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Digital and genetic tools to improve bones of
laying hens

Abstract

Bone damage is widespread in laying hens. This thesis explores the potential use of
X-ray imaging and genetic tools to improve bone health. In a cohort of purebred
hens, we investigated the genomics of bone composition and strength. An inverse
relationship was found between bone lipids and strength, identifying genetic markers
linked to lipid levels that could guide practical interventions to enhance bone
strength. Since purebreds are typically selected to improve crossbred performance,
we studied the bones of crossbreds and the potential use of crossbred data to inform
purebred selection for various crossbred environments. The genetics, including SNP
effects, of bones from crossbred hens in cage and cage-free housing were predicted
with an accuracy of 0.42—0.65, potentially aiding purebred selection. In another
experiment, crossbred hens were repeatedly X-rayed on-farm, and both keel and tibia
bones were measured on the X-ray images. X-ray measurements of keel and tibia
density, as well as keel geometry, were tested for associations with post-mortem
findings of keel damage and pelvic capacity. Larger pelvic capacity was associated
with increased keel damage. A higher ratio of keel length to mid-depth at 42, 55, and
68 weeks of age was associated with greater deviations observed in dissected keels.
A higher tibia radiographic density at 55 weeks of age was associated with fewer
deviations and fractures. Automating X-ray analysis is crucial for efficiently
phenotyping thousands of birds. Using deep learning and computer vision, we
developed algorithms to segment the keel bone from whole-body X-ray images (with
0.88-0.90 accuracy) and compute keel geometry and density metrics. These metrics
showed weak to moderate heritability and moderate to strong genetic correlations
with keel deviations and fractures, enabling quick phenotyping once birds are X-
rayed. Breeding companies can use the new methods to select for reduced keel
damage and optimize housing and nutrition strategies for better keel health.

Keywords: laying hens, tibia, keel, bone, deviations, fractures, X-ray, radiograph,
machine learning, computer vision, genetics, genomics



Digitala och genetiska verktyg for att
forbattra benhalsan hos varphons

Abstract

Skelettbenskador dr vanliga hos virphons. Denna avhandling undersoker
anvéndningen av rontgen och genetiska som potentiella verktyg for att forbattra
benhdlsan. I en kohort av renrasiga hons undersoktes genomik for
bensammansittning och styrka. Ett omvéant samband mellan benets innehall av fetter
och benstyrka identifierades, vilket visade pa genetiska markorer kopplade till
fettinnehallet som kan anvéndas i aveln. Eftersom renrasiga hons anvinds i aveln,
studerades dven benen hos hybridhons, for att forbattra urvalet av renrasiga hons.
Genetiken, inkl. SNP-effekter, for ben fran hybridhons i inredda burar och i system
for frigdende hons, befanns ha en noggrannhet pa 0,42—0,65. I nést del rontgades
hybridhons upprepade ganger pa en kommersiell gard. Mitningar av rontgentithet i
brostbenskam och skenben, samt brostbenets geometri, gjordes for att undersoka
sambandet mellan brostbensskador och béackenstorlek vid obduktion. Hénor med en
storre bickenhala hade dkad risk for skador pa brostbenskammen. Okat forhallande
mellan brostbenskammens ldngd och medeldjup vid 42, 55 och 68 veckors alder var
korrelerat med skador pé brostbenen. Hons med hogre bentdthet i skenbenet vid 55
veckors &lder hade farre skador pa brostbenet. Med hjélp av datorseende och
maskininldrning utvecklades algoritmer for att segmentera brostbenskammen fran
rontgenbilder (med en noggrannhet pa 0,88-0,90), och dessutom kunde brdstbenets
geometri och bentidthet berdknas. Dessa matt visade pé svag till mattlig arftlighet,
och pa mattliga till starka genetiska korrelationer med brostbensskador.
Automatisering av rontgenanalys gor det mojligt att effektivt kunna fenotypa
tusentals honor pa en begrénsad tid. Avelsforetag kan anvinda de nya metoderna for
att selektera hons med minskad risk for brostbenskador.

Keywords: virphons, tibia, brostben, ben, avvikelser, frakturer, rontgen, radiografi,
maskininldrning, datorseende, genetik, genomik
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Preface

This thesis is an attempt to address a complex problem in livestock.
Specifically, the problem is bone damage in laying hens, and the goal was to
develop digital and genetic tools to monitor and potentially mitigate this
challenge through genetic approaches. This work would not have been
possible without the invaluable guidance and support of my advisors,
colleagues, and family. I hope this work contributes to the ongoing research
and provides useful tools for poultry breeding organizations and egg
producers.
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1. Introduction

There are about 7.8 billion laying hens worldwide, producing 87 million
metric tons of eggs annually, or approximately 1,650 billion eggs
(FAOSTAT, 2024). Although eggs are produced on a large scale worldwide,
bone damage remains a common issue in laying hens, posing welfare and
production challenges for the egg industry. Hens could experience pain from
bone fractures, potentially leading to decreased movement and egg
production (Montalcini et al., 2024; Nasr et al., 2012; Riber et al., 2018; Wei
et al., 2020). Fractures that do not heal properly may result in callus
formation, which can cause visible deformities and are often irreversible.

Bone damage is a complex problem with multiple contributing factors,
including genetics, environment (such as housing and nutrition), and
potential genotype-by-environment interactions. Due to the lack of efficient
and informative methods for phenotyping bones, genetic studies on laying
hens' bones are limited, particularly for the keel bone, also known as sternum
bone. In poultry breeding, the pure lines are selected and crossed to improve
the performance of their grand-offspring hybrids. With the growing market
for table eggs from hybrids in cage-free housing, it is uncertain whether the
current genetic selection of pure lines in cages will effectively improve the
performance of hybrids in cage-free environments, particularly for bone
traits.

1.1 Bone problems in laying hens

In 1989, approximately 30% of caged laying hens were reported to have
at least one bone fracture, which can affect bones such as ischium, humerus,
keel, furculum, pubis, ulna, coracoid, and femur bone (Gregory and Wilkins,
1989). At that time, bone fractures were attributed to confining birds in
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battery cages with high stocking densities, as limited physical activities
weakened bones by promoting a form of disuse osteoporosis in the entire
skeleton. It has also been suggested that modern commercial birds (of small
body weight, low feed intake, but high egg outputs) could experience
exacerbated osteoporosis, especially when the nutrition, including mineral
intake, is inadequate (Whitehead and Fleming, 2000).
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Figure 1 Skeleton of laying hens (source: Poultry Hub, www.poultryhub.org, accessed
on November 2024), keel bone is also called sternum bone.
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There are biological reasons why osteoporosis can be progressive in
laying hens. At the onset of sexual maturity, driven by the oestrogen
hormone, woven (medullary) bone tissue forms beneath the structural
(cortical) bone tissue, particularly in the leg bones. The medullary bone
tissue serves as a reliable source of calcium for eggshell formation. Eggshell
is typically formed during the night when dietary calcium intake is low (as
birds do not usually eat at night), and a high proportion of the eggshell’s
calcium is drawn from the resorbed medullary bone. After the egg is laid
early in the morning, the medullary bone is regenerated from dietary calcium.
The imbalance between medullary bone resorption and regeneration can lead
to progressive bone loss, result in more woven bones and increasing the risk
of bone fractures (Whitehead, 2004).

Recent studies from various countries report a high incidence of bone
fractures, mainly of the keel bone, in cage and non-cage housings and for
brown and white laying hens. For instance, the incidence rates of keel bone
fractures are: 95% in the UK, over 85% in Belgium, around 83% in
Switzerland, 25-70% in Denmark, 27% in Australia, and 88% in the United
States (Grafl et al., 2017; Heerkens et al., 2016; Hester et al., 2013; Képpeli
et al., 2011; Riber and Hinrichsen, 2016; Thefner et al., 2021; Wilkins et al.,
2011). Given the current high incidence of keel fractures and deviations (see
review; Rufener and Makagon, 2020), the solutions are not yet available, and
further investigation into the problem is needed.

Bone problems in laying hens are complex. Bone development comprises
stages: growth until full ossification, then continuous remodelling
(Whitehead, 2004). Bones of laying hens vary in type, biology, and
morphology. The most studied bones, tibia and humerus (see legs and wings
in Figure 1) are long bones that fully ossify around 18-20 weeks of age. Keel,
on the other hand, is a flat bone that fully ossifies around 32-40 weeks of age
(Buckner et al., 1948; Gretarsson et al., 2024). Bones are not isolated; their
development and fracture resistance are affected by their interactions with
each other, body weight, egg-laying traits (such as age-at-first-egg, egg size,
and total egg number), and individual physical activities. This interplay
could vary across the genetic groups (pure breeds or hybrids). For instance,
in purebred White Leghorn (WL), the earlier the age-at-first egg, the lower
the tibia strength. In Rhode Island Red (RIR), the bigger the eggs, the lower
the tibia strength (Dunn et al., 2021). The averages of tibia strength are
similar in WL and RIR, but WL body weight is lighter than RIR birds. In the
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hybrids (crossbred) layers, white hybrids have a lower incidence of keel
fractures than brown hybrids (Rufener and Makagon, 2020), perhaps due to
differences in body weight (Gebhardt-Henrich et al., 2017) and navigation
skills. White hybrids are lighter and have superior manoeuvring/navigation
skills (e.g., accessing and landing across aviary levels and perches) compared
to brown hybrids (Ali et al., 2020; Ciarelli et al., 2023). All these factors,
developmental stage per bone type, and interactions involving body weight,
egg laying, and navigation skills per genetic groups, represent the
interactions between the animal-based factors affecting bones.

The animal-based factors of bones interact with other environmental
factors, adding extra complexity—for instance, bone housing interactions.
Tibia and humerus bones are exposed to different loading types in different
housing systems (Regmi et al., 2015); hence, they respond differently. Bone
breaking strength, in Newtons, increases in aviary compared to furnished
cages (175 vs. 121 for tibia, 247 vs. 129 for humerus), but the increase for
humerus is double that for tibia (118 vs. 54). Strength of humerus (but not
tibia) increased in furnished compared to battery cages (121 vs. 116 for tibia,
129 vs. 104 for humerus) (Leyendecker et al., 2005) as birds use their wings
to enter perches in furnished cages, with the possibility of wing flapping.
Despite the increase in the strength of long bones, fractures of bones, mainly
of keel bones, are higher in numbers and form larger callus in aviary than in
cages (Sandilands, 2011; Thefner et al., 2021).

Bone fractures do not seem to be dependent only on bone strength, at least
in non-cage settings. Stronger bones can be fractured in birds with careless
or excessive navigation. The quality and quantity of bone mass and
navigation activities can be viewed as a result of interactions between animal
(bones, behaviour, navigation skills, etc.) and housing (perches, multi-tiers,
ramps, etc.). Birds could be housed in an aviary, but if they lack the proper
genetics of navigation, using aviary objects may lead to keel bone fractures.
The benefits of alternative housings (furnished cages, aviaries, free-range)
can be limited by the bird's propensity to recognize, navigate, and use the
housing features safely. Even for birds with proper genetics of navigation,
the aviary housing might exaggerate their navigation behaviour, resulting in
keel bone fractures.

The aviary housing involves levels and objects (multi-tiers, perches,
ramps, etc.) that birds can navigate and use. Recording both the quantity and
quality of bird navigation in the aviary could help to understand bones by
housing-features interactions, thus aiding in optimizing the housing design
to mitigate 1) the incidence of keel bone deviations which are related to
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perches, and 2) the severity (but not incidence) of keel bone fractures. This
is because keel bone fractures are also common in battery cages (Hester et
al., 2013; Sherwin et al., 2010), where bird navigation is minimal. The
incidence of keel bone fractures in both cages and aviaries indicates that
laying hens are predisposed to these fractures regardless of housing type,
pointing to the potential role of birds' genetics.

Eggshells require minerals, which partially come from the diet, as well as
bones. The quantity and quality of mineral supplements during the bird
rearing and laying period are relevant to bone quality (Fleming et al., 2006,
2003). For instance, the tibia, but not the humerus nor keel, had higher
radiographic density in birds fed particulate rather than flour limestone.
Poultry nutritionists could investigate the quantity, quality, and feeding
strategy of the supplemented minerals to improve the general skeleton
strength or keel fractures. However, the nutrition approach is limited (Rennie
et al., 1997) by the bird’s capacity to consume, digest, and absorb minerals.

In summary, bones have interactions with various animal-based factors
as well as management factors like housing and nutrition. Consequently,
management solutions for bone problems are most effective when birds
possess the appropriate genetics. In other words, a bird’s genetics is
appropriate when aligned with housing and nutrition.

1.2 Genetic studies to improve laying hen bones

There are few genetic studies on the bones of laying hens. Phenotyping
bones of laying hens is expensive because it requires invasive procedures
and/or imaging techniques. Even when imaging, such as X-ray, is used,
analysing the images is still time and labour-consuming (Baur et al., 2020;
Eusemann et al., 2020; Jung et al., 2022; Rufener et al., 2018; Wilson et al.
2022). There is also limited access to pedigreed cohorts of purebred birds,
which the breeding companies typically own. While crossbred (hybrid) birds
may be available, they are not pedigreed and thus require genotyping, which
is relatively expensive given the non-use of hybrids in breeding practices.

Most genetic studies aim to link differences in bone phenotypes among
individuals to differences in their genes. However, the statistical methods
differ in purpose and require birds' phenotypes, along with at least pedigree
or genotype data.

In the poultry breeding context, the main goal is to identify birds with
superior genes, such as those for bone traits, and select them to be the parents

25



for the next generation. For such purpose, the pedigreed cohort of birds, is
phenotyped for bones traits. From the pedigree data, the genetic relationships
between individuals (shared genes) are calculated. Phenotypes are then
analysed given the individual relationships to estimate the fraction of
phenotypic variations due to genetic (heritability) and the genetic merit
(breeding value) of each bird for the bone trait (BLUP statistics; Henderson,
1975). Individual relationships can also be calculated from the genotype data
(GBLUP statistics; VanRaden, 2008), especially in case of missed or poor
pedigree data. Only heritable traits can be improved through selective
breeding, so the heritability of bone traits is crucial. Bishop et al. (2000)
measured birds post-mortem for keel radiographic density, tibia, and
humerus strength, which showed heritability of 0.3-0.45 and favourable
genetic correlations with bone fracture count. Consequently, the genetic
selection of birds retrospectively for stronger bones was possible and
resulted in reduced keel bone fractures (Bishop et al., 2000). However, this
reduction was less pronounced in aviaries than in cages (Fleming et al.,
2006). About 50% of birds with high bone strength had keel fractures when
housed in an aviary (Stratmann et al., 2016), indicating a limited association
between bone strength and keel fractures. The other limitation was that post-
mortem phenotyping of bone could not be efficient in the commercial
breeding program. Alternatively, on live birds, keel bones were scored via
palpation, and humerus bones were examined via ultrasound, showing
heritability of 0.15-0.30 for both (Andersson et al., 2024; Preisinger, 2018).
While keel palpation is a simple method, it underestimates keel fracture
incidences (Baur et al., 2020; Casey-Trott et al., 2015; Rufener et al., 2018;
Thefner et al., 2021; Tracy et al.,, 2019) and is also limited to binary
outcomes. As shown through dissections, intact keels are quite rare.
Therefore, binary scoring of keel fractures may have limited value, as most
keels are scored as fractured. On X-ray images of live birds, tibia density was
quantified, and estimated to have moderate heritability but limited genetic
correlation (0.22) with keel bone fractures (Andersson et al., 2024). Due to
the limited correlation between tibia density and keel fractures, it is better to
explore other efficient phenotyping methods that specifically target keel
bone fractures and deviations.

Other statistics, linkage mapping and GWAS, are used to identify genes
associated with bone traits that could guide useful interventions (e.g.,
housing and nutrition) for stronger bones, see the review by (Johansson,
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2020). For instance, genomic loci with a large effect on bone strength were
detected in White Leghorn birds (Dunn et al., 2007) and validated by (De
Koning et al., 2020). This genomic locus suggests the biology to reduce
blood homocysteine concentrations for better bones. When betaine was
added to the pullet diet to reduce blood homocysteine concentrations, bone
strength improved (Maidin et al., 2021). Another determinant of bone
strength is bone composition—organic matter, lipids, and minerals of both
cortical and medullary bone tissues. Bone composition is expensive to
measure in commercial breeding programs, but it is ideal for GWAS since it
reflects the bone remodelling process and thus would help for better
understanding the genetic basis of bone biology.

1.3 One industry, two populations, different housing

The modern egg industry has at least two populations of primary interest
(Figure 2). In the first population, birds lay eggs that hatch into the second
population, where birds lay the table eggs. The first population consists of
pure-line sub-populations, where selective breeding is performed within
(inbreeding) and across them (outbreeding). The second population, made up
of crossbreds or commercial hybrids, is typically produced in batches. This
batch-based production may result in distinct sub-populations, unless
breeding companies implement measures to minimize genetic differences
between batches, which is often a standard industry practice.

Selective breeding ! X ! ! XV qxq X
within & across ‘ ( ‘ ( a ‘
pure lines, birds lay X X
hatchery egg
VN

Figure 2 The poultry breeding pyramid

27



Before the ban on battery cages in EU countries, purebred and hybrids
were housed in similar cage systems. As a result, the genetic selection of
purebreds for superior performance in cages gave rise to hybrids with
superior performance. But now, on a global scale, the housings of hybrids
vary (battery or furnished cages, aviary, etc.) and are not necessarily similar
to that of purebred birds. Genetic selection of purebreds in cage
environments may not result in hybrids with superior performance in, e.g.,
aviary housing. This is especially true for traits that differ between cages and
aviaries, such as navigation skills, bone strength, and bone fractures.

To account for the possible genetic differences in bone traits across
housing systems (e.g., cages vs. aviaries), birds with common pedigree or
genotype data can be phenotyped for bone traits in different housing systems
and analysed simultaneously. This approach will estimate two breeding
values for each bird: one for bone trait in cages and another for bone trait in
aviaries. Accordingly, purebreds in cages can be ranked and selected for the
bone trait in the aviary.

It is also possible to account for the genetic differences in bone traits
across purebred and hybrids. Pedigrees are usually available for purebreds
but missed for the hybrids. Alternative to pedigrees, both hybrids and
purebred birds can be genotyped for common SNP panels and used to infer
individual relationships. Then, phenotypes of bone traits of purebreds and
hybrids can be analysed simultaneously. This approach will estimate two
breeding values for each bird: one for the purebreds’ bone trait and another
for the hybrids’ bone trait. Accordingly, purebreds can be ranked and
selected for the hybrids' bone traits.
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2. Aims of the thesis

This thesis aimed to investigate the potential of using digital and
genomics tools to improve bones and provide a better understanding of bone
biology in laying hens. Specific objects were to investigate:

e The genetic of tibia bone composition in the purebred Rhode
Island Red, and the correlation with the overall tibia strength
(paper I).

e The potential of estimating breeding values of tibia strength using
purebred and crossbred data (paper II).

e The potential of X-raying birds on-farm to measure bones in non-
invasive and informative way (paper I1I).

o The potential to use machine learning and computer vision
techniques to compute keel bone phenotypes from X-ray images
of laying hens and estimate the genetic parameters (papers IV and
V).
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3. Summary of the papers

The five studies described in papers [-V investigate bones of laying hens
from different perspectives. The tibia bone has often been used to measure
bone strength in laying hens, while the keel bone is frequently reported to
have fractures and deviations. The focus was on the tibia bone (papers I-1I),
the keel bone (paper 1V), and both bones (papers Il and V).

In the egg industry, genetic selection is performed in purebreds with the
goal of improving crossbred (hybrid) performance. We investigated
purebreds (paper I), crossbreds (papers I11-V), and the use of crossbred data
to guide purebred selection for various crossbred housings (paper II). The
data analysed in all papers is summarized in Table 1.

In paper I, using GWAS statistics, we investigated genetic markers
associated with tibia bone composition in Rhode Island Red laying hens.
Additionally, using GBLUP statistics, we investigated the heritability and
genetic correlations of tibia composition and strength. In paper II, using
GBLUP statistics, we estimated the breeding values of tibia strength using
data from purebreds (White Leghorn and Rhode Island Red) and crossbreds
(Bovans White and Lohmann Selected Leghorn) birds kept in furnished
cages and aviary housing.

In Papers I-11, the data on tibia bone was collected post-mortem, whereas
in Paper III, the focus shifted to measuring the bones of live birds using on-
farm X-ray imaging. Because analyzing X-ray images is time- and labor-
intensive, papers [V—V focused on automating the analysis of X-ray images.

In paper III, 200 live birds were repeatedly X-rayed on-farm, and both
keel and tibia bones were measured from the X-ray images. Using the
regression statistics, we investigated the association between the X-ray bone
measurements and the post-mortem measures of keel and pelvic bones.
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Automation of the analysis of X-ray images was proposed for efficient
use in large studies of bones or selective breeding, with an initial focus on
the keel bone. Using deep learning techniques, we developed an algorithm
to segment keel bone from the X-ray images of the birds' whole bodies
(Paper 1V). Then, images of keel bones of 1,051 birds were automatically
measured for geometry and density (Paper V) using another computer vision
algorithm. Additionally, the automated keel bone measurements and the
post-dissection scores of keel bones were all analyzed simultaneously with
other relevant traits (body weight, pelvic capacity, and tibia radiopacity) to
estimate the genetic parameters — heritability and genetic correlations.

Table 1 Summary of data analysed in papers I-V

Pure/Cross Number Studied bones Housing
Paper 1
Rhode Island Red” Purebred 924 Tibia Furnished cages
Paper 11
Rhode Island Red” Purebred 924 Tibia Furnished cages
White Leghorn Purebred 947 Tibia Furnished cages
Bovans White Crossbred 220 Tibia Furnished cages
LSL Crossbred 218 Tibia Furnished cages
Bovans White Crossbred 217 Tibia Aviary
LSL Crossbred 218 Tibia Aviary
Paper 111
Bovans Brown" Crossbred 200 Keel, tibia, pelvic ~ Aviary
Paper 1V
Bovans Brown" Crossbred 851 Keel Aviary
Lohmann Brown"  Crossbred 200 Keel Aviary
Paper V
Bovans Brown" Crossbred 851 Keel, tibia, pelvic ~ Aviary
Lohmann Brown"  Crossbred 200 Keel, tibia, pelvic ~ Aviary

Birds marked with " are included in more than one study.
LSL: Lohmann Selected Leghorn.

3.1 Paper

In a cohort of 924 Rhode Island Red hens, the cortical and medullary bone
composition was measured via infrared spectroscopy and thermogravimetry.

32



Birds were also genotyped for 50K SNP chips. Bone composition and
genotype data were then analyzed using GWAS and GBLUP statistics.

We found genetic markers significantly associated with cortical lipid,
cortical mineral scattering, medullary organic matter, and medullary
mineralization. The composition of the bone organic matter showed more
significant genetic associations than bone mineral composition. We also
found overlaps between the GWAS results for tibia composition traits,
particularly cortical lipid and tibia strength. Bone composition measurements
by infrared spectroscopy showed more significant associations than
thermogravimetry measurements. Based on the infrared spectroscopy
results, cortical lipid showed the highest genetic correlations with tibia
density, which was negative (—0.20+0.04), followed by cortical minerals
CO3/PO4 (0.18+0.04). Based on the results of thermogravimetry,
medullary organic matter and minerals showed the highest genetic
correlations with tibia density (—0.25 +0.04 and 0.25 £ 0.04, respectively).

This paper shows the importance of cortical lipids because it displayed
the strongest genetic associations among all bone composition measurements
(Figure 3), including the genetic correlation with tibia strength.

Cortical lipid
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Figure 3 Manhattan plot showing the —log10(p-value) for each SNP marker for tibia
cortical lipid. The red line is the significance threshold of 1.38 x 107, and the blue is a
suggestive threshold of 107

3.2 Paper li

Tibia strength and genotypes were available for purebred lines (WL and
RIR) kept in cages, and for crossbred lines (hybrids; Bovans White and LSL)
kept in cages and aviary housing. Tibia strength, of purebred and hybrids
were treated as different but correlated traits. This results in six traits of tibia
strength, two for the purebred birds and four for the hybrid-housing
combinations. Tibia strength traits were fitted separately into single-trait
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GBLUP, then simultaneously via multi-trait GBLUP, within hybrids across
housings, across hybrids within housings, across hybrids and housings, the
latter in combination with WL or/and RIR data. The estimated breeding
values (GEBV) of tibia strength, were evaluated and compared across
GBLUP scenarios.

Including hybrid data slightly increased the GEBV accuracy of other
hybrids but not that of pure lines. Pure line data increased the GEBV
accuracy of hybrids over and above that of combining hybrid information.
Combining data from two pure lines improved both GEBV accuracy.
Compared to combining data across lines and/or houses, combining tibia
strength and body weight within lines increased tibia strength GEBV
accuracy. The maximum GEBYV accuracy obtained for tibia strength ranged
from 0.42-0.65 for hybrids and 0.63-0.78 for pure lines (Table 2).

This paper shows the potential of multi-trait genomic analysis to account
for the genetic differences in bone traits across housing systems and genetic
groups. The genetics, including SNP effects, of crossbred bones in cage and
non-cage systems can be revealed, guiding purebred selection to produce
crossbreds tailored to specific housing systems.

Table 2 GEBV accuracy (from cross-validation) of tibia strength of pure lines and

hybrids for single- and multi-trait scenarios, in addition to the scenario of including body
weight and tibia strength within-line as a correlated genetic trait.

Scenarios
Single-trait Multi-trait n
e Across Across Across

Tibia Wlth.m Acrolss Acrgss hybrid hybrid hybrid Across WL Bivariate of

hybrid hybrid hybrid .
Strength e across across across and tibia strength +body

across within across N N : .
classes housin housin housin housing housing housing RIR weight

8 8 g +WL +RIR_ +WL+RIR

Bovans-cage 0.29+0.06 0.27+0.07 0.29+0.06 0.29+0.06 0.26+0.07 0.32+0.07 0.31+0.07 0.42+0.08 218
LSL-cage 0.18+0.08 0.19+0.05 0.18+0.08 0.19+0.05 0.22+0.06 0.23+0.04 0.25+0.05 0.65+0.04 213
S:g:”s'"""' 031003 0.29%0.05 037+0.05 0.35£0.04 035%0.03 0.41%0.04 0.40+0.03 0.430.07 197
LSL-non-cage 0.23+0.1 0.25+0.13 0.29+0.09 0.31+0.12 0.30+0.13 0.37+0.12 0.34+0.13 0.56 +£0.06 214
WL 0.51+0.02 0.07 £0.03 0.05+0.03 0.63+0.02 0.55+0.02 947
RIR 0.69 +0.03 -0.46 +0.04 0.42+0.03 0.78+0.03 0.73+£0.02 924

Bovans: Bovans white hybrid, LSL: Lohmann Selected Leghorn Classic hybrid, WL: White Leghorn, RIR: Rhode Island Red.
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3.3 Paper lll

Live birds (n=200) were repeatedly X-rayed on-farm, and both keel and
tibia bones were measured on the X-ray images. The X-ray bone
measurements included radiographic density (keel and tibia) and keel
geometry (ratio of keel length to mid-depth). Using regression statistics, we
investigated the association between the X-ray bone measurements and the
post-mortem findings of keel damage and pelvic capacity. Pelvic capacity
was calculated as the product of pelvic width (distance from left and right
pubis) and pelvic depth (distance from the pubis to the caudal end of the keel
bone).

On-farm X-raying of laying hens, including live bird restraint, positioning
for live keel imaging, and post-imaging measurements, was developed,
tested, and found to be reproducible. The associations of keel damage were
clearer with the radiographic keel geometry than with keel and tibia
radiographic density, and clearer for the keel deviations than for keel
fractures. The higher the radiographic ratio of keel length to mid-depth at
weeks 42, 55, and 68 of age, the larger the deviation size observed on the
dissected keels at the age of 74 weeks (Figure 4). The higher the tibia
radiographic density at week 55 of age, the lower the deviation size and
fracture count observed on the dissected keels at the age of 74 weeks. Pelvic
capacity positively correlated with body weight, but a larger pelvic capacity
was associated with increased keel bone damage.

This paper shows the potential of using X-ray imaging to measure bone
non-invasively and highlights the relevance of keel geometry to keel damage.
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Linear Regression , response is extent of deviation
0.50 significance level: p < 0.001 *** p<0.01* p<0.05* p<=0071

0.26

1l i
X | Predictor
| i & *  body_weight
| ’ B | | *  keel_density
0.00 3 " . o i + tibia_density

Coefficient (b1)

[¥] xray_ratio_keel_length_to_middepth

-0.25

18wk 29wk 42wk 55wk BBwk PM PMD
Time Point

Figure 4 Linear model of extent of keel deviation, with body weight, keel, tibia
radiographic density, and the ratio of keel length to mid-depth as predictors, at different
radiographic measurement points (age 16, 29, 42, 55, 68 weeks), post-mortem (PM), and
post-mortem dissection (PMD).

3.4 Paper |V

From Paper III, we learned that analysing X-ray images is time and
labour-consuming. To automate this process, in paper IV we developed a
method to segment the object of interest (the keel bone) from whole-body X-
ray images, enabling its geometry and density to then be measured in Paper
V.

We obtained whole-body X-ray images of brown laying hens (n = 1,051)
and manually masked (outlined) the keel bone on each image. Using the
annotated images, we trained a deep-learning model to segment the keel bone
from the whole-body images (Figure 5). The proposed model was then
evaluated using five-fold cross-validation.

Our deep learning model resulted in high segmentation accuracy (0.88—
0.90) repeatably over several validation folds. This paper highlights the
potential use of deep learning algorithms for automatically processing
chicken X-ray images.
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Input Image Gold Standard keel Segmented keel

Figure 5 Keel bone segmentation example. Left: whole-body X-ray image; Centre: gold
standard keel. Right: Segmented keel bone using our deep learning algorithm.

3.5 PaperV

Using the algorithm developed in Paper IV, keel bones were segmented
from radiography images of 1,051 brown laying hens. For the segmented
keel bone images, another computer vision algorithm was developed to
measure (a) keel length and mid-depth, (b) keel concave area, and the
radiopacity of (c) the whole keel and (d) the cranial fifth of the keel, as shown
in Figure 6. The proposed keel bone measurements and post-dissection
scores of keel bone damage were analysed simultaneously using multi-trait
genomic restricted maximum likelihood to estimate heritability and genetic
correlations.
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Figure 6 Phenotypes of keel bone, a: the ratio of keel length (green line) to mid-depth
(red line intersects with keel contour at two points); b: the concave area (red shading) at
the keel visceral or dorsal side; the average of pixels intensities (radiopacity or
radiographic density) — across the whole keel bone (¢) or the keel cranial fifth (d). keel
bone orientations: cranial at the top, caudal at the bottom, ventral to the left, and dorsal
to the right.

Keel bone damage (deviations and fractures) showed estimates of 0.28-
0.30 heritability and 0.66-0.70 genetic correlations. The heritability
estimates were 0.10-0.12 for keel radiopacity, 0.38-0.39 for keel concave
area, and 0.11-0.13 for the ratio of keel length to mid-depth. The estimated
genetic correlations with keel bone damage were 0.68-0.82 for keel
radiopacity, -0.53 to -0.64 for keel concave area, and 0.63-0.72 for the ratio
of keel length to mid-depth.

This paper presents a novel automatic method to analyse X-ray images of
laying hens, providing a reliable and heritable phenotype to aid selection for
reduced keel bone fractures and deviations. In addition, this paper shows the
relevance of keel geometry to keel damage, specifically, keel bone concave.
The larger the keel bone concave area, the lower the keel bone deviations
and fractures (Figure 7).
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Figure 7 Averages of the keel concave area across the levels of keel bone deviation size
(left) and fracture count (right). Different letters on score group boxes indicate
significantly different average values (Tukey statistics, p<0.05).
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4. General Discussion

The prevalence of keel bone fractures is high in laying hens, ranging from
20 to 90% across different housing systems and bird strains (Grafl et al.,
2017; Heerkens et al., 2016; Hester et al., 2013; Képpeli et al., 2011; Riber
and Hinrichsen, 2016; Rufener and Makagon, 2020; Thefner et al., 2021,
Wilkins et al., 2011). Approximately 900 of 1000 brown hybrid hens in
aviary housing had at least one keel bone fracture or deviation (Paper V).
The focus then shifts from the already high prevalence of bone problems to
developing solutions. In light of the current findings and literature, I will
discuss the possibilities of improving the bones of laying hens from an
animal breeding perspective.

Genetic improvement of bone traits is a key approach, as improvements
are inherited across generations, but some practical considerations need to
be taken into account. In poultry industry, the breeding companies sell a
totally genetically selected product, a fertile egg that gives rise to the parent
of the hybrids, the ones that lay the table eggs. The entire genetic
improvement operations of poultry are, therefore, solely carried out by the
breeding companies, including data recording (phenotypes, pedigree, or/and
genotypes), mating allocations, and improvement (selection) goals. Poultry
breeding companies usually set improvement goals to maximize productivity
while maintaining health and welfare, all in a business context. Unless the
emergence of problems hinders productivity, breeding companies may
continue selecting hens for more laid eggs (egg persistence), larger eggs,
smaller hens size that consume less feed per egg produced (efficiency trait),
and any other productivity-related traits.

Including new traits, such as bone traits, in the genetic improvement of
laying hens is unlikely unless breeding companies are sufficiently motivated.
One motivation would be, among others, the report of fewer eggs laid from
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keel-fractured than keel-normal birds (Wei et al., 2020), which affects
overall productivity. If a problem that reduces productivity is also heritable,
it poses concrete motivation for breeding companies to consider genetic
improvement, which is seen as an investment opportunity. The heritability
of bone density and strength in laying hens, including the tibia, humerus, and
keel bones, is well-established (Bishop et al., 2000; Dunn et al., 2021; Guo
etal., 2017; Johnsson et al., 2022; Preisinger, 2018). Keel fractures detected
by palpation are also heritable (Andersson et al., 2024; Preisinger, 2018).
Specifically, both keel deviations and fractures are heritable (Paper V). In
some cases, the problem is a productivity determinant and heritable.
However, stakeholders use some management practices to mitigate the
problem, which becomes less interesting to consider in genetic improvement
programs. For instance, mitigate the osteoporosis of laying hens by
supplementing minerals with proper quantity and quality (Fleming et al.,
2003). Also, using perches of proper material and geometry to mitigate keel
bone deviations (Rufener et al., 2020; Scholz et al., 2014). The availability
of low-cost solutions via management may make the need for genetic
solutions less compelling. This may be true for bone traits because improving
bones genetically may negatively impact some aspects of egg production,
e.g., age-at-first-egg (Andersson et al., 2017; Dunn et al., 2021). In addition,
genetic selection for bone traits will incur financial burdens due to the need
for specialized phenotyping infrastructure (e.g., X-ray imaging and post-
imaging analysis). As discussed later, it may also require recording data of
hybrid populations or pure lines housed in the hybrids’ environments.

Once the motivations for genetically improving bone are fulfilled, other

technical questions come to the discussion:

1) Which bones should be phenotyped, and how should the phenotyping
be efficiently conducted for thousands of birds for breeding
purposes?

2) Which population should be phenotyped, and is it already pedigreed,
or does it need to be genotyped?

4.1 Phenotypes of bones of laying hens

The tibia bone is frequently measured for density and strength, but the
keel is the bone that is frequently fractured and deviated in laying hens. The
strength of tibia bone can be used as an informative phenotype of the general
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skeleton strength (osteoporosis). However, relying on greater tibia strength
to reduce keel fractures is uncertain due to their limited associations.
Developing new methods to phenotype keel bone fractures and deviations
(papers I1I-V) was, therefore, crucial, as well as automating the phenotyping
of both tibia and keel bones to enable data collection from thousands of birds
in the selective breeding operations.

4.1.1 Tibia strength is essential, but there are some limitations.

The tibia bone is frequently studied—dissected post-mortem to measure
the radiographic density, breaking strength (Bishop et al., 2000; Dunn et al.,
2021), bone composition (Alfonso-Carrillo et al., 2021; Johnsson et al.,
2022; Paper I). Tibia is the bone of choice to phenotype the general skeletal
strength since tibia mechanical properties, density or strength, have 1)
moderate heritability, 2) correlation with other long bones like humerus, and
also 3) correlation with the economic traits of egg and body weight (Dunn et
al., 2021). The earlier maturity (age-at-first egg), the lower tibia strength in
WL purebred. In RIR purebred, the bigger the eggs, the lower tibia strength.
Poultry breeders can use tibia strength to improve the general skeletal
weakness (osteoporosis) while accounting for the restrictions from egg and
body weight traits.

Phenotyping of tibia bone via dissection post-mortem is time and labour-
consuming. Alternatively, X-raying of live birds is possible on-farm (Paper
I1I). On the X-ray images of laying hens, the tibia density is measured using
the method (Wilson et al., 2022) and showed moderate heritability and strong
genetic correlation with the post-dissection tibia breaking strength
(Andersson et al., 2024). The method of Wilson et al. still needs further
automation for efficient phenotyping of thousands of birds in the breeding
companies (personal communication with Ian Dunn at the Roslin Institute,
The University of Edinburgh). Our methods for automating the phenotyping
of keel bones from X-ray images (papers IV-V) could also be extended to the
tibia bone.

4.1.2 The correlation between tibia bone strength and keel bone
fractures

Tibia strength is a proxy of the general skeleton strength and was also
thought to be correlated with keel bone fractures (Bishop et al., 2000; Wilson
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et al., 2022). The observed association between tibia strength and keel
fractures could depend on the housing system. In battery-caged birds, tibia
strength showed a favourable genetic correlation of -0.65 to -0.69, with bone
fracture count, including keel, humerus, and tibia (Bishop et al., 2000). Birds
genetically selected for higher bone index (stronger tibia and humerus,
denser cranial part of keel, and lesser body weight) resulted in reduced keel
bone fractures. However, this reduction was less pronounced in aviaries than
in cages (Fleming et al., 2006). About 50% of white hybrids with high bone
index still show keel fractures when housed in aviaries (see Fig.l in
Stratmann et al., 2016). Therefore, relying on a bone index of long bone (tibia
and humerus) strength and keel density, is uncertain in reducing keel
fractures in aviary housing. In aviary-housed brown hybrids, tibia
radiographic density showed favourable but not strong (-0.25 to -0.37)
genetic correlation with both keel deviations and fractures (Paper V).

In short, the genetic correlation between tibia mechanical properties
(density or strength) and keel fractures seems to be favourable, moderate in
battery cages, while weak in aviaries. While tibia strength is a primary factor
in keel bone fractures in battery cages, additional factors, such as bird's
navigation skills, may play a role in aviaries.

4.1.3 The correlation between keel bone density and fractures

The correlation between keel density and fractures depends on the stage
of'the fractures and, perhaps, the housing conditions. Just before keel fracture
onset, the denser keel, and tibia, the lower keel fractures, as shown in
experimentally induced keel fractures (Toscano et al., 2013). Longitudinal
measuring of keels and tibias is possible using X-rays of live birds (Wilson
et al., 2022; Papers I1I-V). However, measuring bones right before the onset
of keel fractures is difficult.

When keel radiographic density, also called radiopacity, was measured at
the end of lay when keel fractures become old, the genetic correlation with
keel fracture count was highly favourable -0.57 to -0.69 in battery-caged
white layers (Bishop et al., 2000), but unfavourable, 0.68 to 0.82 in aviary-
housed brown layers (Paper V). In aviary settings, keel fractures develop
severe calluses because the birds are free to move, hindering the healing
process and causing fractured keel bones to become denser than intact ones.
In addition, the heritability of keel radiographic density was 0.03 to 0.39 in
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caged birds (Bishop et al., 2000; Dunn et al., 2021) and 0.09 in aviary-housed
birds (Paper V).

The use of end-of-lay keel radiopacity as a proxy of keel fractures appears
problematic, at least in aviaries, due to its low heritability and potential to
reflect increased bone density or callus formation after fractures.

Both tibia and keel radiopacity are insufficient proxies of keel bone
fractures, at least in the aviary housing. Therefore, there was a need to
develop additional phenotypes specific to keel bone damage—deviations and
fractures.

4.1.4 Reliable non-invasive phenotypes of keel bone fractures and
deviations

Measuring keel fractures and deviations (or their proxies) on the
radiographic (X-ray) images of chickens is gaining more attention given its
non-invasive nature and feasibility for on-farm use (Baur et al., 2020;
Eusemann et al., 2020, 2018; Jung et al., 2022; Rufener et al., 2018; Tracy et
al., 2019; Paper III). The challenges lie in the post-imaging analysis. First,
determining which measurements from the two-dimensional X-ray images
are relevant to the three-dimensional keel bone damage observed post-
dissection. Second, automating the measurements to facilitate phenotyping
of thousands of birds for selective breeding purposes.

Given the concerns above, we developed (in papers IV-V) anovel method
to phenotype keel bones from the X-ray images. Once the bird is X-rayed,
the keel bone on the generated image is automatically segmented and
measured for geometry and density. The keel concave area appears to be a
useful metric for keel bone geometry on the X-ray images. The keel concave
area refers to the area of the concavity on the visceral side of the keel bone.
This is typically the side of the keel that faces the internal organs. In a cohort
of aviary-housed brown hybrids, at the phenotypic level, the larger the keel
concave area, the lower the post-dissection scores of keel deviations and
fractures. In addition, the lower the X-ray ratio of keel length to mid-depth,
the smaller the size of keel bone deviations.

In the same cohort, the keel concave area showed a heritability estimate
of 0.39 and -0.53 to -0.64 genetic correlation with keel deviations and
fractures. The other metric of keel geometry, ratio of keel length to mid-
depth, showed a heritability estimate of 0.11 heritability, in line with (Maidin
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et al., 2024), and a 0.63-0.72 genetic correlation with keel deviations and
fractures.

4.1.5 Some expectations about the genetic response in keel bone
fractures due to genetic selection using the X-ray bone
phenotypes

Keel bone fractures and deviations are scored through dissection post-
mortem. While these traits are impractical to collect for thousands of birds
in breeding programs, they still require genetic improvement. Fortunately,
post-mortem and X-ray traits of keel bones are genetically correlated,
meaning they are co-inherited or co-heritable. The question then is: What
would be the change in keel bone fractures (i.e., genetic gain or response) if
birds were selected based on the X-ray bone traits?

Genetic 8alNjp trait 1 due to selection on trait 2 = Ig12 hl h2 12 Op1

The change in keel fractures, expressed in units of phenotypic standard
deviation (0p1), is determined by the co-heritability of keel fractures and the
X-ray trait (rg1 hy hy ) multiplied by the selection intensity of the X-ray trait
(i) (adapted from Falconer and Mackay, 1996). Co-heritability of two traits
is the product of their genetic correlation (rgq,) and the square root of their
heritabilities (h, h; ). Selecting the top 10% of birds corresponds to selection
intensity (i) of approximately 1.75. This means that the selected group, on
average, has 1.75 phenotypic standard deviations, which is better than the
population average of the trait under selection.

If birds are genetically ranked for, e.g., keel concave area and the top 10%
of birds were selected to be the parent of the next generation, keel fractures
are expected to decrease by ~ 0.34 units per generation (Table 3). A decrease
of ~0.23 and 0.25 units in keel fractures is also expected due to the selection
for a lower ratio of keel length to mid-depth and higher tibia radiopacity,
respectively. The X-ray traits are genetically independent, and selecting birds
for them simultaneously is expected to result in a combined decrease of
~0.82 units in keel bone fractures (0.34 + 0.23 + 0.25 = 0.82).
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Table 3 The expected genetic response in keel bone fractures due to the genetic selection
of the top 10% of birds with a lower ratio of keel length to mid-depth, higher keel concave
area, and higher tibia radiopacity

2. Ratio of keel 3. Keel concave 4. Tibia
length to mid-  area (h>: 0.39)  radiopacity

depth (h%: 0.11) (h?:0.52)
1. Keel r, =0.72 g =-0.57 g =-0.37
fractures i =-1.75 i =175 i =175
count (h*: 0.3) CR=-0.23 CR=-0.34 CR= -0.25

h?: heritability, r,: genetic correlation, i: selection intensity, CR: genetic gain in
keel fractures due to selection on e.g., ratio of keel length to mid-depth =
Tz by Ry By sp; = 0.72 * V0.3 * N0.11 * -1.75 = -0.23 units of phenotypic

standard deviation

The realized genetic gain in keel fractures may differ from the expected
values, particularly if the genetic parameters of purebreds (used in selection)
differ from those of hybrids in the above calculations. With the methods we
developed for quick phenotyping of keel bones through X-ray imaging, and
dissections, estimating the genetic parameters of purebreds in breeding
companies should be straightforward, allowing for more refined genetic gain
calculations. As detailed in Paper II, there is also potential use of keel
phenotypes from genotyped hybrids to guide the selection of purebreds for
the hybrid traits.

Breeding companies primarily select birds for production traits, which
could be correlated unfavourably with keel bone traits, limiting the genetic
gain in reducing keel fractures. Nevertheless, confirming this requires further
studies to estimate the genetic correlations between production traits and keel
bone traits. The current studies did not include egg production traits but did
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consider the pelvic cavity capacity (papers Il and 1V). The pelvic cavity,
where the egg-laying process occurs, is anatomically adjacent to the caudal
end of the keel bone. The results in paper IV suggested that the larger the
pelvic cavity, the smaller the keel concave area (-0.42 to -0.54 genetic
correlation). Also, a smaller keel concave areca was associated with
increasing keel fractures and deviation. It is still unknown which pelvic
cavity contents are unfavourable to keel bone traits. It could be a relatively
large egg size in respect to the pelvic cavity size, or the egg might not be
large but laid by early matured birds with a relatively small pelvic cavity
(Theftner et al., 2021; Toscano et al., 2020). Further simultaneous analysis of
egg and keel bone traits, including X-ray-derived measures, could clarify the
relationship between keel integrity and egg production.

4.2 Which population to phenotype, and is it already
pedigreed or genotyped?

In the poultry breeding pyramid, the pure lines are recorded for pedigree
(and/or genotypes) and phenotypes. From these lines, poultry breeders select
and allocate cross-mating that gives rise to the hybrids (Figure 2). The
genetic selection in pure lines aims to improve the performance of the hybrid.
Breeders usually test this approach by recording the performance of some
batches of the resulting hybrids and comparing them to the pure line
performances or by relying on farmers' satisfaction with the hybrids'
performance. So, phenotype data is routinely recorded for the pure lines to
perform selective breeding but recoded for a sample of hybrids to observe
the genetic gain from the performed selective breeding.

Provided that pure lines and hybrids have similar environments, the
superior performances of hybrids over pure lines are totally attributed to
genetics, which is a consequence of successful selective breeding.

When pure lines and hybrids have different environments, the superior
(or even inferior) performance of hybrids than pure lines could be attributed
to genetic, environment, or the interaction of genetic with the environment.
In such cases, breeding companies may need further analysis to ensure that
their selective breeding on pure lines improves the hybrids’ performance.
The analysis is straightforward, but it requires that pure lines and hybrids be
phenotyped and connected through a common pedigree or genotype data
(paper II). Simultaneous analysis of these data will quantify the variability
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in the hybrids’ phenotypes due to genetics rather than environment and
quantify how much the genetics of hybrids’ phenotypes are explained by
genetics of pure lines phenotypes, i.e., genetic correlation between
phenotypes of pure lines and hybrids.

In general, the genetic correlations between phenotypes of pure lines and
hybrids ranged from 0.60-0.80 (Calus et al., 2023) and were not very clear
for bone traits (Paper II). The most useful estimate of these genetic
correlations, specifically between bone traits in caged pure lines and aviary-
housed hybrids, would come from breeding organization data where pure
lines and hybrids share genetic ties. Assuming either strong or weak genetic
correlations between pure lines and hybrids, I will discuss the data
requirements for genetic selection for bone traits.

4.2.1 Strong genetic correlation between pure lines and hybrids

If the genetic correlation between bone traits of caged pure lines and
aviary-housed hybrids is strong, it is a concrete evidence that genes of bone
traits are similar across pure lines and hybrids, despite their different
environments. Consequently, selective breeding using only pure lines data
(phenotypes and pedigree or genotype) is sufficient to improve hybrids'
bones. Using data from ~940 purebred birds of each breed of WL and RIR,
the GEBYV for tibia strength was estimated with a validation accuracy of 0.55
in WL and 0.73 in RIR (Paper II). Combining data from WL and RIR
increased the GEBV accuracy of both with 5-8 points, but they both should
be connected through common genotype data. Automating bone
phenotyping on X-ray images of live birds, possibly using the methods we
developed in papers IV-V, would enable quick phenotyping of pure lines and
improve the accuracy of breeding value estimation.
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Breeding lines are selected based on SNP effects of Hybrids batch 1
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are evaluated for the selection gain

Figure 8 A general approach for the genetic improvement of hybrids’ bone strength. The
current studies focus only on estimating the GEBV (SNP effects) of hybrids.

4.2.2 Weak to moderate genetic correlation between pure lines and
hybrids

Concerns arise when the genetic correlation between bone traits in caged
pure lines and aviary-housed hybrids is not strong, e.g. around 0.5. This
indicates that genes affecting bones in pure lines are not the same as those in
hybrids. For example, genes affecting navigation and maneuvering abilities
could be essential for bones of aviary-housed hybrids but not for caged pure
lines. A bird may genetically rank high (high breeding value) for bone traits
in cages but not necessarily in aviaries. Since breeding values are a function
of SNP marker effects, a group of SNP markers may not affect bones in cages
but significant effects on bones in aviaries.

At least two approaches can be proposed to select caged pure lines for
better bones in aviaries. In the first approach, some pure lines can be housed
in aviaries and phenotyped for bone traits. Data of bone traits from both
aviary- and cage-housed pure lines can then be treated as separate but
correlated traits in multi-trait BLUP or GBLUP analysis, where the breeding
values for aviary bone traits are estimated for all birds.

In the second approach, breeding companies can house a cohort of
hybrids in aviaries and record their bone phenotypes and genotypes. Data on
bone traits from aviary-housed hybrids and cage-housed pure lines can then
be treated as separate but correlated traits in multi-trait GBLUP or Bayesian
analysis (as detailed in Paper II), where the breeding values of pure line
birds will be estimated regarding the bone traits of aviary-housed hybrids.

50



Assuming minimal differences between hybrid batches, as is standard
industry practice in breeding companies, the data from one batch would
represent other batches (see Figure 8). Using data from ~220 white hybrids,
the GEBYV for tibia strength was estimated with validation accuracy of 0.42
to 0.65 (Paper II). Hybrid GEBV accuracy (and SNP effects) is expected to
improve with more hybrid data, potentially obtainable through digital
phenotyping methods.

Collecting data from aviary-housed pure lines or hybrids will help reveal
the genetics, including SNP effects, of bone traits in the aviary setting and
aid in selecting pure lines. However, both approaches need to be carefully
evaluated, as the collection of new data is only justified if it results in genetic
gains in the hybrid's bone traits, i.e., hybrids with superior bones.
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S. Practical implications and future
perspectives

Breeding companies could incorporate bone traits into their genetic
improvement programs to meet the consumer demands for eggs from birds
of good bones. X-raying birds on farms, followed by segmenting and
measuring bones in the X-ray images, is useful for phenotyping bones,
whether for selective breeding purposes or identifying suitable housing and
nutrition strategies that minimize bone problems. This method was used in
the current studies to measure keel bone and can be extended to measure tibia
bone. Both keel and tibia traits derived from X-ray images are heritable and
can be used by breeding companies to select birds for reduced keel fractures
and deviations and improve the general skeleton strength.

Another large study, possibly using automatic bone phenotyping on X-
ray images, is required to estimate the genetic correlation between bone traits
in caged pure lines and aviary-housed hybrids. If the genetic correlation is
not strong, collecting data from aviary-housed pure lines or hybrids will be
necessary. Otherwise, data from caged pure lines would be sufficient to
select for aviary bone traits. Additional data collection is only justified if it
leads to genetic gains in hybrid bone traits, warranting further studies to
quantify these gains.
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6. Conclusions

The current studies present:

A novel automated method for analyzing X-ray images of
laying hens, providing reliable phenotypes to aid selection for
reduced keel bone fractures and deviations. Applicable to both
purebreds and crossbreds, the method can be extended to other
bones and objects (e.g., tibia and egg size) or species (e.g., keel
issues in turkeys and joint problems in broilers and swine).

A multi-trait genomic analysis of purebred and crossbred data
to guide purebred selection for various crossbred housings. This
is crucial when purebreds and crossbreds are raised in different
environments, such as furnished cages versus aviaries, or even
in different countries, such as the United States and India for
broilers.

A genomic analysis of bone composition in purebreds reveals
an inverse relationship between bone lipids and strength and
identifies genetic markers associated with lipid levels. These
genetic markers could guide practical interventions, such as
nutritional strategies to enhance purebred bone strength.
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Popular science summary

There are about 7.8 billion laying hens worldwide, producing 87 million
metric tons of eggs annually, or approximately 1,650 billion eggs. In
Sweden, 7.7 million laying hens produce about 118,000 metric tons of eggs.
Although eggs are produced on a large scale, bone damage, mainly of the
keel bone, including deviations and fractures, is common in laying hens,
posing welfare and production challenges. Up to 90% of laying hens may
have at least one keel bone fracture or deviation, regardless of breed or
housing type. Hens can experience pain from bone fractures, potentially
leading to decreased movement and egg production. Fractures that do not
heal properly may result in severe callus formation, which can cause visible
deformities and are often irreversible.

Bone fractures are commonly linked to osteoporosis (general bone
weakness) in laying hens, especially in battery cages. Most studies have
focused on factors that reduce osteoporosis and improve bone density or
strength. Supplementing particulate minerals, rather than ground minerals,
has been shown to enhance bone strength. Housing birds in furnished cages
or aviaries, where they can move more freely, also improves bone strength,
particularly in the wings. Additionally, studies have demonstrated that bone
strength has a genetic component, which can be more effective in improving
bone strength than housing or nutrition alone. Genetic selection for birds
with a higher bone index (including stronger tibia and humerus bones and
denser keel bones) has been shown to reduce bone fractures. However, there
are some limitations. First, the genetic selection process relies on measuring
bones post-mortem, which is impractical for thousands of birds in
commercial breeding programs. Second, around 50% of birds with a high
bone index still show keel fractures in aviaries, indicating that fractures can
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occur even in strong bones. In other words, bone strength is not the only
determinant of bone fractures.

To enable the genetic selection of birds for reduced keel bone fractures,
chicken bones need to be measured in a way that is efficient for thousands of
birds and also informative about keel bone fractures. Measuring keel bones
on radiographic (X-ray) images is gaining attention due to its non-invasive
nature and possibility under on-farm conditions. The challenges lie in the
post-imaging analysis. First, determining which measurements from the two-
dimensional X-ray images are relevant to the three-dimensional keel bone
fractures and deviations observed post-dissection. Second, automating the
measurements to facilitate phenotyping thousands of birds for selective
breeding purposes.

In the present studies, we developed novel methods using machine
learning and computer vision programming to measure keel bones on X-ray
images. From X-ray images of 1,050 birds, the keel bones were
automatically segmented and analysed for geometry and density. We found
that birds with severe keel fractures and deviations had higher radiographic
density than birds with intact keels. Severe fractures lead to the formation of
excessive callus (over-mineralized tissue), making the keel appear denser.
This complicates using keel bone density as a reliable metric, as it may reflect
either bone fractures or strength.

On the other hand, keel concave area is a useful metric for keel geometry
in X-ray images. The keel concave area refers to the area of the concavity on
the visceral side of the keel bone. This is typically the side of the keel that
faces the internal organs. We found that the larger the keel concave area, the
lower the keel deviations and fractures. The keel concave area showed
moderate heritability and moderate genetic correlation with keel deviations
and fractures. There was also a weak genetic correlation between keel
concave area and tibia radiographic density. Therefore, both keel concave
area and tibia radiographic density are phenotypes that poultry breeders
could use for the genetic selection of birds for reduced keel damage and
improved general skeleton strength.

The method developed in the current studies focuses on measuring keel
bones. However, it can also be extended to automate the measurement of
other bones, such as the tibia, all from the same X-ray images. The method
is well-suited for poultry breeding companies, as it can process thousands of
X-ray images in just a few minutes. It can also be used in large-scale studies
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to evaluate different housing environments and nutrition strategies that aim
to improve keel bone conditions.
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Popularvetenskaplig sammanfattning

Det finns cirka 7,8 miljarder varphdns vérlden dver som producerar 87
miljoner ton dgg arligen, vilket motsvarar ungefdr 1 650 miljarder dgg. |
Sverige finns det 7,7 miljoner varphdns som producerar cirka 118 000 ton
agg, vilket utgdr 2 % av den europeiska marknaden. Trots den stora
dggproduktionen &r skelettskador, framst pa brostbenskam (keel bone),
inklusive deformationer och frakturer, vanliga hos véarphons. Detta medfor
utmaningar bade for djurens valfard och for produktionen. Upp till 90 % av
varphonsen kan ha minst en fraktur eller deformation pa brostbenskam,
oavsett hybrid eller typ av uppfodningsmiljé. Hons kan uppleva smaérta fran
benfrakturer, vilket kan leda till minskad rorlighet och ldagre dggproduktion.
Frakturer som inte ldker korrekt kan resultera i allvarlig kallusbildning, vilket
orsakar synliga deformiteter som ofta dr permanenta.

Benfrakturer dr ofta kopplade till osteoporos (allmidn benskorhet) hos
varphons, sérskilt i oinredda burar med hog beldggning. De flesta studier har
fokuserat pa faktorer som minskar osteoporos och forbattrar bentéthet eller
benstyrka. Tillskott av partikuldra mineraler, snarare 4n malda mineraler, har
visat sig stirka benen. Att hilla hons i inredda burar eller voljarer dir de kan
rora sig mer fritt forbéttrar ocksé benstyrkan, sirskilt i vingarna. Dessutom
har studier visat att benstyrka har en genetisk komponent, vilket gor att
avelsarbete kan vara mer effektivt for att forbéttra benstyrkan dn enbart
forandringar 1 milj6 eller utfodring. Genetisk selektion for hons med hogre
bentéthetsindex (inklusive starkare skenben och Gverarmsben samt titare
brostbensésar) har visat sig minska forekomsten av frakturer. Det finns dock
vissa begrdansningar. For det forsta bygger den genetiska selektionsprocessen
pa att mita ben post mortem, vilket dr opraktiskt for tusentals honor i
kommersiella avelsprogram. For det andra visar cirka 50 % av honorna med
hogt benindex fortfarande frakturer pd brostbenskam i voljérer, vilket
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indikerar att frakturer kan uppstd dven i starka ben. Med andra ord ar
benstyrka inte den enda faktorn som avgdr om benfrakturer uppstér.

For att mojliggora genetisk selektion av hons med férre frakturer pa
brostbenskam méste honornas ben métas pa ett sitt som ar bade effektivt for
tusentals djur och informativt nér det géller brostbensfrakturer. Mitning av
brostbenskam pé rontgenbilder en bra metod tack vare dess icke-invasiva
karaktédr och genomforbarhet pa garden. Utmaningarna ligger i analysen efter
att man tagit rontgenbilderna. For det forsta &r det viktigt att avgora vilka
matt fran tvadimensionella rontgenbilder som ar relevanta for att avbilda de
tredimensionella frakturer och deformationer pa brdstbenskam som
observeras efter dissektion. For det andra behdver man automatisera
matningarna for att underlétta storskalig fenotypning for selektiv avel.

I de nuvarande studierna utvecklade vi nya metoder med maskininlédrning
och programmering for datorseende for att midta brostbensasar pa
rontgenbilder. Frdn rontgenbilder av 1 050 féglar segmenterades
brostbensasarna automatiskt och analyserades for geometri och densitet. Vi
fann att faglar med allvarliga frakturer och deformationer pa brostbenskam
hade hogre rontgentithet dn faglar med intakta brostbenskammar. Allvarliga
frakturer leder till bildandet av 6verdriven kallus (6vermineraliserad vivnad)
under ldkningsprocessen, vilket gor att brostbenskam verkar titare 4n om det
inte finns nadgon fraktur. Detta komplicerar anvdndningen av densiteten hos
brostbenskam som ett tillforlitligt matt, eftersom det kan bero bade pa
forekomsten av benfrakturer och pa benstyrka.

A andra sidan ir konkava omradet pa brostbenskam ett anvindbar matt
for att bedoma geometrin pa rontgenbilder. Det konkava omradet avser
omradet vid inskdrningen pa den viscerala sidan av brdstbenskam, vilket
typiskt dr den sida som vetter mot de inre organen. Vi fann att ju storre det
konkava omradet var, desto farre deformationer och frakturer hade
brostbenskam. Det konkava omradet visade mattlig arftlighet for xx och
mattlig genetisk korrelation med deformationer och frakturer. Det fanns
ocksd en svag genetisk korrelation mellan det konkava omrédet och
rontgentdthet hos skenbenet. Dérfor &r bade konkava omrédet och
rontgentdthet hos skenbenet fenotyper som avelsforetag for virphons kan
anvinda for genetisk selektion av faglar for minskad skada pa brostbenskam
och forbéttrad styrka i hela skelettet.
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Den metod som utvecklades i dessa studier fokuserar pa att mita
brostbenskammar. Metoden kan dock ocksd utdkas for att automatisera
méitningen av andra skelettben, sdsom skenbenet, frdn samma rontgenbilder.

Metoden ar vil ldmpad for avelsforetag for virphons eftersom den kan
analysera tusentals rontgenbilder pa bara nigra minuter. Den kan ocksa
anvéndas 1 storskaliga studier for att utvirdera olika inhysningsmiljéer och
utfodringsmetoder som syftar till att forbattra brostbenskam tillstand.

69






Acknowledgments

The work reported in this thesis was carried out at the Department of
Animal Breeding and Genetics (HGEN), which has now become part of the
Animal Bioscience Department (HBIO) at the Swedish University of
Agricultural Sciences (SLU). 1 gratefully acknowledge the Swedish
Research Council for Sustainable Development (FORMAS) for funding this
research (Grant No. 2019-02116). Additional financial support from the SLU
Career Development Grant to Dirk-Jan De Koning and the Foundation for
Food and Agriculture Research (FFAR-USA, Grant ID: 22-000308) is also
very appreciated.

I wish to express my gratitude to my supervisors: Dirk-Jan De Koning,
Helena Wall, Stefan Gunnarsson, Martin Johnsson and also for
Fernando Lopes Pinto. Thank you for allowing me to be part of this project.
This work would not have been possible without your guidance and
stimulating discussions. Birds used in the first paper were provided by
Lohmann Breeders GmbH (Germany), housed at the Roslin Institute,
University of Edinburgh (United Kingdom), with further bone analysis
conducted at the University of Granada (Spain). I am grateful to all
collaborators in Germany, the UK, and Spain. Additionally, I thank
colleagues at the Swedish Livestock Research Centre Lovsta-Uppsala for
housing the birds and collecting data for the second paper. Special thanks to
the owner of the Swedish commercial farm for enabling the longitudinal
experiment on his farm. I also thank Tytti Vanhala for DNA extraction and
preparation for genotyping, and the SNP&SEQ Technology Platform in
Uppsala (www.genotyping.se) for performing the genotyping. My gratitude
goes to everyone involved in obtaining X-ray images and collecting clinical
data: Anne Larsen, Lina Goransson, Gunilla Jacobsson, Frida
Dahlstrom, Karin Wallin, Jenny Lans, and Qasim Mashood from the

71



Department of Applied Animal Sciences and Welfare at SLU, Skara. A
special thanks to Ian Dunn and Pete Wilson at the Roslin Institute,
University of Edinburgh (UK), for advanced training in X-ray data analysis.
I thank Samuel Coulbourn Flores for English proofreading of this thesis.

To my colleagues at HGEN, thank you for the engaging discussions and
shared laughs. Thanks to the PhD students in genetics: Ida, Renaud,
Heidran, Paulina, Sandra, Valeriia, Fotios, Simon, Alejandra, Roman,
Michael, Nanxing, Lise, and Victoria, as well as the former PhD students:
Patricia, Christian, Stanley, Maria, Julie and Juan. I started at HGEN as
a master’s student and met many people who contributed to my PhD journey
in various ways. Although there are too many names to list here, I deeply
appreciate all of you—thank you.

Finally, I want to express my heartfelt gratitude to my family and friends
for their unwavering support throughout this journey.

72



7. Papers |-V

73












Sallam et al. Genetics Selection Evolution (2023) 55:44 Genetics Se | ection Evo | ution
https://doi.org/10.1186/512711-023-00818-x

. . . ®
Genetic markers associated with bone e

composition in Rhode Island Red laying hens

Moh Sallam"®, Peter W. Wilson?, Bjérn Andersson?, Matthias Schmutz?, Cristina Benavides?,
Nazaret Dominguez-Gasca’, Estefania Sanchez-Rodriguez*, Alejandro B. Rodriguez-Navarro?, lan C. Dunn?,
Dirk-Jan De Koning' and Martin Johnsson'

Abstract

Background Bone damage has welfare and economic impacts on modern commercial poultry and is known as one
of the major challenges in the poultry industry. Bone damage is particularly common in laying hens and is probably
due to the physiological link between bone and the egg laying process. Previous studies identified and validated
quantitative trait loci (QTL) for bone strength in White Leghorn laying hens based on several measurements, including
bone composition measurements on the cortex and medulla of the tibia bone. In a previous pedigree-based analysis,
bone composition measurements showed heritabilities ranging from 0.18 to 041 and moderate to strong genetic
correlations with tibia strength and density. Bone composition was measured using infrared spectroscopy and
thermogravimetry. The aim of this study was to combine these bone composition measurements with genotyping
data via a genome-wide association study (GWAS) to investigate genetic markers that contribute to genetic variance
in bone composition in Rhode Island Red laying hens. In addition, we investigated the genetic correlations between
bone composition and bone strength.

Results We found novel genetic markers that are significantly associated with cortical lipid, cortical mineral scat-
tering, medullary organic matter, and medullary mineralization. Composition of the bone organic matter showed
more significant associations than bone mineral composition. We also found interesting overlaps between the GWAS
results for tibia composition traits, particularly for cortical lipid and tibia strength. Bone composition measurements
by infrared spectroscopy showed more significant associations than thermogravimetry measurements. Based on the
results of infrared spectroscopy, cortical lipid showed the highest genetic correlations with tibia density, which was
negative (—0.20 +0.04), followed by cortical CO3/PO4 (0.18 +0.04). Based on the results of thermogravimetry, medul-
lary organic matter% and mineral% showed the highest genetic correlations with tibia density (—0.25 +0.04 and
0.25+0.04, respectively).

Conclusions This study detected novel genetic associations for bone composition traits, particularly those involving
organic matter, that could be used as a basis for further molecular genetic investigations. Tibia cortical lipids displayed
the strongest genetic associations of all the composition measurements, including a significantly high genetic cor-
relation with tibia density and strength. Our results also highlighted that cortical lipid may be a key measurement for
further avian bone studies.
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Background

Laying hens have a strong tendency to suffer from bone
damage (deviations or fractures), which is a major wel-
fare challenge in the egg industry. In 1989, Gregory and
Wilkins reported that~30% of commercial caged lay-
ers had at least one bone fracture [1]. More recent stud-
ies from different countries showed a high incidence of
bone damage, particularly in the keel bone or sternum,
for chicken raised under all types of housing systems and
both for brown and white laying hens: 95% in a British
study [2], over 85% in a Belgian study [3], about 83% in
a Swiss study [4], 25 to 70% in Danish studies [5, 6], and
27% in an Australian study [7]. All these findings indicate
the high prevalence of bone damage problems, in spite of
the long recognized possibility of improving bone qual-
ity via genetic approaches [8]. Birds with fractured bones
tend to lay fewer eggs, eat more, and likely have a higher
mortality rate [9-11]. Thus, bone damage is not only
a major welfare issue but also has a clear negative eco-
nomic impact.

Given that both bone and eggshell formation are pro-
cesses that require large amounts of calcium, a relation-
ship between egg laying and bone damage might be
expected [12]. However, the egg laying process has sev-
eral characteristics that may not genetically correlate
with bone strength, and this may also vary across breeds.
For example, on the one hand, pre-peak egg laying, which
is negatively correlated with the onset of egg laying (in
White Leghorn) and egg mass (in Rhode Island Red),
showed significant negative genetic correlations with
tibia strength [13]. On the other hand, post-peak egg lay-
ing showed a low and non-significant correlation with
tibia strength in both breeds in the same study. Similar
findings suggested a weak and non-significant relation-
ship between egg and bone quality at 105 weeks of age
in H&N Brown Nick layers [14]. Fleming et al. [15] com-
pared bones and eggs of Lohmann Selected Leghorn
(LSL) hens that had been divergently selected for high
and low bone strength. Hens with a high bone strength
laid more but smaller eggs than hens with a low bone
strength, while eggshell strength and thickness did not
differ between these two lines. These findings of Flem-
ing et al. [15] suggest that: (1) hens could be selected
for stronger bones without a negative effect on eggshell
strength, and (2) it is possible to select for hens that both
have stronger bones and lay more eggs (laying persis-
tency), but with possible reductions in egg size.

Bone consists of complex composite material, which is
constituted by carbonated apatite nanocrystals that min-
eralize an organic matrix of cross-linked collagen fibres
[16]. In spite of its apparently static appearance, bone is
a living dynamic tissue that is constantly accreted and
remodelled by bone cells. During remodelling, old bone
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tissue and minerals are resorbed and new bone tissue is
deposited and mineralized [17]. In the human literature,
it has been reported that bone remodelling can modify
bone architecture (size, shape, content, and bone cell dis-
tribution), as a response to mechanical usage, diseases,
or aging [18]. In laying hens, medullary bone is resorbed
during eggshell formation and deposited again during the
daily egg cycle. Medullary bone is specialised bone that
is deposited under the influence of estrogen to store cal-
cium for egg shell formation [19]. However, cortical bone,
which provides the most strength, can be resorbed dur-
ing egg laying, resulting in progressive loss of structural
bone (i.e., osteoporosis) [20]. Consequently, the mechani-
cal properties of bone (breaking strength) in laying hens
are not constant and change due to multiple factors (egg
laying, physical exercise, diet, and aging) that affect bone
mineralization and structure [13, 21-23].

In addition to measurements of bone strength and den-
sity, its chemical composition has been measured in lay-
ing hens to provide a more detailed picture of the biology
of bones and eggs [12, 13, 24]. Li et al. [24] showed that
the density of the bones of laying hens increases until the
onset of egg laying, which coincides with a rise in bone
carbonate, and then remains stable. In addition, meas-
urements of the chemical composition of bone can pro-
vide an estimate of bone remodelling based on the ratio
of minerals to organic matter, which gives an indication
of the ongoing mineralization process and based on the
ratio of carbonate to phosphates, which gives an indica-
tion of ongoing carbonate substitution.

Many avian appendicular bones are made up of an
outer denser cortical component and, when the chickens
are reproductively active, an inner less dense medullary
component. The chemical composition (mineralization
and carbonate substitution) of cortical and medullary
bone varies phenotypically and genetically between hens.
Rodriguez-Navarro et al. [22] reported that, in a White
Leghorn breed, cortical and medullary mineralization
varied within and across housing systems, due to differ-
ences in the physical activity of birds in different types
of housing. Dunn et al. [13] performed a pedigree-based
genetic study for tibia bone composition in White Leg-
horn and Rhode Island Red hens (each representing
one of the common grandparents of commercial layers).
Genetically, both cortical and medullary mineralization
varied within and across these breeds. In addition, the
heritability estimates for medullary composition meas-
urements ranged from 0.18 to 0.41 and these measure-
ments were genetically correlated (0.6-0.9) with tibia
breaking strength. These moderate to strong heritabili-
ties and strong genetic correlations, along with the iden-
tification [25] and subsequent validation [26] of a large
quantitative trait locus (QTL) for tibia strength, suggest
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that adding genotyping data and running genome-wide
association studies (GWAS) on bone composition traits
could reveal genomic regions that contribute to multiple
aspects of bone health in laying hens. The current study
is the genomic follow-up of the pedigree-based study of
Dunn et al. [13], with a focus on bone composition traits
that have not been previously addressed. The objec-
tives of the study were to: (1) perform GWAS to detect
genetic marker associations with ~29 bone composition
measurements in a cohort of 924 Rhode Island Red lay-
ing hens, and (2) estimate genetic correlations between
tibia bone composition traits and overall tibia density and
strength.

Methods

Animals and phenotyping

We studied a cohort of 924 Rhode Island Red hens from
a pure grandparent line of Lohmann Brown commercial
layers (Lohmann Breeders GmbH, Germany). The hens
from four hatches were assigned to two houses (at Roslin
Institute facility, Edinburgh, United Kingdom) equipped
with furnished cages that each included a perch and a
white egg-laying companion to enable individual record-
ing. Birds of early hatches were assigned to one house
and later hatches to the other, and within each house,
birds were assigned randomly to the cages. Hens were fed
ad libitum with a standard layer diet. Hens were eutha-
nized at 68 weeks of age, weighed, and tibia bone samples
were collected for further detailed bone measurements,
as described in [13]. In the current study, we analysed
tibia chemical composition, mineral crystallinity, and
mechanical properties.

Tibial bone chemical composition

The chemical composition of tibia-mid-shaft cortex and
medullary bone was measured by Fourier transform
infrared spectroscopy (FTIR) and thermogravimetry
(TGA), as described in more detail in [22]. A 1-cm sec-
tion of bone that was cut from the tibia mid-shaft was
selected. Then, cortical and medullary bone tissues were
separated manually and homogenized by grinding. Corti-
cal or medullary bone in powder form were analysed in
reflection mode using the FTIR spectrometer (mod 6200,
JASCO) equipped with an ATR unit (MIRacle Single
Reflection ATR, PIKE Technologies). The infrared spec-
tra were recorded at a 2-cm™! resolution for 100 scans.
The compositional parameters were determined from
the peak area of the absorption bands associated with the
chemical composition of bone, as shown in Table 1.

For TGA, about 25 mg of the powdered bone (cortical
or medullary) were used to obtain the thermogravimetry
scans (TGA). From the observed weight loss, the percent-
age weight of the main chemical composition of bone
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(water, organic, mineral, carbonate) was determined, as
shown in Table 1.

Both FTIR and TGA are used to measure bone compo-
sition. For example, TGA Mineral% represents the min-
eral content of bone tissue; TGA OM% represents the
organic matter content of bone tissue, FTIR PO4/Amide
I ratio represents phosphate content (main mineral com-
ponent) relative to organic matter, and TGA CO3% rep-
resents carbonate content (in the mineral part of a bone).
Some differences between the FTIR and TGA meth-
ods should be noted. On the one hand, TGA measures
the loss in bone sample weight at specific temperature
ranges corresponding to the loss of specific components
of bone during heating (water evaporation, combustion
of organic matter, thermal decomposition of carbonate).
On the other hand, FTIR measures the peak area of the
absorption bands in the mid infrared region of different
molecular components of bone (e.g. carbonate and phos-
phate from the minerals and amide groups from pro-
teins). Both techniques give information on the degree
of mineralization and complementary information from
FTIR on collagen cross-linking and lipid content data.
Although both methods can provide quantitative compo-
sitional data for bone, TGA measurements are more pre-
cise and have less variability than FTIR measurements.

Tibial bone mineral properties

Tibia cortical mineral crystallinity and crystal orientation
were measured by X-ray diffraction (XRD), as described
in more detail in [22]. A 1-cm? portion of cortical bone
that was cut from the tibia mid-shaft was analysed in
transmission mode with a X-ray single crystal diffrac-
tometer (D8 VENTURE, Bruker) equipped with an area
detector (PHOTON II) and a Mo radiation (0.2 mm col-
limator). Measurements related to bone mineral crys-
tallinity (maturity) and mineral organization (apatite
crystal orientation) were determined from XRD data, as
described in Table 1.

Tibial bone mechanical properties

The mechanical properties of bones include density and
breaking strength. For tibia density, the whole tibia was
radiographed by X-ray, with an exposure voltage adjusted
for the hens age. The generated X-ray images were
scanned, then the tibia was delineated from the back-
ground and the mean radiographic density (pre-calibrated
in mm of aluminium equivalent) of the whole bone was
measured, as described in [13]. Tibia breaking strength was
measured by a three-point bending test using a materials
testing machine (JJ Lloyd LRX50, Sussex, UK), as described
by Fleming et al. [27]. We included these mechanical traits
to investigate how FTIR, TGA, and XRD measurements
are genetically correlated with tibia density and strength,
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Table 1 Trait definition and estimates of variation coefficients, heritability, and genetic correlations with tibia density and strength

Method Tibia

Phenotypic

Genetic correlation with

Bone

Trait name

Definition

Variation
coefficient

h?+SE

Tibia density Tibia breaki

ng strength

FTIR

Cortex

Medulla

Cortical PO4/Amide |

Cortical CO3/PO4

Cortical CO3/Amide |

Cortical CO3 1450/1415

Cortical collagen maturity

Cortical lipid

Medullary PO4/Amide |

Medullary CO3/PO4
Medullary CO3/Amide |
Medulla CO3 1450/1415
Medullary collagen maturity
Medullary lipid

Calcium-phosphate (PO4)
relative to organic matter
(Amide I); calcium-phosphate
and organic matter meas-
ured as FTIR area at main
peak 900-1200 cm™' and
1640 cm ™!, respectively; this
measurement indicates the
degree of mineralization

Carbonate relative to calcium-
phosphate(PO4); carbonate
and calcium-phosphate
measured as FTIR area at

main peak 1415 cm™" and
900-1200 cm™~", respectively.
Carbonate peak represents
carbone contribution from
crystalized and non-crystalized
minerals excluding carbone
contribution from organic
matter phase; this measure-
ment refers to carbonate
substitution and is an indicator
of carbonate weight % [19]

Carbonate relative to organic
matter (Amide |); carbonate
and organic matter measured
as FTIR area at main peak
1415cm™" and 1640 cm™,
respectively; CO3/Amide | and
PO4/Amide | together refer to
bone mineralization process

Ratio of secondary carbon-
ate and organic matter peak
(1450 cm™) to the main
carbonate peak (1415 cm™")

Mature relative to immature
collagen cross-links; mature
and immature collagen
measured as the FTIR area at
main peak 1660 cm~' and
1690 cm ™!, respectively; this
measurement is used as an
indicator of the collagen
maturity

Carbony! group from the lipid;
measured as the FTIR area at
main peak 1710 cm™'

As in cortex. Note Amide | in
medulla come from medulla
bone organic matter and bone
marrow as well

As in cortex
As in cortex
As in cortex
As in cortex
As in cortex

1343

9.13

6.85

343

60.04

69.26

31.07
2967
2341
5744
919

0.08+0.04

0.07+0.04

0.09+0.04

0.06+0.04

0.09+0.04

0.19+0.05

005+£0.03

0.06+0.04
0.07+0.03
002+0.03
0.05+0.03
0.01+003

—-0.14+£004 -0.11+£004

0.18+£0.04 0.14+0.04

—-005+004 —0.04+004

—007+004 —0.07+004

—-008+004 -0.10+004

—0.20+004 —0.19+004

0.08+0.04 0.10£0.03

—0.04+0.04

0.13+0.04
—0.05+0.04
—-0.02+0.04
—0.02+003

—0.05+0.03

0.15+0.03
—0.07+0.03
—0.02+0.03
—005+0.03




Sallam et al. Genetics Selection Evolution (2023) 55:44 Page 5 of 20
Table 1 (continued)
Method Tibia Phenotypic Genetic correlation with
Bone Trait name Definition Variation h2+SE Tibia density Tibia breaking strength
coefficient
TGA Cortex  Cortical water % Water weight% measured by 851 0.00+0.08  0.00+0.03 0.00+£0.04
TGA
Cortical OM % Organic matter weight% 643 010+£004 —-0.15+£006 —0.16+£004
measured by TGA
Cortical CO3% Carbonate weight% measured 163 0004003 001003 0.00+£0.04
by TGA
Cortical phosphates % Phosphate weight% measured ~ 2.35 009+004 0.10+004 0.11+£0.03
by TGA
Cortical mineral % Minerals weight%; calculated 247 007+004  0.14+005 0.15+0.04
as the sum of carbonate %
and phosphate % measured
by TGA
Cortical phosphates/OM Phosphate weight % relative 791 0.13+£004 0.15+004 0.15+£0.04
to organic matter weight %
measured by TGA
Cortical CO3/phosphates Carbonate weight % relative 16.57 0.00+0.03  0.00+0.03 0.00+£0.04
to organic matter weight %
measured by TGA
Medulla  Medullary water % As in cortex 1649 003+£004 0.10+004 0.08+0.04
Medullary OM % As in cortex 19.12 023+004 —-025+004 —020+004
Medullary CO3 % As in cortex 35.72 0.04+0.03 0.13+0.03 0.14+0.05
Medullary phosphates % As in cortex 3137 0.22+0.04 0.24+0.04 0.20+0.04
Medullary mineral % As in cortex 3239 0224004 025+004 0.20+£0.04
Medullary phosphates/OM  As in cortex 52.79 0244005 026+004 0.21+£0.04
Medullary CO3/phosphates  As in cortex 3341 004+003 —011+£003 —0.06+004
XRD Cortex  Crystal scattering Scattering degree of mineral 11.58 002+£003 003+£003 —002+003
crystals orientations within
bone mineral; measured as
the angular breadth of bands
displayed in the intensity pro-
file along the Debye-Scherrer
ring associated with the 002
reflection of apatite mineral
(Gamma scan [53]); the wider
the band, the greater the
scattering (less organization) in
the orientation of the c-axis of
apatite crystals; this is the most
accurate XRD measurements
Crystal orientations Degree of crystal orientation;  15.67 001+003 —-006+0.04 —0.04+003
it ranges from O (random) to 1
(completely oriented)
Crystal oriented fraction Ratio of orientated to non- 2598 0004002  0.02+0.03 0.02+0.03

orientated mineral crystals;
greater value means well
organized crystals and smaller
values means less organized
crystals

FTIR: Fourier transform infrared spectroscopy; TGA: thermogravimetry; XRD: X-ray diffraction; OM: organic matter; heritabilities (h?) and genetic correlations are
estimated by multi-trait genomic restricted maximum likelihood; SE: standard error of the estimates; h? for tibia density: 0.50 + 0.05; h? for tibia breaking strength:

0.46+0.05
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which are widely used to measure bone quality in poultry
breeding programs. However, the genetic correlation of the
tibia density and strength traits with the tibia composition
traits should be interpreted with caution, since the former
measures the whole tibia, while the latter measures only
material from 1 cm? of the tibia mid-shaft.

These different phenotyping approaches resulted in 29
traits, which are summarized with their exact definitions
in Table 1.

Genotyping

All hens were genotyped for 57,636 single nucleotide
polymorphisms (SNPs) using the Illumina Infinium
array. The genotyping was performed by the SNP&SEQ
Technology Platform (Uppsala University, Sweden).
We aligned the sequences flanking the SNPs against the
GRCg6ba chicken reference genome to determine the
physical positions of the SNPs. One hundred and eighty-
eight SNPs were removed because of their very low
representation in the population and 21,230 were mono-
morphic in the analysed sample, leaving 36,218 SNPs for
GWAS.

Genome-wide association study and genomic heritability
For testing the association of each SNP, one-at-time, with
the trait of interest, we used the following linear mixed
model implemented in GEMMA version 0.98.5 [28]:

y=Xb+g snp+Z hen +e, (1)

where y is the standardized trait measurement; X is a
design matrix that relates measurements y to the vector b
of confounding fixed effects, including hatch, house, and
the covariate of body weight; g is the fixed marker effect;
snp is a vector of the SNP genotypes coded as 0, 1 and 2,
respectively for common homozygous and heterozygous
alleles, and rare homozygous alleles. Such coding reflects
the dose of the minor allele, so, here, g the marker effect
is the effect of the minor allele substituting the major
allele. Z is a design matrix that relates the measure-
ments y to the vector hen of random genetic effects. The
relationship between hen effects are described by the
genomic relationship matrix G, and the variance compo-
nent ratio (o2 /02), where o2 is the additive genetic vari-
ance and o2 is the residual variance. This model can be
viewed as an animal (hen) model that fits one SNP at a
time as a covariate, implying that the number of animal
models to be run is equal to the number of SNPs that
need to be tested in the analysis, i.e. 36K SNPs in the cur-
rent analysis. To facilitate such computations, GEMMA
starts by setting the animal model without fitting SNPs
(referred to as the null model) to estimate the variance
components (62 and ¢2) via genomic restricted maximum
likelihood (GREML), followed by adding one marker at
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a time to the animal model to estimate each g marker
effect, separately, while keeping the variance components
constant.

From the variance components estimated by the
GEMMA null model, the genomic-based heritabil-
ity was calculated as: 62/02 + 02. The significance of
the effects of each SNP in the GWAS model was
tested using the Wald test statistic, i.e. the square of
each g deviated from the mean of the null hypothesis
(w =0), divided by the standard deviation (0gGwas)
of the GWAS SNP effects: (gGWAs)Z/(chWAS). There-
fore, the p-values cited in the text refer to “Wald
Test P-values” We used the Bonferroni correction to
define the p-value significance threshold, by divid-
ing the 0.05 error fraction by the number of SNPs
tested: 0.05/36218=1.38x107%, and the p-value of
107 as a suggestive threshold. Possible inflation
of p-values was inspected using quantile—quantile
plots of the observed—loglO(p-value) against the
expected —log10(p-value).

Genetic correlations

Genetic correlations between traits were estimated by
multi-trait genomic restricted maximum likelihood,
implemented in GEMMA [29]. For the multi-trait anal-
ysis, we combined all FTIR traits with tibia density and
strength traits into one group, and all TGA traits with
tibia density and strength traits into a second group. All
traits were standardized prior to the analysis. The covari-
ates in the multi-trait analysis were the same as in the
single-trait analyses.

Partial phenotypic correlations

All traits included in the study were standardized, then
regressed on body weight. Residuals resulting from such
a regression (i.e. traits adjusted for body weight) were
the inputs to calculate the partial phenotypic correlation
between all traits using the “stats” R package.

Linkage disequilibrium

In order to investigate the potential correlations between
the genotypes of significant SNPs (QTL), we computed
the pairwise linkage disequilibrium between all genetic
markers that showed an association with a p-value<10™%
In addition, we calculated the local linkage disequilib-
rium that existed between each significant SNP (lead
SNP) and the other SNPs located 3 Mbp upstream and
downstream of the lead SNP. The squared correlation
coefficients (r?), as implemented in the “genetics” R
package [30], were used for linkage disequilibrium sta-
tistics: 2 = (Pag — P4Pg)%/(P4PgP,P,), where P is the
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frequency, A/a is the first/second allele at one locus and
B/b is the first/second allele at another locus. P4p is the
frequency of genotypes (haplotype) that have alleles A
and B at two different loci.

Overlap of genome-wide significant association results
with Ensembl genes and known QTL

The significant and suggestive SNP positions for each
trait were compared to the Chicken Ensembl Gene
(release 106-Apr 2022) annotation. Significant and sug-
gestive SNPs that matched with annotated genes were
considered as candidate genes for the corresponding
trait. In addition, we investigated the overlap between
the GWAS results and 16,271 QTL from 367 publications
representing 442 traits, which are curated in the Chicken
Quantitative Trait Locus Database (Chicken QTLdb: ani-
malgenome.org) using the "gallo" R package [31].

Results

Phenotyping of bone composition using the FTIR and
TGA methods reflects distinct variations in bone min-
erals and organic matter (for variation coefficients, see
Table 1). The FTIR method provides measures of organic
matter, lipid, and collagen maturity, and these measures
showed more variability than measures of mineral con-
tents. The TGA method includes only one measure of
organic matter, which shows less variability than mineral
content. For both the FTIR and TGA methods, the meas-
ures of mineral content were more variable in the medul-
lary than in the cortical bones.

We found several novel genetic markers that were
significantly associated with different bone properties
(chemical compositional and structural parameters),
as determined by the FTIR, TGA, and XRD analytical
techniques, e.g. the amount of lipid in cortical bone, the
orientation of apatite crystals in cortical bone, and the
organic and mineral content of medullary bone. Inter-
estingly, we also observed some overlap in the GWAS
results between the tibia bone compositional traits. We
report the genomic heritability of tibia (cortex and med-
ullary) composition traits, in addition to their genetic
correlations with tibia density and strength.

Genome-wide association results

Our results revealed 28 SNPs (on chromosomes 1, 2, 3,
and 5) that were found to be associated with tibia organic
matter composition and 11 SNPs (on chromosomes 2, 4,
12, 14, and 25) that were associated with tibia mineral
composition (Table 2). Seven (out of 29) traits showed
significant and suggestive associations: FTIR cortical
lipid (on chromosomes 2 and 3), FTIR medullary PO4/
Amide I (on chromosome 4), FTIR medullary CO3/
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Amide I (on chromosome 4), medullary CO3 1450/1415
(on chromosome 1), FTIR medullary collagen matu-
rity or cross-linking (on chromosome 5), cortical crystal
scattering (on chromosome 2) and cortical crystal orien-
tation (on chromosomes 12, 14 and 25). Figures 1, 2, 3,
4, 5 show the Manhattan and QQ plots for these seven
traits and for the tibia density and strength traits. Table 2
shows the position of the SNPs, their estimated effects,
and the p-values of the significant and suggestive asso-
ciations. Associations with a p-value<10™* and>107° are
reported in Additional file 1: Table S1.

Overlap of genome-wide association results between tibia
traits

We detected several SNPs that were associated with
more than one trait (at a p-value<10™% Table 3). For
example, the SNP at position 111,607,488 bp on chro-
mosome 1 was associated with tibia density, medullary
mineral%, and medullary phosphates/OM, and all the
effects estimated for this SNP were positive. In another
example, the SNP at position 111,721,984 bp on chromo-
some 1 was negatively associated with medullary OM%,
but positively associated with medullary mineral%,
medullary phosphates%, and medullary phosphates/
OM. Similarly, on chromosome 2, the SNPs at positions
3,045,317 and 3,055,823 bp were negatively associated
with cortical lipid, but positively associated with tibia
density and strength, which is also consistent with the
negative genetic correlation that we estimated between
cortical lipid and strength using GREML. On chromo-
some 3, three SNPs (footnote 5, Table 3) were associ-
ated with cortical lipid (p-value<107°), which is one of
the FTIR measurements, and also with cortical OM%
(p-value < 107%), which is one of the TGA measurements,
suggesting that both measurement methods capture a
similar genetic component. The other overlaps between
associations (p-value < 107%) detected in the current study
with associations or QTL in the Chicken QTLdb (animal-
genome.org) are listed in Additional file 2: Table S2.

Linkage disequilibrium

Linkage disequilibrium results showed that significant/
suggestive SNPs could be correlated within chromo-
somes but not across chromosomes, as shown in Addi-
tional file 3: Fig. S1. The significant SNPs (lead SNPs)
showed strong correlations with closely located SNPs
and lower correlations with the distantly located SNPs
(Local linkage disequilibrium: Fig. 6). Multiple significant
SNPs that are in high linkage disequilibrium on the same
chromosome likely represent effects of the same QTL
or a cluster of tightly linked QTL, which is the case for
the cortical lipid lead SNP and the surrounding ones on
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Table 2 Significant and suggestive SNPs by trait, with their positions, estimated effect, p-value, and annotation in the Chicken

Ensembl release 106—Apr 2022

Trait OM/  SNP position Minor allele Effect size® P-value® Sig/Sug Closest genes® Gene name
Min
Chr bp
FTIR cortical lipid  OM 2 2585350 A -0.27 86E-06 Sug ENSGALG00000042657  WNT3A Wnt family
member 3A
oM 3 27204115 G 030 76E-08  Sig ENSGALG00000010020  TTC7A tetratricopeptide
repeat domain 7A,
located close to CALM2
calmodulin 2
oM 3 27351346 C 029 19E-07  Sig ENSGALG00000010026  PPP1CB protein
phosphatase 1 catalytic
subunit beta
oM 3 27434588 G 031 4.5E-08  Sig uncharacterized
protein coding
oM 3 27548492 A 0.29 1.0E-06  Sig ENSGALG00000010039  BRE brain and
reproductive organ-
expressed
oM 3 27648733 G 0.29 1.7E-06  Sug ENSGALG00000010039  BRE brain and
reproductive organ-
expressed
FTIR medullary Min 4 83,057,186 A 0.26 1.3E-06 Sig Non coding
PO4/Amide |
Min 4 83,057,186 A 0.26 3.E-06 Sug Non coding
Min 4 83,154,195 G 0.23 51E-06 Sug Uncharacterized
protein coding
FTIR medulla oM 1 175454102 C 0.24 1.5E-06  Sug ENSGALG00000042339  Uncharacterized
C0O31450/1415 protein coding
oM 1 175,547,167 G 0.23 32E-06 Sug ENSGALG00000042339  Uncharacterized
protein coding
oM 1 175,579,717 A 0.24 1.6E-06  Sug non coding
oM 1 175604918 A 024 1.6E—06  Sug ENSGALG00000017068  Uncharacterized
protein coding
oM 1 175,622,214 A 0.24 1.6E-06  Sug ENSGALG00000017068  Uncharacterized
protein coding
oM 1 175,631,230 G 0.24 1.8E-06  Sug ENSGALG00000017068  Uncharacterized
protein coding
oM 1 175,660,267 A 0.24 18E-06  Sug Non coding
oM 1 175680614 G 023 43E-06 Sug Non coding
oM 1 175,696,576 A 024 1.8E—06  Sug ENSGALG00000047002  IncRNA
oM 1 175,750,307 G 023 50E-06 Sug ENSGALG00000017070  PDS5B PDS5 cohesin
associated factor B
oM 1 175,788,839 A 0.24 1.2E-06  Sig ENSGALG00000017070  PDS5B PDS5 cohesin
associated factor B
oM 1 175,799,752 G 024 1.2E-06  Sig ENSGALG00000017070  PDS5B PDS5 cohesin
associated factor B
oM 1 175836437 G 024 1.2E—06  Sig ENSGALG00000053592  IncRNA
oM 1 175934229 A 024 1.5E—06  Sug ENSGALG00000017073  BRCA2 DNA repair
associated
oM 1 176,026,352 A 0.24 1.2E-—06 Sig ENSGALG00000017075  FRY microtubule bind-
ing protein
oM 1 176,301,701 A 0.25 3.6E-07 Sig ENSGALG00000017076 ~ B3GLCT beta 3-glucosyl-

transferase
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Table 2 (continued)
Trait OM/  SNP position Minor allele Effect size® P-value® Sig/Sug Closest genes® Gene name
Min
Chr bp
oM 1 176,311,780 G 0.26 3.1E-07 Sig ENSGALG00000017076  B3GLCT beta 3-glucosyl-
transferase
oM 1 176,597,999 G 0.25 7.6E-07  Sig ENSGALG00000017083  KATNALT katanin cata-
Iytic subunit AT like 1
located close to HSPH1
heat shock protein
family H
oM 1 176,670,270 C 0.26 3.6E-07 Sig ENSGALG00000017084  UBL3 ubiquitin like 3
oM 1 176,699,327 G 0.26 38E-07 Sig ENSGALG00000017084  UBL3 ubiquitin like 3
oM 1 176,773,112 A 0.26 29E-07 Sig non coding
Medullary col- oM 5 37871918 G —-022 8.0E-06 Sug ENSGALG00000010192  FBXO33 F-box protein
lagen maturity 33
Cortical crystal Min 2 102,786,582 A -0.25 22E-07 Sig Non coding
scattering
Min 2 102,836,922 A —-022 2.1E-06  Sug ENSGALG00000014982  Protein coding
Min 2 102,886,544 A —-021 1.0E-05 Sug Non coding
Cortical crystal Min 12 8,004,788 G —043 59E-06  Sug ENSGALG00000005400  CACNA2D3 calcium
orientations voltage-gated chan-
nel auxiliary subunit
alpha2delta 3
Min 12 8,014,900 A —044 35E-06  Sug ENSGALG00000005400  CACNA2D3 calcium
voltage-gated chan-
nel auxiliary subunit
alpha2delta 3
Min 12 8,021,298 G —-043 64E—06 Sug ENSGALG00000005400  CACNA2D3 calcium
voltage-gated chan-
nel auxiliary subunit
alpha2delta 3
Min 14 14169463 G —-032 76E-06  Sug ENSGALG00000009297  TELO?2 telomere mainte-
nance 2
Min 25 2,894,535 G —-0.52 50E-06 Sug ENSGALG00000024094  UBAP2L ubiquitin asso-
ciated protein 2 like

OM: Organic matter; Min: Mineral component of bone; Sig: significant with p-value < 1.38*10~5; Sug: suggestive with p-value <10~ and > 1.38*10~°

2 All traits were standardized (with zero mean and one standard deviation) to facilitate effect size interpretation; effect here is the effect of the minor allele or the effect

of the major allele with an opposite sign
b Wald test P-value
¢ Identified by annotating marker position to Chicken Ensembl Gene

chromosomes 2 or 3 (Plot a or b: Fig. 6). This is also likely
for the lead SNP associated with FTIR medullary CO3
1450/1415 and the surrounding ones on chromosome 1
(Plot c in Fig. 6).

Genomic heritability

Estimates of genomic heritability for bone composition
traits were low to moderate (Table 1). In general, the
heritability estimates for FTIR bone composition traits
were lower than 0.09, except for cortical lipid, which was
equal to 0.2. The heritability estimates for TGA cortical
bone traits ranged from 0 to 0.09, with the exception of

a heritability estimate of 0.10 for cortical OM% and of
0.13 for cortical Phosphates/OM. The heritability esti-
mates for TGA medullary bone traits were equal to 0.23
for Medullary OM%, 0.24 for Medullary Phosphates/OM,
and 0.22 for Mineral% and Phosphate%, while heritability
estimates were lower than 0.04 for the other traits.

Genetic correlations of FTIR measurements

Among FTIR measurements (Table 4), estimates of
genetic correlations between cortical and medullary
traits range from 0.07 to —0.09. The two medullary traits
that are related to the degree of mineralization (PO4/
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Fig. 1 Manhattan plot (left), showing the —log10(p-value) for each SNP, and QQ plot (right), showing the observed —log1

the expected
is a suggestive threshold of 107

Amide I and CO3/Amide I), showed a weak genetic cor-
relation estimate of 0.07+0.03. The two cortical miner-
alization traits (cortical PO4/Amide I and cortical CO3/
Amide I) were genetically positively correlated, and they
also showed a positive genetic correlation estimate with
cortical lipid (0.14-+0.04 and 0.09 +0.04, respectively).

Both cortical and medullary bone compositional traits
contribute (either positively or negatively) to tibia density
and strength, but the contributions of cortical bone traits
are greater than those of medullary bone traits. Cortical
lipid displayed the highest genetic correlation estimate with
tibia density and strength (—0.20+0.04), followed by corti-
cal CO3/PO4 (0.18+0.04). Cortical mineralization traits
showed negative genetic correlation estimates with tibia
density and strength traits, while the same mineralization
traits in medullary bone showed positive genetic correlation
estimates with tibia density and strength. Cortical CO3/PO4
(related to carbonate substitution in the mineral) showed
positive genetic correlation estimates with tibia density and
strength, while in medullary bone, the equivalent measure-
ment showed negative or zero genetic correlation estimates
with tibia density and strength.

Genetic correlations of TGA measurements

Among the TGA traits (Table 5), cortical and medullary
organic matter were estimated to have a positive genetic
correlation, and these two traits also had inverse estimates
of genetic correlations with all cortical and medullary

—log10(p-value), for tibial cortical lipid and medulla PO4/Amide . The red line is the significance threshold of 1.38 x 10°
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mineral traits, except with the measure of carbonate sub-
stitution. Carbonate substitution (CO3/Phosphates) in the
medullary bone is associated with cortical and medullary
organic matter accumulation.

TGA measurements related to bone mineralization
(Phosphates%, Mineral%, Phosphates/OM), either in the
medullary or cortical bone showed positive genetic corre-
lation estimates with tibia density and strength (Table 5).
Conversely, TGA organic matter traits (Cortical and
Medullary OM%) showed negative genetic correlation
estimates with tibia density and strength. Such converse
correlations are expected, because the mineral and organic
component are the two main constituents of bone. Medul-
lary CO3/Phosphates also showed a negative genetic cor-
relation estimate with tibia density and strength traits.

For XRD mineral measurements (crystal scattering and
orientations) in cortical bone, the estimated heritability
and genetic correlations with tibia density and strength
were very low (Table 6).

Phenotypic correlations

The patterns for estimates of partial phenotypic correla-
tions among traits (see Tables 4 and 5) were similar to
those for estimates of genetic correlations, but they were
higher in magnitude. For example, the estimated partial
phenotypic correlation of cortical lipid with breaking
strength was —0.32, while the estimated genetic correla-
tion was —0.19.



Sallam et al. Genetics Selection Evolution (2023) 55:44 Page 11 of 20

Medulla CO3/Amide | Medulla CO3/Amide |

a
6 3 = _| .
2, [=2)
% 4 5: g 7] -
=3 7 - o~ —
_r-l'» 2 7] % -
0! = & O T T T T
1 2 3 487 1119z ° 0 1 2 3 4
Chromosome Expected —logso(p)
Medulla CO3 1450/1415 = Medulla CO3 1450/1415
=~ 63 s o —t
= 4 ] - —
(=2} - - —
T 23 g 7
= a2 G=e T T T T
1 2 3 457 1119z °©° 0 1 2 3 4
Chromosome Expected —logs(p)

Fig. 2 Manhattan plot (left), showing the —log10(p-value) for each SNP, and QQ plot (right), showing the observed —log10(p-value) plotted against
the expected —log10(p-value), for tibial medulla CO3/Amide | and medulla CO3 1450/1415. The red line is the significance threshold of 1.38x 107,
and the blue is a suggestive threshold of 10~
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Discussion

In the present work, we combined different bone com-
positional measurements (FTIR and TGA) on tibia bone
cortex and medulla with genotyping data to investigate
the genetics of tibia bone characteristics in Rhode Island
Red laying hens. Novel genetic markers associated with
tibia composition (organic matter and mineral content)
were detected. Among all the traits evaluated, the FTIR
measurement of cortical lipid seems to be a key meas-
urement since it had stronger significant genetic associa-
tions than the other traits, had quite a high estimate of
heritability and was estimated to be genetically correlated
with tibia density and strength. In this context, we will
discuss the significant and suggestive genetic associations

Tibia density

Observed —logyglp)
2
1

Expected -logs,(p)
Fig. 5 Manhattan plot (left), showing the —log10(p-value) for each SNP, and QQ plot (right), showing the observed —log10(p-value) plotted against
the expected —log10(p-value), for tibia density. The red line is the significance threshold of 1.38x 10, and the blue is a suggestive threshold of 10~

detected for the tibia composition traits, starting with the
organic matter traits and then the mineral traits. Next,
we will discuss the heritability estimates of tibia (cortical
and medullary) composition traits and their genetic cor-
relations with tibia density and strength.

Genetic associations with organic matter traits

The results from the current study highlight the impor-
tance of FTIR cortical lipid measurement since, com-
pared to all other FTIR traits, the cortical lipids showed
the strongest associations and the highest genetic cor-
relation estimates with tibia density and strength. This
genetic correlation estimate was negative (—0.20+0.04),
which suggests that lipid accumulation is related to a
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Table 3 Overlap of GWAS results across tibia traits, with their positions, estimated marker effects and p-values

SNP position Minor allele Traits Effect size® P-value®

Chr bp

1 107,054,728 A Tibia strength, Tibia density® 042,040 2.7E-05, 3.7E-05

1 109,647,034 A Medullary mineral %, Medullary phosphates/OM® 0.22,0.24 8.0E—05, 2.3E-05

1 109,663,826 A Medullary mineral %, Medullary phosphates/OM® 022,024 8.0E-05, 2.3E—-05

1 109,711,929 A Medullary mineral %, Medullary phosphates/OM® 022,024 8.0E—05, 2.3E-05

1 109,874,806 G Medullary mineral %, Medullary phosphates/OM® 0.22,0.24 9.0E-05, 2.7E-05

1 110,022,517 A Medullary mineral %, Medullary phosphates/OM® 0.22,0.24 5.6E—05, 1.5E-05

1 111,607,488 G Tibia density, Medullary mineral %, Medullary phos- 022,022,022 5.7E—05, 9.9E-05, 9.5E-05
phates/OM*

1 111,673,836 A Tibia density, TGA Medullary OM % 0.24,-023 2.7E-05, 7.7E-05

1 111,721,984 G TGA Medullary OM %, Medullary mineral %, Medullary ~ —0.23,0.23,0.22,0.23 3.3E-05, 3.0E—05, 4.7E—05, 3.3E-05
phosphates %, Medullary phosphates/OM®

1 111,798,225 A Medullary mineral %, Medullary phosphates/OM® 0.25,0.25 4.5E-05, 3.9E-05

1 111,807,107 A TGA Medullary OM %, Medullary mineral %,Medullary —0.22,0.24,0.23,0.25 89E-05,1.9E-05,4.5E-05, 1.9E-05
phosphates %, Medullary phosphates/OM?

1 111,962,126 G TGA Medullary OM %, Medullary mineral % —0.22,0.21 5.7E-05, 8.8E—-05

1 113,308,308 A TGA Medullary OM %, Medullary mineral %, Medullary ~ —0.22,0.21 5.7E—05, 8.8E—05
phosphates/OM?

2 2,629,649 A Tibia density, Cortical Hpidd 0.24,-0.26 8.8E-05, 3.2E-05

2 2,684,066 G Tibia density, Cortical Hpidd 0.24,-0.26 8.8E—05, 3.2E-05

2 2,766,721 G Tibia density, Cortical lipid 0.25,-0.25 5.0E-05, 3.9E-05

2 2,862,519 C Tibia density, Cortical Hpidd 0.25,-0.25 5.0E—05, 3.9E-05

2 3,045,317 A Tibia strength, Tibia density,Cortical I\'pidd 0.25,0.25,—-0.24 7.6E-05, 2.7E-05, 7.9E-05

2 3,055,823 C Tibia strength, Tibia density,Cortical lipid® 0.25,0.25,-0.24 7.6E-05, 2.7E-05, 7.9E-05

2 99,042,312 A Cortical PO4/Amide |, TGA Cortical OM %“¢ 0.30,0.29 2.0E-05, 5.2E-05

3 27204115 G Cortical lipid, TGA Cortical OM %“¢ 0.30,0.23 7.6E—-08, 2.1E-05

3 27351346 C Cortical lipid, TGA Cortical OM %“¢ 0.29,0.21 1.9E-07, 5.0E-05

3 27434588 G Cortical lipid, TGA Cortical OM %¢ 0.31,0.22 4.5E—08, 6.9E-05

4 83,057,186 A Medullary PO4/Amide I, Medullary CO3/Amide I 0.26,0.26 1.3E-06, 3.1E-06

4 83,154,195 G Medullary PO4/Amide |, Medullary CO3/Amide I° 0.21,0.23 4.0E-05, 5.1E-06

2 All traits were standardized (with zero mean and one standard deviation) to facilitate effect size interpretation

b Wald test P-value

¢ Cases of genetic marker affects different traits and the effects have the same direction

9 Cases of genetic marker affects different traits and the effects have opposite directions

€ Cases of overlapping between FTIR and TGA measurements

detrimental outcome for bone mechanical properties.
Such negative genetic correlations are also reflected in
the genome-wide association results, which detected
six SNPs that had associations in opposite directions
with tibia density and strength versus cortical lipids
(Table 3). A decline in bone mass and an accumulation
of adipocytes have been observed in mice with glucocor-
ticoid-induced osteoporosis [30]. An inverse relationship
between bone density and amount of adipose tissue was
recently observed in both the femur and humerus bones
of White Leghorn laying hens that suffer from bending/
deviated keel bone [32]. The cells that underlie osteo-
genesis and adipogenesis share common bone marrow

mesenchymal stromal progenitors [32, 33]. It is possible
that certain hens have a genetic propensity that enhances
stromal cell differentiation towards adipocytes, thereby
reducing the number of mesenchymal progenitor cells
that differentiate into osteoblasts. This potential mecha-
nism is worthy of further investigation in laying hens, as
it may underlie differences in bone strength. Low med-
ullary mineralization in addition to the possible relation-
ship between adipogenesis and osteogenesis could also
be caused by depletion of medullary minerals towards
eggshell formation [12, 13]. Previous results suggested
that hens with stronger tibia bones have a greater med-
ullary mineral content [13, 14], which is consistent with
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Fig. 6 Linkage disequilibrium (LD) plots, showing the local LD structure 3 Mb upstream and downstream the most significant SNPs for cortical
lipid on chromosomes 2 and 3 (a: left and b: center), and of medullary CO3 1450/1415 on chromosome 1 (c: right). Each point represents a SNP.
The y-axis indicates the significance of each SNP [— 10log(p-value)], while the color coding indicates the level of LD with the most significant SNP

(encircled point)

our findings. What is new in the current study is that a
high level of mineralization in the tibial medullary bone
was associated with lower lipid content in the tibial cor-
tex bone.

Markers for cortical lipid associations overlap several
compelling candidate genes for bone traits. The corti-
cal lipid association on chromosome 2 (bp: 2,585,350)
is located within the WNT3A gene (Wnt family member
3A), which encodes a cysteine-rich glycosylated protein
that induces the expression of alkaline phosphate in bone
mesenchymal cells [32, 33]. Alkaline phosphate is known
as an osteoblastic mineralization marker, e.g. [34-36].
The WNT gene family is pivotal in regulating osteoblast
differentiation and bone formation [37]. Loss of func-
tion of the WNT co-receptor LRP5 leads to decreased
postnatal bone formation in both humans and mice [33],
and a point mutation in this gene results in a high bone
mass [38]. Due to linkage disequilibrium, these associa-
tions correspond to large regions of correlated markers
that may overlap many genes. For example, nine mark-
ers in high linkage disequilibrium (r2 > 0.8) with the lead
SNP for cortical lipids on chromosome 2 (bp: 2,585,350),
all together cover ~737 kb, and overlap the WNT3A and
WNTO9A genes in addition to other coding and non-cod-
ing sequences. Currently, we lack the genomic resolution
to identify individual causative genes. Fine-mapping with
sequence data might in the future provide better resolu-
tion for identifying the causative gene(s).

Two cortical lipid associations on chromosome 3 (bp:
27,548,492 and 27,648,733) are located within the BRE
gene (brain and reproductive organ-expressed). Com-
pared with normal bone, a seven-fold down regulation of
BRE expression has been reported in osteoporotic human
bone [39]. Knockdown of BRE in mouse bone marrow
mesenchymal cells blocks the osteoblastic differentia-
tion and enhances the expression of adipogenic marker

genes, while its overexpression accelerates osteogen-
esis [40]. The cortical lipid association on chromosome
3 (bp: 27,351,346) is located within the PPPICB gene
(protein phosphatase 1 catalytic subunit beta), which
encodes a protein involved in the molecular pathway for
osteoclast proliferation and survival in humans [41]. All
these previous findings suggest that lipid accumulation
may promote osteoclast and suppress osteoblast prolif-
eration. The SNPs that are in high linkage disequilibrium
around the cortical lipid association on chromosome 3
cover ~444 kb and overlap with other genes in addition
to PPP1ICB and BRE, i.e. TTC7A, CALM2, BRE, and a
gene of unknown function. The CALM2 (calmodulin 2)
gene encodes a protein that binds calcium and has been
tied to bone function [42], so it also might be a candidate
gene in that region.

The cortical lipid association on chromosome 2 over-
laps with a suggestive locus for tibial cortical carbonate
content in commercial laying hens [43]. The association
with lipid content on chromosome 3 overlaps with a sug-
gestive locus (p-value< 107%) for cortical OM% in the cur-
rent study (Table 3) and with comb weight in a study on
crossed Beijing-You chicken [44].

In addition to the lipid associations, we detected asso-
ciations with medullary CO3 1450/1415, which we
hypothesize may be driven by differences in organic mat-
ter. This measurement represents the ratio between the
peaks for carbonate (absorption peak: 1450 cm™!) and a
secondary peak (1415 cm™). In bone, the domain of the
carbonate peaks (1400-1500 cm™1) overlaps with several
absorption bands of proteins (CH, Amide II, COO-) or
glycosaminoglycans (NH), as explained by Rey et al. [45].
We hypothesize that medullary CO3 1450/1415 is related
to the medullary bone organic matter, given the strong
positive phenotypic correlation (0.75) of medullary CO3
1450/1415 with medullary lipid. Still, the low genetic
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Table 6 Estimate of additive genetic variance (diagonal), genetic correlation (below diagonal) with standard errors, in addition to the

partial phenotypic correlations (above diagonal), for XRD traits

Tibia density Tibia breaking strain Crystal scattering Crystal orientations Crystal
oriented
fraction

Tibia density 0.44+0.06 0.67 0.05 —-0.11 0.05

Tibia breaking strain 0.33+0.05 0.42+0.06 0.02 —0.05 0.03
Crystal scattering 0.03+0.03 —0.02+0.04 0.04+0.05 -0.03 —0.04
Crystal orientations —0.06+0.04 —0.04+0.04 0.00+0.04 0.05+0.04 —0.21
Crystal oriented fraction 0.02+0.03 0.03+0.03 —0.01+003 0.00+0.02 0.01+0.03

XRD: X-ray diffraction; genetic correlations are estimated by multi-trait genomic restricted maximum likelihood; partial phenotypic correlations: phenotypes (adjusted

for body weight) correlations

correlation estimate between that medullary organic
matter and medullary CO3 1450/1415, and the lack of
overlap of associated regions for these two traits suggest
that their genetic basis may differ. The biological signifi-
cance of these associations is an open question. Some
markers that were found to be associated with medullary
CO3 1450/1415 on chromosome 1 (bp: 175,454,102—
176,773,112) overlap with a QTL for proventriculus
weight that was detected in White Leghorn crossed with
a Chinese indigenous line called Dongxiang Blue-Shelled
[46]. The significant marker on chromosome 2 for med-
ullary CO3 1450/1415 (bp: 176,597,999) overlaps with a
QTL for blood total protein that was identified in Iranian
broiler chickens [47]. Two significant markers associ-
ated with medullary CO3 1450/1415 (chromosome 1,
bp: 176,670,270 and 176,699,327) are located within the
UBL3 gene (ubiquitin-like 3 gene), which encodes ubiqui-
tin, a cell-level multifunctional signal [48]. Paget’s disor-
der in humans, which causes bone tissue to be generated
faster than normal, is caused by a mutation that impairs
the binding of ubiquitin to a mediator of osteoclastogen-
esis [49, 50].

Genetic associations with mineral traits
In the current study, we analysed bone mineral traits
measured with the TGA and FTIR methods. In spite of
quite high heritability estimates, the TGA measurements
for bone mineral (and organic matter content) traits did
not result in significant genome-wide associations. In
contrast, FTIR measurements for bone mineral traits
showed low genetic variation (average h?~0.07). When
traits have a low heritability, more data are required to
detect significant associations via GWAS, especially for
highly polygenic traits. This could explain why the FTIR
mineral traits showed fewer significant genetic asso-
ciations than the FTIR organic matter traits, e.g. cortical
lipid had a heritability estimate of 0.19.

Cortical crystal orientations displayed suggestive asso-
ciations on chromosome 14. This component could be

related to bone metabolism and/or turn-over rate since
more mature bone shows greater crystal orientation in
the mineral component [21]. This association overlaps
with a QTL for wattle length in Beijing-You chicken [45],
a QTL for 36-day body weight in Cobb-Vantress broiler
[52], and a QTL for 21-day body weight in the slow-
growing line selected by the SASSO breeding company
[53].

Bone composition heritabilities and genetic correlations

In the current study, estimates of heritability were based
on the genomic relationship matrix, which is constructed
using SNP genotypes and allele frequencies in the geno-
typed population. This approach reflects the genetic
variance (and consequently the heritability) in the geno-
typed population rather than in the founder population,
which is what is estimated using pedigree-based relation-
ships [13]. For traits under selection, genetic variances
decrease through generations, which is one reason why
genomic-based heritability estimates may not be identical
to the pedigree-based heritability estimates, such as those
published by Dunn et al. [13] on the same Rhode Island
Red population. For example, tibia density and strength
had pedigree-based heritability estimates of 0.59+0.09
and 0.51+0.08, respectively, in Dunn et al. [13], but a
genomic-based heritability estimates of 0.50+0.05 and
0.46 +0.05, respectively, in the current study.

Genomic heritability estimates for FTIR measurements
(Table 1) suggest that the traits with the highest genetic
variability in tibia composition are related to organic
matter, in particular cortical lipid (the highest FTIR h?:
0.20+0.05). However, the heritability estimates for TGA
measurements suggest that the traits with the highest
genetic variability in tibia composition are medullary
OM%, followed by medullary phosphate%, cortical OM%,
and cortical phosphate%. The discrepancy between FTIR
and TGA heritability estimates may be due to different
principles underlying these two methods, which prob-
ably reflect similar but not identical components. For
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example, FTIR measures lipids alone, while TGA meas-
ures all the organic matter without discriminating lipids.

In general, estimates of genetic correlations between
bone composition and mechanical (density and strength)
traits were not strong, less than 0.25 (see Tables 4 and 5).
This aligns with an earlier study that reported low phe-
notypic correlations of tibia FTIR mineralization traits
with tibia density and breaking strength in caged White
Leghorn birds [22]. One methodological difference that
may contribute to a low correlation is that bone compo-
sition traits are measured locally at the tibia mid-shaft,
while density and strength traits are measured on the
whole tibia. In line with previous papers [22, 27, 51, 52],
the estimated genetic correlations suggest that both the
cortical and medullary bones contribute to bone density
and strength traits, and contributions from the cortex are
greater than those form the medullary bone, because the
genetic correlations are higher for the former.

An earlier study reported a very low positive phenotypic
correlation of cortical mineralization traits (PO4/Amide
I and CO3/Amide I) with tibia density and strength [22],
while in our study the estimate of the genetic correla-
tion between these two traits was negative. A negative
relationship between cortical mineralization and bone
strength appears paradoxical but could be explained by
indirect relationships. If there is low genetic variation in
the numerators (representing phosphate and carbonate)
then the variability of the ratios PO4/Amide I and CO3/
Amide I, could be driven by the variability of the denomi-
nator representing organic matter. The organic matter, in
both cortical (Table 5) and medullary [13] bones, tends to
correlate negatively with bone density and strength.

On the other hand, medullary mineralization (PO4/
Amide I and CO3/Amide I) had positive genetic cor-
relation estimates with tibia density and strength and
the heritability estimates were higher for the medullary
than for the cortical mineralisation traits (as measured
by TGA), which suggests the importance of the medul-
lary mineral phase for bone strength. These same genetic
relationships were also observed by Dunn et al. [13] with
pedigree-based estimates. However, these medullary
mineralization traits are genetically negatively correlated
with average egg mass in the same Rhode Island Red
population, as shown previously by Dunn et al. [13]. Lay-
ing larger eggs may be the mediating factor between bone
damage issues and the egg laying process in Rhode Island
Red laying hens and, thus, genetic selection for slightly
smaller eggs may improve bone strength.

Cortical carbonate substitution (Cortical CO3/P0O4)
has been related to cortical bone mineral turnover [22].
Bone turnover has two dimensions: resorption and depo-
sition. Because cortical CO3/PO4 correlates negatively
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with cortical mineralization but positively with medul-
lary mineralization, we hypothesize that mineral resorp-
tion from the tibial cortex is associated with deposition
(or mineralization) in the tibial medulla. This may explain
the positive genetic correlation estimate of cortical car-
bonate substitution with tibia strength as does the
resorption and deposition on the same tibia bone i.e. the
mineral that has been resorbed from the tibial cortex is
perhaps deposited on tibial medulla. However, medullary
carbonate substitution had negative or zero genetic cor-
relation estimates with tibia strength, probably because
the mineral that was resorbed from the tibial medullary
bone is deposited somewhere else rather than the tibia
bone e.g. eggshell [12, 13].

Our genetic correlation estimates between cortical
and medullary FTIR measurements were similar to the
respective phenotypic correlations reported in caged
White Leghorn [22], where the positive correlation
between mineralization traits (PO4/Amide I and CO3/
Amide I) indicated that CO3 and PO4 levels share a
genetic basis. In addition, these mineralization traits cor-
relate negatively with carbonate substitution (CO3/PO4).
The lower carbonate substitution in bone minerals is, the
more the minerals mineralize the organic matter, which
indicates more matured bones.

Conclusions

The present study detected novel genetic associations for
bone composition traits, in particular for organic mat-
ter, which could be used as a basis for further molecular
genetics and functional investigations. Among all FTIR
traits, cortical lipids displayed the strongest genetic asso-
ciations among all FTIR and TGA traits and the strongest
genetic correlations with tibia density and strength. Our
results also highlight cortical bone lipid content as a key
measurement for further genetic or non-genetic avian
bone studies.
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Comparisons of longitudinal
radiographic measures of keel
bones, tibiotarsal bones, and
pelvic bones versus post-mortem
measures of keel bone damage in
Bovans Brown laying hens
housed in an aviary system

Moh Sallam?, Lina Géransson?, Anne Larsen?, Wael Alhamid?,
Martin Johnsson?, Helena Wall? Dirk-Jan de Koning! and
Stefan Gunnarsson?*

!Department of Animal Biosciences, Swedish University of Agricultural Sciences (SLU), Uppsala,
Sweden, ?Department of Applied Animal Science and Welfare, Swedish University of Agricultural
Sciences (SLU), Skara and Uppsala, Sweden

Keelbone damage, include deviations and fractures, iscommon in both white and
brown laying hens, regardless of the housing system. Radiography for assessing
birds’ keel bones is was proposed by previous studies. However, radiographs
show only 2 out of 3 dimensions of the dissected keel bones. The current
study aimed to (1) investigate the association of radiographic optical density
(keel and tibiotarsal) and geometry (keel) with dissected keel bone pathology.
Previous studies suggested that keel bone fractures may result from internal
pressure exerted by pelvic cavity contents. The current study also aimed to (2)
investigate the potential associations between pelvic dimensions and measures
of keel bone damage. A sample of 200 laying hens on a commercial farm were
radiographed at 16, 29, 42, 55, and 68 weeks, and culled at the end of the laying
period (week 74). The birds were examined post-mortem for pelvic dimensions
and underwent whole-body radiography, followed by keel and tibiotarsal bone
dissection and radiography, and keel bone scoring. The radiographs were used
to estimate radiographic optical density (keel and tibiotarsal bone) and keel bone
geometry (ratio of keel bone length to mid-depth). The method for on-farm
radiography of laying hens, including live bird restraint, positioning for live keel
imaging, and post-imaging measurements, was developed, tested, and found to
be reproducible. The radiographs (1,116 images of 168 birds) and the respective
measurements and post-mortem scores of keel bones are also provided for
further development of radiographic metrics relevant to keel bone damage.
Some longitudinal radiographic measurements of keel geometry (ratio of length
to mid-depth) and optical density (keel and tibiotarsal) showed associations with
the damage (deviations/fractures) observed on the dissected keel bones. The
associations of keel damage were clearer with the radiographic keel geometry
than with keel and tibiotarsal optical density, also clearer for the keel deviations
than for keel fractures. The higher radiography ratio of keel length to mid-
depth at weeks 42, 55 and 68 of age, the larger deviations size observed on
the dissected keels at age of 74 weeks. The higher the tibiotarsal radiographic
optical density at week 55 of age, the lower deviations size and fractures count
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observed on the dissected keels at age of 74 weeks. Pelvic dimensions showed
a positive correlation with body weight, but a larger pelvic cavity was associated
with increased keel bone damage. These findings lay the foundations for future
use of on-farm radiography in identifying appropriate phenotypes for genetic
selection for keel bone health.

KEYWORDS

bone radiodensity, pelvic cavity, on-farm, animal welfare, fractures, poultry

1 Introduction

The damage of sternal carina (keel bone), including deviation
and/or fracture, is common in laying hens kept in all types of housing
systems, and affects both brown and white hens. High prevalence of
keel bone fractures (20-90%) has been reported in multiple countries
(1-6). Keel bone fractures are also common in organic egg production
(7, 8). However, such lesions are more severe in non-cage systems
(48%) than in cage systems (25%) (2, 4). A recent study in Denmark
found that the prevalence of keel bone fractures was 81% in enriched
cages, 90% in barn/aviaries, and 87% in organic systems (6). Keel
bone fractures pose welfare challenges due to the fracture pain (9,
10), while a recent study indicates that birds with a fractured keel
bone lay fewer eggs than birds with a normal keel bone (11).
Considering the magnitude of the problem, keel bone damage needs
to be mitigated to improve the health, welfare and productivity of
laying hens.

Assessment of keel bones is important to identify the suitable
genetics, housing conditions, and nutritional strategies that could
improve keel bone health. Palpation is the simplest method to assess
keel bone, where localized deviation and/or fracture can be detected.
However, unless the fracture is large enough to result in callus
formation, palpation underestimates the incidence of keel bone
fractures (6, 12-15).

For a better assessment of chicken bones, radiography is used to
obtain optical density of manually dissected keel bone (16), and fractures
incidence in the whole skeleton post-mortem (17). Later studies, on live
birds, used sequential/longitudinal radiography to monitor old and new
keel fractures over time (18) as well as other descriptions such as
fractures localizations and associated tissue swelling (12). The sequential
radiography of live birds is also used for binary scoring (presence/
absence) of keel fractures and deviations, also to quantify the deviated
area on the keel ventral aspect, keel optical density (19, 20), and the angel
in the keel tip (21). Because intact keels are quite rare, the binary scoring
of keel fractures may be of limited benefits since most keels are scored
as fractured. To overcome such limitation, some studies assessed keels
using an explicit continuous scale, e.g., area of keel deviation, others
used a tagged visual analogue scale to help to quantify keel fractures (14)
and deviations (22). While the aforementioned studies assess keels of
live birds using radiography, possibly on-farm, as well on continuous
scale, none of them associated/compared the assessing outcomes to the
findings on the dissected keel bones. Such comparison is essential
because radiography showed only 2 out of 3 dimensions of the dissected
keel bones. Given the findings on the dissected keel bones, the limited
accuracy of radiography scoring of keel deviations is evident (15).

Frontiers in Veterinary Science

Tibiotarsal strength that is measured by three-point bending test
on dissected bones has been proposed to be associated with keel bone
fractures (23-25). Wilson et al. (26) demonstrated that radiographic
optical density of the tibiotarsal mid-shaft in live birds can proxy bone
strength, eliminating the need for dissecting bones in a three-point
bending test. The aim in the current work was to use on-farm live bird
sequential radiography to obtain optical density/geometry of keel
bone [and tibiotarsal mid-shaft density following Wilson et al. (26)],
and their associations with the fractures/deviations monitored on the
dissected keel bones.

Pathological findings suggest that internal trauma, among other
factors, contributes to keel bone fractures (27). It has been suggested
that microscopic fractures in the keel bone may result from increased
pressure on the visceral (dorsal) side of the keel bone, possibly exerted
by pelvic cavity contents during the egg laying process. Pelvic
dimensions, which are indicative of pelvic cavity size or capacity, are
therefore relevant for measuring and investigating the impact of pelvic
cavity contents on keel condition. The skeleton of laying hens consists
of left and right pelvic bones (apex pubis), each with flat, fused anterior
ends connected to the vertebrae. The posterior ends of the pelvic bones,
known as the pubic bones, are freely projected and are easily palpated
on both sides of the vent. Pelvic dimensions are cited in old literature as
indicators of laying status (28), and still used in practice (29), and have
recently been evaluated for laying status in commercial laying hens (30).

Against this background, the associations of radiographic optical
density (keel and tibiotarsal bone) and geometry (keel bone) with the
dissected keel bones scores are of interest, also the potential association
between pelvic dimensions and keel condition.

Our objectives in this study were to investigate (1) the potential
for on-farm keel bone measurements using longitudinal radiography
imaging; (2) associations between the longitudinal radiography
measurements and dissected keel bone pathology; and (3) associations
between pelvic dimensions and keel bone condition. Thus, our
working hypotheses were that there would be a significant association
between radiographic measures and keel bone pathologic measures;
and that there would be a significant association between measures of
pelvic dimensions and measures of keel bone damage.

2 Materials and methods
2.1 Birds, housing, and management

The study had a prospective, analytical design. Ethical oversight
procedures are provided in the Ethics statement of the paper. The
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study was carried out on a flock of 5,500 Bovans Brown laying hens
kept in a multi-tier aviary on a commercial farm in Sweden. The
non-beak-trimmed birds arrived at 16 weeks of age and were kept at a
stocking density of nine hens per m’ (calculated on available area).
The lighting program was according to the manual of the hybrid and
the birds had ad libitum access to standard commercial food and
water, and wood shavings were used as litter material.

A group of 500 hens within the flock was separated by a temporary
mesh wire wall and 200 hens from this group (referred to hereafter as
“focal birds”) were randomly selected and individually identified with
plastic yellow wing tags (48 mm x 42mm). The flock was culled at
74 weeks of age.

2.2 On-farm live bird observations

At 16, 29, 42, 55, and 68 weeks, the focal birds were collected,
X-rayed, and examined. Based on specifications described previously
(26), a device for restraining the birds was constructed and used
during X-raying. Each hen was handled with care and laid on its right
side on the restraint. The neck of the hen was then positioned into the
neck restraint and the leg restraints were placed around the distal part
of each leg just above the foot (Figure 1).

A portable X-ray machine (Medivet Scandinavian AB, Angelholm,
Sweden) with an adjustable metal stand was used for on-farm imaging
(Figure 1). The X-ray generator was directed toward a table with a
detector panel connected to a portable computer. The distance between
radiography sources and the flat panel detector was 100 cm. The bird
restraint was positioned on the detector panel, to secure the hen in an
optimal position for obtaining a good image. The operator, behind a
lead-dressed mobile X-ray protection wall (Figure 1), initiated remote
X-ray exposure. The X-ray exposure settings used were 60kV and 1.6

10.3389/fvets.2024.1432665

mAs, with a constant distance between generator and panel maintained
for all exposures. Each exposure aimed to capture in one image the
entire breast and abdomen area and, if possible, the tibiotarsal bones.
After checking image quality, birds were released, weighed, and
clinically examined according to a protocol used in previous studies of
layer health on-farm (7). The DICOM format images generated during
radiography were stored in the connected computer (Figure 2).

2.3 Post-mortem observations

At the end of the laying cycle, the main flock was sent to abattoir
for slaughter, while the focal birds were collected from their
compartment and retained for final weighing and clinical
examination. These birds were culled through stunning by a hard
blow to the head, followed by immediate neck dislocation and
exsanguination. The birds were then individually marked, packed
into plastic bags, and frozen (—20°C) at Skara research station,
Swedish University of Agricultural Sciences, Sweden. In post-mortem
observations, thawed birds were measured for pelvic dimensions and
underwent whole-body radiography scanning, followed by keel and
tibiotarsal bone dissection and radiography, and keel bone scoring.
Equipment used in post-mortem radiography (for whole body or
dissected bones) was the same as in live bird X-raying, but no bird
restraint was used and the exposure setting was 65kV and 1.0 mAs.
The distance was the same between radiography source and flat panel
in the post mortem birds/bone as for the live birds.

2.3.1 Pelvic dimensions

Distance (mm) between the left and right apes pubis was
measured using a digital caliper, as an indicator of pelvic width.
Distance (mm) between the pubis and the caudal end of the keel

A lead-dressed
mobile wall

A metal stand lifts
X-ray generator

FIGURE 1

between radiography source and the flat panel detector was 100 cm.

(Left) Set-up used for on-farm radiographic examination and (right) a live bird restrained and positioned for radiographic examination. The distance

Positioningthe live bird using the
restraint
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8 weeks of age

S weeks of age

FIGURE 2

Live: 55 weeks of age

Dissected bones

Examples of radiographic images of the same live bird (at different ages), and of the whole body. Whole-body radiograph orientations: for the body
and keel bone (cranial to the left, caudal to the right, dorsal at the top of image, ventral at the bottom of image) and for the tibiotarsal bone (cranial to
the bottom of image, caudal to the top of image, proximal to the left of image, distal to the right of image). Dissected bones radiograph orientations:
for the keel bone (caudal to the bottom of image, cranial to the top of image, ventral margin to the left of image, dorsal margin to the right of image)
and for the tibiotarsal bone (cranial to the right of image, caudal to the left of image, proximal at the top of image, distal at the bottom of image)

was also measured, as an indicator of pelvic depth. The product of
pelvic width and pelvic depth, which we call “pelvic capacity,” was
then calculated. Both pelvic width and depth are used in practice

)]. Practical
Publications,

with illustration [see page 63-64 in Peace Corps (
poultry raising. No. MO0011. Corps
Washington-USA.!

Peace

2.3.2 Bone dissection and keel scoring

A trained team dissected the focal birds post-mortem and
extracted the right and left tibiotarsal bone and the keel bone, placing
them in labeled plastic bags for radiographic examination and scoring.
The birds were also scored for laying status by checking the activity of
the left ovary. The dissected keel bones were scored by two
veterinarians (authors LG and MS) based on a protocol that included
assessment of deviations, fractures, and callus formation of the
dissected keel bone using a categorical scale, and also measurement of
keel length and mid-depth on a continuous scale ( ). The
scoring protocol was an adapted version of that developed by Thefner
etal. (6).

To determine the localization of damage (deviations, fractures,
callus), the keel was divided into three parts (cranial, middle, and
caudal), and scores were assigned based on the affected part (e.g., for
deviations 0: no deviations, 1: caudal only, 2: middle only, 3: cranial only,
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4: caudal plus middle, 5: middle plus cranial, 6: caudal plus cranial, 7:
caudal plus middle plus cranial). This notation was used to record
damage across the keel parts. To obtain a score that reflected the extent
of damage, we assigned a score of 1 if the damage (deviation, fracture,
callus) was localized on one-third of the keel, a score of 2 if the damage
extended to two-thirds, and a score of 3 if the damage extended over all
keel parts. After such rescaling, damage localization variables (deviation
localization, fracture localization, and callus localization) were
interpreted as the extent of damage on an ordinal scale of 0-3.

2.4 Measurements on radiographic images

An Image] Macro Language script (31) was developed for rapid
analysis of radiography images in DICOM format. The script measures
tibiotarsal bone mid-shaft radiographic optical density following
Method 2 as described in Wilson et al. (26), keel bone length, keel
bone mid-depth, keel bone cranial depth (i.e., dorsoventral diameter
of the cranial portion of the sternal carina), and radiographic optical
density of the cranial part was selected to measure keel density as this
part is rarely get fractured so that not affected by the over
mineralization due to callus formation after fractures. The user, guided
by graphic interference functions, draws lines on the image, taking less
than 40s per image. Automated functions handle the measurements,
, saving results in an Excel file named after the
radiographic image. and
measurements performed. To gauge potential noise from user
drawings in the measurements, the same user conducted the

as shown in
provide details of the
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date deviations | deviations localization | no. of fractures | fracture localization callus callus localization geometry (cm)
entral view |0: no deviations 0: no fracture  [0: no fractures 0:no callus 0: no callus see the attached
on the keel. [1: caudal only 1: 1 fracture [1:minimum 1: caudal only diagram for the
0: null [2: middle only 2: 2 fracture callus [2: middle only length and mid-
1: <0.5cm [3: cranial only 3: 3 fracture B: cranial only [2:moderate to  |3: cranial only depth using
2:20.5cm 4: caudal+middle 4:2 4 fracture  (4: caudal+middle lsevere callus {4: caudal+middle measure tap
[5: middle+cranial [5: middle+cranial 5: middle+cranial
16: caudal+cranial 6: caudal+cranial [6: caudal+cranial
[7: caudal+middle+cranial [7: caudal+middle+cranial 7: caudal+middle+cranial
bird id deviations | deviations localization | no. of fractures | _fracture localization callus callus localization | length imid-depth
o 1 P phPpBRlaBIEFZ ol P3O RBMIEIEZO 1 2 ol pB KAl IE
0 1 2 0@ PR3K4K 67 01 234 pPBPRPRMIIIEEFZO 1 P 0)3PRPE K456 7
0 1 P o PB4 ONPRMA4HPARRBMAIIEFZO 1 P 0l PRE K456 7
o 1 P Pl 0op23kophPRRKMISIERFP [ P 01 PR KIS 6T
FIGURE 3
Protocol used in scoring dissected keel bones. Keel bone orientation (cranial to the left, caudal to the right, dorsal margin of keel bone on bottom of
image, and ventral margin of keel bone on top of image)

measurements twice after each other on a randomly selected set of 50
images, to ensure reproducibility.

2.5 Statistical analysis

All  data,
measurements, body weight and pelvic dimensions measurements,
and dissected keel scores were combined (based on bird ID code) into
one Excel sheet (see Supplementary material). Birds with unclear ID
or missing values were excluded. After data cleaning, a total of 155
birds were retained for further analysis.

including longitudinal radiographic ~image

2.5.1 Frequency of dissected keel damage

The frequency and co-frequency of keel bone deviation, fracture,
and callus, were quantified using the table function in the R package
“base” (32). To investigate the most damaged parts of the keel bone,
the localization variables in the keel bone scoring protocol were used
to quantify the frequency of damage across the keel bone parts
(caudal, middle, cranial).

2.5.2 Correlations between dissected keel bone
variables

The dissected keel bone variables obtained were either ordinal
categorical or continuous variables. We used polychoric correlation to
estimate the correlation between the ordinal categorical variables and
polychoric correlation to estimate the correlation between a
continuous variable and an ordinal variable. Both of these assume that
ordinal categorical variables are functions of underlying
(approximately) normally distributed variables, but observed on
discrete scale due to measurement limitations (33). We computed
polychoric correlation and polyserial correlations value (+ standard
error) based on the maximum-likelihood estimator as implemented

in the R Package “polycor.”
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2.5.3 Dissected keel damage and radiographic
image measurements

‘We used regression analysis to investigate the association of the
longitudinal radiography measurements to the dissected keel bones.
The association was tested separately for each age. Keel bone damage
was treated as the response variable, with radiographic variables as
predictors. The equation used for regression analysis was:

y =b0+ bl operator + b2 tibiotarsal + b3 keel
+ b4 xIm + bS bodyweight + e

where the response variable y is a vector of keel bone damage (we
tested different response variables including deviation size, number of
fractures, extent of deviations and extent of fractures), 50 is the
regression intercept, b1 is the effect of the operator who scored the keel
bones, b2 to b5 are the estimated effects of the predictors including
radiographic optical density of tibiotarsal and keel bone, the
radiographic optical density ratio of keel length to mid-depth, and the
body weight, and vector e denotes the regression residuals.

‘We employed varied regression methods based on the nature of
the response variable: standard linear regression [R package “stats”
(32)] for equally spaced ordinal categorical scales (e.g., deviation size),
censored Poisson regression (R package “censReg”) for the count of
keel fractures, and logistic regression (R package “stats”) for binary
outcomes (e.g., 0 for no deviation, 1 for presence of deviation).
We also used linear regression for comparison in each case.

2.5.4 Keel bone condition and pelvic dimensions
We used regression analysis to assess whether pelvic dimensions
are associated with keel bone condition. Keel bone conditions were
treated as the response variable, with pelvic dimensions as predictors.
The regression analysis also considered the interactions between
pelvic dimensions and tibiotarsal bone radiographic optical density:
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TABLE 1 Measurements made on radiographic images using the ImageJ program.

Item Region of interest as in

Tibiotarsal bone
radiographic optical

density line vertically across the right tibiotarsal bone mid-shaft

A straight line, with width 100 pixels and length corresponding to

tibiotarsal bone width, is automatically generated when the user draws a

Measurement

Plot profile of pixel intensities (y-axis) along the selected region (x-
axis). Area under the curve is measured as a proxy for tibiotarsal

radiographic optical density (see Figure 4A)

Keel length

A spline is automatically calculated when the user draws a line from the

pila carinae to the keel tip (p

iphoideus). The midp

spline is also automatically highlighted in red for the user

Spline length in pixels. At 16 weeks of age, keel length refers to the

of the ossified portion only, as it is not fully ossified yet

Keel mid-depth
crossing the midpoint of the keel length

The user draws a line between the dorsal and ventral keel aspects,

Line length in pixels

Keel cranial depth

extending it between the dorsal and ventral keel aspects

The user draws a tangent line to the curvature of the pila carinae,

Line length in pixels

Keel density

across the pila carinae

A straight line, with width 25 pixels and length 10 mm, automatically

generated when the user positions a point at the keel edge and drags it

Plot profile of pixel intensities (y-axis) along the selected region (x-
axis). Area under the curve is measured as a proxy for keel cranial

density (see Figure 4B)

Keel length: keel As above

mid-depth ratio

Keel length divided by keel mid-depth

y =b0+ bl operator + b2 pelvic + b3 tibiotarsal
+ b4 pelvic * tibiotarsal + e

where the response variable y is a vector of keel condition (we
tested different response variables of keel conditions, including keel
bone radiographic optical density, keel deviations, keel fractures, and
keel mid-depth), b2 to b4 are the estimated effects of the predictors
(pelvic dimensions, tibiotarsal, and their interactions), and 50 and e
are as defined above.

We performed separate tests on the three variables of pelvic
dimensions: distance between the two apex pubis, distance from pubis
to keel bone, and pelvic capacity. All pelvic dimensions were adjusted
for body weight, because of their high correlation (0.65+0.05) with
body weight.

3 Results

3.1 Frequency and correlations of keel
bone damage post-mortem

We examined the keel bones of 155 birds post-dissection. Damage
was found in 95% of the keel bones examined, while no deviation or
fracture was found in the remaining 5%. The damage comprised
deviations (75%), fractures (86%), and/or calluses (84%) (Table 2). The
two latter had a high co-frequency of 84%. The co-frequency of
deviations and fractures was 67%, i.e., some fractures (19%) and
deviations (9%) occurred independently of each other. Most
deviations (65%) were observed in the middle part of the keel bone,
on either the middle only or extending to the caudal or cranial parts,
or both. Most fractures (71%) were localized on the caudal part. Keel
bone fractures showed weak to moderate correlations with keel bone
deviations (0.29-0.53), and strong correlations with callus formations
(0.73-0.90) (‘Table 3).

Keel bone damage (deviations, fractures, calluses) was correlated
positively with keel bone length, but negatively with keel bone
mid-depth (Table 3). Keel bone damage and keel geometry were
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moderately correlated. The severity of keel damage increased with the
ratio of keel length to mid-depth (LM) (Table 3). For example, the
mean of this ratio mean LM was significantly lower in intact keel bones
than in keel bones with severe deviations, fractures, or callus (Figure 5).

3.2 Reproducibility of radiographic image
analysis

When the same measurement was performed twice by the same
user, on randomly selected 50 images, the correlation between the
first and second measurement was 0.97 £0.01, 0.95+0.01,0.90+0.03,
0.82+0.05, and 0.99 +0.002 for tibiotarsal bone radiographic optical
density, keel bone length, mid-depth, cranial depth (i.e., dorsoventral
diameter of the cranial portion of the sternal carina), and keel bone
radiographic optical density, respectively. Radiographic ration of
keel length to mid-depth (XLM) and keel bone radiographic optical
density showed consistency across consecutive ages (Table 4). For
instance, radiographic ration of keel length to mid-depth at week 55
had a correlation of 0.72 and 0.90 with the corresponding one at
weeks 42 and 68 of age, respectively. Keel bone radiographic optical
density at week 55 had a correlation of 0.78 with keel density at both
weeks 42 and 68 of age. Tibiotarsal radiographic optical density
measurements were less correlated across the ages. The correlation
between the last live radiographic image measurement (at 68 weeks)
and the same measurement on the dissected keel bone was 0.55 for
tibiotarsal radiographic optical density and 0.64 for both keel bone
radiographic optical density and keel bone radiographic ration of
keel length to mid-depth.

The average tibiotarsal radiographic optical density increased
significantly with age (68 and 55 weeks >42 and 29 weeks >16 weeks;
Supplementary Figure S1). The average keel radiographic optical
density was significantly higher at week 42 than weeks 29 and 16 of
age, but similar to those at weeks 55 and 68 (Supplementary Figure 53).
The ratio of keel length to mid-depth is significantly small at 16 week
of age and weeks of age
(Supplementary Figure 52). Please note that averages comparison was
perform after correcting the compared variables for the radiograph

similar across the other
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FIGURE 4

_The orange arrows
refer to the edges of
tibia bone ina or keel
bone inb.

-AUC is the area under
the curve.
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Measurement locations on radiography using the ImageJd program and estimated density of (A) tibiotarsal and (B) keel bone. Orientations: for the body
and keel bone (cranial to the left, caudal to the right, dorsal at the top of image, ventral at the bottom of image) and for tibiotarsal bone (cranial to the
bottom of image, caudal to the top of image, proximal at the left of image, distal at the right of image)

images background. The X-ray machine was re-calibrated after the last
live radiograph imaging, so that the averages of the live and
postmortem radiographic measurements were not comparable.

3.3 Associations between dissected keel
bone measurements and radiographic
image measurements

The higher radiographic ratio of keel bone length to mid-depth at
age 42, 55 and 68 weeks, the larger deviations on the dissected keel
(Figure 6). Increased tibiotarsal radiographic optical density at age
55 weeks was associated with decreased keel bone deviation, observed
in the dissected keel bones. Moreover, increased the keel radiographic
optical density at age 29 weeks was associated with decreased the keel
bone deviation post mortem (Figure 6).

As radiographic optical density of the tibiotarsal bone at 55 weeks of
age or the dissected tibiotarsal bone increased, the number of fractures
of the dissected keel bones decreased (Figure 7). An exception to this was
observed at 16 weeks of age, when an optically denser tibiotarsal bone
was associated with a higher number of fractures on the dissected keels.

3.4 Keel bone condition and pelvic
dimensions

The birds investigated have an average of 40.43 +5.30 mm for pelvic
width, 71.92+10.38 mm for pelvic depth and for 2936.17 +668.49 mm®
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for the pelvic capacity” Pelvic dimensions were associated with keel bone
condition. The interaction of tibiotarsal radiographic optical density with
pelvic dimensions (either pelvic capacity or pelvic width) resulted in a
reduction in keel optical density (Figure 8; Supplementary Figures S4-57).
The association of pelvic dimensions with keel fractures was not
significant, contrary to the significant association of pelvic dimensions
with keel deviations (Supplementary Figures 56, 57). The radiographic
keel mid-depth appeared to decrease with increasing pelvic capacity, or
with increasing product of pelvic capacity and radiographic keel length
(Supplementary Figure S5). All results from regression analyses of keel
bone measures versus other pelvic dimensions are shown in
Supplementary Figures S4-S7.

4 Discussion

In this study, we monitored live birds (through repeated
radiography) from 16 to 75weeks of age in a commercial farm setting.
At the end of the laying period, we measured pelvic capacity, followed
by keel and tibiotarsal bone dissection and radiography, and keel bone
scoring. The radiographic images were used to measure optical density
(tibiotarsal bone and keel) and keel geometry (length and mid-depth).
The radiographic measurements on live birds, especially of keels,
showed: (1) reproducible values, (2) correlations with the corresponding
radiographic measurements on the dissected bones, and (3) some
associations with damage observed on the dissected keel bone. Hence,
the whole process from radiographing live birds under farm conditions
to obtaining the measurements appeared to be reproducible and useful.
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TABLE 2 Variables assessed in dissected keel bone evaluation and their
respective frequency or mean value.

Categorical Categories per variable Frequency
variables per category
Deviation size 0: no deviation 0.25
1:<0.5cm 0.29
2:>0.5cm 0.46
Deviation 0: no deviation 0.25
localization 1: caudal only 0.09
2: middle only 0.19
3: cranial only 0.02
4: caudal + middle 0.17
5: middle + cranial 0.1
6: caudal + cranial 0.01
7: caudal + middle + cranial 0.19
Extent of deviation 0: no deviation 0.25
1: deviation in one third of keel 0.3
2:in two thirds of keel 0.27
3: deviation in all keel parts 0.19
Number of fractures | 0: no fractures 0.14
1: one fracture 0.29
2: two fractures 0.25
3: three fractures 0.17
4: > four fractures 0.15
Fractures 0: no fractures 0.14
localization 1: caudal only 0.7
2: middle only 0.01
3: cranial only 0.01
4: caudal + middle 0.05
5: middle + cranial 0
6: caudal + cranial 0.04
7: caudal + middle + cranial 0.05
Extent of fractures 0: no fractures 0.14
1: fractures in one third of keel 0.72
2: fractures in two thirds of keel 0.09
3: fractures in all keel parts 0.0.5
Callus size 0: no callus 0.17
1: minimum callus 0.41
2: moderate to severe callus 0.42
Callus localization 0: no callus 0.16
1: caudal only 0.69
2: middle only 0.01
3: cranial only 0.01
4: caudal + middle 0.05
5: middle + cranial 0
6: caudal + cranial 0.05
7: caudal + middle + cranial 0.03
(Continued)
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TABLE 2 (Continued)

Categorical

Categories per variable Frequency

variables per category
Extent of callus 0: no callus 0.16

1: callus in one third of keel 0.72

2: callus in two thirds of keel 0.1

3: callus in all keel parts 0.03
Continuous  Description Mean (standard
variables deviation)
Length (cm) As shown in the Figure 4 9.6 (0.56)
Mid-depth (cm) As shown in the Figure 4 1.8(0.17)
Length: mid-depth | Length is divided by mid-depth 5.5(0.71)

In line with previous work, e.g., (19), on-farm radiography can
be optimized at larger scale for genetic and selective breeding studies
and for testing certain management options (housing and/or nutrition)
that in combination could improve keel condition. Reproducibility and
repeatability of the radiographic measurements are likely to improve
with further standardizations of the whole procedure, with the present
study a representing initial step in this regard. Below we discuss the
damage observed in dissected keels and the radiographic
measurements, and associations between these. We then address the
association between pelvic dimensions and keel condition.

4.1 Frequency of keel damage monitored in
dissected bones

The frequency of damage (fracture or deviation) observed in the
dissected keel bone at the end of lay exceeded 70%, which is
comparable to rates reported in the literature (1, 6, 34-36). A high
frequency of keel damage was expected, since the birds in the study
were housed in a multi-tier aviary and since keel fractures are more
frequent in such a non-cage system than in cage housing systems (2, 4).

Deviations in the study birds were most commonly observed in
the middle part of the keel, while fractures were most prevalent in the
caudal part, in agreement with previous findings (6). Deviations and
fractures are not necessarily localized to the same areas of the keel, but
they are also not independent (37). Deviations showed a weak to
moderate correlation (0.29-0.53) with fractures in the present study,
compared with a strong correlation (0.80) in a previous study (22).
However, the data on deviations and fractures were based on dissected
keels in the present study, but on radiographed keel bones of live birds
in the study by Jung et al. (22), which might explain this discrepancy.
More importantly, deviations were assessed on the ventral aspect of
the keel in the present study, but on the dorsal (visceral) aspect of the
keel in the study by Jung et al. (22), and keel fractures are expected to
be related to dorsal rather than ventral deviations of the keel bone.

Dissected keel scoring protocols typically focus on (1) the number
of fractures and associated callus and (2) deviations (in the sagittal
plane) on the ventral aspect of the keel (Figure 9, top row), with little
or no attention given to deviations (in the dorsal plane) on the dorsal
aspect of the keel bone (Figure 9, bottom row). Deviations on the
dorsal aspect of keel bones are of particular interest since its direction
(dorso-ventral) resembled the direction of keel fractures. Quantifying
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TABLE 3 Correlation® + standard error between dissected keel bone variables.

Fracture
count

Extent of
deviation

Deviation
size

Callus
size

Extent of
callus

Extent of
fracture

Length

FIGURE 5

Extent of deviation 0.89£0.03
Fracture count 0.34 £0.09 0.29+0.08
Extent of fractures 0.47 £0.09 0.53+0.08 0.83+0.04
Callus size 0.34 +0.09 0.35£0.09 0.79+0.04 0.73+0.06
Extent of callus 0.44 +0.10 0.44+0.09 0.82+0.04 0.9+0.02 0.82+0.04
Length (cm) 0.20 +0.09 0.15£0.09 0.08+0.09 0.15+0.09 0.14£0.09 0.21+0.09
Mid-depth (cm) —0.19 £0.09 —0.14+0.08 —0.33+0.08 —0.13+0.09 —0.14+0.09 —0.15+0.09 —0.11+0.08
Length to mid-depth 0.29 +£0.09 0.21+0.08 0.31+0.08 0.15+0.09 0.18+0.09 0.20+0.09 0.54+0.06 —0.88+0.02
*Polychoric correlation between categorical variables, polyserial correlation between categorical and continuous variables.
A
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Mean of ratio of keel length to mid-depth across the levels of keel bone deviation size (A), fracture count (B), and callus size (C). Different letters on
score group boxes indicate significantly different mean value (Tukey statistics, p < 0.05)

the deviations on the dorsal aspect of keel is quite difficult, but the
ratio of keel length to keel mid-depth could act as a general proxy.
When a bird experiences pressure on the ventral aspect of the keel
(e.g., from perches) and/or on the caudal part (e.g., from pelvic cavity
contents), keel compression can be expected. Keel compression may
reduce keel mid-depth and, with a long keel, the ratio of keel length to
mid-depth would possibly be higher. According to our results on the
dissected keel bone, if there is no keel bone deviation, fracture, or
callus, the ratio of keel length to mid-depth can be expected to
be around 5 (see Figure 5), meaning that a keel bone free of damage
can be expected to have a mid-depth approaching one-fifth of its
length (e.g., length 10 cm, mid-depth 2cm).

4.2 Radiographic measurement methods

Methods for assessing keel radiographs have been described
previously based on either ordinal (15, 17) or continuous
measurements (12, 14, 19-22). These methods, as well the current
study involve radiography imaging of live birds. The current study also

Frontiers in Veterinary Science

09

offer continuous-scaled keel assessments. Birds could show substantial
variability in continuous-scaled keel assessments, while there is almost
no variability in binary-scaled keel assessments since most birds are
assessed as damaged. The more variability the birds show for keel
assessments, the more possibility for genetic selection for birds with
less keel damage.

The method developed to detect the radiographed keel deviations
and fractures, while the method in the present study enables
measurements of keel optical density and geometry from the
radiography. Both approaches are useful if they yield outcomes
associated with observed damage on dissected bones, i.e., scores or
quantifications for the bones of live birds should reflect conditions
observed on the dissected bones or in radiographic images of dissected
bones. For instance, the correlation between the radiographic
measurement on live bird and dissected bones has been found
previously to be 0.62 for tibiotarsal bone optical density (26), while in
our study it was 0.55 for tibiotarsal bone radiographic optical density
and 0.64 for either keel bone radiographic optical density or keel
geometry. Achieving the maximum agreement between measurements
on live and dissected bones may require further standardization of the
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TABLE 4 Correlation (+ standard error) between live and post-mortem radiographic optical image measurements of the tibiotarsal bone and the keel
bone.

16 wk 29 wk 42 wk 55wk 68 wk PM
Radiographic optical density of tibiotarsal bone
29wk 0.27 +0.08
2wk 0.11 +0.09 0.13+0.08
55wk 0.02 £ 0.09 0.29+0.08 0.08+0.09
68wk 0.21 +0.08 0.43+0.07 0.27+0.08 0.26+0.08
PM 0.23 +0.09 ~0.03+0.09 —0.05+0.1 0.07+0.1 0.09+0.09
PMD 0.2+0.08 0.52+0.06 0.21+0.08 0.42+0.07 0.55+0.06 0.06+0.09

Radiographic optical density of keel bone

29wk 0.17 +£0.09

42wk 0.16 +0.09 0.81+0.03

55wk 0.22+0.09 0.71+0.05 0.78+0.04

68wk 0.21+0.09 0.76+0.04 0.82+0.03 0.78+0.04

PM 0.29 +0.09 0.54+0.07 0.61+0.06 0.61+0.06 0.64+0.06

PMD 0.25+0.09 0.55+0.07 0.58+0.06 0.51+0.07 0.64+0.06 0.63+0.06

Radiographic keel length: mid-depth

29wk —0.11+0.1

42wk —0.11+0.1 0.29+0.09

55wk 0+0.1 0.25+0.09 0.72+0.05

68wk —0.04+0.1 0.23+0.09 0.67+0.05 0.9+0.02

PM —0.09+0.1 0.24+0.09 0.68+0.05 0.79+0.04 0.85+0.03

PMD —0.03+0.1 0.14+0.1 0.51+0.07 0.58+0.07 0.64+0.06 0.66+0.06

wk, weeks; PM, whole-body post-mortem radiographic image; PMD, dissected keel radiographic image.

Linear Regression , response is extent of deviation
significance level: p < 0.001 *** p<0.01* p<0.05* p<=0.07 1

0.50

0.25
g Predictor
e * body_weight
8 * keel_density
£ 0.00 - tibia_density
<§ 8l xray_ratio_keel_length_to_middepth

-0.25

16wk 29wk 42wk 55wk 68wk PM PMD
Time Point
FIGURE 6

Linear model of extent of keel deviation, with body weight, keel, tibiotarsal optical density, and ratio of keel length to mid-depth as predictors, at
different radiographic measurement points (age 16, 29, 42, 55, 68 weeks), post-mortem (PM), and post-mortem dissection (PMD).

entire procedure, although the observed similarities appear promising.  rely heavily on human expertise and extensive training, and therefore
The methods to detect keel fractures and deviations on radiographs  requires studies with especial design to quantify the inter-and
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intra-rater reliability. While the current methods also require human
operator to indicate key points on the radiographic images, full
automation may be achieved using the computer vision methods.
Furthermore, radiographic optical density also varies based on muscle
thickness, superimposed feathers, and variations in radiography
energy emitted from the machine.

The current findings suggest that tibiotarsal bone radiographic
optical density increases with age, aligning with Schreiweis et al. (38)
but contradicting (39), who reported a decrease in tibiotarsal mineral
density with age. This discrepancy may arise from different
measurement methods. The current measurement of radiographic
tibiotarsal bone radiographic optical density, is developed by Wilson
et al. (26) as a proxy of tibiotarsal strength, and reflects the
radiography pixel intensities along the selected region of the
tibiotarsal mid-shaft. This selected region has a constant width (100
pixels), but its length varies with the width of the tibiotarsal bones
(Table 1), which differs across birds. Therefore, the current
radiographic tibiotarsal optical density includes variations due to
tibiotarsal bone widths. If tibiotarsal width increases with age, the
observed increase in radiographic tibiotarsal density with age is
therefore expected but this require further investigation to confirm.
The present radiographic tibiotarsal density should be carefully
interpreted, as the ideal measurement of optical density should
be independent of bone width.

10.3389/fvets.2024.1432665

Unlike tibiotarsal bone measurement, the keel radiographic
optical density is based on a selected region of constant width and
length. The radiographic keel density increased until the week 42 of
age but the decrease after this age was not statistically significant. In
the study of Eusemann et al. (20), the radiographic keel density
increases until the week 33 of age then decreases until the week 40 of
age. This difference may be due to the different ways of measuring the
keel, although the increasing keel density in earlier weeks of age is
shown in both studies.

4.3 Radiographic bone optical density or
geometry and keel damage monitored in
dissected bones

We observed an inverse relationship between keel fractures and
the keel radiographic optical density (at week 29 of age), which is
consistent with findings (16, 40). It is important to note that in these
studies, as well as in the current study, keel density was measured in a
part of the keel bone free from damage. If keel radiographic optical
density is measured across the entire keel bone, including damaged
parts, denser keel bones may exhibit more damage, due to the callus
formation. In such cases, measurement of keel bone radiographic
optical density may be misleading and a strategy to improve keel bone
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Linear model of fracture count, with body weight, keel, tibiotarsal optical density, and ratio of keel bone length to mid-depth as predictors, at different
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Linear model of keel density, with pelvic capacity, tibiotarsal density, and their interaction as predictors.
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Ventral (top row) and lateral (bottom row) views of the same three keel bones showing ventral and dorsal deviations, respectively. Keel bone
orientation at the top row (cranial to the left, caudal to the right, left side of keel bone on top of image, right side of keel bone on bottom of image) and
at the bottom row (cranial to the left, caudal to the right, ventral margin of keel bone on top of image, dorsal margin of keel on bottom of image)

T

integrity by improving keel radiographic optical density may no
longer be valid.

The observed inverse relationship between keel fractures/
deviations and the tibiotarsal bone radiographic optical density (at
week 55 of age) in line with Toscano et al. (40). However, we found
one case of a positive association between radiographic tibiotarsal
density at 16 weeks of age and keel bone fractures. This observation
may be attributable to an artefact introduced during initial
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radiographic imaging or may be a genuine reflection of biology. It is
plausible that a denser tibiotarsal bone in younger birds may result
from frequent bird navigations along the aviary, but at the same time,
less caution during these navigations may trigger more keel bone
fractures (25, 41).

Dissected keel bone deviations and fractures were estimated to
be less frequent with lower ratio of keel length to mid-depth in the
radiographic images. These findings, especially for fractures, may
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be blurred by noise arising while counting fractures on the dissected
keels, e.g., if one operator counts three fractures and the other counts
only one fracture on the same keel. Because callus formation may
sometimes be extensive, since bones with older fractures tend to form
calluses, it can be difficult to know whether new bone tissue has
developed to repair one single or multiple fractures. A recent study on
dissected keels demonstrated that the shape of the carina sterni
(ventral aspect of the dissected keel bone) reveals damage (42), in line
with our findings. Otherwise, published literature investigating the
association between keel bone geometry and damage is scarce.

4.4 Keel bone condition and pelvic
dimensions

The pelvic cavity is the area for producing eggs and neighbours
the caudal part of the keel bone. Our findings suggest that undesirable
keel bone conditions (low optical density, deviations, and shorter
mid-depth) can be expected with increasing (1) pelvic capacity, (2)
product of pelvic capacity and tibiotarsal bone radiographic optical
density, and (3) product of pelvic capacity and keel bone length. With
greater pelvic capacity, the suggested positive association between
tibiotarsal bone radiographic optical density and keel bone
radiographic optical density (40, 43) is less certain, since we found that
the interaction of tibiotarsal bone radiographic optical density with
pelvic capacity was associated with reduced keel bone radiographic
optical density. Greater pelvic capacity may be a proxy of larger egg
mass, which competes with keel bone for minerals. A negative genetic
correlation between tibiotarsal bone mineral content and egg mass has
been observed in pure brown layers (43, 44), which were used
exclusively in this study.

With greater pelvic capacity, or a larger product of pelvic capacity
and keel bone length, a reduction in the radiography keel mid-depth
can be expected (Supplementary Figure S5). This finding is interesting,
as it sheds light on the possible interplay of pelvic and keel geometry,
which could be a contributing factor to keel damage. Birds with large
pelvic capacity and long keel bones may experience physical strains
that reduce their keel mid-depth and increase deviations. Straining of
the keel bone due to internal pressure has been suggested previously
based on pathological findings of fractures (27).

4.5 Limitations of the study

Further standardization of the on-farm radiographic procedure
might help to reduce noise and bias. For example, modifications may
ensure that no wing part overlaps with the keel area during
radiographic examination and that both tibiotarsal bone and keel
bone are clearly visible in the same image. The analysis of radiographic
images in this study involved some manual drawing of shapes in
Image]. In this study, all measurements on the radiographic images
were conducted by the same analyst, meaning that it was not possible
to explore measurement variations arising from different analysts,
which should be done in larger studies in future. Although the noise
resulting from manual drawing was reduced as the same analyst
performed the action, development of a measurement independent of
human drawings may be preferable. For instance, computer vision
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algorithms that can more consistently measure thousands of images
almost instantly offer a potentially more efficient alternative. We found
that keel bone radiographic optical density measurements were highly
correlated across different measurement points, whereas tibiotarsal
bone radiographic optical density showed weaker correlations. The
interval between the radiographic examinations of the birds in our
study was approximately three months, which is relatively long, so
we do not know whether the low correlations across Radiographic
examinations for tibiotarsal bone radiographic optical density
measurements reflect biological variations or variations in the
radiographic imaging process. Another limitation is that we did not
assess whether stacking bird carcasses during freezing affected the
pelvic dimensions measurements. Finally, the study was performed on
birds from one strain of brown layers and the findings may not
be generalizable to birds with other genetic backgrounds.

Another limitation of our study was the choice not to include an
aluminum step wedge in our live bird radiographs and convert
radiographic optical density to aluminum equivalents for subsequent
analyses. Even when distance and kV peak are carefully standardized,
a range of X-ray energies is emitted from the X-ray tube during each
exposure. Since the energy of the X-ray beam affects radiographic
optical density, we cannot exclude the possibility that variations in
X-ray energy emitted by the X-ray tube during each exposure could
have been an outside source of variation affecting results of our tests
of association. However, this would add noise to our rather than
systematic bias.

5 Conclusion

A method for on-farm radiographic examination of laying hens,
including live bird restraint, positioning for live keel imaging, and
post-imaging measurements, was developed and tested, and found to
be reproducible. Radiographic image measurements of keel geometry
(length and mid-depth) and optical density (keel and tibiotarsal) in
live birds were found to be associated with the corresponding
measurements on dissected bones and observed keel damage. Pelvic
dimensions showed a positive correlation with body weight, but
larger pelvic cavity was associated with poorer keel condition.
Furthermore, the current work provides a dataset (of ~1,000
radiographic images with post-mortem keel scoring) that would
be useful for further work to develop metrics on radiographic images
relevant to keel damage. These findings may lay the foundations for
future use of on-farm radiographic examinations in identifying
appropriate phenotypes for genetic selection for keel bone health. For
future studies, including an aluminum step wedge in radiographs and
converting radiographic optical density to aluminum equivalents
is recommended.
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Research Note: A deep learning method segments chicken keel bones from
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ABSTRACT Most commercial laying hens suffer from
sternum (keel) bone damage including deviations and
fractures. X-raying hens, followed by segmenting and
assessing the keel bone, is a key to automating the moni-
toring of keel bone condition. The aim of the current
work is to train a deep learning model to segment the
keel bone out of whole-body x-ray images. We obtained
full-body x-ray images of laying hens (n = 1,051) and
manually drew the outline of the keel bone on each
image. Using the annotated images, a U-net model was

then trained to segment the keel bone. The proposed
model was evaluated using 5-fold cross validation. We
obtained high segmentation accuracy (Dice coefficients
of 0.88—0.90) repeatably over several validation folds. In
conclusion, automatic segmentation of the keel bone
from full-body x-ray images is possible with good accu-
racy. Segmentation is a requirement for automated
measurements of keel geometry and density, which can
subsequently be connected to susceptibility to keel devi-
ations and fractures.

Key words: keel bone, sternum, machine deep learning, segmentation, laying hen

INTRODUCTION

Poultry is a global, high-volume, high-throughput,
low-margin industry. One consequence of this is that
commercial poultry (layers and broilers) are heavily
genetically optimized. Bone fractures, often featuring
keel bone, are present in the majority (up to 80%) of
commercial laying hens (Thgfner et al., 2021), causing a
significant welfare issue (Nasr et al., 2012) and drop in
egg production (Wei et al., 2020). Bone traits tend to be
heritable (Bishop et al., 2000), the industry therefore
desires genetic improvements which would lead to
reduced bone fractures. This leads to the prerequisite
question for genetic improvements — how can the indus-
try monitor thousands of birds for bone conditions?

The large-scale x-raying of live birds on-farm has been
considered as a potential solution by the poultry breed-
ing community (e.g., Rufener et al., 2018; Jung et al.,
2022). However, the existing postimaging methods
require a human operator to indicate key points on
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chicken bone x-ray images, and from these compute a
fracture propensity (Wilson et al., 2022), or keel bone
geometry (unpublished work). The need for a skilled
operator to manually provide these annotations makes
the method time consuming, prone to noise, and imprac-
tical given the number of birds involved in poultry facili-
ties. Automating the postimaging methods is essential
for successful implementation of x-ray imaging as a
novel phenotype in selective breeding.

Image segmentation and classification are 2 computer
vision processes that can be automated using machine
learning approaches. Segmentation refers to partitioning
an image into 2 or more regions — in this case keel bone
vs. the background including other bones. To be technical,
each pixel is labeled as keel bone vs. background. Classifi-
cation means labeling the entire image as belonging to 1 of
2 or more classes. In keel bone case, 2 classes can be zero
fractures vs. 1 or more fractures. If we desire 4 classes,
these could be, for example, 0, 1, 2, 3 and more than 3 frac-
tures. Regression can also be an alternative to the multi-
class classification, with the difference that the output will
be on a continuous rather than a discrete scale.

Keel bone damage has been considered one of the major
welfare concerns in laying hens while the tibia bone has
often been used to measure bone strength in a consistent
manner. For this reason, these bones are of particular
interest. We propose that the first step to assess bone
quality from x-ray images will be to segment these bones.
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The focus of the current work is therefore the segmenta-
tion step, specifically keel bone segmentation.

To automate keel bone segmentation from the whole-
body image, a model is trained to distinguish the keel pix-
els from the nonkeel pixels. Technically this requires
whole-body images and annotation where keel pixels are
given a white color (numerically 1) while nonkeel pixels
are black (numerically 0). A deep learning model is then
trained to extract the features of the images as numerical
values and estimate the weights of these features that can
predict the annotation, i.e., predicting which pixels are
keel pixels. The obtained predictive model is then evalu-
ated on images that were never used in the training, and if
it accurately segments the keel, the model can be used for
automatic segmentation of further images.

In this study, we use U-net, a widely used convolution
neural network to enable the machine to learn image
segmentation (Ronneberger et al., 2015). The first half
of U-net is a contracting path, where the resolution of
images is progressively reduced in successive layers (blue
bars, Figure 1), to increase the abstraction, thus extract-
ing the key features. The “U” in the name refers to the
way in which the layers then use deconvolution or
upsampling to recover spatial features in an expansive
path. The U-net model also has skip connections, which
concatenate the contracting and expanding parts. This
means the extracted key features are combined with
their spatial features, enabling the machine to learn not
only the object of interest but also its location. In this
paper, we aimed to use U-net to automate keel segmen-
tation from whole-body x-ray images which will facili-
tate large-scale phenotyping of the keel bone.

MATERIALS AND METHODS
Birds

Images of Bovans Brown hybrids were generated with
a portable x-ray machine (Medivet Scandinavian AB,

Angelholm, Sweden). The x-ray exposure setting was
65 kV and 1.0 mAs with 1-meter distance between the x-
ray tube and the flat panel detector. The methods of
data collection are described in Sallam et al. (in review).
The study was conducted in accordance with the local
legislation and institutional requirements with approval
from the Gothenburg Local Ethics Committee of the
Swedish National Board for Laboratory Animals (Refer-
ence 5.8.18-16645/2020).

Gold Standard Mask

To create the Gold Standard mask (GSM), Sallam (a
veterinarian) hand-traced the outline of the keel bone
over each whole-body x-ray image using a Wacom Cin-
tiq pen display with GNU Image Manipulation Program
GIMP (www.gimp.org). The outline was then filled in
with white and the background filled in with black, in an
automated step coded using the open-source computer
vision python package (www.opencv.org). The whole-
body x-ray images and GSM are available at https:
doi.org/10.5281 /zenodo.11172093.

U-Net

The architecture of U-net can be adjusted for a given
implementation. In the current work, the input layer
has a resolution of 256 x 256 with a channel depth of 1.
Succeeding blocks decrease resolution by factors of 2,
until the bottom layer has resolution of 16 x 16 with 64
filters. Other differences in resolution, number of layers,
channel depth with respect to (Rounneberger et al.,
2015), are given in Figure 1. The U-net was coded using
the TensorFlow python library (Abadi et al., 2016) and
available from the GitHub repository: https://github.
com/sallamslu/Keel-bone-segmentation.
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Figure 1. U-net architecture in our implementation. Blue columns represent U-net layers, with dimensions on the left and number of channels
on top. Max pooling (red arrows) down samples layers by 2x in each dimension to extract key features in blocks 1 to 5. Convolution (purple arrows)
is used to create additional layers with the same dimension but sometimes different number of channels. Convolution transpose (green arrows)
expands the layers in blocks 4’ to 1'. Spatial information is recovered through the skip connections (black arrows). The final convolution (blue arrow)

compresses 8 channels into 1.
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Cross-Validation Design and Evaluation
Metrics

A total of 1051 x-ray images and their respective GSM
were split into 80% for training, 12% for validation, and
8% for testing. The splitting was randomized and
repeated 5 times to ensure the 5-fold cross-validation.
The training is an iterative process, initiated by giving
an arbitrary weight to each pixel value on the images.
The pixels’ weights are then updated, along the iteration
epochs, to minimize the difference between the network
output (predicted mask, real number ranging 0—1) and
the GSM (0 for the nonkeel pixels, or 1 for the keel pix-
els). This difference is referred to as the loss or error
function, in this case computed with the cross-entropy
function. The accuracy was reported using the Dice coef-
ficient, which relates the overlap of predicted mask and
GSM, to the sizes of the 2. Good convergence is indi-
cated by loss approaching zero and accuracy approach-
ing unity over epochs. Both metrics should be similar for
test and validation sets, to indicate that overfitting has
not occurred.

RESULTS AND DISCUSSION

On x-ray images of chickens, the pixel contrast
between keel bone and background is small, thus, keel
bone outlines are not fully clear, and overlap sometimes
with adjacent tissues. This challenges the most recent
pretrained models like the Segment-Anything Model
(Kirillov et al., 2023) to segment keel bone from the
whole-body x-ray images. For that reason, we opted to
train an all-new model based on U-net with the prerequi-
sites to create 1051 GSM of keel bones from whole-body

X-ray images. With the help of simple scripts to auto-
mate opening and exporting images in GIMP software,
as well as a pen display to draw keel outlines, creating
1,051 GSM of keel bones required only 7 person-hours of
manual effort in the current work.

Our U-net model converged well, loss and Dice coeffi-
cient approach 0 and 1, respectively (Figures 2 A and
2B). The Dice coefficient, also known as F1, is a quality
metric that considers false negatives (keel pixels on
GSM but predicted as nonkeel), false positives (nonkeel
pixels on GSM but predicted as keel), and the size of the
GSM and predicted masks. Loss and Dice coefficient
also had similar behavior for training and validation and
across folds, thus overfitting is not suspected (Figure 2
A-B).

Test images, which the model had never seen, were in
total 420 (84 in each of the 5 folds) and had their keel
bones segmented with an accuracy of 0.89 averaged over
the 5 folds (range: 0.88—0.90), with an example on
Figure 2C. Achieving ~0.90 segmentation accuracy with
training on ~1,000 annotated images, is quite promising.
If we assumed similar setting in poultry breeding compa-
nies and the current work, automating keel bone seg-
mentation for large numbers of images should not
require extensive manual annotation efforts.

The current work does not provide an end-to-end solu-
tion for assessing chickens’ keel bone for breeding pur-
poses. Instead, it provides a dataset of annotated
chicken skeleton images for further methods develop-
ment and structural studies, as well as the keel bone seg-
mentation technology, which will enable further
methods to classify or quantify keel fracture occurrence.
Such a classifier or quantifier could emit predictions
quickly for assessment of keel bones of breeding

® 100 1%
Epoch

Input Image

Gold Standard Mask

Dice coefficient

Predicted Mask

Figure 2. Loss curves (A) and Dice coefficient (B) for the 5 folds of training and validation. For each fold, a different test-train split was used.
Model performance example (C): Left: whole-body X-ray image. Center: gold standard mask. Right: predicted mask using our converged model.
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chickens. Several dimensions will be automatically mea-
sured on the segmented keel bones and studied for their
heritability as well as correlations with clinical keel bone
phenotypes (e.g., fracture count and deviation size).

With a modest additional image annotation effort, the
current model could also be retrained to segment bones
other than keel (e.g., tibia bone), as well as other objects
that are related to bone health such as eggs. Automatic
segmentation of many objects on the same x-ray image
(keel, tibia, and egg) would maximize the benefit of x-
raying chickens.
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