to be more active, these alternative housing systems have led to improvements in 

fore- and hind-limb bone density and strength (Abrahamsson & Tauson, 1995; Fleming et al., 

2006, p. 2; Knowles & Broom, 1990; Leyendecker et al., 2005; Newman & Leeson, 1998; Shipov 

et al., 2010). Unfortunately, alternative housing systems are also correlated with increased keel 

bone fracture (KBF) incidence.  

The keel bone exists in birds and evolved as an extension of the sternum, to provide a larger 

surface area of attachment for the large pectoral muscles required to power flight (Gill, 1995). 

Chickens use wing flapping to aid in locomotion (wing-assisted incline running, jumping up, 

landing, etc.) (Kozak et al., 2016). In the recent decade, an increasing number of studies have been 

published evaluating the prevalence of keel bone fracture across many countries, reporting a wide 

range of values (Rufener & Makagon, 2020). Some studies report as high as 97% KBF prevalence 

by the end of the laying period (Rodenburg et al., 2008; Wilkins et al., 2011), or as low as 11% 

(Riber & Hinrichsen, 2016). Furthermore, studies often are not precise about the prevalence 

reported, providing instead broad ranges (e.g. “52-73%” (Lay et al., 2011), “over 85%” (T. Casey-

Trott et al., 2015), etc.). Therefore, the severity of this issue remains unclear. Convening on a 

precise and accurate approach to measure and report KBF prevalence is essential towards 

developing interventions to address this issue.  

 Two common methods used for detection of fractures are palpation and radiographic 

imaging. One main benefit of both of these methods is that they can be done in vivo, and therefore 

longitudinally, unlike the visual inspection of dissected bones which requires each chicken to be 

euthanized. Palpation is the most cost- and time-effective approach as it does not require any 

specialized equipment, although it must be conducted by trained personnel. The examiner palpates 

the ventral aspect of the keel, which is at the ventral surface of the abdomen. This method has been 
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shown to lack accuracy as it is biased against the detection of fresh fractures, which have yet to 

develop a fracture callus, hairline fractures, and fractures on the dorsal and caudal sides of the keel 

(Buijs et al., 2019; T. Casey-Trott et al., 2015; Richards et al., 2011). There also is variation across 

studies with respect to what is being taken into consideration when palpating – fractures, 

deviations, or both. Radiographic imaging overcomes some of the limitations of the palpation 

method, allowing the investigator to see many more features of the bone, with less regional bias. 

It also allows the visualization of fresh fractures that have yet to develop a callus. Radiographic 

images are taken of a lateral aspect of the keel bone, and then these images are scored (Rufener et 

al., 2018). When examiners completed freely available reliability training, excellent scoring 

agreement was observed between and within examiners, lending confidence to the precision of 

this method. The disadvantages of this method involve the purchase of costly radiography 

equipment and is more time-consuming (considering imaging and subsequent image scoring, both 

performed by trained personnel). Furthermore, the accuracy of radiograph scoring methods 

remains unclear.   

In the current study, we aimed to characterize the fracture and deviation status of a set of 

keels from chickens sampled across different ages, genetic strains, and housing environments, by 

visually inspecting the keels, counting the number of fractures and deviations present, and assign 

each keel a fracture and deviation score calculated as a function of the number and types of 

fractures/deviations. Then, we sought to assess how well the commonly used in vivo detection 

methods – palpation and radiograph imaging/scoring – agreed with the dissected keel scores. We 

hypothesized that fracture and deviation presence would be highly correlated, and that 

radiographic scoring would be more highly correlated with dissected keel score than palpation, 

thus demonstrating it is a more accurate in vivo method to detect both fractures and deviations 

compared to palpation. 

 

Materials and Methods 

Animals 

 All animal use and procedures were approved by the animal care committee at the 

University of Guelph (AUP #4127). Housing and management during the pullet phase (0-16 weeks 

of age) are briefly described, whereas full details are reported elsewhere (Vitienes et al., 2023). 
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Lohmann Selected Leghorn Lite (white-feathered) and Lohmann Brown Lite (brown-feathered) 

female chicks (Gallus gallus domesticus) were obtained from a commercial hatchery at the age of 

one day old. The chickens were reared from 1 day of age to 16 weeks at the University of Guelph 

in either conventional rearing cages (Conv: Ford Dickinson, Mitchell, Ontario, Canada), or a low-

complexity aviary (Natura Primus, Big Dutchman, Holland, MI, U.S.A). Conventional cages are 

spatially restrictive, only allowing for standing and sitting, whereas aviaries are more spacious and 

contain infrastructure that allows for more frequent and varied types of activity (e.g. jumping, ramp 

ascent and descent, perching, running) (Pufall et al., 2021; Rentsch et al., 2023a).  

At 16 weeks of age, at the onset of sexual maturity when the chickens begin laying eggs, 

all chickens were transferred to enriched cages (Farmer Automatic Enrichable Furnished Cages, 

Clark Ag Systems, Caledonia, Ontario, Canada). Enriched cages are equipped with a nest box and 

perches and provide slightly more space compared to conventional cages (60 chickens per cage, 

688 cm2/chicken). Adult chickens were fed standard commercial layer crumble pellet diets. A total 

of 101 chickens were sampled at 30, 50, and 70 weeks of age. To decide which chickens were 

sampled, they underwent palpation, a non-invasive method to detect keel bone fracture presence 

in vivo (Buijs et al., 2019; Wilkins et al., 2004), and an equal number of chickens with and without 

palpation-identified keel bone fractures were selected. These chickens then underwent radiograph 

imaging for radiograph keel bone scoring (Rufener et al., 2018), and thereafter were euthanized. 

Keel bones were then dissected and stored in 70% ethanol, and were visually scored for keel bone 

fracture and deviation. 

Scoring methods 

i. In vivo palpation 

This method involved trained examiners suspending the chickens by their feet and running two 

fingers across the ventral aspect of the keel bone, feeling for fracture calluses or malformations 

indicating a healing or recently healed fracture(s) (Wilkins et al., 2004). Suspending the chickens 

by their feet induces tonic immobility which aids in the palpation process. The outcome of this test 

is binary – either fractured or nonfractured keel. 

ii. In vivo radiograph imaging and scoring 

Chickens were suspended by their feet, inducing tonic immobility, and shackled within a 

wooden frame (Fig. 1 A). Chickens were oriented such that they were radiographed laterally 
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(Poskom VET-20BT portable X-ray unit, Promark Imaging, Toronto, ON, Canada). The imaging 

procedure lasted 10-20 seconds per chicken. Images were then scored by a trained examiner 

according to a published tagged visual analogue scale (Rufener et al., 2018). The scoring ranges 

from 0, no fracture, to 5, extremely severe fracture status. To score an image, the examiner chose 

a position within a tagged (0, 1, 2, 3, 4, 5) 10 cm line, and the exact score is then determined by 

measuring the position along the line with a ruler. The score is considered an ordinal variable (Fig. 

1 B). This scoring system has been shown to have inter-observer and intra-observer reliability, so 

long as the observer completes a freely available online training module created by the authors, 

who developed this scoring rubric. In this current study, a single examiner performed all 

radiographic scoring.  

 
Figure 16: Keel bone radiography. A) Chickens are suspended by their feet for radiograph imaging. They 

are positioned with the lateral side of their body parallel to the detector. B) Tagged visual analogue scale 

used for radiograph image scoring of keel fracture severity. Reproduced from Rufener et al., 2018. 

iii. Ex vivo bone fracture and deviation scoring 

Dissected keels were scored for fracture and deviation severity by a single examiner, using a 

scoring rubric that we created based on previously published methods (Richards et al., 2011). Each 

fracture identified in a keel was categorized as either mild or moderate. A mild fracture was one 

where a callus or fracture line was visible but there was no substantial displacement (< 20°), and 

the two sides of the fracture were securely attached to each other. A moderate fracture was 

characterized by either a healed fracture with substantial displacement or a fracture where the bone 

was completely severed. The location of the fracture was also recorded (Fig. 2 A). Similarly, a 

deviation was categorized as either mild or moderate depending on whether the deviation was of 
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less or more than 20°, respectively. Deviation type was also recorded: mild deviations were 

classified as either washboard, boot, tip, ventral, or dorsal, whereas moderate deviations were of 

type tip, ventral, or dorsal (Fig. 2B). A washboard deviation is one where there is undulations in 

the dorsal surface of the keel bone (Fig. 2 B). A boot deviation is characterized by a small but 

acute curvature of the extreme tip of the keel (Fig. 2 B). Tip deviations were deviations about the 

keel’s medial-lateral axis (Fig. 2 B). A ventral deviation is defined as lateral deviations of the 

ventral aspect of the keel about the keel’s cranial-caudal axis, resulting in apparent “dents” of the 

ventral edge of the keel (Fig. 2 B). Dorsal deviations are lateral deviations of the keel about the 

keel’s ventral-dorsal axis (Fig. 2B). Deviations directly associated (spatially) to a fracture were 

not counted as a deviation. 

A fracture severity score of zero indicated no observable fractures (fresh, healing, or healed), 

a score of 1 was assigned to bones with a single mild fracture, a score of 2 where there were 

multiple mild or a single moderate fracture, and a score of 3 when there were multiple fractures 

where at least one of them was moderate. The deviation scoring followed the same rubric – zero 

for no deviations, 1 for one mild deviation, 2 for multiple mild or one moderate, and 3 for multiple 

deviations with at least one being moderate.  

 
Figure 17: Ex vivo fracture and deviation scoring. A) Fractures were classified based on their location 

within illustrated regions A-E. B) Top image depicts a washboard deviation (pink arrow) and a boot 

deviation (red arrow). Below, axes about which tip (medial-lateral, axis perpendicular to page), ventral 

(cranial-caudal), and dorsal (ventral-dorsal) deviations occur.  
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Data analysis  

 All correlations were assessed by Spearman’s rho correlation (ρ), which is a suitable 

method when assessing the association between ordinal variables. We present correlations that 

were statistically significant (p < 0.05) or trending (1 < p ≤ 0.05). 

 

Results 

Ex vivo fracture and deviation severity score were not significantly correlated 

 Among the 101 sampled chickens, 64% had a non-zero fracture score (Fig. 3 A). We 

identified a total of 102 fractures. Among these chickens possessing fracture(s), 46% had a fracture 

severity score of 1, 37% had a score of 2, and the remaining 17% a score of 3. Most fractures, 

77%, were mild as opposed to moderate (Fig. 3 B). Across all regions mild fractures predominated 

(Fig. 3 C). Most fractures occurred in the caudal third of the keel (region C and E). No fractures 

were found in regions A or D (Fig. 3 C).  

 
Figure 3: Fracture scoring. A) Histogram of fracture scores with annotated percentage of chickens 

assigned each score. B) Percentage of total fractures identified that were mild (pink) and moderate (red). 

C) Histogram of fractures by location, stratified by mild (pink) and moderate (red).  

Chickens with deviation(s) accounted for 89% of all sampled chickens, with an average of 

2.1 deviations per chicken. Among these chickens possessing deviation(s), 21% had a deviation 

severity score of 1, 39% a score of 2, and 40% a score of 3 (Fig. 4 A). Most deviations were mild 

(78%, Fig. 4 B). Among mild deviations, the majority (37%) where of the boot type, and moderate 

deviations were almost exclusively ventral (98%) (Fig. 4 C). 
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Figure 4: Deviation scoring. A. Histogram of deviation scores with annotated percentage of chickens 

assigned each score. B. Percentage of total deviations classified as either mild (light blue) and moderate 

(dark blue). C. Histogram of deviations according to type. Washboard (WB) and Boot are only of mild type, 

while Tip, Ventral, and Dorsal types are stratified into mild (light blue) and moderate (dark blue).  

 Among the 65 chickens that possessed at least one fracture, 58 (89%) also possessed at 

least one deviation, whereas a total of 32 (32%) chickens possessed deviation(s) without fracture. 

Therefore, only 10 (10%) chickens sampled did not possess a fracture or deviation. The correlation 

between fracture and deviation severity score was non-significant, albeit trending (p = 0.097), but 

weak (ρ = 0.17) (Fig. 5).  

 
Figure 5: Correlation between fracture and deviation scores. 2D histogram of fracture and deviation 

scores, and the Spearman’s rho correlation between them.  

Palpation score was highly correlated to ex vivo fracture score and radiographic score 

 In vivo palpation, which categorizes chickens as either possessing or not possessing keel 

bone damage (without distinguishing between deviation or fracture), was highly correlated to ex 
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vivo fracture scores (ρ = 0.75, p < 0.001, Fig.6 C), and trended to a weak correlation with ex vivo 

deviation scores (ρ = 0.18, p = 0.079, Fig. 6 A). Radiographic score correlated moderately to both 

ex vivo fracture (ρ = 0.429, p < 0.001, Fig. 6 D) and deviation (ρ = 0.419, p < 0.01, Fig. 6 B) 

scores. Palpation and radiographic scores were highly correlated with one another (ρ = 0.750, p < 

0.001).  

 
Figure 6: Correlations between palpation (A and C) or radiograph (B and D) scores and deviation (A and 

B) or fracture score (C and D). Spearman’s correlation coefficient (ρ) and p value noted below each colour 

bar. 

 

Discussion 

 In this study, we sought to characterize the keel bone fracture and deviation status of a 

group of adult commercial egg-laying hens (female chickens), measured by visual examination of 
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dissected bones, and assess the agreement with in vivo non-invasive fracture detection methods. 

We selected chickens based on identifying them via palpation as possessing or not possessing 

fractures. These chickens then underwent radiograph imaging, after which these images were 

scored to quantify fracture severity. Finally, the chickens were euthanized, their keels dissected 

and examined visually, and scored for fracture severity and deviation severity based on scoring 

rubrics that we developed, based upon previously published rubrics. We consider the ex vivo 

dissected bone scores to be the most accurate representation of the status of the bones, whereas 

palpation and radiograph-based scores serve as estimates of fracture severity.  

 We chose to score keels based on the number of mild and moderate fractures they 

possessed; a keel with multiple mild fractures would have the same score as one with a single 

moderate fracture. The classification of a fracture as being either mild or moderate was based in 

part by whether the fracture was healed or not. Therefore, our classification was biased towards 

categorizing fresh fractures as moderate, and well-healed fractures as mild. The rationale behind 

this approach was that the fracture score would be indicative not only of the number of fractures 

but would in essence weigh the fractures based on the extent to which it influences the chicken’s 

welfare, under the assumption that a healed fracture would be less painful and bothersome 

compared to a fresh, unhealed fracture.  

Most of the chickens we sampled possessed fractures, which were found exclusively in the 

caudal 60% of the keel bone (regions B, C, E). Among these, the majority were mild, indicating 

that they were already healed and healed in such a way that they did not deviate by more than 20° 

from the pre-fractured shape. It remains unclear whether there is a causal relationship between 

keel deviations and fractures. Some theorize that deviations arise when pressure is placed upon a 

mineralizing keel, such that the cartilage is deformed and then becomes stuck in this deformed 

state as the keel mineralizes (Jung et al., 2022). Given that bone morphology and structure is a 

critical determinant of its mechanical behaviours, it is plausible that deviations render the bone 

more susceptible to fracture. We found that most chickens possessed both fractures and deviations, 

but we are not able to know the relative timing of fracture and deviation development in our 

samples, nor has the process of keel bone mineralization been characterized in female chickens to 

date. Answering these questions requires longitudinal following of chickens to identify the 
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progression of deviations and fractures and keel bone mineralization, which itself requires 

effective and efficient in vivo assessment methods.   

The chickens included in this study were sampled based on palpation to identify the 

presence of fracture. Among the 101 chickens sampled, 51 were identified as possessing 

fracture(s), and the remaining 50 as lacking any fracture. Fracture scoring on dissected keels 

indicated that 64% of these chickens actually possessed at least one fracture, thus the palpation 

method indeed underestimated the amount of fractures present. We identified a large number of 

fractures located at the tip of the keel, which is an area known to be difficult to examine by 

palpation, and likely contributed to this discrepancy. 

Nevertheless, we found that palpation score was highly correlated to ex vivo fracture score. 

We also found palpation to be weakly correlated to ex vivo deviation score. Surprisingly, 

radiographic score correlated similarly to ex vivo fracture and deviation scores, even though 

radiographic scoring does not take into consideration deviations. This indicates that either what is 

visually seen as a deviation may have an associated fracture that is not perceivable visibly, but can 

be seen in the radiograph image, or that deviations are being confused for fractures in the 

radiographic image. Further investigation into deviated regions by high-resolution imaging such 

as micro-computed tomography would more accurately reveal the status of these bones.  

Overall, we show that although palpation underestimates fracture severity, it is still a good 

method to assess the fracture severity status of chickens as it correlated with ex vivo fracture score. 

Thus, taking into consideration the cost and equipment required for radiographic imaging and 

scoring, palpation is a more efficient method to assess keel bone fracture status in vivo. However, 

improved methods of in vivo fracture detection at the individual fracture level are required to 

investigate the relationship between keel bone mineralization, deformation development, and 

fracture occurrence.  
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Chapter 7 – Discussion and Future Directions 

 

 The general goal of this research was to provide data that would contribute to the 

prevention and treatment of bone fragility in commercial egg-laying hens. Firstly, I focused on 

investigating the determinants of bone health in this group and the etiology of bone fragility. I 

characterized the mechanical stimuli that tibiotarsal structure and material properties are tailored 

to withstand, and showed that among these two, bone structure is more influential on the bone’s 

mechanical behaviour, shedding light on a set of bone stiffening structural parameters that can be 

targets for genetic selection. I further show that mechanical stimuli that is anabolic in murine 

models led to impairment of bone density and microarchitecture in young chickens, highlighting 

the need to expand our knowledge on bone adaptation to other species and broaden our general 

understanding of the osteogenic components of mechanical strain stimuli. Applying this 

knowledge towards the prevention and treatment of bone fragility, however, relies on the ability to 

detect and monitor fractures in commercial flocks, which is currently challenging. I found that, 

despite lacking precision and accuracy, in vivo palpation of adult hens to detect the presence of 

fracture(s) correlates significantly to fracture severity scores measured from dissected bones, 

thereby supporting the continued use of palpation as a time- and cost-effective method to assess 

fracture status in commercial laying hen flocks.  

In the first study presented (chapter 3), I performed in vivo strain gauging at the tibiotarsus 

midshaft to measure mechanical strains engendered during a variety of activities. The focus 

specifically was to measure peak mechanical strain magnitudes, as is commonly done in the 

background strain gauging literature. This disproportionate focus on strain magnitude relative to 

other osteogenic components of strain (see section 2.3.1) is likely a reverberation of Frost’s 

mechanostat theory, which frames bone adaptation solely as a function of mechanical stimulus 

magnitude. However, the downstream signal that osteocytes sense and respond to is thought to be 

primarily cell-membrane shear stress due to loading-induced fluid flow of the interstitial fluid 

surrounding the cells within the lacunocanalicular network (Schaffler & Kennedy, 2012). The 

magnitude and temporal dynamics of the fluid flow that shears the surfaces of the osteocytes is a 

function of the size of the lacunae and canaliculi through which it is moving, as well as the 

amplitude and frequency components of the loading conditions (Turner et al., 1995; van Tol, 
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Roschger, et al., 2020). Thus, the signal that the osteocytes are sensing is not only dependent on 

the strain magnitude, but also strain rate and cycle frequency. We initially knew, from parametric 

controlled loading studies, that that strain magnitude, rate, and frequency influence the 

mechanoresponse (see section 2.3.1 for references). The link however to this effect being mediated 

by effects on the signal itself which the osteocytes are sensing was highlighted in a study where 

fluid flow within the lacunocanalicular system was modelled as a function of strain rate, and the 

correlation between fluid flow velocity and the local mechanoresponse was measured (van Tol, 

Schemenz, et al., 2020). In this study, we also assessed the correlation between finite element-

modelled strain magnitudes to the local mechanoresponse, and found that fluid flow velocity 

(modelled as a function of strain rate) was better at predicting the mechanoresponse than strain 

magnitude patterns (van Tol, Schemenz, et al., 2020). Although the main goal with this study was 

to show how the lacuno-canalicular network topology is an important consideration in 

understanding the downstream stimuli triggering the bone mechanoresponse, it also shows that 

strain rate in addition to magnitude is an important consideration. As opposed to (or in addition to) 

conducting parametric loading and in silico modelling studies to assess how strain magnitude, rate, 

and frequency together influence the mechanoresponse, future studies could characterize the 

frequency features of background strain stimuli. Well defined approaches exist to analyze the 

spectral components of signals, and data collected during background strain gauging which is often 

from continuous sampling is amenable to this type of analysis.  

Strain rate in particular is also relevant to the accumulation of microdamage – when the load 

induced strain magnitude is held constant but the rate is increased, more microdamage accumulates 

in the bone (Schaffler et al., 1989). In the loading study presented in this thesis, peak strains 

engendered did not exceed 3,000 με, which is not high when situated among the bulk of measured 

background strains in the literature (Main, 2021c) and is well below reported levels of yield strain 

(Mirzaali et al., 2016; Morgan et al., 2018) (although these have not been measured in commercial 

laying hen chickens). However, it is possible that the strain rate required to engender the target 

strain magnitude in our loading study was high enough to cause substantial microdamage, 

particularly if the material properties of these bones are tailored to withstanding strain rates of 

lower magnitude; quantifying strain rates in background strain data would provide valuable 

insights. Whether or not rapid accumulation of microdamage could produce impairments to bone 
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structure such as those that we measured in the loaded bones also remains to be investigated. 

Microdamage has been shown to elicit bone remodelling to repair the damage (Bentolila et al., 

1998; Burr et al., 1985; Mori & Burr, 1993), which could explain the decreased tissue mineral 

density observed in loaded limbs.  

Background strain gauging is an error-prone experiment due to the potential for the 

introduction of noise at multiple steps of the signal acquisition process. Strain gauge sensors are 

sensitive to damage, which would alter the magnitude signal that they produce, and the measured 

strain magnitudes are highly dependent on the positioning and orientation of the strain gauge 

attached to the bone. As clearly seen in the finite element data presented in this thesis (chapter 4), 

strains are highly variable across the bone. This is another reason why it is valuable to measure 

strain frequency components – as they are independent of strain magnitude, they are impervious 

to noise and error associated to strain gauge positioning and circuit calibration and balancing. This 

not only would reduce the variability in the data (and increase statistical power) but also enhances 

comparability across studies conducted on different species or that chose different anatomical 

locations to attach gauges to.  

 A main limitation of strain gauging is that strains are measured at discrete sites of the bone 

surface, and interior regions of the bones are inaccessible. Finite element modelling is therefore 

useful because we can know (estimated) strains along and throughout the entire bone. Ideally, we 

would want to model whole bone mechanical behaviour during background activity loading 

conditions, but the boundary conditions are complex and difficult to replicate. Instead, in the study 

presented in this thesis, I modelled our in vivo controlled loading boundary conditions, which are 

1) simpler and more feasible to simulate, and 2) can be (and were) validated by using strain gauges 

to measure strains engendered during controlled loading. This also has the benefit of providing 

insight about the stimulus that we are subjecting the bones to when conducting an in vivo loading 

experiment.  

Our in vivo controlled loading boundary conditions are similar to the conditions the tibiotarsus 

encounters in vivo: in both cases, at the tibiotarsus midshaft the anterior surface is in tension and 

the posterior surface in compression. Although we do not know the exact boundary conditions 

occurring during in vivo activities, we know that generally load will be transmitted from one end 

of the bone (tibiotarsus-knee contact) to another (tibiotarsus-ankle contact). Given that these 
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contact surfaces are small relative to the length of the bone we can assume that our controlled axial 

compression approximates in vivo loading conditions. Furthermore, if we think about bone 

structure and shape as mechanisms that not only determine how the bone deforms, but that are 

capable of canalizing bone deformation under varied loading conditions (magnitude, direction, 

contact surfaces), which has been shown to be the case (e.g. curvature enabling load predictability 

(Bertram & Biewener, 1988)) then it becomes even more reasonable to assume that our in vivo 

loading produces physiological strain distributions. Boundary condition sensitivity analyses 

performed during the finite element analyses (not included in thesis) where contact surfaces, load 

application surfaces, and the direction of applied load were varied, indicated consistent strain 

patterns despite these changes, which further suggests that the bone is structured in a way such 

that strain distributions are robust against certain amounts of variation in boundary conditions, and 

by virtue of this, our controlled loading model likely induces a physiological strain distribution 

throughout the bone.  

 The results from the finite element modelling (chapter 4) indicate that at the proximal end 

of the tibiotarsus, the anterior surface is in compression while the posterior surface is in tension. 

Then, at the midshaft, the neutral axis rotates by 180° such that distally the anterior surface is in 

tension and the posterior in compression. The engendered strains and stresses simulated are highest 

at the proximal and distal regions where peak bending occurs, and the strain conditions in these 

regions are simpler (predominantly bending) that at the midshaft where there is a combination of 

axial compression, bending, and torsion, and a lot of variability in strain distributions within a 

relatively small volume due to the rotation of the neutral axis. We chose to quantify the effects of 

our controlled loading intervention (chapter 5) at the tibiotarsus midshaft, to replicate what is 

commonly done in other loading studies (with the intention of maximizing comparability across 

studies). Since engendered stresses were higher in these metaphyseal regions, if the impairment to 

bone structure seen due to loading at the midshaft is due to an accumulation of microdamage, we 

would expect these metaphyseal regions to have more microdamage and thus potentially more 

structural impairment. Subsequent analyses of these bones should assess the mechanoresponse at 

the proximal or distal metaphyses, and measure microdamage in metaphyseal and diaphyseal 

regions, to address these questions. 
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The loading protocol and waveform implemented in our controlled loading study (chapter 5) 

was identical to the one used in the single other non-invasive controlled loading study performed 

on an avian specie (Verner, 2017). The loading protocol waveform was also identical to what has 

been used by several groups, including ours, in murine controlled loading studies (Main et al., 

2020). This waveform was selected for the current loading study 1) to allow for comparability 

across studies, and 2) because there was no good reason to use a different waveform – the arrival 

at this waveform and set of parameters came after many years of parametric studies seeking to find 

a stimulus that would reliably produce a robust anabolic response in rodents, and there was not a 

strong argument to use something completely different even if we were experimenting on a 

different animal model. Since Verner’s study did not result in a bone anabolic response using this 

waveform, we decided to adjust the background-to-loading strain increase factor from 1.5-2.5 to 

4-9. However, similar to Verner’s findings, we showed impairments due to loading, thus indicating 

that it was not higher strain magnitudes that were lacking. We kept the same loading frequency of 

4 Hz as rodent studies, which was originally chosen as it resembles background walking frequency 

in mice (Clarke & Still, 1999). Our background strain gauging data indicated that step frequency 

was lower in the chickens, approximately 2Hz; adjusting this parameter in subsequent loading 

studies may be a promising approach to yield an anabolic response and avoid microdamage based 

on what we know about the effect of strain rate on the accumulation of microdamage. By finding 

a waveform that can elicit a bone anabolic response in chickens (or birds generally) not only will 

we be able to study the mechanoresponse in this group (how strain distributions engendered relate 

to local bone formation, resorption, and their rates), but comparing the types of loading that birds 

compared to mice respond to would ultimately shed light onto the inter-species variability in bone 

adaptation.  

In addition to characterizing the mechanical behaviour and mechanoresponse in young female 

chickens, I sought to assess how these outcomes are influenced by chicken genotype and by their 

loading history. Across these three studies, we consistently saw significant differences between 

genetic strains, but not nearly as often between chickens raised in different housing systems. The 

background strain gauging results indicated that, during locomotor activities, chickens raised in 

aviaries which increased history of physical activity exhibited lower strain levels, as we would 

expect given that the caged chickens are per se not habituated to these levels of mechanical loading. 
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But interestingly we did not see this pattern in other activity types measured. And although we 

were not able to perform statistical analyses on the effect of housing on the finite element modelled 

strains and stresses due to axial compressive loading, we did not see a consistent pattern in terms 

of differences between the housing groups. This points to a limitation in our experimental design 

which could have played a role in masking the effect of loading history on the outcomes measured: 

the chickens we studies were raised by collaborators at the University of Guelph, who have 

facilities with commercially sold housing systems. We sampled chickens from their flocks and 

transported them to McGill’s poultry facility where we conducted our experiments. There, all 

chickens – caged and aviary-raised – were housed in floor-based open concept rooms for the 

duration of the experiment, which each time lasted no longer than 21 days. The opportunity for 

physical activity at the McGill facilities was therefore increased for the chickens previously raised 

in cages. In mice, it was shown that as little as one week of daily loading led to a measurable 

anabolic response; it is possible that housing all chickens in a common housing system abolished 

any previously present differences between them. 

These three studies (chapters 3-5) focused on the tibiotarsus bone, however the bone that is 

fractured the most in the commercial egg-laying hen population is the keel. We chose to 

characterize bone mechanical and adaptive behaviour in the tibiotarsus because the experimental 

methodology developed to study these features has been developed for long bones and is not 

amenable currently to the keel bone. We do not have a detailed enough understanding of the way 

in which the keel is loaded to be able to create realistic, physiological finite element models of 

keel bone loading. And, since the pectoral muscles attach to the majority of the keel surface, 

attaching a strain gauge to the bone surface to obtain this information would require detaching 

muscle tissue, influencing the muscle-derived loading. Considering this, we proceeded with the 

tibiotarsus based on the assumption that genetic and environmental determinants of skeletal 

strength in this population would influence all skeletal sites, thus results derived from studying the 

tibiotarsus could be generalized to all bones. There are however many measures to investigate 

directly on the keel. Mineralization timelines and dynamics can be evaluated by fluorochrome 

tracking of bone formation, and high-resolution tomographic characterization of keel bone 

microarchitecture is lacking and could give some indications about the mechanical environment 

the keel is subjected to.  
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In this thesis, we approached the keel from an epidemiological angle as opposed to 

investigating the etiology of keel bone damage. I focused on the issue of fracture detection and 

severity assessment, which currently is a significant barrier to understanding the etiology of these 

fractures. Laying hen flocks are large, and especially when chickens are housed in non-cage 

systems tracking individual chickens longitudinally is very difficult. Inferring longitudinal data at 

the population-level by randomly sampling chickens is also challenging due to the high variability 

present within and between flocks. Time- and cost-effective methods to accurately and precisely 

track the fracture status of a sufficiently large sample size of chickens longitudinally, at the 

individual level, are needed. Currently, the two main methods used in commercial farms are 

palpation and fracture status scoring based on radiograph images. Palpation is the quickest and 

cheapest option, whereas radiography involves the purchase of radiograph equipment and more 

substantial training of personnel.  It is therefore a positive result that we show that palpation 

correlates to our fracture severity score derived by visualizing dissected keels, as it supports the 

continued use of this method.  
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Chapter 8 – Conclusions 

 

Throughout my doctoral research I studied the tibiotarsi and keel bones of young and adult 

commercial egg laying hens to gain a better understanding on the structural and material 

determinants of bone strength, bone mechanoadaptation, and assess the validity of fracture severity 

assessment methods. These aims were addressed throughout four studies, with the following 

specific findings:  

Study 1 – In vivo mechanical behaviour of the tibiotarsus of young chickens during physical 

activity 

• The tibiotarsus midshaft is subjected to a complex loading environment consisting of a 

combination of axial compression, bending, and, predominantly, torsion 

• Among sampled activities, aerial transition landing produced the highest strain 

magnitudes, with unusual cross-sectional strain patterns 

• Genetic strain and housing environment influenced in vivo strains 

• Caged chickens exhibited higher in vivo strains during locomotor activity compared to 

aviary-raised chickens, but not during jumping, perching, or aerial transition landing. 

Study 2 – In vivo mechanical behaviour of the tibiotarsus of young chickens during controlled 

loading 

• Variations in tissue mineral density by up to 200 mgHA/cm3 had negligible effects on the 

mechanical behaviour of the tibiotarsus when subjected to axial compressive loading 

• Engendered stress was negatively correlated to bone area, total area, bone area ratio, 

polar moment of inertia, endosteal perimeter, total perimeter, and endosteal-to-periosteal 

perimeter ratio 

• Engendered stress was positively correlated to bone thickness 

• Engendered stress patterns did not differ between genetic strains or housing environment 

groups 

• Engendered stress magnitudes were higher in white-feathered than brown-feathered 

chickens. 
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Study 3 – Tibiotarsal mechanoresponse to in vivo controlled loading 

• Controlled loading impaired tibiotarsal midshaft mineral density and structure 

• Controlled loading coincided with lower bone formation surface and circulating 

resorption markers 

• The effect of loading was genetic strain dependent, seen only in white-feathered chickens 

Study 4 – Validation of keel bone damage scoring 

• Palpation and radiograph scores both correlated to fracture severity 

• Radiograph scores correlated to deviation severity 

• Fracture and deviation severity were not correlated themselves 

• Most fractures detected occurred at the caudal 30% of the keel bone 

• Most sampled chickens possessed multiple deviations 
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