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1 Introduction

Chicken meat is one of the most commonly consumed animal foods across the
globe (Mottet and Tempio, 2017). More than 90% of chicken meat is produced
in specialised conventional systems where broilers are housed on litter
bedding with mechanised provision of water and age-related formulated feed.
Under these conditions modern meat chickens or broilers have a high growth
rate, reaching slaughter weight of 2.3 kg by 35 days of age and consuming
approximately 3.2 kg feed (Anon, 2024b), achieving a feed conversion ratio
(FCR) of approximately 1.39 (Anon, 2022).

The broilers’ outstanding FCR has been attained predominantly through
selective breeding for body weight gain (Havenstein et al., 1994; Havenstein
et al., 2003), fine-tuned nutrition, improvements in chicken management
including broiler husbandry and health (Anon, 2024b), and advances in
equipment within the poultry house, especially shed ventilation (Barger-
Weathers, 2025). Together these have generated a 400% increase in broiler
growth rate in 60 years (Santos et al., 2022). When compared to other meat
production systems, for example beef cattle and sheep meat, chicken meat is
produced with relatively low resource usage and cost (Phibbs et al., 2021). Its

http://dx.doi.org/10.19103/AS.2025.0165.26
© The Authors 2026. This is an open access chapter distributed under a Creative Commons Attribution 4.0 License (CC BY).

Chapter taken from: van den Brand, H. (ed.), Future perspectives in broiler rearing: Incorporating the broiler point of view, pp. 659-714,
Burleigh Dodds Science Publishing, Cambridge, UK, 2026, (ISBN: 978 1 83545 149 6; www.bdspublishing.com)


http://dx.doi.org/10.19103/AS.2025.0165.26
https://www.bdspublishing.com

2 Managing health issues in broilers: leg health and leg problems

comparative affordability and perception as a healthy alternative to red meat,
ease of preparation, low carbon footprint, and appeal across a diverse range
of religions and cultures (Mottet and Tempio, 2017) have driven its increasing
popularity. In Australia, the consumption of chicken meat has doubled in the
last 30 years, now being integral to the main meal 2-3 times each week (Anon,
2024a). Globally chicken meat consumption is expected to grow by 15%
between 2023 and 2032, when it is predicted to contribute 41% of the total
meat protein consumed (OECD/FAQO, 2023).

However, the very rapid growth of broilers, and in particular, their fast
accretion of muscle mass, is assembled onto a skeleton with relatively immature
bone development (Santos et al., 2022). Broiler market weight (~2.3 kg)
is typically reached when the broiler is 5 weeks old while maturation of the
skeleton occurs closer to 25 weeks of age (Rath et al., 2000). This mismatch
in muscle deposition and skeletal development has resulted in alterations in
broiler locomotion and mobility which compromise broiler welfare (Berg and
Butterworth, 2021). Reduced broiler welfare due to leg problems and poorer
mobility is evident in several contexts including: pain induced by the condition
(McGeown, 1999; Cook, 2000; Tahamtani et al., 2021), injury (Kestin et al.,
1992), which may also be acquired from scratches and skin damage, potentially
causing cellulitis, when walked over by flock mates (Groves and Muir, 2017); an
inability of the broiler to access feed and water, which can lead to dehydration
and starvation (Butterworth et al., 2002); and, a change in broiler behaviour,
such as reduced frequency of dustbathing (Vestergaard and Sanotra, 1999)
and greater time spent sitting or lying versus walking (Weeks et al., 2000).
Given the welfare implications of leg problems, the low value of the individual
broiler and their unlikely recovery, lame broilers are typically culled (Berg and
Butterworth, 2021).

Frequently referenced estimates of the impact of leg disorders in broiler
populations are from some time ago (Sanotra et al., 2003; Knowles et al., 2008).
A survey of 176 flocks in the United Kingdom identified poor mobility in >27%
of broilers with ~ 3.3% almost unable to walk (Knowles et al., 2008) when close
to slaughter size (40 days old). More recently Kittelsen et al. (2017) assessed 59
commercial Ross 308 broiler flocks in Norway, identifying that, when 4 weeks
old, ~ 25% of the broilers had a moderate to severe defect in their walking
ability (i.e. gait score =3). For several decades broiler breeder companies have
selected for improved growth rate while also removing broilers with leg and
bone defects from their breeding programmes (Neeteson et al., 2023; Barger-
Weathers, 2025). This has contributed to a reduction in leg problems (Angel,
2007), but fast-growing broilers continue to have gait scores indicative of
compromised locomotion, walking ability, and leg problems (Riber and Wurtz,
2024). Further, given the ~4-year delay in observing the impact of selection
decisions on commercial broiler flocks (Barger-Weathers, 2025), current data on
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leg problems is required to garner an accurate reflection of current prevalence
and aetiology.

Throughout the literature leg disorders are referred to in several ways,
including leg weakness (Kestin et al., 1992), leg strength (Muir and Groves,
2019), leg health (Lister, 2011; Phibbs et al., 2021), leg problems (Sanotra
etal., 2003), leg disorders (Knowles et al., 2008; Liu et al., 2023), and lameness
(McGeown, 1999; Naas etal., 2009). Overall, these terms all refer to the reduced
agility and alterations to the gait and time budget of fast-growing (FG) broilers
(Bessei, 2006; Dawson et al., 2021). Within this chapter the broad variety of leg
disorders will generally be referred to as leg problems.

Leg problems are caused by a variety of conditions, and they may be
classified by a number of criteria including non-infectious and infectious factors
(Kieronczyk et al., 2017) or as degenerative, developmental, and infectious
causation (Bradshaw, 2002). However, these are not mutually exclusive. The aim
of this chapter is to appraise the causes and consequences of leg problems
in broilers and to evaluate approaches that may reduce their incidence and
impact, thereby improving broiler welfare and the sustainability of the chicken
meat sector. To provide a framework for the discussion on leg problems broiler
embryology and bone development are briefly addressed, establishing what
is normal for the broiler. This is then contrasted with leg problems which are
considered in terms of metabolic, infectious, developmental, and traumatic
aetiologies. Techniques for assessing leg integrity are presented in tabular
form, followed by a review of several strategies that have been evaluated
as potential mechanisms to improve broiler leg health and to reduce leg
problems. These include breeding programmes, aspects of the parent flock,
fertile egg incubation, and broiler management. Focal areas for future research
are briefly considered, and finally suggested sources for further information on
broiler leg problems are listed.

2 Broiler leg problems
2.1 Introduction

We will present a brief overview of the embryology and development of
the legs of the chicken to provide a scaffolding for contextualisation of the
potential problems associated with the legs of broilers. Each of these leg
problems is potentially serious but may be absent, intermittent, or sporadic.
They can affect productivity and have consequences for animal welfare. We will
address nutritional and metabolic disorders represented by osteodystrophies
including rickets; the infectious diseases, bacterial osteomyelitis, femoral
head necrosis and associated phenomena, and pododermatitis; tibial
dyschondroplasia as an example of a developmental problem; and rupture
of the gastrocnemius tendon due to trauma. Meaningful data on the flock
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4 Managing health issues in broilers: leg health and leg problems

prevalence, let alone incidence, and industry or company occurrence and
impact, of these conditions, locally, nationally, and internationally, is difficult
to come by, as such information is mostly treated as confidential in-house.
Observations derived from laboratory submissions are, by their very nature,
biased towards particular cases of morbidity or mortality and must be
handled and interpreted accordingly. However, Reece et al. (1985), besides
documenting the diagnoses in 1402 broiler flock submissions, also included
data on significance within the affected flocks. For example, there were 116
cases (~8% of problem flocks submitted) of osteodystrophy with up to 40%
flock prevalence, 37 flocks with tibial dyschondroplasia affecting from 0.5% to
70% of the flock, 7 flocks with ruptured tendons affecting 2-5%, and 2 flocks
with Staphylococcal osteomyelitis affecting about 1%.

2.2 Broiler embryology and development

By 12 days of incubation in the chicken embryo, the avascular cartilaginous limb
buds have a trabeculated cortex; at hatch this is still in a parallel herringbone-
like arrangement (Fig. 1a), and in layer-type chickens this feature remains for
about 1 week (R.L. Reece, unpublished observations). Bone mineralisation in
the late embryo is facilitated by mobilisation of minerals from the inner layer
of the eggshell via the chorioallantoic membrane (Halgrain et al., 2022) and
plateaus just before hatch. It then accelerates a few days post-hatch (VYair et al.,
2012), which coincides with a feed-derived nutrient surge when the chicken
is placed in the grower house. The long bones are still pliable until about 10
days of age (Sanchez-Rodriguez et al.,, 2019). The diaphyseal cortex of the
broiler femur and tibiotarsus are circular in the embryo but become elliptical
by 1 week post-hatch (Yair et al., 2012). This feature requires consideration
when assessing bone breaking strength as that will vary depending upon
point of pressure application. The outer diaphyseal cortex expands by
intramembranous ossification involving periosteal osteoblasts and becomes
lamellated, while the inner aspect is being eroded continuously during growth
by osteoclasts: thus, the cortex has a relatively short period to mature before
it is effectively remodelled and removed (Fig. 1b). In slower-growing (SG)
broilers, cortical osteoblasts proliferate more rapidly and have lower alkaline
phosphatase activity, than in fast-growing (FG) broilers, and the osteons in FG
broilers do not fill out as completely, probably associated with the more rapid
radial expansion (Rawlinson et al., 2009). The vascular spaces in the cortex, the
Haversian or osteon canals, extend longitudinally via extensions of the nutrient
artery and are prominent in broilers, but rapidly growing broilers also have
abundant large radial vessels (Pratt and Cooper 2018), probably contributing
to cortical porosity. Compared to the diaphyseal cortex, the metaphyseal
cortex is somewhat trabeculated and porous rather than extensively lamellated,
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Figure 1 (a) Femur of hatchling broiler. Longitudinal section. Demineralised. HEx100.
PO1, outer periosteum of connective tissue. PO2, inner periosteum of osteoblasts and
precursors. O, prominent focus of intramembranous ossification (this section is from
the diaphyseal cortex). DC, diaphyseal cortex. Pr, proximal. T, well-formed trabeculae
arranged in a'herringbone’ fashion. (b) Tibiotarsus, 14-day-old broiler. Midshaft diaphysis.
Transverse section cut with fine-toothed hand-saw, trimmed, fixed, demineralised.
HEx40. PO, periosteum separated away from cortex (in the upper aspect) is a post-
mortem artefact. DC, diaphyseal cortex of lamellar bone formed by intramembranous
ossification. Oc, osteoclasts, lining and rapidly eroding, the inner layer of cortex. Arrow
1 indicates the direction of radial vessels derived from nutrient artery entering cortex
from medulla. Arrow 2 indicates the direction of peripheral cortical expansion. BV,
blood vessels in broiler cortex are large and prominent and include both longitudinal
Haversian or osteonic canals, and radial vessels, thus creating significant porosity. (c)
Proximal tibiotarsus, 3-week-old chicken. HEx40. E epiphysis. ZP, zone of proliferation.
ZH, zone of hypertrophy. PC, physeal cortex. F, thick fibrous outer periosteum. T, ossifying
trabeculae are part of the endochondral ossification process. O, cortex is formed by
intramembranous ossification, and the inner layer is not fully lamellated at this stage.
MC, metaphyseal cortex. (d) Tibiotarsus, 4-day-old chicken. Longitudinal medio-lateral
section; fixed but not demineralised. Von Kossa stain reveals calcium (black), with a red/
pink counterstain, x40. E, epiphysis. P, physis. PC, physeal cortex. M, metaphysis. MC,
metaphyseal cortex. Note that PC and MC are not mineralised and therefore much weaker
than the mineralised DC. EC, embryonic cartilaginous cone. This is a normal feature in
long bones of recently hatched chickens and distinct from tibial dyschondroplasia. DC,
mineralised diaphyseal cortex. Fib, fibula.
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6 Managing health issues in broilers: leg health and leg problems

as it is also rapidly extending in length (Fig. 1c). The cortex at the physis is a
fibro-cartilaginous collar and a site of weakness. A large wedge of embryonic
cartilage is still present at hatch (Fig. 1d). Longitudinal growth of the bones
comes from the physis which is sharply demarcated from the epiphysis by a thin
line of resting chondrocytes. These multiply, creating neat stacks of flattened
chondrocytes (designated as zone of proliferation, ZP), richly supplied by an
arcade of non-anastomosing, thin-walled, fenestrated epiphyseal vascular
channels, each ending as a capillary plexus (Wideman and Prisby, 2013). In
birds, it is the depth of the ZP, characterised by flattened chondrocytes, that
determines the growth rate of the long bones (Kember et al., 1990). There is a
narrow band of relatively inactive prehypertrophic chondrocytes embedded in
avascular cartilage (zone of prehypertrophy, ZpH). As the chondrocytes develop
and hypertrophy (by 5-10x), they still present as columns continuous with the
proliferating stacks (zone of hypertrophy, ZH) and secrete cartilaginous matrix
vesicles, and Ca and P, which crystallise as hydroxyapatite around collagen
fibres. This provisional mineralisation (zone of provisional mineralisation,
ZPM) leads to apoptosis of chondrocytes; the cartilage is eroded by incoming
osteoclasts associated with thick-walled metaphyseal arteries; capillaries
penetrate into the vacated lacunae; and osteoblasts enter, mature into
osteoblasts, and remain there secreting bone (zone of ossification, ZO) and
forming trabeculae, which are modified to follow lines of stress or tension
(Figs. 2, 3, 4a and 4b). The sequential changes from chondrocyte proliferation
to hypertrophy and subsequent differentiation are tightly controlled by many
growth factors activating chondrocyte-specific transcriptions (Adams et al.,
2007). The chondrocytes in the developing physis multiply and mature, but
they do not migrate: it is their relationship to surrounding structures and blood
vessels which changes. As the epiphyseal vascular channels withdraw, they
leave behind fibrinoid debris, and as the metaphyseal arteries and capillaries
advance, there may be partial luminal constriction due to cartilage protrusion
from activated hypertrophic chondrocytes, and vascular debris is common.
Contrary to some earlier reports, patent transphyseal vessels are occasionally
encountered. A secondary centre of endochondral ossification develops in
many epiphyses.

The chicken is bipedal, but during walking, the femur remains relatively
immobile, and it is the tibiotarsus which rotates in a semi-arc to keep the
centre of gravity over the leading leg (Paxton et al., 2010). The modern broiler
with well-developed breast muscle has a forward-placed centre of gravity. In
a healthy 'normal’ chicken the femur and tibiotarsus have an outward shaft
rotation and a bowing along their length, with the medial diaphyseal cortex
somewhat thicker than the remainder. Applegate and Lilburn (2002) showed
that the pattern of development of femur was different to that of the tibiotarsus
in broilers, with the femur being more sensitive to nutritional changes and its
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Figure 2 A diagrammatic representation so that the reader becomes more familiar with
the major events and processes involved in endochondral ossification of a long bone in a
chicken. EVC, epiphyseal vascular channels (thin-walled and fenestrated). EVP, epiphyseal
vessel plexus. MVP, metaphyseal vascular plexus. MA, metaphyseal artery (thick-walled
with continuous endothelium). Black arrow: compression restriction of metaphyseal
artery lumen because abutting hypertrophic chondrocytes produce abundant cartilage
matrix. Red arrows: direction of growth of blood vessels as the bone elongates. L1 and
L2, lacunae in which chondrocytes reside. AC, articular cartilage and chondrocyte. ECC,
epiphyseal chondrocyte and hyaline cartilage. RC, resting chondrocyte. PC, proliferating
chondrocyte. pHC, prehypertrophic chondrocyte. HC, hypertrophic chondrocyte. Ap,
apoptotic chondrocyte. PM, provisional mineralisation of cartilage. Ocl1, osteoclast
removing hypertrophic cartilage scaffold and apoptotic chondrocyte. OB, osteoblast.
OC, osteocyte. ZP, zone of proliferation. ZpH, zone of prehypertrophy. ZH, zone of
hypertrophy. ZPM, zone of provisional mineralisation. ZO, zone of ossification forming
bony trabeculae. Ocl2, osteoclast remodelling the formed bony trabecula.

length plateauing earlier, while also having to accommodate for rapid changes
in weight and conformation (increasing breast muscle development with age)
and thus being more susceptible to skeletal abnormalities. The tibiotarsus in a
broiler grows almost twice as fast proximally as distally, and between 11- and
18-days post-hatch may increase by up to 2.4 mm per day (0.1 mm per hour)
(Riddell, 1975; Williams et al, 2000), but that extension may be pulsatile rather
than uniform. This rapid elongation of the long bones will cause stretching of
the ligaments, tendons, and muscles, and perhaps affects their attachments,
leading to some degree of discomfort, pain, and/or vulnerability similar to
growing pains and Osgood-Schlatter syndrome in rapidly growing children
(Vaishya et al., 2016), but this has not been adequately addressed in broilers. In
broilers, right-sided leg dominance is most prevalent (Duff and Thorp, 1985),
but the reason for this, and its consequences, particularly how it may or may
notimpact performance and evaluation of gaitand movement studies, has only
been tentatively addressed (Paxton et al., 2013).

The modern broiler is derived and selected from various English game
fowl including Old English Game and cross-bred in nineteenth-century
Cornwall, UK, with Asian game fowl (particularly Malay; and Indian Red Assel)
to create ‘Indian Game’ (UK) or ‘Cornish’ (USA), and later crossed with Plymouth
Rock (USA), Light Sussex (UK), or other heavy breeds, and is therefore different
in many features from more conventional breeds with which we are familiar.
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Figure 3 Diagram labelled with components of the growth plate of a chicken, so the
reader becomes more familiar with terminology. AC, articular cartilage. JC, joint capsule.
E, epiphysis. EV1 and EV2, epiphyseal vessels (often more than one enters epiphysis
below the JC and above the physis. An, anastomoses between epiphyseal vessels
occur, but not common. ZR, resting chondrocytes of physis sharply demarcated from
epiphysis. EVC, narrow epiphyseal vascular channels penetrate between columns of
proliferating chondrocytes. ZP, physeal zone of chondrocyte proliferation. ZpH, zone of
prehypertrophy. TVP, transphyseal vessels being anastomosed between epiphyseal and
metaphyseal vessels are rare. ZH, zone of hypertrophy where chondrocytes gradually
increase in size and secrete more cartilaginous matrix. PC, physeal cortex of thick outer
periosteal fibrous tissue and inner thin rim of cartilage. HC, hypertrophic chondrocytes.
Ap, apoptotic chondrocytes. ZPM, zone provisional mineralisation. MV, metaphyseal
vessel. Ocl1, osteoclasts accompanying incoming MV remove apoptotic chondrocytes
and cartilage. Ob1, osteoblasts accompany MV and move into vacated lacunae. Oc1,
osteocytes mature and produce bony trabeculae as part of endochondral ossification
process. Ocl2, osteoclasts remodelling trabeculae. MC, metaphyseal cortex. Ocl3,
osteoclasts removing inner cortex to allow expansion outwards. Oc2, osteocytes in the
inner layer of cortex. NA, nutrient artery enters laterally in mid-diaphysis. DC diaphyseal
cortex is tubular, solid, and distal to metaphysis. Medulla has sparse trabeculae. PV,
periosteal vessels supply outer periosteum. CBV, cortical blood vessels. Ob2, osteoblasts
of the inner layer of periosteum form the cortex by intramembranous ossification.
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Figure 4 (a) Proximal tibiotarsus, 4-week-old broiler. Cross-section of metaphysis. HEx400.
Ocl, osteoclast. HC, cross-section of trabeculae of hypertrophic cartilage (resemble
islands). Ost, rim of osteoid. Obl, circle of osteoblasts accompanying incoming blood
vessels. MV, metaphyseal vessels. (b) Proximal tibiotarsus, 19-day-old broiler. HEx40.
E, epiphysis. EV, epiphyseal vessels. Large arrow: a dilated vessel near the epiphyseal/
physeal boundary, at least partially artefactual from processing. This is a well-recognised,
but not common, finding at this site, and must be interpreted cautiously. ZR, narrow
linear zone of resting chondrocytes. ZP, zone of proliferation. ZpH, narrow, relatively
indistinct at this magpnification, zone of prehypertrophy. ZH, zone of hypertrophy. MV,
metaphyseal vessels (ascending artery and descending venules). MC, metaphyseal
cortex. ZO, zone of ossification developing from provisional mineralisation. (c) Proximal
tibiotarsus, 14-day-old broiler. HEx100. HC, hypertrophic cartilage. MV, metaphyseal
vessels. Ocl, small cluster of osteoclasts. MC, metaphyseal cortex. Circle encloses small
focus of debris adjacent to metaphyseal cortex which has necrotic cartilage and osteoid,
free erythrocytes (mild focal haemorrhage), and quite a few adjacent osteoclasts. This is
probably focal blunt trauma impact. (d) Proximal tibiotarsus, 6-week-old broiler. HEx100.
H, line of recent haemorrhage towards the periphery of the physis in the upper zone of
hypertrophy. This is probably a linear shearing tear at the edge of the non-mineralised
physeal cortex, which is a vulnerable site. There is haemorrhage, only a few infiltrating
inflammatory cells (not obvious at this magnification), and early cartilage degeneration
- 5o this in recently ante-mortem, not immediately peri-mortem. It is perhaps a traumatic
consequence of catching this broiler by one leg, and upending it while it was moved
to transport container, a few hours prior to submission. HC, hypertrophic cartilage. MC,
metaphyseal cortex. D, slightly eosinophilic, homogenous, degenerating cartilage. O,
thin rim of early ossification (homogenous and eosinophilic) at the edge of hypertrophic
cartilage (much paler) trabecula.
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10 Managing health issues in broilers: leg health and leg problems

Compared to leghorn chickens, the ZP are deeper and more disorderly,
incoming metaphyseal vessels are larger, and ZH and ZPM are less orderly
(Reiland et al., 1978). The diaphyseal cortex of rapidly growing broilers is
relatively more porous than in SG broilers (Rawlinson et al., 2009) and perhaps
less robust, and that may predispose them to bone breakage during catching,
transport, and handling and contribute to a weaker framework to support extra
muscle (Williams et al., 2004). Broilers may spend up to 80% of their time lying
(Weeks et al., 2000), but forcing them to exercise does not consistently improve
walking ability, nor bone strength (Bizeray-Filoche et al., 2004; Foutz et al,,
2007a; Ruiz-Feria et al., 2014). Exercise is known to increase bone mass, but
that takes time to come into effect. Movement itself may cause microfractures,
which require remodelling (Allan et al., 2014), and 'normal’ minor traumatic
events of life may result in small transverse tears in the physes adjacent to the
non-mineralised fibro-cartilaginous cortex collar (Fig. 4c and d).

In summary, bone development and maintenance is a complex process
involving various physiological and biochemical factors, but we have not
attempted to detail the metabolic pathways, genes involved, nor the chemical
signalling between cells that occurs. Broilers grow rapidly because of genetic
selection, combined with optimal nutrition and management, and disease
control. They have been selected for muscle growth, and that creates an
increased demand upon skeletal integrity (Williams et al., 2000). The features
of bone growth outlined above are ‘normal’ in broilers and other chickens
and will also be encountered, or perhaps accentuated, in other conditions,
pathological or otherwise: some of these 'normal’ features have been reported
in detail, supposedly as a component of significant other pathologies. Bones
are relatively solid, and preparation for examination can result in damage
and artefacts; histology processing requires aggressive demineralisation.
Some features require appropriate presentation and alignment to be fully
appreciated. The reader is advised to be cautious and not to over-interpret
what they observe when examining broiler leg disorders.

2.3 Metabolic and nutritional problems: osteodystrophies,
including rickets

The modern poultry industry became possible because of the addition of
vitamin D, (VD,) to their diet (then as cod-liver oil; currently, commercial VD,
is mainly derived from sheep'’s wool lanolin) in the 1920s (Norris, 1958; Torella,
2024). VD, has to be absorbed, then metabolised in the liver and kidney to
become active: among other activities it controls calcium and phosphorus
absorption and deposition, whereas parathyroid hormone and calcitonin
control circulating concentrations. Calcium and phosphorus requirements
are greatest during rapid growth, but plant phytate (inositol hexaphosphate),
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which can account for up to 80% of plant phosphorus in grains, is unavailable
to the chicken and also reduces calcium bioavailability; therefore, phytase is
routinely added to the feed. Even though apparently adequate amounts of
VD, are present, absorption can be reduced in infectious stunting syndrome
and related diseases, and/or impeded by competition at the micelle level with
other fat-soluble ingredients, such as excess carotenoids added for carcass
colouration.

In calcium and/or VD,, absolute or relative, deficient diets ('rickets’), there
is inhibition of chondrogenesis and failure of hypertrophic chondrocytes to
undergo apoptosis because of reduced provisional mineralisation, among
other derangements, resulting in accumulated non-mineralised cartilage. The
ZP is disrupted, disorganised, and deeper, and often wider than the underlying
cortex, due to accumulation rather than increased proliferation (Fig. 5a).
There is also an apparent expansion of the ZpH. The epiphyseal vascular
channels are relatively normal, but of increased length, while the metaphyseal
vessels are blunted. In relative or absolute P deficiency (often designated as
‘osteodystrophy’), there is apparent increase in depth of ZP due to accelerated

Figure 5 (a) Proximal tibiotarsus, 14-day-old broiler. HEx40. E, epiphysis. ZP, extremely
deep zone of proliferation, in which blood vessels are narrow and difficult to discern,
and the stacks of proliferating chondrocytes are a little disorderly — this is consistent with
vitamin D,/Ca-deficient rickets. ZH, zone of hypertrophy is also somewhat deepened.
The physis in this case slightly bulges out beyond the diaphyseal cortex. (b) Proximal
tibiotarsus, 19-day-old broiler. HEx40. E, epiphysis. ZP, shallow zone of proliferation.
ZH, deep zone of hypertrophy with long and wide columns of poorly mineralising
chondrocytes, and wide and prominent metaphyseal vessels — this is consistent with
hypophosphataemic osteodystrophy. In this case, the physis is aligned with the cortex.
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12 Managing health issues in broilers: leg health and leg problems

chondrogenesis, but failure of transition to hypertrophy, although the many
hypertrophied chondrocytes accumulate leading to relatively increased depth
of ZH (Fig. 5b), and there is excessive persistence of islands of non-mineralised
cartilage withintrabeculae (Lacey and Huffer, 1982; Dinev,2012a). The difference
is often over-simplified and depicted as an increase in depth of ZP in calcium/
VD, deficiency and an increase in ZH in P deficiency. The poor mineralisation of
bones, and resorption of minerals, especially from the diaphyseal cortex, in an
attempt to maintain homeostasis, results in weak, soft, and rubbery bones, with
resultant fractures and collapse of the rib cage. Chickens with such potentially
serious problems are encountered often in the field, but the presenting
pathologies may overlap, thus obscuring a precise diagnosis (Randall, 1991)
and leading to broad treatment. Outward bowing of the legs takes time,
and parathyroid hypertrophy is only observed after several weeks of marked
calcium or VD, deficiency. These metabolically induced conditions are distinct
from valgus and varus (angular leg and bone) deformities which have different
causes and manifestation (van den Brand et al., 2022).

In summary, the rapid growth of broilers makes them vulnerable to
metabolic disorders hindering mineral deposition in the skeleton, thus
potentially leading to significant bone disorders, particularly during periods
of great proportional growth, such as the third week post-hatch (see Broiler
embryology and development, Section 2.2). Affected broilers are lame and
have reduced feed intake, further exacerbating the problem. In the event of
such metabolic or nutritional osteodystophies, appropriate treatment can lead
to rapid response, although with residual lost growth.

2.4 Infectious problems: bacterial osteomyelitis, femoral head
necrosis and pododermatitis and related problems

2.4.1 Bacterial osteomyelitis

Chickens are reared on litter, comprising low-cost bedding material such as
wood shavings, to which becomes added droppings, feathers, spilt feed, etc., to
absorb moisture, provide environmental insulation, and allow some scratching
behaviour. Litter develops a rich microbiome, including a low proportion of
potential pathogenic bacteria, such as coliforms and staphylococci, and can
produce significant amounts of ammonia from degradation of excreta and
nitrogenous waste. The chicken mostly inhales air that is less than 30 cm above
the litter surface.

Bacterial osteomyelitis in chickens was developed as an animal disease
model, and much is known of the sequential pathogenesis (Emslie et al.,
1983). Bacteria such as Escherichia coli and Staphylococcus aureus enter the
circulation intermittently or as septicaemias, from compromised respiratory
and intestinal tract, and/or damaged integument. These opportunistic bacteria
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then lodge in vessels, particularly the growing ends of metaphyseal vessels
(Emslie and Nade, 1983) where circulation is often sluggish due to constriction
of vessel lumina by adjacent hypertrophic cartilage (Fig. 2); they infiltrate
and multiply in the adjacent interstitium and colonise lacunae of the ZH. The
ensuing inflammatory process of vascular changes, congestion, oedema,
infiltration of heterophils and macrophages, and fibrin coagulation can lead to
infarctive necrosis of a wedge of the physis forming a sequestra (Figs. 6a and
b). Heterophilic granulomas develop rapidly with their wall of giant cells, typical
of avian inflammation (Fig. éc).

Such lesions are usually unilateral, and flock prevalence is usually low. Nairn
and Watson (1972) mention that clinical incidence in some meat chicken flocks
may reach 50% associated with a relatively low mortality rate of 5%, but no
further details were supplied, and this figure is often cited in reviews. Bacterial
osteomyelitis results in lameness, and affected birds are often moribund. As
such infections are secondary to compromised respiratory, alimentary, and/
or integumentary systems, treatment of the flock with appropriate antibiotics
may reduce the likelihood of other chickens developing infection leading to
osteomyelitis but will not address the dilemma of the necrotic sequestra. The
predisposing problems, which are probably multifactorial, require attention!

Figure 6 (a) Proximal tibiotarsus, 3-week-old broiler. E, epiphysis. ZP, zone of proliferation.
N, fibrino-necrotic osteomyelitis due to Escherichia coli. (Birds react to infection by
producing a fibrinous exudation, which is soft and relatively homogenous, not fluid ‘pus’).
(b) Proximal tibiotarsus from broiler above. Sectioned and fixed. HEx20. E, epiphysis.
ZP, zone of proliferation. ZH, zone of hypertrophy. N, sequestra of necrotic cartilage
surrounded by fibrin and inflammatory cell infiltrate (Inf), with significant distortion of
the adjacent physeal structures. (c) Femoral metaphysis, 6-week-old broiler. HEx200.
F, fibrin-rich plasma. IC, mixed inflammatory cell infiltrate (details not discernible at
this magnification, but comprises heterophils, macrophages, some lymphocytes, and
fibroblasts). BC, colonies of bacterial coliforms. HG, heterophilic granuloma with central
eosinophilic debris from degranulated heterophils, and bacterial colonies, surrounded by
a wall of giant cell macrophages, then a thin layer of lymphocytes, etc. T, bony trabecula.
(This is a coliform osteomyelitis of 5-7 days duration.)
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2.4.2 'Femoral head necrosis’

‘Femoral head necrosis’ is a broad descriptor for a number of different
phenomena which blur into each other, including femoral head separation,
femoral head degeneration, femoral head haemorrhage, and bacterial
chondronecrosis with osteomyelitis. It is a well-recognised, but of variable
reported incidence, cause of lameness in broilers: McNamee and Smyth (2000)
in Northern Ireland found that ‘femoral head necrosis’ peaked at about 5 weeks
of age and was present in about 20% of lame broilers, thus affecting <1% of
broilers placed. Even so, this still has potentially significant economic and
welfare implications.

The femoral head in chickens has several sources of blood supply, more
so than in mammals (Xu et al., 2010). Osteochondrotic clefts at the epiphyseal-
physeal boundary and within the physis are often observed histologically in
broilers at post-mortem, but unless they include haemorrhage, degeneration,
or necrosis, they cannot be proven to be ante-mortem lesions (Fig. 7a and b),
although they do indicate structural fragility (Wideman and Prisby, 2013). In
live chickens, ‘femoral head separation’ is a detachment of epiphyses from off
the femur, and similar lesions can occur in the proximal tibiotarsus, resulting in

Figure 7 (a) Physis of proximal femur, 5-week-old broiler. HEx20. ZP, zone of proliferation.
ZH, zone of hypertrophy. AH, acid haematin is from the reaction of haemoglobin with
demineralisation fluid, at the site of free erythrocytes, indicating small focal haemorrhage,
i.e. ante-mortem lesion). Tear: transverse tear through the metaphysis but not adjacent
cortex (there is a little frank haemorrhage further along); the bulk of this tear is artefactual
(post-mortem) from processing, but it is following along a plane of weak tissue with focal
pre-existing haemorrhage and necrosis. N1, necrotic cartilage. N2, large sequestra of
necrotic cartilage. N3, large sequestra of necrotic cartilage which appears continuous
with N1. HG heterophilic granuloma. Escherichia coli was isolated from this lesion
(coliform osteomyelitis of femoral head). (b) Epiphysis of tibiotarsus, 6-week-old broiler.
HEx100. Haem: haemorrhage in expanded plane. NC, necrotic cartilage (homogenous
and slightly eosinophilic). FD, fibrinoid deposit (homogenous, dense, and intensely
eosinophilic); probably vascular wall remnants. EV, epiphyseal vessel. (This is an ante-
mortem linear tear lesion with haemorrhage and necrosis of epiphyseal cartilage.)
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micro-haemorrhage, focal necrosis, and cartilaginous atrophy. There is a down-
regulation of certain genes and an enrichment of other biological processes
involved in altering osteogenesis, chondrogenesis, and angiogenesis, in
affected chickens (lbelli et al., 2022), but whether these are consequential
responses or reactions to the already present significant pathology, or are
predisposing and/or causal, awaits clarification. The potential role and
activities of many molecular mechanisms have been described (Choppa and
Kim, 2023). The true incidence of minor or partial femoral head separation
is unknown as affected chickens may not be lame, and the aetiology is still
undetermined (Packialakshmi et al., 2015). Thorp et al. (1993b) observed many
non-bacterial pathologies in the proximal femurs of non-lame ‘control’ broilers,
but these changes were also seen in lame chickens and probably provided
foci for the establishment of bacterial infection. Femoral head bacterial
osteochondronecrosis (Fig. 8a and b) is similar to bacterial osteomyelitis
as described above but is increased in broilers by rearing on wire, which
amplifies torque and shear stressors, resulting in minor damage (Wideman
and Prisby, 2013). Such low viability tissues are vulnerable to haematogenously
spread opportunistic bacteria. Investigation of blood-borne biota has revealed
a wide array of potential bacteria that could be involved in femoral head
chondronecrosis and osteomyelitis (Mandal et al., 2016). The potential role
in these conditions by air sac diverticula associated with the femoral head
(Fig. 8c) is rarely considered.

Separation of the cartilaginous femoral epiphysis from off the underlying
bony metaphysis (avulsion) and haemorrhage is an acute traumatic episode
associated with capture and handling (Duff and Randall, 1986) when heavy
broilers are caught by one leg and upended by their captor until crated (so
this lesion may be occurring several hours ante-mortem; not immediately peri-
mortem). Separation of the femoral head atthe physes during necropsy (Fig. 8d)
and fissures and artefactual tears created during histological processing are
post-mortem changes. These must be differentiated from ante-mortem femoral
head separation and osteomyelitis.

In summary, femoral head lesions are usually of an intermittent, low, and
sporadic incidence but are sometimes a serious problem of broilers. Wideman
and Prisby (2013) noted that the highest incidence was in the fastest-growing
flocks. Many affected broilers appear to have had normal feed intake and
growth until the relatively recent or sudden onset of femoral head lesions,
and they may not be obviously lame. Much about this condition is still not
fully understood. There are probably anatomical, developmental, and/or
biomechanical predispositions which are aggravated by environmental factors
and become sites of bacterial infection leading to osteomyelitis.
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Figure 8 (a) Exposed femoral head, 33-day-old broiler. Arrow: fibrino-necrotic exudate
in proximal femur. Escherichia coli isolated from lesion. This is coliform, femoral head
osteomyelitis. (b) Proximal femur, é-week-old broiler. HEx100. EV, prominent epiphyseal
vessel. MV, greatly distended ascending metaphyseal vessel with peripheral bacterial
colonies. ZP, zone of proliferation. ZH, zone of hypertrophy. Arrow: bacterial colonies
(Staphylococcusaureus)occupyingcartilage lacunae. N, sequestra of necrotichypertrophic
cartilage. HG, early stage of a heterophilic granuloma with central degranulated
heterophil debris, but wall of macrophages just forming (i.e. this lesion is only a few days
old). (c) Proximal femoral region, é6-week-old broiler. HEx40. F, proximal femur. Res: tuft
of ciliated respiratory epithelium. L, lumen of femoral diverticulum extending from the
posterior abdominal air sac. Arrow: small focus of sloughed epithelium and debris with
underlying mild mixed inflammatory cell infiltrate in propria. (This chicken has infectious
laryngotracheitis and significant secondary bacterial coliform respiratory disease, but it
is uncertain as to the exact cause of this small lesion.) (d) Proximal femur, 6-week-old
‘healthy’ broiler. Arrow: exposed, deep metaphyseal bony trabeculae. (During dis-
articulation of the femur while performing necropsy of this broiler, the femoral head itself
has remained in the acetabulum: this is the ‘naked’, deep metaphyseal bony trabeculae
from below the zone of pre-mineralisation. This is a post-mortem avulsion. The broiler
does not have any femoral head lesions.)
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2.4.3 Pododermatitis, ‘scald’ (hock burn) and breast blisters

The litter produces ammonia from the degradation of excreted uric acid and
accumulated other nitrogenous wastes: reused litter tends to release more.
Moisture content of litter depends upon the nature, quality and depth of the
bedding material, the age, weight and stocking density of the chickens, their
diet, and environmental conditions, especially humidity, inclement weather,
temperature, air circulation, drainage, and attention to litter maintenance
(Dunlop et al., 2016). For turkeys, >30% litter moisture is associated with
significant health problems (Wu and Hocking, 2011). Damp litter cakes over,
becoming slippery. When the litter no longer adequately controls moisture or
ammonia, the chickens’ foot pads (from walking and standing; in severe cases
this becomes ‘bumble-foot’), and in-contact skin when sitting (skin covering
hock and underlying structures, tendons, etc. hence ‘scald’) and lying (the skin
covering the ventral keel and the underlying sterna synovial bursa, hence ‘breast
blister’), become macerated, inflamed, and ulcerated with subcutaneous and
synovial infection and subsequent fibrosis.

Affected chickens are in pain (so this becomes a welfare issue) and change
their behaviour, reduce feed intake, and may incur systemic infections entering
via damaged integument. The affected carcasses are downgraded at abattoirs,
and there can also be staffing issues associated with pick-up and collection.
Bilgili et al. (2006), using experiments to imitate field conditions, found the
incidence of severe pododermatitis to be 16-27% and noted that such lesions
excluded chicken feet or ‘paws’ from niche markets.

In summary, the incidence of pododermatitis and related skin damage
varies greatly but can be largely controlled by appropriate management
practices.

2.5 Developmental problems: tibial dyschondroplasia

Tibial dyschondroplasia (TD) is a well-recognised problem in broilers, but not
other breeds, and also occurs in rapidly growing meat turkeys and ducks (Orth
and Cook, 1994). Mild to moderate cases do not present with any significant
clinical signs. Diagnosis requires radiology or necropsy, and minimal lesions
(Fig. 9a) may be overlooked or dismissed, so cumulative incidence is usually
unknown. Severe cases may be associated with lameness and secondary
complications, such as deformity, fractures, and/or osteomyelitis, but these
broilers have usually grown well until then.

TD is a focal or extensive expansion of the ZpH, especially in the caudo-
medial proximal tibiotarsus (Fig. 9b): other physes can also be affected
(Farquharson and Jeffries, 2000) (Fig. 9c). Grossly, there is an avascular glistening
cartilagenous plug (Fig. 9d). The overlying ZP appears ‘'normal’, but the underlying
and surrounding ZH is disorderly, partly due to intrusion of this space-occupying
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Figure 9 (a) Proximal tibiotarsus, 4-week-old broiler. ZP, zone of proliferation. ZH, zone of
hypertrophy. Arrow: relatively narrow transverse lesion of tibial dyschondroplasia. Med:
TD lesion is more prominent and deeper medially, and there is a slight medial bulge (such
lesions can be easily missed or overlooked). (b) Proximal tibiotarsus sectioned transversely
just below physis, 6-week-old broiler. Alcian blue/HE x20. Fib: the fibula is attached to
the lateral aspect of the tibiotarsus, somewhat cranially, and articulates with the lateral
femoral condyle. The fibula tapers off, moving caudally, towards the lower third of the
tibiotarsus. T, metaphyseal trabeculae. TD1, large medial plug of tibial dyschondroplasia.
TD2, small caudo-lateral TD lesion. TD3, smaller lateral lesion. Alcian blue stains acid
mucopolysaccharides, such as aminoglycans in cartilage, but the TD lesions are relatively
pale, confirming TD lesions’ paucity of such components. (c) Proximal femur, 5-week-old
broiler. ZP, zone of proliferation. Arrow: tibial dyschondroplastic lesion extending down
from the ZP. (d) Proximal tibiotarsii, 6-week-old broilers. Sectioned cranio-caudal. Left: TD
large, glistening, wedge-shaped, tibial dyschondroplastic lesion in physis (cut somewhat
medially). Right: non-TD affected, flock mate (sectioned more centrally). Soc: secondary
centre of ossification towards the cranial aspect. ZP, zone of proliferation. ZH, zone of
hypertrophy.

lesion, and partly due to the irregular transition at the leading edge. TD is distinct
from osteodystrophy (Fig. 10a). The lesion is bilaterally symmetrical. Wong-Valle
et al. (1993) examined different lines of broilers at 7 weeks (by which time many
minor cases would have resolved), and the prevalence of TD varied from 3.5% to
61.9%. Burton et al. (1981) studied three separate flocks and found prevalence of
TD varied from 14% and 35%. Dinev et al. (2012b) examined broilers by necropsy
from 20 commercial flocks (>300,000 broilers) and found prevalence of TD in
three different strains was 24-28%, with an apparently earlier than anticipated
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Figure 10 (a) Proximal tibiotarsus, 4-week-old broilers. Left: TD, large opaque plug of
tibial dyschondroplasia causing some medial bulging and displacement of physis. ZP,
shallow, uniform zone of proliferation. ZH, there are blocks of zone of hypertrophy at
the edge of the TD lesion. Right (one of many lighter cohorts from the same flock): E,
epiphysis. ZP, zone of proliferation is deep and almost the same depth as ZH. ZH, zone
of hypertrophy. Osteodyst., This is an osteodystrophy with a deep ZP suggestive of
marginal Vitamin D,/Ca deficiency. (b) Proximal tibiotarsus, 26-day-old broiler. HEx20.
TD, edge of tibial dyschondroplastic lesion merges abruptly into ossified trabeculae.
Os, endochondral ossification in the metaphysis. T, trabeculae. MV, abundant large
metaphyseal vessels appear ‘normal’, but there are no blood vessels penetrating into
the periphery of the TD lesion. (c) Proximal tibiotarsus, 7-week-old broiler. E, epiphysis.
ZP, zone of proliferation is glistening and deeper towards one side (medial?), than on the
other, and associated with some apparent outward bulging. ZH, zone of hypertrophy. TD,
tibial dyschondroplastic lesion is largely separated from the ZP and divided. Arrow: small
focus of necrotic metaphyseal cartilage (these complications are usually found medially).
M, medullary bone marrow. (d) Proximal tibiotarsus, 8-week-old broiler. Cranio-caudal
section. Soc, secondary ossification centre at cranial aspect. ZP, zone of proliferation. ZH,
zone of hypertrophy. TD, large opaque plug of tibial dyschondroplastic cartilage. Arrow:
shows that although most of it is detached from ZP and resolving, there is still a narrow
bridge connecting it to lower ZP.
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onset at 16 days in some strains, but other strains did not have first cases until
almost 5 weeks of age; only a low proportion (<10%) were severe cases with
haemorrhage, necrosis, and/or fractures thus potentially causing lameness:
however, the criteria for selection for examination of these ~3,000 necropsied
broilers is unclear and may only include those considered lame, rather than
indicating true flock prevalence. Field broilers reared under comparable
conditions have very different prevalence and severity of TD, implying
multifactorial involvement, such as genetics, gender, growth rate, nutrition, etc.,
and therefore a precise time to determine flock prevalence by non-invasive
procedures, or post-mortem examination, cannot be given: although some can
be detected at about 2 weeks, most occur between 3 and 8 weeks of age.

The TD microanatomical features and biological function are consistent
with TD being derived from ZpH: the chondrocytes are small, relatively inactive,
and produce sparse proteoglycans but of normal composition (Sauveur and
Mongin, 1978), the collagen is more cross-linked than expected (Farquharson
and Jeffries, 2000), probably related to an extended sojourn at this phase. The
avascular cartilage plug is sited between the epiphyseal vascular channels in
the ZP and the metaphyseal arteries in ZH. The involved chondrocytes have
been described as apoptotic or necrotic (Rath et al., 1998), but this may be
autophagy, a survival process in stressed cells (Leach and Monsonego-Ornan,
2007). Vascularisation and progression through hypertrophy to ossification at
the leading edge is narrow but otherwise normal (Gay et al., 2007) (Fig. 10b);
so the chondrocytes must remain viable and able to be aroused (Farquharson
et al., 1995). The chondrocytes in TD lesions, as expected, differ significantly
in many ways from active chondrocytes in ZH. Chondrocytes from TD-affected
areas fail to excrete collagen X matrix and lack transforming growth factor-f
and c-myc, both involved in cartilage differentiation, but these changes may
be consequential, not causal (Whitehead, 1997). Shi et al. (2024) analysed the
function of many hundreds of genes in the growth plate of TD compared to
non-thiram treated, non-TD-affected, control, Chinese yellow broilers and
found, among many other changes, that in TD affected physes, those genes
involved in pathways of cartilage development were changed and those
involved in forming the alpha chain of type XlI collagen and calcium signalling
were enriched. Studies comparing the morphology and function of TD-involved
chondrocytes to ‘normal’ prehypertrophic chondrocytes are sparse. Whether
such changes are causal, consequential, or co-occurring is hard to deduce.
Whatever causes the retardation or inhibition of transition in development of
the chondrocytes wanes with time, and the lesions resolve completely with
the mass ultimately undergoing standard endochondral ossification in situ or
after it detaches into the metaphysis (Fig. 10d). Thorp et al. (1993a) advised
caution in interpreting changes observed in established lesions as they may be
obscuring what occurs at initiation.
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Spontaneous TD in chickens is restricted to rapidly growing broilers,
confirming that it is associated with growth rate in susceptible chickens, not
genetics alone (Williams et al.,, 2004). Males are inconsistently reported as
more affected than females. Incubation procedures can affect the growth rate
of broilers, and thence the prevalence of TD (Yalgin et al., 2007; Groves and
Muir, 2017, Section 4.6).

Various experimental models have been developed, but they all require
TD-prone, rapidly growing broilers, subjected to significant dietary alterations
or toxins. These procedures increase the prevalence and severity of TD, but too
often have other untoward features. Thiram, a carbamate commonly used to
treat grain, when given at high doses, can increase the prevalence of TD, but
the chickens do not grow well, mortality is significant, and there is considerable
derangement of liver function (Kang et al., 2020; Igbal et al., 2023) compared to
‘controls’, indicating this is probably due to thiram, not directly a consequence
of TD. Farquharson and Jeffries (2000) wondered if distinct and separate
mechanisms could result in the occurrence of similar lesions.

Within chickens, TD occurs onlyin broilers,and the incidence can beincreased
or decreased by selection (Wong-Valle et al., 1993), although no particular gene
has been identified (Praul et al., 2000). The incidence of TD is probably being
considered in recent breeding programmes, and therefore declining. Current
field prevalence varies, but true incidence is difficult to quantify. The prevalence
and severity can be reduced by slowing the growth rate, but that is generally
unacceptable (Edwards and Sorensen, 1987); slower-growing (SG) broilers are
still affected, but apparently more mildly (Santos et al., 2022). Feeding activated
VD, appears to minimise TD, but only in otherwise imbalanced diets (Whitehead
et al., 2004). Mild to moderate TD is not associated with overt lameness, nor
does it appear to adversely affect growth, so these manifestations are probably
not animal welfare problems: severe cases are a different matter. Although a
reduction in incidence can be achieved, eradication is probably not a realistic
option. The actual cause of TD has not been clearly elucidated.

2.6 Traumatic problems: gastrocnemius tendon rupture

Rupture of the gastrocnemius tendon is encountered from time to time in
well-grown, heavy broilers and breeders. It is usually unilateral, and there are
strong indications that this is usually a sudden traumatic event (Hill et al., 1988).
It tends to affect the tendon as it begins to arc above the hock near insertion
into the distal tibiotarsus, where there is a large hypovascular zone with an
intratendinous cartilaginous plaque (Duff and Anderson, 1986). Affected
broilers or breeders are severely lame and have a dropped hock, and their
carcasses are downgraded. There is extensive haemorrhage; if the rupture
occurred a few days previously, early resolution of the haematoma results in
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green discolouration, hence ‘green leg’ (Fig. 11a). Besides haemorrhage and
clotting, there may be oedema, infiltration of macrophages and heterophils,
haemociderin, fibroplasia, and vascular proliferation; repair of non-aligned
fragments is disorderly (Fig. 11b). If an infectious agent such as reovirus has
caused inflammation and weakening of tendons, and underlies the rupture,
there ought to be numerous lymphoid germinal centres and plasma cells (Fig.
11c), although these affected chickens tend to be older (Duff and Randall,

Figure 11 (a) Ruptured gastrocnemius tendon, broiler. Arrow: free end of ruptured
tendon. G, ‘green’ discolouration due to breakdown of haemoglobin from extravascular
erythrocytes released by haemorrhage (hence ‘green-leg’) — this is several days after
the initial event. Hock joint indicated. (b) Ruptured gastrocnemius tendon, 8-week-
old broiler. HEx200. M, muscle fibre. Cap: thick-walled, reactive, capillaries. Fb, foci of
fibroblasts which are not aligned in any particular pattern because the ruptured ends are
loose. (There are small numbers of scattered macrophages not readily discernible at this
magnification. This section is slightly distant from the site of frank haemorrhage. Lesion
is 4-5 days old.) (c) Gastrocnemius tendon sheath, 8-week-old broiler. HEx100. Ten,
tendon. Syn, synovium lining tendon sheath. LGC, lymphoid germinal centres with dense
lymphoplasmacytic and macrophage infiltrate surrounding the tendon sheath. (LGC take
about 2 weeks to form up like this). (Neither Mycoplasma spp. nor standard bacteria were
isolated from this tissue, so it was probably of viral aetiology.)
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1986). Histological examination of tendons collected from the processing line
after scalding can be difficult to interpret.

Assemblage and maturation of tendon collagen is sequential, and
development of full strength is beyond the life span of the broiler. Enforced
exercise did notimprove the biomechanical properties of broiler gastrocnemius
tendons in the time-frames available (Foutz et al., 2007b; Ruiz-Feria et al., 2014).
The tendons of chickens, and other birds, have cartilaginous foci in many well-
recognised sites as a ‘'normal’ feature (Van Der Berge, 1979) and those should
not be over-interpreted.

3 Assessment of leg problems

There are several methods of assessing leg problems and/or broiler mobility
that are referred to in this chapter. For succinctness, in Table 1 the methods
are categorised for the leg problem they assess, which includes walking ability,
specific leg conditions, leg strength, and bone characteristics. Each assessment
method is identified as being either impartial or subjective, with a brief
suggestion on the scenarios they are most suited to, tools or equipment they
require, comments and recommendations when undertaking the assessment,
and accompanying references.

4 Improving leg health and reducing leg problems

Continual increases in broiler body weight for age have been achieved through
ongoing genetic selection for rapid growth and high metabolic rate, coupled
with optimisation of the broiler’s nutritional needs and computerised feed
formulation (Havenstein et al., 1994; Maharjan et al., 2021). However, the
broiler’s skeletal system has not developed ata comparable rate, being less able
to support the weight-bearing load required with such rapid muscle accretion
(Santos et al., 2022; Riber and Wurtz, 2024). Slower-growing (SG) broilers with
lower rate of growth have lower incidence of leg problems (Section 4.2), but
this also entails additional costs due to lower feed efficiency and an extended
grow-out (Nicol et al., 2024), thereby reducing sustainability. Considerable
research is being invested into SG broilers (Willemsen, 2022). Currently they
are grown in areas in North-West Europe, including the Netherlands, Germany,
Denmark (van der Eijk et al., 2023), France, the United Kingdom (Willemsen,
2022), and the USA (Hartmann, 2022), being marketed as a higher quality
product with a higher price tag (Hartmann, 2022). While the shift to SG broilers
is building momentum, currently FG broilers are the dominant source of chicken
meat. Hence the industry continues to search for mechanisms to improve their
bone integrity and decrease the incidence of leg problems. To this end, aside
from reducing their growth rate, other mechanisms include selecting parent
breeders without any leg defects (Duggan, 2024; Barger-Weathers, 2025),
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parent flock age and diet composition (Favero et al., 2013; Torres and Korver,
2018), in-ovo administration of nutrients (Kpodo and Proszkowiec-Weglarz,
2023), management of incubation conditions (Groves and Muir, 2014; Muir and
Groves, 2019), broiler nutrition (Whitehead, 2002), enrichment of the broiler
housing environment (Riber et al., 2018), and deepening our understanding
of the implications of immune responses on bone resorption (Sharma et al.,
2023). Each of these areas is discussed in the following sections.

4.1 Selection against leg problems

The fine details of the breeding programmes used by chicken meat breeding
companies to select the parent stock of commercial lines are commercially
sensitive and retained in-house. However, leg health is a core trait, with
continued selection of favourable skeletal characteristics including straight legs
and walking ability, while also selecting against contact dermatitis, foot pad
dermatitis, hock lesions, toe defects, and TD (Neeteson et al., 2023; Barger-
Weathers, 2025). Despite these programmes, leg problems continue to be a
challenge in commercial FG broiler production systems, which has driven the
search for ways to reduce their occurrence and impact.

4.2 Growth rate and stocking density

There is agreeance that FG broilers have poorer leg health than SG broilers
(Dawson et al., 2021; Santos et al., 2022). Following a systematic literature
review Nicol et al. (2024) reported gait scores that were 0.65 points higher and
a 15-25% higher incidence of contact dermatitis in FG compared to SG broilers.
Additionally, FG broilers had poorer tibia mineral content, density, and strength
(Glzetal., 2022) and lower tibia osseous and total volume (Glz et al., 2021) ata
comparable weight compared to SG broilers. Interestingly, Santos et al. (2022)
proposed that morphometric features, such as bone thickness and length, may
affect bone function in FG compared to SG broilers at a similar weight, more
so than bone strength and mineralisation. Both Singh et al. (2021) and Baxter
et al. (2021) compared the LTL time of FG and SG broilers, the former when
the broilers were of similar weight but different age (2.0-2.2 kg, attained at 4.5
and 8 weeks of age respectively), the latter when the broilers were the same
age (4-7 weeks old), and presumably SG broilers were of lighter body weight.
In both cases the LTL time of the SG broilers was longer than the FG broilers,
indicating better mobility.

Following a comprehensive review of growth rate on walking ability
Riber and Wurtz (2024) suggested that improvements in leg health and gait
scores can be achieved with even small decreases, for example 4-5 g/day,
in growth rate. However, as previously mentioned, we need to be mindful of
the consequences of the SG broiler, as its longer growing period will require
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additional resources, in particular feed, for each batch of broilers. This will
increase the cost of chicken meat production and subsequently its cost to the
consumer (Dixon, 2020; Phibbs et al., 2021). Consumer acceptance of the
higher price may require greater education about chicken meat production
systems, the advantages and disadvantages of SG broilers, and development
of branding to distinguish SG chicken meat from other products. Depending
on the consumer’s acceptance of and ability to pay the higher price (Phibbs
et al., 2021), this may risk the sourcing of cheaper chicken meat grown under
poorer welfare standards (Butterworth and Haslam, 2009), including poorer leg
health.

Reducing broiler stocking density can improve their leg health (Shynkaruk
et al.,, 2023), which has been observed in broilers of different growth rates
(Guinebretiére et al., 2024). A slower growth rate appears to favour improved
leg health more so than a lower stocking density (Rayner et al., 2020), but the
two could be used in unison (Guinebretiére et al., 2024). Further, the role of
the environment in which the broilers are housed, including the quality of the
stockperson, on broiler leg health should not be underestimated (Dawkins
et al., 2004; Shynkaruk et al., 2023).

As early bone development and mineralisation occur in-ovo, characteristics
of the eggs, including egg size, may influence chick skeletal development (Yair
et al., 2017; Varol Avcilar et al., 2023), with the latter specifically exploring the
effects of differences in egg size mediated by hen age. Notably the mechanical
properties of the bones of FG embryos that hatch from relatively small eggs
may be compromised and have a greater risk of bone pathology compared
to a SG embryo hatching from a similarly small egg (Yair et al., 2017). Hence
selecting parent flocks that produce larger eggs, especially in FG lines, may
benefit the skeletal properties of their offspring. Further, when breeder diets
are supplemented with nutrients, a larger egg may accommodate larger
quantities of nutrient uptake which is then available to the developing embryo
(Sections 4.3 and 4.5).

4.3 Breeder diet

Kidd (2003) provided a comprehensive overview of the effect that breeder
hen nutrition may have on their progeny. The more recent review of Torres and
Korver (2018) affords a deep dive into the role of trace minerals, together with
breeder flock age, on the skeletal integrity of the offspring.

The nutrients required for embryonic bone development are included in
the egg during its progress along the oviduct (Dibner et al., 2007). Hence the
nutrient composition of the diet of the parent flock will influence the availability
of nutrients to the developing embryo, its skeletal growth and development,
and the bone integrity of the broiler. While boosting levels of minerals in
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the breeder diet had limited effect on their concentration in the egg (Angel,
2007), a more successful approach has been to enrich the maternal diet with
organic minerals including zinc (Kidd et al., 1992) and zinc, manganese, and
copper (Favero et al., 2013). This increased embryonic skeletal size: width
of the femur and tibia, their calcification (Favero et al., 2013), and dry bone
weight (Kidd et al., 1992). This is in part due to the increased bioavailability,
chemical stability and reduced interference from antinutritional factors found
in the gastrointestinal tract, on organic minerals (Yi et al., 2007; Dobrzanski
et al., 2008). However, van den Brand et al. (2023) reported no effect on tibial
ossification of embryos or chicks hatched from eggs of Ross 308 breeders fed
a diet with partial replacement of inorganic trace minerals (zinc, manganese,
copper, and selenium) with organic forms. Interestingly, when comparing SG
and FG lines, GUz et al. (2022) identified greater tibia total and osseous volume
and mineral density in older progeny (when 2.6 kg body weight) of hens of
SG line fed organic minerals, but not in the FG line. There were no differences
in these features between the progeny of the FG and SG lines at lighter
bodyweight (1.7 kg). The reason for these different findings warrants further
investigation to fully appreciate the circumstances in which feeding organic
minerals to parent flocks may benefit the bone integrity of their offspring.

In addition to minerals, other nutritional components of the breeder diet
may also impact bone development in the progeny. For example, including
dietary omega-3 polyunsaturated fatty acids (n-3 PUFA) in the breeder diet can
enrich the egg with n-3 PUFA, which appears to favour the translocation of stem
cellsinto osteoblasts, supporting embryonic bone formation and mineralisation.
Further, the anti-inflammatory properties of n-3 PUFA can reduce the activity of
bone-resorbing osteoclasts (Thanabalan and Kiarie, 2021).

Supplementing breeder diets that are deficient in vitamin D with vitamin
D or 25-hydroxycholecalciferol (25(OH)D,), the latter being a vitamin D
metabolite involved with the mobilisation of calcium and mineralisation of
bone, can improve chick bone ash at hatch (Atencio et al., 2005). However,
when breeders fed diets with adequate levels of vitamin D received 25(OH)D,
supplementation through the drinking water, there was no effect on the bone
mineral density of their progeny when they were 6 weeks of age (Saunders-
Blades and Korver, 2014). Hence it appears that when dietary vitamin D levels
are adequate, further enrichment of the parent diet may not impact progeny
bone density.

In a study reported by Driver et al. (2006) breeder hens were fed diets
of either lower or higher levels of vitamin D, (LD, and HD,, respectively). All
chicks from the former and half of the chicks from the latter were then fed a
corn-soybean-based diet low in calcium (to induce TD), and the other chicks
from the latter received an adequate diet. It was concluded that the incidence
and severity of TD in the offspring were related to hen age. In younger hens (39
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and 44 weeks of age) the TD scores and severity of TD were similarly high for
chicks from hens that received both the LD, and HD, diet. However, when older
hens (53 and 64 weeks old) were fed the HD, diet, the incidence and severity
of TD in their offspring were lower than in chicks from hens fed the LD, diet. It
is proposed that as the hen ages and egg production declines, the HD, may
support greater deposition of vitamin D, into the egg, thereby provisioning
adequate vitamin D, and reducing TD compared to hens fed the LD, diet. This
is indicative of the potential role of hen age on bone features of their progeny
when supplementing the maternal diet with nutrients for translocation to the
embryo.

4.4 Breeder age

As hens age, egg production declines and egg size increases, and the
proportion of yolk within the egg also increases (Nangsuay et al., 2016). This
enhances the supply of yolk-derived nutrients (Lourens et al., 2006), including
copper, zinc (Torres and Korver, 2018), and manganese (Favero et al., 2013)
to the embryo. Hence, the larger eggs produced by older hens are likely to
support their larger embryos through higher levels of bone mineralisation
compared to embryos from smaller eggs typical of younger flocks (Torres
and Korver, 2018). Further, the age of the parent flock can impact offspring
bone strength, with the bones of progeny from a é5-week-old flock being
more resistant to breakage compared to bones from progeny of a 25-week-
old breeder flock (Shaw et al., 2010). However, maternal age was not found
to impact the presence of TD (Nelson et al., 1992). Alfonso-Torres (2009)
compared offspring from breeder flocks of either 38 or 60 weeks of age,
and while the offspring from the older breeders had the heavier and wider
(absolute measure) femur bones, the ossification of cartilage to bone and
bone length did not differ.

It should be noted that when evaluating the role that breeder age may
have on the bone characteristics of their progeny, there may be variation in
the outcomes due to the feature being assessed and the age of the progeny at
the time of the assessment. For example, in studies by Yalgin et al. (2001), the
effect of maternal age on bone weight and ash per cent was evident only when
the progeny were day-old, whereas bone width was altered in progeny up to
5 weeks, but not when they were 7 weeks old. The breaking strength (both
maximal force and elastic force) of the tibia of the progeny of Dwarf breeder
hens increased with parental age and dietary phosphorus intake. Progeny
bone ash was also higher with phosphorus supplementation of the parent diet
(Triyuwanta and Nys, 1992), but this was only observed in young (1-day-old)
chicks and was not evident when the broilers were 7 weeks of age.
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4.5 In-ovo administration of nutrients

Minerals required for embryonic bone development, including phosphorus,
zinc, manganese, copper, and calcium, come from the yolk, and after
approximately day 10 incubation, calcium is also sourced from the eggshell
(Ono and Tuan, 1991; Yair and Uni, 2011). The amount of each mineral within
the yolk tends to decrease throughout incubation, but reports do differ
(Yair and Uni, 2011; Hopcroft et al., 2019). The former found low levels of all
minerals apart from calcium, in the yolk, by hatch, while the latter identified
particularly low levels of phosphorus, copper, and zinc, and an increase in
calcium at 17.5 days embryonation compared to day 0 embryonation. To
bolster mineral reserves and their availability for embryonic development Yair
and Uni (2011) delivered them in-ovo at day 17 embryonation. This enhanced
levels of copper, iron, manganese, and zinc in the yolk, but not calcium nor
phosphorus. In-ovo administration of organic minerals increased bone ash at
hatch (Oliveira et al., 2015b), but in-ovo administration of organic minerals and
vitamin D, did not alter latency-to-lie (LTL) in 5-week-old broilers (Yair et al.,
2015).

Kpodo and Proszkowiec-Weglarz (2023) reported conflicting outcomes in
chick leg integrity following in-ovo administration of minerals and vitamins. The
different observations are likely due to differences in the experimental design,
the chemical form of the additives, their targeted delivery point, and the age of
the embryo and chick at sampling. For example Oliveira et al. (2015b) delivered
organic zinc, manganese, and copper in-ovo. While an increase in bone ash
was observed at hatch, bone mineralisation was variable during the 3 weeks
post-hatch (Oliveira et al., 2015a). In a series of reports Bello and co-authors
(Bello etal., 2014a,2014b, 2014c) described the outcomes of in-ovo delivery of
25(0OH)D, on bone development and mineralisation in the broilers post-hatch.
When they were 3 weeks old, measures of tibial bone ash suggested that a
higher dose of 25(OH)D_(i.e. >1.20 ug) (Bello et al., 2014a) may improve bone
mineralisation. However, curiously it was the vaccine diluent (carrier control)
that generated higher bone breaking strength in 2-week-old male broilers,
which was not observed when they were older (4 weeks of age).

As previously mentioned, vitamin D, regulates the availability of calcium
from the yolk to the embryo, which, from day 10 of incubation, is supplemented
with calcium from the eggshell, the latter being regulated by vitamin K(Ono and
Tuan, 1991). In light of this Abbasi et al. (2017) compared the in-ovo delivery
of different quantities of both vitamins administered either alone or together
on leg characteristics. Their combined administration at 0.4 pg vitamin D, and
6 g vitamin K, reduced calcium levels in the eggshell (indicating calcium
translocation to the embryo), and generated the highest tibial strength,
diameter, and length, when the broilers were 6 weeks old.
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4.6 Associations between fertile egg incubation and broiler
leg weakness

The rapid growth rate of broilers has increased their weight for age (Zuidhof
et al., 2014) and reduced their age at market weight (currently 30-35 days),
while the duration of egg incubation (21.5 days) has remained constant (Uni
etal., 2012). Incubation now accounts for over 37% of a broiler’s entire lifespan,
and the conditions experienced by the developing embryo are likely to have an
ever-increasing influence on its life post-hatch. Selection for FG genotypes has
also impacted embryonic metabolism (Tona et al., 2004), in addition to chicken
growth and development after hatch.

Incubation conditions influence chick quality and will affect subsequent
growth and performance (Decuypere et al., 2001). As described in Section
2.2, embryonic bone development occurs in the later stages of incubation
(Yair et al., 2012), thereby providing opportunity for incubation conditions to
impact bone development and the occurrence of leg problems. In broilers, the
development of splayed legs, crooked toes, valgus deformity, TD, and muscle
or tendon weaknesses has been implicated with embryo incubation (Oviedo-
Ronddn et al., 2009b; Shim and Pesti, 2011; Groves and Muir, 2017). However,
studies aiming to link varying incubation conditions with subsequent leg
weakness may also suffer from differences in other components of the study
design, and hence published results vary. The line of broiler being studied and
its continual genetic selection (Neeteson et al., 2023; Barger-Weathers, 2025)
may be central to some of the variation. Additionally, other factors not related to
incubation, including genetic growth rate, nutrition, infectious causes, and litter
conditions, can also influence broiler leg strength and potentially contribute to
disparate outcomes between studies.

4.6.1 Effects of incubation temperature on broiler leg strength

Numerous studies have searched for associations between incubation
conditions and leg integrity. Several aspects of incubation have been alleged to
affect bone health and weakness post-hatch. In particular higher temperatures
at various stages of incubation have featured as a candidate contributor to leg
health issues (Oviedo-Ronddén et al., 2009b).

Towards the end of incubation, the development of the thyroid gland
leads to large increases in the level of embryonic thyroid hormones which play
a major role in chicken embryonic development (Grommen et al., 2011). This
includes bone growth and chondrocyte differentiation (Oviedo-Rondén et al.,
2009a), yolk sac absorption, pulmonary respiration, and the hatching process
(Grommen et al., 2011). Incubation temperatures above those recommended
affect the thyroid-IGF I-GH hormonal axis, thereby altering bone, tendon,
and muscle development and thyroid metabolism (Grommen et al., 2011).
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High incubation temperature can also depress the expression of collagen
type X and transforming growth factor-p which regulate bone mineralisation
(Oviedo-Rondén et al., 2008;Lopez and Hergott, 2015). Further, the alignment
of collagen fibres, which is central to proper embryonic bone development,
may be adversely affected by variations in incubation temperature (lower early,
higher in later incubation) (Oviedo-Rondéon and Wineland, 2011).

The heart of the chicken embryo is subject to circadian rhythm regulation
with the density of myocytes being higher in the scotoperiod compared to
the photoperiod (Ko et al., 2010). It has been postulated that this is mediated
through enzymes that are responsive to circadian regulation (Ko et al., 2010)
and that the lack of a circadian light pattern could influence metabolic
dysfunction. A circadian effect on embryo development during incubation
has not been explored in depth, but limited studies have suggested that, as
commercial fertile eggs are largely incubated in total darkness, the absence
of a periodic light regime during incubation may lead to skeletal inadequacies
(van der Pol et al., 2019). Additionally, the photoperiod during incubation
could affect bone development for the life of the broiler (van der Pol et al.,
2019). The latter study involved Ross 308 eggs exposed to either continuous
darkness, continuous light, or a 12-h dark: 12-h light cycle throughout
incubation. Embryos exposed to continuous light hatched with lower bone
ossification than those exposed to a 12-h circadian rhythm, while growth
hormone levels were higher in embryos experiencing continuous darkness.
Effects on bone growth throughout the subsequent broiler grow-out period
were maintained in terms of bone size and strength. Continuous light during
incubation resulted in a higher prevalence of TD compared to the circadian
rhythm and continuous darkness exposure. It was concluded that some
darkness is necessary for proper embryonic bone development and that
continuous light is detrimental.

There is a marked difference in embryonic growth between some of
the major broiler lines (Tona et al., 2010), with the Cobb chicken developing
earlier than the Ross broiler. It has been shown that what was regarded as
the ‘ideal’ incubation temperature for broiler eggs (Lourens et al., 2005) can
compromise skeletal integrity in the Cobb broiler (Groves and Muir, 2014). In
the latter, Cobb broilers hatched 18-24 h earlier than Ross when incubated at
the defined optimal eggshell temperature (EST) of 37.8°C. This earlier hatching
time can affect bone mineralisation when chicks are pulled from the incubators,
which can lead to later skeletal problems (Groves and Muir, 2017). An analysis
across several studies (Groves and Muir, 2014) indicated a positive correlation
of bone ash at hatch and male broiler LTL at 5 weeks of age. Further studies
comparing incubation temperature profiles also showed differences between
Cobb and Ross broilers in bone mineralisation at hatch (Hopcroft et al., 2020)
and subsequent variations in LTL at 5-6 weeks of age (Groves and Muir, 2017).
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Figure 12 Hatch time distribution of Cobb chicks incubated under a Standard eggshell
temperature (EST) profile (continuous 37.8°C) and a ‘Slow-start’ EST profile (37.3°C at
embryonic day (ED)1 rising to 37.8°C by ED16). Mean hatch time for the Standard profile
was 488 h, and this was extended to 500 h by the Slow-start profile (P < 0.001).

Differences in incubation pattern between the broiler lines, Cobb and
Ross, have already been mentioned (Tona et al., 2010). The Cobb line follows
faster embryological development when exposed to the same EST, producing
more heat, and hatching earlier with a faster early growth rate. Groves and
Muir (2017) manipulated incubation temperature programmes where a Slow-
start incubation, i.e. 37.3°C EST at embryonic day (ED)1 rising to 37.8°C EST
by ED16, slowed the Cobb embryo development, with average hatch time of
500 h of incubation (Fig. 12), which more closely matched the later, 504 h of
incubation, hatching time of the Ross embryo.

At the time of chick pulling, 516 h of incubation, the earlier hatching chicks
fromthe Standardincubationtemperature profile were lowerin bodyweightthan
chicks from the Slow-start incubation (39.2 g compared to 41.4 g, respectively),
the difference being due to a lower retained yolk weight in the earlier hatched
chicks. Further, the earlier hatching chicks were slightly longer (from beak to
top of middle toenail; 18.8 cm versus 18.5 cm), indicating continued bone
growth after hatching without being fed, but supported through utilisation
of yolk reserves. These observations were attributed to the length of time the
chick spent outside the egg while still in the hatcher (referred to as its ‘sojourn’).
A longer sojourn resulted in a lower total chick weight, increased chick length,
and a resulting decreased yolk weight. Additionally, during the longer sojourn,
serum calcium increased while serum phosphorus decreased. A subset of chicks
was grown out, and the earlier hatched chickens gained more weight in the first
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7 days than the later hatching Slow-start group (123 g gain compared to 112 g:
P < 0.05). This faster early growth may have been the result of hunger in chicks
with a long sojourn, as their feed intake on the first day was significantly higher
following their protracted sojourn. Their first week weight advantage was not
maintained until 6 weeks of age. Further, the hatch-time delay was not thought
to be fully effective and may have a greater impact if closer to the desired mean
hatch-time of 504 h incubation.

In a further experiment (Muir and Groves, 2018) Cobb embryos started
incubation at 37.2°C EST which was gradually raised to 37.8°C EST by ED13.
The reduced temperature at the start of incubation increased average time to
hatch by 11 h. Some of the early hatched chicks (hatched <492 h) were sampled
at 492 h (group EE), while others were immediately fed (group EF) and sampled
at 516 h from the start of incubation. Another group remained in the hatcher for
an extended sojourn (group EL). At pulling (516 h after the start of incubation),
late hatching chicks (>492 h; group LL) were also sampled. At 516 h after the
start of incubation the weight of LL chicks was similar to EE chicks at the time
of hatch but were greater than EL chicks which experienced a 24 h sojourn.
Chicks that were fed (EF) were significantly heavier than the other groups at
516 h. EE and LL chicks were the shortest, but LL had significantly better bone
mineralisation (bone ash%) than those that hatched early (EE or EL).

Measurements of chick serum and yolk calcium and phosphorus, yolk
weight and femur ash are presented in Table 2. Early hatched chicks that
experienced a long sojourn (EL) showed a decline in yolk weight and in the total
amount of calcium and phosphorus in the residual yolk compared to EE chicks.
The EL chicks displayed higher serum calcium and lower serum phosphorus
compared to chicks hatched early without a sojourn (EE), indicating they were
growing while drawing on minerals from the residual yolk during their longer
time in the hatcher. A subset of these groups of chickens were also grown out.
The EL chickens had a faster growth rate over their first 7 days compared to the
later hatched chickens (LL) and early hatched chickens which were immediately
fed (EF). This suggests that these sojourned chicks were hungry and consumed
feed quickly at their first opportunity.

The longer post-hatch sojourn may explain associations drawn in other
studies. In some circumstances chick length has been adopted as a measure
of chick quality (Maatjens et al., 2009; Petek et al., 2010) as longer chicks are
deemed to have utilised their yolk reserves more effectively and tend to grow
more rapidly in the first 1 to 2 weeks after hatch. However, as early hatched
chicks with a long hatcher sojourn continue to grow while absorbing their yolk
sac, a longer chick may be one which has just hatched early. These chicks have
a ravenous appetite when they finally reach the grower house and hence grow
relatively quickly over the first 3 days. This may give them the appearance of
thriving, but they may have weaker bones (as seen in lower bone ash at hatch)
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and be more likely to have locomotory problems later in life, due to bone
growth throughout the sojourn with limited mineral supply from the yolk for
bone mineralisation.

In conclusion this series of studies provide evidence that altering the
incubation and EST profile of the Cobb line may have positive consequences
including improved leg integrity. Hatchability is improved, and bone
mineralisation is higher at pulling (Muir and Groves, 2018) which correlated
with better leg strength later in the grow-out (Groves and Muir, 2014; Muir
and Groves, 2019). This series of studies was funded by AgriFutures Australia —
Chicken Meat Program which is gratefully acknowledged.

Several leg problems have been investigated in relation to incubation
conditions. Of leg conditions observed in broilers, putative aetiological
associations with incubation have been inferred for splayed legs at hatch,
crooked toes, varus-valgus deformity, TD, and some musculo-tendon
weaknesses. The relationships between these conditions and incubation will
now be considered in more detail.

4.6.2 Splayed legs

Chicks with splayed legs or ‘spraddle legs' are often observed in hatcheries.
The condition can be unilateral or bilateral. It is commonly associated with
high humidity in the hatcher phase of incubation or with slippery surfaces
in the hatchery (Crespo, 2020). However, Oviedo-Rondén and Wineland
(2011) explained that leg asymmetry (limbs of differing lengths) can provoke
splayed legs. Their studies suggested that higher temperatures in the final
incubation phase contribute to the incidence of splayed legs, as exposure to
higher temperatures can lead to lower muscle glycogen levels and reduced
muscle size, tendon development, and thyroid metabolism. Further, higher
temperature throughout incubation may lead to greater anaerobic glycogen
metabolism resulting in the accumulation of lactate. This can hinder muscle
function, making the chickens more prone to splayed legs (Lopez and Hergott,
2015).

4.6.3 Crooked toes

Crooked toes are seen relatively often in broilers, but usually less than 3% of the
flock is affected (Oviedo-Rondén et al., 2009a). Low incubation temperatures or
inadequate preheating can predispose to toe deformities and leg weaknesses,
and high temperatures in later incubation slow skeletal development and
increase leg asymmetry (Liu et al., 2023). Although genetics, rapid growth rate,
nutritional factors, lighting programmes, and other stressors could influence
crooked toes, Oviedo-Rondén etal.(2009a) also incriminated high temperatures
during the later phase of incubation in affecting leg symmetry and skeletal
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development. Outcomes of a large field trial demonstrated that commercial
single-stage incubation produced better gait scores and fewer crooked toes
than did multi-stage incubation techniques (Oviedo-Rondén et al., 2009b).

4.6.4 Valgus deformity

Varus-valgus deformity (VVD), or ‘slipped tendon’, is a deformity which may
affect one or both legs. Varus refers to medial deviation of the tibia, while valgus
refers to lateral deviation. Valgus is much more common (Van Wettere, 2025)
and may predispose to lateral slipping of the gastrocnemius tendon off the
distal condyle of the tibia. Males are more commonly affected (Bradshaw et al.,
2002; Van Wettere, 2025). Although signs can be seen at hatch (Bradshaw et al.,
2002), the condition usually becomes obvious after 2 weeks and is most often
observed from 4 weeks of age (Guevara-Torres et al., 2021; Van Wettere, 2025).
In a study revealing an overall prevalence of 2% of chickens with locomotory
problems, it was estimated that ~20% of these were due to valgus (Guevara-
Torres etal., 2021).

The aetiology of VVD in chickens has been associated with genetics, rapid
growth, and restriction of exercise (Bradshaw et al., 2002). Bone mineralisation
in the first weeks of broiler life is comparatively low. Hence, rapidly growing
bones, such as the tibiotarsus, are susceptible to deformation from increased
weight bearing on soft bones (Bradshaw et al., 2002). Further, rotated tibia
and valgus can be associated with earlier rickets or other causes of poor bone
mineralisation (Van Wettere, 2025).

Precise influences of incubation conditions on valgus deformity have
not been described, but faster growth has been associated with its increased
severities and TD (Shim et al., 2012). Hence, it follows that incubation conditions
which encourage faster early growth may be implicated with valgus deformity.

4.6.5 Tibial dyschondroplasia

TD is well recognised as a developmental abnormality in the long bones of
broiler chickens (Section 2.5), and rapid early growth may contribute to its
occurrence (Orth and Cook, 1994; Bradshaw et al., 2002; Shim et al., 2012; Van
Wettere, 2025). The rate of bone growth in the first few weeks exceeds that at
older ages with TD reaching a maximum between 3 and 8 weeks of age.
While Bradshaw et al. (2002) did not implicate incubation conditions with
TD, subsequent studies made that connection. Oviedo-Rondén and Wineland
(2011) commented that incubation could influence the occurrence of TD,
mediated by effects on chondrocyte differentiation during incubation through
the thyroid-IGF1-GH hormonal axis. Studying Ross embryos Yalcin et al. (2007)
were able to vary TD expression through changes in early or late incubation
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temperature (either above or below ideal) and described their relationship with
tibial bone ash at hatch.

Incubating Cobb broiler eggs under the Standard temperature profile
of 37.8°C was more likely to predispose them to TD during grow out when
they were fed a diet conducive to TD, compared to incubation under the
previously described Slower-start temperature regime that was found to be
more appropriate for Cobb (Groves and Muir, 2017). As previously outlined,
the Slow-start regime resulted in chicks hatching later with higher bone ash and
subsequently lower TD scores when 5 weeks old, compared to earlier hatching
chicks from Standard temperature profile. In contrast, Shim and Pesti (2011),
while finding that variations in incubation temperature could modify hatching
time and chick weight, found no association with subsequent TD or rickets in
Cobb chickens fed three different diets designated as being TD and ricket
inducive through either calcium or phosphorus deficiency.

van der Pol et al. (2019) identified higher TD prevalence in chickens
incubated under continuous light compared to the circadian rhythm and
continuous darkness exposure. The effect of varying photoperiod during
incubation is an area of research needing further evaluation.

4.6.6 Muscle/tendon weakness

Muscle cell numbers increase progressively throughout embryonic
development and is almost complete at hatch (Velleman, 2007), with post-
hatch muscle growth occurring mostly by fibre enlargement. The health of
muscle cells at hatch can impact early locomotion, and defects caused during
incubation can have an ongoing impact.

Al-Musawi et al. (2012) explored differences in incubation temperature
profilesformuscle growthinlayer(WL)andbroiler(Ross)lines.Raisingincubation
temperature from 37.5°C to 38.5°C between days 4 and 7 led to breed-based
differential changes in the gastrocnemius muscle. The layers experienced
increased myogenesis, whereas muscle reduction and lengthening of leg
bones and their cross-sectional area was observed in broilers. Compared to
the layers, broilers showed no stimulation of osteogenesis.

Elevated incubation temperatures can also affect tendon and muscle
development (Lopez and Hergott, 2015). As the rate of oxygen passage
through the eggshell becomes limiting late in incubation, and oxidation of the
yolk lipids is somewhat decreased, the embryo relies on anaerobic metabolism
of glycogen from the embryonic liver and muscle stores, especially the breast
muscle, to supply its energy needs. This is accentuated by higher incubation
temperatures. Lactate is produced and the resultant acidity hinders muscle
function, which could result in muscle weakness and poor chicken growth.
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4.6.7 Conclusions: the effect of incubation conditions on leg
weakness

Incubation conditions can have notable effects on the subsequent leg strength
of broilers. Many studies have implicated the exposure of embryos to higher
than recommended temperatures during incubation with detrimental effects
on bones, muscle, and tendons throughout the broiler’s short lifespan.

During incubation attention must be paid to the following to achieve
optimal leg strength in broilers:

e Utilise appropriate incubation temperatures and especially avoid
temperatures higher than recommended at all stages of incubation;

e Follow preferred incubation temperature profiles recommended for
different broiler lines;

e Avoid chicks spending a lengthy sojourn in the hatcher after hatching
which can lead to very rapid growth in the first week of life; and

e Avoid continuous light during incubation and evaluate whether a circadian
rhythm can enhance subsequent leg strength.

4.7 Broiler diet

Minerals make up 70% of bones with calcium and phosphorus being predominant
(Kieronczyk et al., 2017). Typically an approximate ratio of 2:1 calcium and
phosphorus is recommended in broiler starter diets (Whitehead, 2002). While
infrequently observed in broiler diets, calcium deficiency can stimulate bone
resorption and mineral release, mediated through parathyroid hormone and
vitamin D, which can, in turn, decrease bone strength (Rath et al., 2000).

Discrepancies in phosphorus metabolism can also impact bone strength.
As mentioned in Section 2.3, the exogenous enzyme phytase is routinely
included in poultry diets to release phytate-bound phosphorus found in
plant feed sources (Kieronczyk et al., 2017). Broilers fed diets low in calcium
and phosphorus have improved bone strength, tibia ash, and calcium and
phosphorus following phytase supplementation. Notably, benefits in bone
strength and tibia ash were achieved within the starter phase (Nuamah et al.,
2024).

Replacing inorganic mineral sources with organic sources has been
observed to improve tibia ash content, mineral density, and strength (Ao
et al,, 2019; Guz et al., 2019). Dietary supplementation with vitamin D or its
metabolites can reduce TD (Whitehead et al., 2004) and improve bone
calcification (Gomez-Verduzco et al., 2012) and strength (Suarez et al., 2023).
However, the inclusion of calcium, phosphorus, and vitamin D in the diet needs
to be carefully managed as their complex interactions can have detrimental
effects on bone integrity (Rath et al., 2000).
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In addition to vitamin D, vitamins C, K, and B, in particular B, (pyridoxine),
are also critical for bone strength, directing the production of the non-
mineral matrix including collagen and collagen cross-links (Massé et al., 1996;
Weber, 1999). Further, Thanabalan and Kiarie (2021) proposed n-3 PUFA
supplementation of the broiler diet may reduce intestinal inflammation and
the opportunity for bacterial-translocation from the alimentary tract into
the bloodstream. Once in the bloodstream bacteria may reside in areas of
stress and fracture in the tibia, causing leg problems of an infectious nature,
for example bacterial osteomyelitis or femoral head necrosis (Section 2.4).
However, partial replacement of dietary soybean and palm oil with fish oil, a
source of n-6 PUFA, did not benefit tibial characteristics nor gait score, when
compared to the control diet (Guz et al., 2019)

4.8 Enriching the housing environment

Enriching an animal’s environment is intended to have positive outcomes,
including expanding their behavioural repertoire and increasing their activity,
thereby improving their physiology and welfare (Newberry, 1995), including
leg health. Enrichment may involve introducing additional structures, for
example straw bales or perches/platforms, to increase the environmental
complexity or through alterations within the broiler house, such as stocking
density, distance between feeding and water lines, and type of litter (Reiter
and Bessei, 2009; Ventura et al., 2010; Riber et al., 2018; Tahamtani et al.,
2020; Guz et al, 2021; van der Eijk et al., 2023). Interestingly changes in light
intensity (Sherlock et al., 2010) did not affect broiler activity or leg health nor
did the introduction of various substrates, including sand, kale, cabbage,
hanging objects, and perches (Su et al., 2000; de Oliveira Sans et al., 2014).
Some benefits in leg health were reported with floor substrate of either zeolite
litter (Khan et al., 2023) or wood shavings (Su et al., 2000; Almeida Paz et al.,
2010).

Adjustments to stocking density and presence/height and design of
raised platforms had varying impacts on broiler walking ability and foot pad
dermatitis (Ventura et al., 2010; Tahamtani et al., 2020) and require further
evaluation. Assessing the impact of enrichments including platforms, ramps,
barrier perches, and the distance between the feed trough and water line (Giz
et al., 2021) on leg characteristics and the behaviour of FG and SG broilers,
found improvements in tibia ossification and mineralisation, and higher bird
activity, but lower body weight in both the FG and SG broilers. In Australia,
perches are an increasingly common inclusion in broiler sheds, being required
for accreditation by the Royal Society for the Prevention of Cruelty to Animals
(RSPCA Australia, 2020). However, research assessing the role of perches in
improving leg health has met with varying outcomes (Phibbs et al., 2021).
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These varying results are indicative of the need for further research to ascertain
the potential for environmental enrichment to reduce broiler leg problems.

Riber et al. (2018) provide an overview of environmental enrichments and
theirimpacton broiler behaviour, activity, leg health, and welfare. They conclude
that an accurate evaluation of environmental enrichment needs to encompass
both its impact on the animal’s physiology and the economic consequences for
the farming operation. As with the introduction of SG broilers, if environmental
enrichment increases the cost of broiler production, consumers may need to
be informed of the reasons for the higher prices.

4.9 Broiler health

Maintaining chicken health and minimising disease is likely to also support bone
health. Pathogen incursion stimulates innate immunity, including inflammation,
during which proinflammatory cytokines can induce osteoclastic activity and
bone resorption (Manolagas, 1998; Roux and Orcel, 2000). For example,
exposing broilers to E. coli lipopolysaccharide induced losses in tibia calcium,
weight, length, and breaking strength (Mireles et al., 2005; Tong et al., 2020).
Bone homeostasis was also altered following an Eimeria challenge characterised
by reduced bone growth and increased bone resorption, which led to losses in
bone mineral density and mineral content (Tompkins et al., 2022, 2023).

Given the intestinal damage caused by Eimeria oocysts, compromised
bone integrity in broilers infected with coccidiosis has traditionally been
attributed to poor absorption of calcium, phosphorus and trace minerals (Turk
and Stephens, 1969; Turk, 1973). However, studies on restricted pair feeding
that matched the reduced feed intake observed with Eimeria infection did not
resultin a comparable loss in bone integrity, indicating arole of the inflammatory
response in altering bone homeostasis (Sharma et al., 2023). Specifically,
pro-inflammatory cytokines, including IL-17, may mediate bone loss through
changes in the expression of receptor activator of nuclear factor kappa-B
ligand (RANKL). RANKL is antagonised by osteoblast-derived osteoprotegerin
(OPQ) (Tong et al., 2020), and osteogenesis is regulated through the relative
expression of RANKL and OPG (Tong et al., 2020, Sharma et al., 2023). There
is more to understand in this area, and the mediation of pathogen-induced
immune responses on bone loss requires further elucidation. This may then
inform the development of strategies to induce selective immune activation
against pathogens with minimal disruption to bone homeostasis.

5 Future trends in research

As breeder companies acknowledge the importance of selecting against leg
problems (Neeteson et al., 2023; Barger-Weathers, 2025), it is anticipated
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this will continue to be a priority. Due to commercial sensitivity, details of the
breeding programmes are confidential, but it is hoped that overall progress
in reducing leg problems will continue to be shared. It is also important to
acknowledge that over time, selection against leg problems at the breeder
level is likely to introduce variation in the outcomes of research on leg health
involving commercial broiler lines.

There is an increasing amount of research exploring the benefits of SG
broilers for broiler leg health and welfare (Dixon, 2020; Baxter et al., 2021; Giz
et al., 2021, 2022; Santos et al., 2022; van der Eijk et al., 2023). Further, even
small reductions in growth rate may be combined with other features to bring
valuable improvements in broiler mobility and leg quality (Guinebretiere et al.,
2024). The impact of combined treatments on leg problems also requires more
evaluation. As SG broilers are becoming more common in some regions, and
in light of their welfare benefits, including improvements in leg health, further
research on SG broilers as an alternative to FG broilers in commercial settings
will continue (Hartmann, 2022; Willemsen, 2022). However, as previously
mentioned, this should be completed hand in hand with an evaluation of their
economic viability in different markets and, consumer education about the
products, their systems of production and overall sustainability.

Further research on lowering EST during specific phases of incubation as a
mechanism to reduce the incidence of leg problems is recommended. As the
broiler genotypes continue to evolve, the ideal incubation EST forimprovements
in leg strength post-hatch may also evolve. Importantly management of EST
to achieve shorter sojourn times of the chick in the hatcher to increase leg
strength has been verified (Groves and Muir, 2014; Groves and Muir, 2017;
Muir and Groves, 2018, 2019).

Identifying effective environmental interventions that reduce leg problems
in FG broilers, together with the cost of their implementation (Riber et al.,
2018; Khan et al., 2023), is also worthy of further research. This may achieve
benefits not only for broiler leg health but in other areas of broiler physiology
and welfare.

As our understanding of the impact that infectious disease and the
associated activation of the immune system have on bone integrity is expanded
(Tong et al., 2020; Sharma et al., 2023; Tompkins et al., 2023), our ability to
strategically manage these processes is likely to also develop. It is critical to
identify poultry health programmes that induce protective immunity, minimise
inflammation, and sustain bone integrity.

6 Conclusion

Throughout this chapter the normal process of leg bone development in
broilers is described. The details of some leg problems that commonly
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arise in fast-growing broilers, reducing their locomotion and mobility with
implications for their welfare, are outlined. Potential causes, the impacts of leg
problems, and some procedures that may improve leg health and decrease
the incidence and severity of leg problems are discussed. Attention must be
given to the correct incubation profile being used for the particular broiler
strain to ensure proper musculoskeletal development during incubation and
immediately post-hatching. Focal areas for ongoing research to improve leg
strength and broiler mobility are also highlighted. Ultimately reducing broiler
leg problems will improve broiler welfare and the sustainability of the chicken
meat sector.

7 Where to look for further information

The following articles provide an overview of leg health and leg problems in
broilers:

e Angel, R. 2007. Metabolic Disorders: Limitations to growth of and mineral
deposition into the broiler skeleton after hatch and potential implications
for leg problems. Journal of Applied Poultry Research, 16, 138-149.

e Butterworth, A. & Haslam, S. M. 2009. A lameness control strategy for
broiler fowl. In: Miele, M. & Roex, J. (ed.) Welfare Quality Reports. Cardiff:
Cardiff University.

e Bradshaw, R., et al. 2002. A review of the aetiology and pathology of leg
weakness in relation to welfare Avian and Poultry Biology Reviews, 13,
45-103.

e Groves, P. J. & Muir, W. I. 2014. A meta-analysis of experiments linking
incubation conditions with subsequent leg weakness in broiler chickens.
PLoS One, 9. https://doi.org/10.1371/journal.pone.0102682.

e Muir, W. 1. & Groves, P. J. 2019. The leg strength of two commercial strains
of meat chicken subjected to different incubation profiles. Animal, 13,
1489-1497.

¢ Nicol, C. J., et al. 2024. An analysis of the welfare of fast-growing and
slower-growing strains of broiler chicken. Frontiers in Animal Science, 5.
https://doi.org/10.3389/fanim.2024.1374609.

e Rath, N. C,, et al. 2000. Factors regulating bone maturity and strength in
poultry. Poultry Science, 79, 1024-1032.

e Riber, A. B. & Wurtz, K. E. 2024. Impact of growth rate on the welfare of
broilers. Animals [Online], 14. https://doi.org/10.3390/ani14223330.

e Welfare Quality® 2009. Welfare Quality® assessment protocol for
poultry (broilers, laying hens). Welfare Quality® Consortium, Lelystad,
Netherlands.
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