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Abstract  

Catastrophic outbreaks of spontaneous humeral fractures in dairy heifers in New 

Zealand have given rise to animal welfare problems and resulted in significant 

economic losses to the New Zealand dairy industry. Preliminary small sample size 

studies have identified  potential causes and/or factors associated with the 

occurrence of humeral fractures includ ing periods of protein-calorie 

malnutrition , increased osteoclastic bone resorption related to lactation, and low 

liver and/or serum copper concentration (suggestive of periods of copper 

deficiency). Nevertheless, outbreaks of humeral fractures still occur throughout 

New Zealand with devastating consequences. Therefore, the main objective of 

this thesis was to investigate the likely causes and/or major risk factors associated 

with the occurrence of spontaneous humeral fractures in dairy heifers in New 

Zealand and propose a likely pathogenesis of the condition.  

For this, a large cohort of bone samples (humerus and ribs), as well as liver and 

�„�Ž�‘�‘�†���•�‡�”�—�•���•�ƒ�•�’�Ž�‡�•���™�‡�”�‡���…�‘�Ž�Ž�‡�…�–�‡�†���ˆ�”�‘�•���r-year-old dairy heifers that suffered 

spontaneous humeral fracture post calving (affected heifers) for comparison with 

age-matched post-calving heifers with no bone fractures (control  heifers). 

Blood/serum samples, used for the determination of b iochemical profile in 

affected heifers, showed increased �E-hydroxybutyrate and decreased creatinine 

concentration indicative of negative energy balance and/or periods of 

undernutrition . Bone samples were used for gross, histologic, 

histomorphometric , Raman and Fourier transform infrared spectroscopic analysis 

as well as for the measurement of the collagen and collagen crosslink content in 
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bones from affected heifers compared with control heifers. Histologically affected 

humeri  had osteoporosis (reduction in  trabecular volume with abnormal 

trabecular architecture, thicker growth plates with abnormal architecture , 

increased resorption in the distal humerus, and a thinner cortex with increased 

and abnormal resorption. Abnormal cortical resorption is associated with an 

�‹�•�…�”�‡�ƒ�•�‡�†���’�”�‘�„�ƒ�„�‹�Ž�‹�–�›���‘�ˆ���ˆ�”�ƒ�…�–�—�”�‡���u�t�ä�r���–�‹�•�‡�•���ƒ�•�†���”�‡�†�—�…�‡�†���–�”�ƒ�„�‡�…�—�Ž�ƒ�”���†�‡�•�•�‹�–�›���r�t�y�ä�u��

times. Spectroscopic analysis indicated decreased bone quality in the humeri 

from affected heifers with a reduced amount of bone organic and mineral 

components, lower mineralisation, lower carbonate substitutions, increased bone 

remodelling, and reduced mineral crystallinity. Analysis of collagen content and 

collagen crosslinking using liquid chromatography indicated reduced total 

collagen content and increased collagen crosslinking in the humeri from affected 

heifers. Finally, a survey was conducted using farms that have and have not had a 

case of humeral fractures showed Holstein-Friesian Jersey cross breed was a 

possible risk factor. 

The likely causes and/or major risk factors associated with the occurrence of 

spontaneous humeral fractures in dairy heifers in New Zealand include breed, 

protein -calorie undernutrition  during important bone growth periods  (which 

significantly affected the bone chemical composition and architecture) and 

increased abnormal bone resorption. These factors have significantly 

compromised bone mechanical strength and led to the spontaneous humeral 

fracture.  
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General introduction  

While bone fractures in livestock occur sporadically, �•�‹�•�…�‡���r�p�p�x���ƒ�•���‹�•�…�”�‡�ƒ�•�‡�†��

incidence of spontaneous humeral fractures has been reported as occurring in 

first calving dairy heifers throughout New Zealand.�s�á�q�q Preliminary studies of a 

small number of cases suggested humeral fractures may be the result of 

unbalanced nutrition during critical growth periods in the first two years of the 

cows’ life, marked osteoclastic bone resorption associated with lactation, and 

periods of copper deficiency.�t The increased incidence of humeral fractures has 

led to animal welfare issues, economic losses for the dairy industry  of New 

Zealand, impacting farmers and veterinarians mental health and wellbeing. As 

such studies aimed at identifying factors affecting bone strength in heifers with 

humeral fracture are imperative.     

Bone is a dynamic tissue, with numerous factors influencing bone growth and 

health including genetic variation, nutrition, sex, reproductive status, 

bodyweight, and age.�q�á�w�á�x There is a considerable window of time for different 

factors to affect bone growth and strength. Acquisition of  bone mass begins in 

the uterus and achievement of peak bone mass occurs later (associated with 

increased muscle mass, secretion of hormones, and growth factors).�w Although i n 

dairy cattle in New Zealand, considerable growth is observed �—�•�–�‹�Ž���r�p-�r�r��

months.�v More importantly, humeri from cows have a longer growth period 

compared with  the metacarpus, meaning there is an increased period of 

susceptibility to growth checks for the humerus.�u   
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Difficulties in attaining peak bone mass and/or increased bone loss predispose 

individuals to bone disease.�w�á�y Metabolic bone disease or osteodystrophies are an 

important group of diseases, with osteoporosis being the most common in 

humans and animals.�w�á�q�p�á�r Understanding the numerous events and factors that 

regulate bone growth and response to injury are essential when studying bone 

diseases and maintenance of bone health.�w 

This thesis aimed to identif y potential risk factors and/or causes associated with 

the increased incidence of spontaneous humeral fractures in dairy heifers in New 

Zealand. The main objectives of this thesis were: 

�x Surveying farms that have and have not had cases of spontaneous humeral 

fractures in dairy heifers to determine possible risk factors related to farm 

management and nutrition of cows. ���‡�•�—�Ž�–�•���’�”�‡�•�‡�•�–�‡�†���‹�•���…�Š�ƒ�’�–�‡�”���r�ä 

�x Describe changes in several biochemical analytes associated with mineral 

and energy metabolism. ���‡�•�—�Ž�–�•���’�”�‡�•�‡�•�–�‡�†���‹�•���…�Š�ƒ�’�–�‡�”���s�ä 

�x Describe histological and histomorphometric changes in bones from a 

large cohort of heifers affected by spontaneous humeral fractures and 

compare with age-matched controls. Additionally, to determine if the  

main feed cows grazed on during winter (fodder beet or pasture) or liver 

Cu concentration at the time of euthanasia (adequate or low liver Cu 

concentration)  altered the histological and histomorphometric changes. 

���‡�•�—�Ž�–�•���’�”�‡�•�‡�•�–�‡�†���‹�•���…�Š�ƒ�’�–�‡�”���t�ä  
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�x Determine if th ere are any differences in the chemical composition of the 

humerus from affected and control heifers using Raman and FTIR 

spectroscopy. Results presented in chapter �u. 

�x Determine if there were any differences in the collagen content and 

collagen crosslink content in humeri from affected and control heifers 

based on liver Cu concentration at time of euthanasia. Results presented 

�‹�•���…�Š�ƒ�’�–�‡�”���v�ä   
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1.1 Bone formation  

The mesenchymal cells that form the skeleton originate from three different 

lineages, depending on the region of the body.118,56 The sclerotomal portion of 

the somites provide the vertebral or axial skeleton; the limbs originate from the 

lateral plate mesoderm and lastly, the craniofacial bones originate from the 

cranial neural crest, except for the bones forming the roof and base of the skull 

which have a mesodermal origin.�u�v 

Around the fourth week of gestation in cows (third week in sheep) limb 

development begins with the formation of the limb bud. �u�v Bones that will form 

part of the skeleton develop initially by two mechanisms known as 

intramembranous ossification, and endochondral ossification.�q�p�p�á�u�v Bone 

modelling and remodelling occur later to replace the bone initially formed. �u�v�á�q�p�p�á�w�s 

1.1.1 Intramembranous ossification  

Intramembranous ossification occurs in the flat bones of the skull and part of the 

mandible where neural-crest-derived mesenchymal cells proliferate and adhere 

to form aggregates.�u�v With time and the influence of by various growth factors, 

these mesenchymal cells differentiate directly into osteoprogenitor cells.�q�q�w�á�u�v�á�q�p�p�á�r�y  

The site where osteoblasts are proliferating becomes vascularised, and osteoblasts 

produce the various components of the extracellular matrix known as osteoid.�q�p�p 

When osteoblasts surround themselves with mineralised osteoid, they 

differentiate into osteocytes.�q�p�p Other mesenchymal cells wrap the outer region of 

the aggregates and form the periosteum.�u�v These cells can also transform into 
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osteoblasts hence intramembranous ossification also occurs at the periosteal 

surfaces of all long bones during growth.�r�u 

1.1.2 Endochondral ossification  

Endochondral ossification occurs in the vertebrae, pelvis, part of the mandible, 

and the long bones.�q�p�p�á�q�q�x Mesenchymal cells condensate and transform first into 

chondroblasts and then into chondrocytes.�q�p�p�á�q�q�w These cells produce a hyaline 

cartilage model with the shape of a long bone.�q�p�p�á�r�u�á�q�q�w The central part or 

diaphysis of this crude cartilage model is surrounded by the perichondrium, and 

this zone is known as the bone collar.�q�q�w With time chondrocytes in the bone 

collar hypertrophy and there is matrix mineralisation. �w�p�á�r�u�á�q�q�w��Later, blood vessels 

penetrate the area carrying haematopoietic stem cells, chondroclasts that remove 

the mineralised matrix, and osteoblasts that produce bone, establishing the 

primary ossification centre and allowing the formation of the marrow 

cavity.�u�v�á�q�p�p�á�r�u Secondary ossification centres develop later in the extremities of the 

bone forming the epiphyses.�r�u  

As the marrow cavity grows, two sets of cartilage remain in each epiphysis. One 

will form the articular cartilage and the second will form the physis or growth 

plate.�q�q�t�á�q�p�p Corresponding to the shape, size, and activity of chondrocytes in the 

growth plate four distinct zones can be recognised histologically: 

�q�ä Zone of reserve cartilage, also known as germinal or resting zone, is the 

closest to the epiphyseal end of the bone and provides stem cells.�q�q�t  

�r�ä Proliferative zone: here chondrocytes multiply, arranged in columns, and 

secrete cartilage matrix, between the columns of chondrocytes.�q�p�p�á�q�q�t  
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�s�ä Hypertrophic zone: contains large chondrocytes and the matrix between 

cells becomes thinner.�q�q�w�á�q�q�t Chondrocytes also produce matrix vesicles that 

will result in the next zone.  

�t�ä Zone of cartilage ossification: matrix mineralisation occurs here, wherein 

chondrocytes die by apoptosis and the mineralised matrix serves as a 

scaffold for bone deposition.�q�q�w Terminal differentiation and apoptosis of 

chondrocytes appear to be regulated by the increase in extracellular 

inorganic phosphate �w�u�á�w�t, annexin-mediated Ca (that activates proteases, 

lipases, and nucleases) �q�q�y, retinoic acid, and vitamin D.�q�q�t Another study 

suggests that rather than apoptosis, autophagy is induced in hypertrophic 

chondrocytes with vascularisation and oxygenation triggering oxidative 

stress and cell death.�q�p�r  

Later, osteoblasts from the bone marrow lay down osteoid on the remnants of 

mineralised cartilage matrix.�q�p�p�á�r�u�á�w�p�á�q�q�t Osteoclasts resorb the mineralised cartilage 

spicules, and the newly formed bone is called primary spongy bone or the 

primary spongiosa.�q�p�p This area will later be reorganised through osteoclastic 

activity and osteoblastic addition of new bone to form the secondary 

spongiosa.�q�p�p 

The activity of the proliferative zone (increasing the numbers of chondrocytes) 

and the hypertrophic zone (increase in chondrocyte size moving the growth plate 

away from the bone marrow) are responsible for the growth of bone in 

length.�u�v�á�q�p�p�á�w�p Peripherally the growth plate is surrounded by the perichondrial 

ossification groove of Ranvier and the ring of LaCroix, both containing 
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chondroprogenitor cells responsible for the circumferential growth of cartilage.�v�p 

Increase in bone width is due to appositional growth from the periosteum.�q�p�p 

On completion of bone formation, a long bone is composed of a central hollow 

shaft or diaphysis, a cone-shaped metaphysis, the physes, and above these in both 

extremitie �•���–�Š�‡���‡�’�‹�’�Š�›�•�‹�•�����	�‹�‰�—�”�‡���q�ä�q���ä�q�x Architecturally the bone is formed of a 

compact or cortical bone with numerous longitudinally arranged osteons or 

Haversian systems and spongy, cancellous, or trabecular bone which is arranged 

according to stress or weight-bearing lines, producing a crisscrossed pattern 

(lattice or sponge-like pattern). �v  

 

 

 

 

 

 

  

�	�‹�‰�—�”�‡���q�ä�q Topographic portions of a long bone after formation. Central portion or 
diaphysis, a transition zone or metaphysis, the physis or growth plate, and the 
bone extremity or epiphysis. The picture also shows the compact or cortical bone 
and the trabecular or cancellous bone. ���”�ƒ�‹�‰���‡�–���ƒ�Ž�ä�á���v�t�u�z  
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1.2 Bone modelling and remodelling  

Bone modelling (growth) refers to changes in bone shape (longitudinal and 

diametric growth) that occur during the first years of bone growth and is specific 

to bone location and function.�w�s�á�u�x�á�q�q�x�á�v Bone modelling leads to the acquisition of 

peak bone mass and does not require bone resorption to precede bone 

formation. �u�w�á�u�x�á�q�p�s Additionally, modelling can occur on different bone surfaces, is 

�…�‘�•�–�‹�•�—�‘�—�•���™�‹�–�Š���ƒ���ˆ�ƒ�•�–���ƒ�’�’�‘�•�‹�–�‹�‘�•���”�ƒ�–�‡�����r-�q�p���Û�•���†�ƒ�›���á���ƒ�…�–�‹�˜�‡���„�‘�•�‡���•�—�”�ˆ�ƒ�…�‡�•���ƒ�”�‡��

larger, and there is a net increase in bone mass.�u�w�á�u�x Finally, the term osseous or 

modelling drift refers to the uneven periosteal bone formation and endosteal 

bone resorption by which long bones can alter their curvature or vertical 

orientation in response to mechanical stressors, muscle insertions, or joint 

movement.�w�s  

Bone remodelling occurs through iterative cycles of bone formation and 

resorption.�q�q�x and is necessary for microdamage repair, maintenance of 

biomechanical competence, and Ca and phosphorus homeostasis.�w�p�á�x�u�á�q�x 

Understanding the differences in the rate and site of remodelling between 

cortical and trabecular bone is important for determining bone quality. �q�q�x Cortical 

bone has a slow remodelling rate achieved by so-called osteonal remodelling, in 

which activated osteoclasts form a cone-like space with an advancing tip or 

“cutting cone” where osteoclast resorb bone followed by a “closing cone” where 

osteoblasts deposit bone.�w�p�á�x�s In contrast, trabecular remodelling is more active 



 ���Š�ƒ�’�–�‡�”���q��– Review of the Literature 

�w 
 

and takes place on the surface of the trabeculae.�q�q�x�á�w�p �	�‹�‰�—�”�‡���q�ä�r���…�‘�•�’�ƒ�”�‡�•���„�‘�–�Š��

types of resorptions.  

The process of remodelling can be initiated either by a systemic signal 

(parathyroid hormone (PTH) secretion due to hypocalcaemia) or locally after 

osteocytes embedded in the mineralised matrix experience strain-induced 

interstitial fluid flow and fluid shear stress resulting in activation of signalling 

pathways.�q�q�x�á�u�w The bone resorption-formation cycle is overseen by the bone 

remodelling unit or basic multicellular unit (BMU) that consists of bone -

resorbing cells (osteoclasts), bone matrix synthesising cells (osteoblasts), 

osteocytes, and endosteal lining cells.�q�x�á�x�u These units are required for the 

preservation of bone composition, and dysfunction of the BMU is crucial in the 

�	�‹�‰�—�”�‡���q�ä�r Schematic representation of trabecular (upper) and cortical bone 
remodelling (lower).  Reprinted from Owen & ���‡�‹�Ž�Ž�›�á���v�t�u�| with permission. 
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pathogenesis of osteoporosis and other bone metabolic disorders.�x�u�á�v The 

characteristics and function of each cell of the BMU are described below.  

Bone resorption occurs through the action of lysosomal enzymes and acid 

secretion from osteoclasts.�q�x Osteoclast can resorb a volume of bone formed by 

�q�p�p���–�‘���q�p�p�p���‘�•�–�‡�‘�„�Ž�ƒ�•�–�•�ä�w�p Acid and lysosomal enzymes are secreted in the 

osteoclasts ruffled border which seals to the bone by a peripheral clear zone 

creating an acidic compartment that dissolves the mineral and protein 

components.�w�p�á�q�x  

There are numerous pathways for recruitment of osteoclasts precursors, their 

differentiation, and activation. �q�v�á�q�p�á�q�r�p The receptor activator of nuclear factor-�OB 

(RANK)/RANK-ligand (RANKL)/osteoprotegerin (OPG) cytokine system is 

key.�q�q�á�q�v Osteoclasts and their precursors express RANK, a receptor from the 

tumour necrosis factor (TNF) family, which interacts with RANKL secreted by 

osteoblasts.�q�v�á�q�q The coupling activates TNF receptor-associated factors (TRAF) to 

stimulate osteoclastogenesis and activates the signalling cascade for the fusion of 

monocytes into mature osteoclasts.�q�v�á�q�p There are many TRAF that can bind to 

���������á���„�—�–���������	�v���‹�•���”�‡�‰�ƒ�”�†�‡�†���ƒ�•���‡�•sential for osteoclastogenesis.�q�p Together, 

RANK and TRAF regulate osteoclast activity through many intracellular 

signalling pathways that can modulate the rate and frequency of osteoclast 

maturation and bone resorption.�q�r�p Other factors important for osteoclast 

differentiation and activity include interleukin - �q��������-�q���á������-�v�á���‰�”�ƒ�•�—�Ž�‘�…�›�–�‡���ƒ�•�†��

granulocyte-macrophage colony-�•�–�‹�•�—�Ž�ƒ�–�‹�•�‰���ˆ�ƒ�…�–�‘�”�á���������á���q�ä�r�u-dihydroxyvitamin 

�������q�á�r�u-(OH) �rD�s) and calcitonin.�q�q�á�q�x  



 ���Š�ƒ�’�–�‡�”���q��– Review of the Literature 

�y 
 

Osteoprotegerin, an osteoclastogenesis inhibitory factor, acts as a decoy receptor 

of RANKL and is produced mainly by osteoblasts (cells in the heart, liver, and 

spleen can also produce OPG).�q�x�á�q�q�x�á�q�r�p�á�q�v When OPG and RANK bind, RANKL is 

unable to bind to RANK on the immature osteoclast thus inhibiting 

osteoclastogenesis.�q�p  

The wingless integrated (Wnt)/�E-catenin pathway induces differentiation of 

mesenchymal progenitor cells into osteoblasts and regulates bone resorption by 

increasing the RANKL/OPG ratio through the action of the low-density 

lipoprotein receptor- �”�‡�Ž�ƒ�–�‡�†���’�”�‘�–�‡�‹�•���v�����������v�����ƒ�•�†���������u���…�‘-receptor for Wnt. �v�r�á�v�w 

Chondrogenesis and haematopoiesis are also regulated by the Wnt system.�q�x 

Sclerostin, dickkopfs and secreted-frizzled-related proteins are antagonists of 

Wnt / �E-catenin signalling.�v�r 

Osteoblasts exist either as polygonal osteoid-producing cells or flattened lining 

cells.�w�p They are derived from mesenchymal cells in the bone marrow.�q�x The main 

function of osteoblasts is the production of new bone, with the matrix deposited 

daily by an osteoblast equivalent to the cell’s own size.�w�p  

Osteoblasts can inhibit osteoclasts by the action of Ephrin type-�����”�‡�…�‡�’�–�‘�”���t�á���ƒ�•�†��

downregulating expression of c-Fos and nuclear factor of activated T-cells 

�…�›�–�‘�’�Ž�ƒ�•�•�‹�…���q��expression.�q�v ���Ž�•�‘���‘�•�–�‡�‘�„�Ž�ƒ�•�–�•���…�ƒ�•���•�‡�…�”�‡�–�‡���•�‡�•�ƒ�’�Š�‘�”�‹�•�s���á���ƒ���’�”�‘�–�‡�‹�•��

that inhibits osteoclastogenesis.�q�v Osteoclasts can stimulate osteoblast 

�†�‹�ˆ�ˆ�‡�”�‡�•�–�‹�ƒ�–�‹�‘�•���–�Š�”�‘�—�‰�Š���–�Š�‡���’�”�‘�–�‡�‹�•�����’�Š�”�‹�•�r���–�Š�ƒ�–���‹�•�Š�‹�„�‹�–�•���‰�—�ƒ�•�‘�•�‹�•�‡���–�”�‹�’�Š�‘�•�’�Š�ƒ�–�‡��

enzyme and the Ras homolog family member A gene, thereby enhancing bone 

formation. �q�v 
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Osteocytes are characterized by numerous projecting cytoplasmic processes that 

travel within fluid -filled canaliculi and interconnect cells.�q�x These cells become 

the mechanoreceptors of bone resulting in signalling pathways that regulate bone 

resorption/formation cycles. �q�p�p Osteocyte apoptosis due to disruption of the 

canalicular network or lack of mechanical stimulus is hypothesized to regulate 

osteoclast and osteoblast function and induce remodelling of the local bone 

tissue.�x 

�����”�‡�•�‘�†�‡�Ž�Ž�‹�•�‰���…�›�…�Ž�‡���–�ƒ�•�‡�•���ƒ�”�‘�—�•�†���q�r�p���†�ƒ�›�•���ƒ�•�†���…�‘�•�•�‹�•�–�•���‘�ˆ���•�‹�š���’�Š�ƒ�•�‡�•�ã�� 

�q�ä Quiescence phase: bone surfaces are covered by flat or endosteal lining 

cells over a thin collagenous membrane.�q�x�á�q�p�s 

�r�ä The activation phase starts with the retraction of the endosteal lining cells 

and the collagenous membrane after osteocyte apoptosis, recruitment of 

preosteoclasts from the blood, and fusion of these cells to form 

multinucleated osteoclasts.�q�p�s�á�q�x  

�s�ä Resorption phase: osteoclasts resorb the surface they are attached to, 

�ˆ�‘�”�•�‹�•�‰���”�‡�•�‘�”�’�–�‹�‘�•���’�‹�–�•���‘�”���Ž�ƒ�…�—�•�ƒ�‡�á���–�Š�‹�•���’�Š�ƒ�•�‡���…�ƒ�•���Ž�ƒ�•�–���ˆ�‘�”���—�’���–�‘���t��

weeks.�q�x�á�q�p�s 

�t�ä Reversal phase: debris is removed by macrophages and endosteal lining 

cells and osteoblasts precursors are recruited.�q�p�s�á�q�x 

�u�ä Formation phase with osteoid production and secretion.�q�x�á�q�p�s 

���‹�•�‡�”�ƒ�Ž�‹�•�ƒ�–�‹�‘�•���•�–�ƒ�”�–�•���ƒ�ˆ�–�‡�”���9���q�p���†�ƒ�›�•���‘�ˆ���‘�•�–�‡�‘�‹�†���†�‡�’�‘�•�‹�–�‹�‘�•���ƒ�•�†���‹�•���…�ƒ�Ž�Ž�‡�†��

primary mineralisation. �w This phase can last up to six months.�w 
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�v�ä A phase of quiescence with osteoblasts differentiating into flat-lining cells 

and/or osteocytes.�v 

After the end of one cycle, a phase called secondary mineralisation occurs and 

consists principally of maturation of the mineral component (increased amounts 

of crystals and/or increased crystal size).�w�á�r�p This phase increases the mineral 

content of bone with age and provides bone strength and rigidity, hence in adults 

the degree of mineralisation depends on the rate of remodelling.�w  

1.3 Control of bone growth  

Growth plate cartilage and bone growth are dependent on numerous local and 

systemic genes, hormones, growth factors, environmental conditions, and 

adequate nutrition. Appendix A shows a list of the major factors that control 

bone growth.  

1.4 Composition of bone matrix  

Bone matrix consists of an organic component (osteoid), an inorganic or mineral 

component, lipids, and water.�q�q�x�á�q�x Osteoblasts secrete osteoid composed mainly 

�‘�ˆ���–�›�’�‡�������…�‘�Ž�Ž�ƒ�‰�‡�•�����ƒ�”�‘�—�•�†���y�p�Ä���‘�ˆ���–�Š�‡���–�‘�–�ƒ�Ž���‘�”�‰�ƒ�•�‹�…���•�ƒ�–�‡�”�‹�ƒ�Ž�����ƒ�•�†���•�•�ƒ�Ž�Ž�‡�”��

amounts of collagen type III, V, and fibril-associated collagens (includes collagens 

IX, XII, XIV, XIX, XX, and XXI).�q�p�p�á�q�x�á�q�q�v ���Š�‡���”�‡�•�ƒ�‹�•�†�‡�”���‘�ˆ���‘�•�–�‡�‘�‹�†�����q�p-�q�u�Ä�����…�‘�•�•�‹�•�–�•��

of non-collagenous proteins (phospho- and glycoproteins).�q�x The composition of 

bone matrix is not static; it varies between different animals, with health and 

disease status, age, and with tissue site, and contributes to the mechanical and 

metabolic functions of bone.�x  
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1.4.1 Bone collagen  

Within the bone structure collagen provides:  

�x A structural framework for minerals and proteins. 

�x Accounts for the ability of bone to resist pressure, tension, and torsion. 

�x Provides a substrate for cell migration, adhesion, and differentiation.�q�q�v  

There are several different types of collagen molecules as determined by the 

structural organization and biochemical characteristics.�q�q�u In cartilage and bone 

the predominant collagen is fibril -forming with one or several collagenous triple 

helical domains and attached non-collagenous domains.�q�q�u Fibril -forming collagen 

provides tensile strength, and torsional stability and is the site of formation of 

hydroxyapatite crystals.�q�q�v In bone, collagens type I and type V assemble into 

quarter-staggered heterofibrils creating a banding pattern with a diameter 

�„�‡�–�™�‡�‡�•���r�u���ƒ�•�†���t�p�p���•�•�ä�q�q�v Collagen type III and V control the fibril diameter of 

type I collagen fibrils.�y�v�á�q�q�u 

1.4.1.1 Biosynthe sis of collagen molecules  

�	�‹�‰�—�”�‡���q�ä�s���•�Š�‘�™�•���–�Š�‡���•�–�‡�’�•���‹�•�˜�‘�Ž�˜�‡�†���‹�•���…�‘�Ž�Ž�ƒ�‰�‡�•���•�›�•�–�Š�‡�•�‹�•�ä�s�y Collagen biosynthesis 

starts with the formation of polyproline polypeptide chains by ribosomes.�s�y In the 

rough endoplasmic reticulum (RER) several post-translational modifications 

occur including hydroxylation, glycosylation, and folding of polyproline type II 

polypeptide chains into a triple helix procollagen molecule.�s�y�á�q�q�u The presence of a 

�”�‡�’�‡�–�‹�–�‹�˜�‡���ƒ�•�‹�•�‘���ƒ�…�‹�†���•�‡�“�—�‡�•�…�‡�����
���������‰�Ž�›�…�‹�•�‡��-X-���â�������‹�•���—�•�—�ƒ�Ž�Ž�›���’�”�‘�Ž�‹�•�‡���ƒ�•�†�������‹s 

usually hydroxyproline) allows triple helix formation. �x�q Some proline residues are 

then converted by prolyl-�t-�Š�›�†�”�‘�š�›�Ž�ƒ�•�‡���–�‘���t-hydroxyproline, while other proline 
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�”�‡�•�‹�†�—�‡�•���ƒ�”�‡���…�‘�•�˜�‡�”�–�‡�†���–�‘���s-hydroxyproline by prolyl -�s-hydroxylase.�q�q�u This 

process of hydroxylation of proline residues must be done before the triple helix 

�‹�•���ˆ�‘�”�•�‡�†�á���ƒ�•�†���”�‡�“�—�‹�”�‡�•���‘�š�›�‰�‡�•�á���	�‡�á���ƒ�•�†���r-oxoglutarate/ascorbic acid as 

cofactors.�s�y�á�q�q�u The enzyme lysine hydroxylase is responsible for the hydroxylation 

of the lysine residues forming �H-hydroxylysine.�q�q�u This last hydroxylation is 

important for collagen glycosylation and the formation of tissue-specific patterns 

of crosslinks.�q�q�v�á�q�q�u�á�q�p�q  

After hydroxylation, the procollagen molecule is secreted from the RER for 

transport to the Golgi apparatus, where the molecules are packaged in secretory 

vesicles and secreted into the extracellular space or matrix.�q�q�v In the extracellular 

matrix, at the end of the procollagen molecule, N- and C- terminal domains are 

removed by procollagen-N-proteinase and procollagen-C-proteinase respectively, 

forming a helical tropocollagen molecule with short and non-helical domains.�s�y�á�y�v 

Tropocollagen molecules are then assembled into collagen fibrils before the next 

step which includes the formation of collagen crosslinks.�s�y  

1.4.1.2 Collagen crosslinking  

Collagen crosslinks are necessary for stabilisation of the newly-formed fibrils and 

in bone, are necessary for bone mineralisation and bone strength.�y�v There are two 

pathways by which collagen crosslink formation can occur: enzymatic and non-

enzymatic.�q�p�q The enzymatic pathway occurs through the action of the lysyl 

oxidase (LOX) enzyme, which acts in the extracellular space by attaching to 

specific lysine or hydroxylysine residues in the telopeptide portions resulting in 

the formation of two aldehydes (allysine and hydroxyallysine).�q�p�q�á�s�y�á�q�q�u These two 
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aldehydes will then spontaneously react with lysine and hydroxylysine residues 

on the adjacent tropocollagen chain and form divalent or immature crosslinks 

named dehydrodihydroxylysinonorleucine (deH-DHLNL) and 

dehydrohydroxylysinonorleucine (deH-HLNL). �q�p�q With time, some of these 

immature crosslinks can interact with another allysine or hydroxyallysine, or 

�ƒ�•�‘�–�Š�‡�”���‹�•�•�ƒ�–�—�”�‡���…�”�‘�•�•�Ž�‹�•�•���‡�•�–�ƒ�„�Ž�‹�•�Š�‹�•�‰���–�”�‹�˜�ƒ�Ž�‡�•�–���’�›�”�‹�†�‹�•�‹�—�•�����’�›�”�‹�†�‹�•�‘�Ž�‹�•�‡��������������

�ƒ�•�†���†�‡�‘�š�›�’�›�”�‹�†�‹�•�‘�Ž�‹�•�‡�����������������‘�”���’�›�”�”�‘�Ž�‡�����’�›�”�”�‘�Ž�‘�Ž�‹�•�‡���������������ƒ�•�†���†�‡�‘�š�›�’�›�”�”�‘�Ž�‘�Ž�‹�•�‡��

(DPL)) mature crosslinks respectively.�q�p�q  

���‡�‘�š�›�’�›�”�‹�†�‹�•�‘�Ž�‹�•�‡���ƒ�•�†�����������ƒ�”�‡���”�‡�Ž�ƒ�–�‹�˜�‡�Ž�›���•�’�‡�…�‹�ˆ�‹�…���ˆ�‘r bone and measured to 

study bone disease.�q�p�q�á�q�q�u�á�s�y Importantly, bone appears to have a significant pool of 

deH-DHLNL immature crosslinks and although its rate of conversion to mature 

crosslinks is a continuous process, it is not fixed and can increase when 

mechanical stress is applied to bone.�q�q�u�á�q�p�q The increased conversion rate to mature 

crosslinks is an attempt to stabilize the collagen molecule.�q�p�q  

The total quantity of enzymatic crosslinks and the aggregation of collagen 

molecules into fibres is directly related to the expression and/or activity of 

LOX.�q�p�q This enzyme is a copper (Cu) metalloenzyme and requires pyridoxine and 

lysine tyrosyl quinone as essential co-factors.�q�p�q Activation and expression appear 

to be regulated by transforming growth factor -�E�á��connective tissue growth factor, 

insulin -�Ž�‹�•�‡���‰�”�‘�™�–�Š���ˆ�ƒ�…�–�‘�”���q�á���‘�‡�•�–�”�‘�‰�‡�•�á���ƒ�•�†���q�á�r�u-dihydroxyvitamin D 

���q�á�r�u���������rD�s).�q�p�q Presence of basic fibroblast growth factor, high concentrations 

�‘�ˆ���’�”�‘�•�–�ƒ�‰�Ž�ƒ�•�†�‹�•�����r�á���ƒ�•�†�������	-�D��negatively affect the activity of LOX.�q�p�q  
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�	�‹�‰�—�”�‡���q�ä�s An overview of the steps involved in the synthesis of collagen and the formation of 
enzymatic and non-enzymatic crosslinks. ER, endoplasmic reticulum. Reprinted from Gaar, Naffa 
�¬�����”�‹�•�„�Ž�‡�á���v�t�v�t with permission from Copyright Clearance Center, Inc. 

���‘�™�����������ƒ�…�–�‹�˜�‹�–�›���‹�•���ƒ�•�•�‘�…�‹�ƒ�–�‡�†���™�‹�–�Š�����—���ƒ�•�†���˜�‹�–�ƒ�•�‹�•�����v���†�‡�ˆ�‹�…�‹�‡�•�…�›���ƒ�•���™�‡�Ž�Ž���ƒ�•���™�‹�–�Š��

ingestion of �E-aminopropionitrile (a lathyrogens  found in some legumes).�q�p�q 

Other factors that affect the formation of collagen crosslinks include age, bone 

turnover activity (physiological or pathological changes), and bone location.�q�p�q 

Formation of crosslinks also affects the way the collagen mineralises, and the way 

micro-damage is propagated.�x  
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Finally, non-enzymatic or advanced glycation end product (AGE) crosslinks are 

formed by the Maillard reaction (where a sugar reacts with lysine, hydroxylysine, 

or arginine residue leading to the formation of a Schiff’s base which undergoes 

rearrangement and formation of a Amadori product).�s�y�á�q�q�u�á�q�p�q The glycosyl-lysine 

initially formed can then react with another lysine or arginine molecule in a 

close-by collagen molecule forming AGE crosslinks between collagen 

molecules.�q�p�q In contrast to enzymatic crosslinks, AGEs are thought to weaken the 

mechanical and biological properties of collagen in bone and other tissues.�q�p�q�á�q�q�u  

1.4.1.3 Non-collagenous protei ns 

���’�’�”�‘�š�‹�•�ƒ�–�‡�Ž�›���r�u�Ä���‘�ˆ���–�Š�‡���•�‘�•-collagenous proteins of the bone matrix are 

�†�‡�”�‹�˜�‡�†���ˆ�”�‘�•���•�‡�”�—�•�����‡�š�‘�‰�‡�•�‘�—�•�����ƒ�•�†���w�u�Ä���ƒ�”�‡���•�‡�…�”�‡�–�‡�†���„�›���‘�•�–�‡�‘�„�Ž�ƒ�•�–�•���ƒ�•�†���‘�”��

other bone cells.�q�x Exogenous non-collagenous proteins influence matrix 

mineralisation and bone cell proliferation and include mainly serum albumin and 

�D�r-Heremans-Schmid glycoprotein.�q�x The functions of these proteins are 

numerous and new roles are constantly being described.  

Osteocalcin, also known as bone �G-carboxyglutamic acid (Gla) protein, or bone 

Gla protein (B.G.P) is mainly secreted by osteoblasts.�q�x�á�r�u�á�q�r�v Reported functions 

include inhibition of bone mineralisation, proliferation of �E -cells in the pancreas, 

increased insulin secretion, stimulation of testosterone production, fatty acid 

oxidation, and thermoregulation. �q�r�u�á�q�r�v Measurement of serum osteocalcin 

concentration is commonly used as a marker for bone turnover.�q�x Alkaline 

phosphatase (ALP) is a glycosylated protein present in the osteoblast membrane 

that results in increased concentration of phosphate (promoting mineralisation) 
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and decreased concentration of extracellular pyrophosphate (mineralisation 

inhibitor). �q�x�á�t�s  

Other noncollagenous proteins found in bone include osteopontin and 

osteonectin. Osteopontin is found in the extracellular matrix and is involved in 

osteoclast differentiation and function. �r�u�á�s Osteopontin also acts as a pro-

inflammatory substance and interferes with glucose homeostasis in cells 

regulating energy metabolism.�q�r�u Finally, osteopontin stimulates osteoblast 

differentiation and matrix mineralisation by promoting crystal growth. �q�x�á�s  

1.4.2 Bone mineral  

The inorganic component of the bone matrix is hydroxyapatite [Ca�q�p��(PO�t)�v 

(OH) �r] with smaller quantities of carbonate, Mg, Na, acid phosphate, and Zn.�q�x 

Fluoride is also present in small amounts in the bone matrix.�r�u 

Mineralisation is associated with the activity of ALP, osteocalcin, osteonectin, 

and bone sialoproteins.�u�á�q�x These proteins regulate the size and the amount of 

hydroxyapatite crystal deposition.�q�x Osteoblasts secrete membrane-bound matrix 

vesicles that initiate the process of mineralisation.�w�p�á�r�u These vesicles become 

entrapped in the newly synthesized extracellular collagen fibrils.�u  

Matrix vesicles contain molecules, such as phosphatidyl serine, calpactin 

(annexin �������á���ƒ�•�…�Š�‘�”�‹�•�������������ƒ�•�•�‡�š�‹�•�������á���ƒ�•�†���ƒ�•�•�‡�š�‹�•���������™�‹�–�Š���…�ƒ�Ž�„�‹�•�†�‹�•�����y���á���–�Š�ƒ�–��

bind and transport Ca into the matrix vesicles.�t Phosphate concentration is 

increased around and inside the vesicles by the action of ALP, adenosine 

monophosphate phosphodiesterase, adenosine triphosphatase, ectonucleotide 

�’�›�”�‘�’�Š�‘�•�’�Š�ƒ�–�ƒ�•�‡���’�Š�‘�•�’�Š�‘�†�‹�‡�•�–�‡�”�ƒ�•�‡�q�á���ƒ�•�†���•�—�…�Ž�‡�‘�•�‹�†�‡���–�”�‹�’�Š�‘�•�’�Š�ƒ�–�‡��
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pyrophosphohydrolase.�t�á�y�t The continuous increase of Ca and phosphate within 

the matrix vesicles leads to precipitation and formation of CaPO�t (a non-

crystalline precursor of hydroxyapatite).�t�á�u Matrix vesicle ATPases also contribute 

to CaPO�t precipitation but in a lower amount than once believed.�u This 

preformed mineral crystal perforates the membrane of the matrix vesicles 

(through the action of phosphol ipases and proteases) and is exposed to the 

extracellular space.�t�á�u The second phase of mineralisation (termed mineral 

propagation) is then initiated which is characterised by the accumulation and 

growth of the crystal.�t�á�u Collagen fibrils are arranged in a quarter-staggered array 

leaving gaps or “holes” at the end of the collagen triple helix bundles where 

crystals are deposited, known as intrafibrillar mineralisation.�u�á�y�s�á�x�q Crystals can 

also be deposited between and on the surfaces of the collagen fibrils and this is 

known as interfibrillar mineralisation. �x�q 

1.5 Nutritional diseases of bone  

Disturbances in bone development and growth, and abnormal bone metabolism 

can be due to a range of factors including nutritional deficiencies and/or 

disorders in the metabolism of proteins, lipids, carbohydrates, minerals, 

especially Ca and phosphorus, and vitamins, especially vitamin D.�w�x�á�t�r�á�s�t�á�w�r�á�r�u 

Metabolic bone diseases or osteodystrophies in production animals include 

osteoporosis, osteomalacia/rickets, and fibrous osteodystrophy and are primarily 

caused by dietary deficiencies in Ca, phosphorus, vitamin D, copper, and/or 

protein. �r�r Genetic defects (in enzymes or cellular receptors) can also cause 

osteodystrophies but these conditions are rare in production animals.�q�u�á�s�s 
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The following sections will discuss the metabolism of Ca and phosphorus 

(principal causes of osteodystrophies) and the role they play in the emergence of 

osteodystrophies.  

1.5.1 Calcium and phosphorus as elements associated with 

nutritional diseases of bone  

1.5.1.1 Calcium  

���Ž�•�‘�•�–���y�y�Ä���‘�ˆ���„�‘�†�›�����ƒ���‹�•���‹�•���„�‘�•�‡�•���™�‹�–�Š���–�Š�‡���”�‡�•�ƒ�‹�•�‹�•�‰���q�Ä���‹�•���‡�š�–�”�ƒ�…�‡�Ž�Ž�—�Ž�ƒ�”���ˆ�Ž�—�‹�†�•��

and soft tissues.�q�p�p In extracellular fluids, three distinct fractions of Ca are 

recognised, a protein-bound fraction (to albumin and other plasma proteins), a 

complexed to anions fraction (to citrate, phosphate or bicarbonate), and the 

physiologically active or the ionised fraction (Ca�r�Æ).�y�y�á�r�u In bone, Ca is present 

either as readily mobilizable extracellular Ca or forming part of hydroxyapatite 

crystals.�y�y  

In ruminants, Ca from the diet first becomes solubilized by acids in the 

abomasum and is predominantly absorbed in the small intestine.�r�r�á�t�p ���‘�—�•�‰��

growing animals absorb most of the Ca that is provided in the diet while adult 

cows only absorb the Ca that is needed to replace that lost due to renal or 

intestinal excretion.�y�y�á�r�r However, this changes in periods of high Ca demand 

(pregnancy, lactation, and periods of Ca deficiency).�y�y�á�r�r Calcium absorption is 

also dependent on the type of diet, the amount of Ca present, and the presence or 

not of substances that can interfere with Ca absorption, including phosphate, 

phytates, oxalate, and fatty acids.�y�y�á�t�p�á�r�r  



 ���Š�ƒ�’�–�‡�”���q��– Review of the Literature 

�r�p 
 

At the cellular level, intestinal absorption occurs either by a saturable, carrier-

mediated, vitamin D-dependent transcellular transport mechanism or by a non-

saturable intercellular or paracellular transport (relied on in animals with vitamin 

D deficiency).�q�r�s�á�t�p�á�y�y ���’���–�‘���y�x�Ä���‘�ˆ�����ƒ���‡�š�…�”�‡�–�‡�†���„�›���–�Š�‡���•�‹�†�•�‡�›�•���…�ƒ�•���„�‡���”�‡�ƒ�„�•�‘�”�„�‡�†�á��

�™�‹�–�Š���9�w�p�Ä���”�‡�ƒ�„�•�‘�”�„�‡�†���‹�•���–�Š�‡���’�”�‘�š�‹�•�ƒ�Ž���…�‘�•�˜�‘�Ž�—�–�‡�†���–�—�„�—�Ž�‡�•�á���9�r�p�Ä���‹�•���–�Š�‡���–�Š�‹�…�•��

�ƒ�•�…�‡�•�†�‹�•�‰���Ž�‘�‘�’���‘�ˆ�����‡�•�Ž�‡�á���ƒ�•�†���9�q�p�Ä���‹�•���–�Š�‡���†�‹�•�–�ƒ�Ž���…�‘�•�˜�‘�Ž�—�–�‡�†���–�—�„�—�Ž�‡�•�ä�y�y  

Primary Ca deficiency is due to an inadequate dietary supply and is 

uncommon.�r�r�á�t�p Instead secondary deficiency is due to either hyperphosphatemia 

or vitamin D deficiency which reduces Ca intestinal absorption.�r�r�á�t�q  

1.5.1.2 Phosphorus  

���‡�–�™�‡�‡�•���x�p�Ä��– �x�u�Ä���‘�ˆ���–�‘�–�ƒ�Ž���’�Š�‘�•�’�Š�‘�”�—�•���‹�•���–�Š�‡���„�‘�†�›���‹�•���’�”�‡�•�‡�•�–���‹�•���„�‘�•�‡�•���‹�•���–�Š�‡��

form of hydroxyapatite or as calcium phosphate.�v�q�á�x�x The remainder of total 

phosphorus is present as inorganic phosphate or as part of phospholipids, 

phosphocreatine, adenosine molecules, and several carbohydrate 

metabolites.�t�r�á�x�x�á�v�q  

Phosphorus present in the diet and from biliary, pancreatic, and intestinal 

secretion is absorbed in the small intestine.�x�x Factors that regulate absorption 

�‹�•�…�Ž�—�†�‡���–�Š�‡���ƒ�•�‘�—�•�–���’�”�‡�•�‡�•�–���‹�•���–�Š�‡���†�‹�‡�–�á���q�á�r�u�������r)D�s, and PTH.�x�x�á�t�r Other factors 

that affect phosphorus absorption include epidermal growth factor, 

glucocorticoids, oestrogens, metabolic acidosis, phosphatonins, and secreted 

frizzled related protein -�t�ä�x�x The phosphorus necessary for bone mineralisation is 

provided by ALP that cleaves phosphorus from the complexed form beta-glycerol 
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phosphate.�x�x Renal phosphate reabsorption occurs principally in the proximal 

convoluted and straight tubules.�x�x 

Primary dietary phosphorus deficiency occurs predominantly in regions with low 

phosphorus content in the soil.�v�q Generally, signs and symptoms of phosphorus 

deficiency manifest after months or years of deficiency.�r�r However, in early-

lactation cows an acute and transient phosphorus deficiency may occur two to 

four weeks after calving, is associated with lethargy, reduction in milk 

production, and may result in acute intravascular haemolysis (post-parturient 

haemoglobinuria).�q�p�w Marginal phosphorus content in feed rations combined with 

reduced intake around calving and the increased mineral requirements for milk 

production are thought to be responsible.�r�r Excessive Ca, Al, or Fe in soil reduces 

phosphorus availability to plants and can also lead to phosphorus deficiency.�r�r  

Serum inorganic phosphorus concentration can be used to assess short-term 

dietary phosphorus supply and intake, it is, however, not useful in the diagnosis 

of chronic phosphorus deficiency because of compensatory bone phosphorus 

mobilisation. �v�q Additionally, serum phosphorus concentration fluctuates during 

the day and is affected by age, milk production, pregnancy, breed, and sample 

source.�v�q�á�r�r A reliable method to estimate phosphorus status is estimating the 

dietary phosphorus content along with feed intake.�r�r  

Determination of total bone ash and total bone Ca and phosphorus concentration 

�—�•�‹�•�‰���ƒ���•�ƒ�•�’�Ž�‡���‘�ˆ���–�Š�‡���q�rth rib, may provide useful information on the 

concentration of these elements in the animal.�r�r Although there is conflicting 

information regarding threshold values of phosphorus in bone and the type of 



 ���Š�ƒ�’�–�‡�”���q��– Review of the Literature 

�r�r 
 

sample used for analysis (rib bone vs tail bone).�v�q�á�r�r Evaluation of Ca/ phosphorus 

concentrations must consider that changes in bone associated with Ca and 

phosphorus deficiencies occur slowly.�r�r  

In young animals, phosphorus deficiency causes slower growth rates and 

rickets.�s�t In adults there is an initial subclinical stage, followed by reduced feed 

intake and finally osteomalacia.�r�r In the first report of naturally occurring disease 

�‹�•���…�ƒ�–�–�Ž�‡���‹�•���–�Š�‡���‡�ƒ�”�Ž�›���q�y�p�p�•���ƒ�•���ƒ�’�’�‡�–�‹�–�‡���ˆ�‘�”���„�‘�•�‡�•�����‘�•�–�‡�‘�’�Š�ƒ�‰�‹�ƒ�����™�ƒ�•���…�‘�•�•�‹�†�‡�”�‡�†��

the main indicator of disease.�q�p�y This behaviour is known as pica (which can lead 

to botulism) and animals can also eat wood and soil.�v�q�á�q�p�y Ill thrift, anorexia, 

impaired growth, reduced fertility, and lameness are also reported with 

phosphorus deficiency in ruminants.�r�r Lameness associated with phosphorus 

deficiency is referred to as styfsiekte in South Africa, creeps in Texas, and pegleg 

in Australia.�v�q  

1.5.1.3 Hormonal control of calcium and phosphorus metabolism  

Calcium and phosphorus metabolism and regulation of plasma concentrations 

�ƒ�”�‡���…�‘�•�–�”�‘�Ž�Ž�‡�†���„�›���������á���q�á�r�u���������rD�s, calcitonin, and the phosphatonin system, 

�’�”�‹�•�ƒ�”�‹�Ž�›���ˆ�‹�„�”�‘�„�Ž�ƒ�•�–���‰�”�‘�™�–�Š���ˆ�ƒ�…�–�‘�”���r�s�����	�
�	�r�s���ä�� 

1.5.1.3.1 Parathyroid hormone  

Parathyroid hormone is secreted when Ca-sensing receptors (predominantly on 

parathyroid gland chief cells and less on parathyroid oxyphil cells) sense low 

serum ionised Ca concentrations.�t�p In the kidney, PTH stimulates Ca 

reabsorption in the distal convoluted tubules and phosphate excretion in the 

proximal tubules.�x�x�á�v�v�á�y�y When the decrease in blood Ca concentration is minor, 
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renal Ca reabsorption might be all that is required to restore blood Ca 

concentration.�t�p Parathyroid hormone-�”�‡�Ž�ƒ�–�‡�†���’�”�‘�–�‡�‹�•���†�—�‡���–�‘���‹�–�•���w�p�Ä���•�‡�“�—�‡�•�…�‡��

homology with PTH can also bind to PTH receptors in bone and renal tubular 

epitheli�ƒ�Ž���…�‡�Ž�Ž�•���„�—�–���†�‘�‡�•���•�‘�–���•�–�‹�•�—�Ž�ƒ�–�‡���–�Š�‡���”�‡�•�ƒ�Ž���q�D hydroxylase enzyme (necessary 

for vitamin D formation). �y�y  

���ƒ�”�ƒ�–�Š�›�”�‘�‹�†���Š�‘�”�•�‘�•�‡���’�”�‘�•�‘�–�‡�•���–�Š�‡���…�‘�•�˜�‡�”�•�‹�‘�•���‘�ˆ���r�u-hydroxyvitamin D �s to 

�q�á�r�u�������r)D�s (active vitamin D) which stimulates intestinal Ca and phosphate 

absorption. �q�r�s�á�v�v In bone PTH can have either a catabolic or an anabolic role.�v�v 

The catabolic effect of PTH is through the stimulation of osteoblasts to secrete 

macrophage colony-stimulating factor and RANKL which activates osteoclasts to 

digest hydroxyapatite crystals for Ca and phosphorus release.�t�p�á�v�v Osteocytes are 

also activated by PTH to pump Ca and phosphate from the bone extracellular 

space into the blood.�t�p The net result of increased bone resorption is to release 

large amounts of Ca and phosphorus into the blood.�y�y�á�v�q�á�t�p Conversely, when 

administered in intermittent low doses, for the treatment of osteoporosis in 

humans, PTH has an anabolic effect with increased bone formation due to 

increased osteoblast differentiation.�y�p  

Synthesis and release of PTH �‹�•���‹�•�Š�‹�„�‹�–�‡�†���„�›���q�á�r�u���������rD�s and increased serum 

ionised Ca concentration.�y�y�á�s�t Fibroblast growth factor-�r�s���…�ƒ�•���„�‹�•�†���–�‘���ƒ���”�‡�…�‡�’�–�‘�”��

in the parathyroid gland supressing PTH gene expression and serum PTH 

concentrations.�x�x A decrease in PTH secretion in cows with hypomagnesemia is 

believed to be secondary to a reduction of adenylyl cyclase enzyme activity 

(necessary for the conversion of Mg-ATP to cyclic AMP).�t�p Finally, diets low in Ca 
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during the prepartum period stimulate PTH secretion allowing an increase in the 

number of active osteoclasts, osteoclastogenesis, and enterocytes to become 

more efficient in the absorption of Ca thus reducing the possibility of the cow 

developing milk fever.�t�p  

1.5.1.3.2 Vitamin D  

Vitamin D is available to animals from either or both the i �•�‘�•�‡�”�‹�•�ƒ�–�‹�‘�•���‘�ˆ���w-

�†�‡�Š�›�†�”�‘�…�Š�‘�Ž�‡�•�–�‡�”�‘�Ž�����w-DHC) in the skin to vitamin D �s (cholecalciferol) during 

exposure to ultraviolet light and/or ingestion of vitamin D �r (ergocalciferol) or D�s 

in the diet. �r�r�á�t�p�á�s�t�á�u�t The content of vitamin D �r in forages is not consistent and 

vitamin D �r is poorly metabolised in cattle compared to vitamin D�s hence forages 

are not considered an important source of vitamin D in cattle.�x�p 

The production of vitamin D �s by dairy cows is directly correlated with the 

amount of skin exposed to ultraviolet radiation, and blanketing or housing cows 

reduces vitamin D�s production. �t�p�á�r�r Other factors that negatively affect ultraviolet 

radiation include latitude (further from the equator, less ultraviolet radiation), 

altitude, sky conditions (cloudiness, overcast, presence of smoke), and season 

(winter). �s�t In cows raised indoors and with poor sunlight exposure, vitamin D 

supplementation (feed additives or parentally) should be considered.�u�r Primary 

hypovitaminosis D is most commonly due to a lack of ultraviolet solar irradiation 

of the skin, often coupled with a deficiency of preformed vitamin D in the diet. �r�r 

Secondary hypovitaminosis D is due to excess carotenes present in lush green 

feed including cereal crops.�r�r 
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Once produced in the skin vitamin D�s plus the vitamin D �r and D�s ingested with 

the diet and absorbed by the small intestine are transported to the liver where 

�r�u-hydroxyvitamin D �s and D�r ���r�u���������� �s �ƒ�•�†���r�u�����������r) is produced by the 

action of hepatic vitamin D-�r�u���Š�›�†�”�‘�š�›�Ž�ƒ�•�‡�ä�s�t The concentration of total 

�r�u���������� �s is used to assess vitamin D dietary intake and/or skin production.�t�p�á�s�t 

���‡�š�–�á���r�u�����������s is transported to the kidney, where at least two additional 

derivatives can be formed by the renal vitamin D-�q�D-hydroxylase enzyme.�x�x�á�q�r�s�á�s�t 

���Š�‡���’�”�‡�†�‘�•�‹�•�ƒ�•�–���ƒ�…�–�‹�˜�‡���ˆ�‘�”�•���‹�•���q�á�r�u���������rD�s, produced due to phosphorus or Ca 

deficiency, and PTH secretion.�s�t The other �ˆ�‘�”�•���‹�•���r�t�á�r�u-(OH) �rD a biologically 

inert metabolite. �r�r 

Active vitamin D promotes Ca and phosphorus intestinal absorption and 

intracellular transport. �s�t�á�q�r�s�á�x�x In the kidney, vitamin D promotes Ca absorption in 

the distal convoluted tubules and collecting ducts.�s�t Increased renal and 

intestinal absorption of Ca and phosphorus, in turn, inhibits continual PTH 

secretion.�y�y�á�t�p�á�x�x�á�r�u ���Š�‡�”�‡���‹�•���ƒ�Ž�•�‘���•�‡�‰�ƒ�–�‹�˜�‡���ˆ�‡�‡�†�„�ƒ�…�•���‘�•���–�Š�‡���q�D-hydroxylase 

enzyme.�s�t 

���•���„�‘�•�‡�á���q�á�r�u�������r)D�s��upregulates RANKL and inhibits OPG expression hence 

stimulating bone resorption. �s�t Additionally, chondrocytes, osteoblasts, 

�‘�•�–�‡�‘�…�Ž�ƒ�•�–�•�á���ƒ�•�†���‘�•�–�‡�‘�…�›�–�‡�•���…�ƒ�•���’�”�‘�†�—�…�‡���q�á�r�u���������rD�s locally thus increasing bone 

formation and mineralisation. �s�t  

1.5.1.3.3 Calcitonin  

Calcitonin, is secreted by C-cells in the thyroid gland and acts contrary to vitamin 

D, decreasing plasma Ca concentrations.�r�u Its receptor CTR is expressed on 
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osteoclasts and binding decreases bone resorption.�q�t Calcitonin activity is 

diminished under metabolic acidosis.�y�w 

1.5.1.3.4 Fibroblast growth factor 23  

Fibr�‘�„�Ž�ƒ�•�–���‰�”�‘�™�–�Š���ˆ�ƒ�…�–�‘�”���r�s���‹�•���’�”�‘�†�—�…�‡�†���„�›���‘�•�–�‡�‘�„�Ž�ƒ�•�–�•���ƒ�•�†���‘�•�–�‡�‘�…�›�–�‡�•���ƒ�•�†��

�•�‡�…�”�‡�–�‹�‘�•���‹�•���‹�•�…�”�‡�ƒ�•�‡�†���™�‹�–�Š���Š�›�’�‡�”�’�Š�‘�•�’�Š�ƒ�–�‡�•�‹�ƒ���‘�”���‹�•�…�”�‡�ƒ�•�‡�†���’�Ž�ƒ�•�•�ƒ���q�á�r�u���������rD�s 

concentration.�t�x ���Š�‡���‘�—�–�…�‘�•�‡���‘�ˆ���ƒ�…�–�‹�˜�ƒ�–�‹�‘�•���‘�ˆ���	�
�	�r�s���‹�•���ƒ���†�‡�…�”�‡�ƒ�•�‡���‹�•���’�Ž�ƒ�•�•�ƒ��

�’�Š�‘�•�’�Š�‘�”�—�•���ƒ�•�†���q�á�r�u���������rD�s concentrations in blood. �t�x In renal tubular cells 

�	�
�	�r�s���ƒ�•�†���‹�–�•���…�‘�ˆ�ƒ�…�–�‘�”���•�Ž�‘�–�Š�‘�á���†�‡�…�”�‡�ƒ�•�‡���’�Š�‘�•�’�Š�‘�”�—�•���”�‡�•�‘�”�’�–�‹�‘�•�ä�t�x Fibroblast 

growth factor-�r�s���ƒ�Ž�•�‘���†�‡�…�”�‡�ƒ�•�‡�•�����������•�‡�…�”�‡�–�‹�‘�•�ä�t�x ���•���–�Š�‡���‹�•�–�‡�•�–�‹�•�‡�á���	�
�	�r�s���…�ƒ�•��

downregulate phosphorus absorption.�t�x 

1.5.2 Other compounds associated with osteodystrophy in 

ruminants  

1.5.2.1 Copper  

Copper (Cu) is a transition group metal essential for animals and plants.�q�q�r It is a 

component of numerous enzymes including, cytochrome oxidase (necessary for 

cell respiration), ceruloplasmin (for Fe metabolism), tyrosinase (for melanin 

synthesis), superoxide dismutase (antioxidant), and LOX (an enzyme necessary 

for crosslinks in collagen and elastin).�r�t  

Since Cu deficiency is more common than toxicity in production animals in New 

Zealand, the literature review will be restricted to Cu deficiency.�q�q�r Animals can 

obtain Cu from plants, feed additives (such as Cu sulphate, Cu chloride, and Cu 

oxide), chelated Cu in the diet, administration of Cu-containing boluses, or 

injections.�q�q�r�á�t�u The principal site for Cu absorption is the small intestine although 

���—���ƒ�„�•�‘�”�’�–�‹�‘�•���‹�•���”�—�•�‹�•�ƒ�•�–�•���‹�•���Ž�‘�™�����q�ä�p–�q�p�ä�p�Ä�����…�‘�•�’�ƒ�”�‡�†���–�‘���•�‘�•�”�—�•�‹�•�ƒ�•�–�•�ä�q�y�á�q�p�u 
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Factors that influence Cu absorption in ruminants and that can influence Cu 

availability in the body and the activity of Cu-dependent enzymes include:  

�x Age: absorption is greater in young animals.  

�x Season: absorption increases in autumn and diminishes during spring. 

�x Interaction with Mo and S: a dietary excess of these two elements will 

decrease Cu absorption and interfere with Cu hepatic metabolism by the 

formation of thiomolybdates.  

�x Interaction with Fe: high dietary intake of Fe reduces Cu absorption in 

cattle and sheep. 

�x Type of soil: deficiencies are described in cattle grazing on coastal sands, 

sandy soils, and peat soils.�w�x�á�t�u 

In the blood, Cu is transported to the liver by transcuprein and albumin.�t�u�á�q�q�r 

Once in the liver, Cu can be either be stored in lysosomes, returned to the 

gastrointestinal tract via the bile, and/or combined with ceruloplasmin (for 

transport to cells in the body).�t�u�á�q�q�r Finally, Cu readily crosses the placenta, very 

little is present in milk and only a small amount is excreted in the urine.�t�u  

As with other minerals, Cu deficiency can be primary (dietary deficiency) or 

secondary (associated with excessive Mo, S, sulphates, Fe, Ca, Zn, and Cd).�r�r 

Signs of Cu deficiency in cattle include ill thrift, changes in coat colour and 

roughness, osteoporosis, significant tooth wear, delayed puberty, depressed 

fertility and impaired immune system, and sudden death (secondary to blood 

vessel fragility and rupture).�t�u�á�w�x Bone-related clinical signs in ruminants grazing 

Cu-deficient pasture include poor growth and weight gain, lameness, 
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enlargement of joints, increased brittleness of bones, and increased incidence of 

spontaneous fractures.�t�t�á�u�p�á�w�x�á�q�p�x 

Assessment of Cu status in cattle can be complex and many different tests may be 

needed to achieve an accurate diagnosis.�v�t The liver is the organ where Cu is 

stored (long-term storage pool) and liver biopsies for assessment of Cu status are 

considered a reliable test.�v�t�á�s�v The liver concentration of most minerals represents 

�™�Š�ƒ�–���–�Š�‡���†�‹�‡�–���Š�ƒ�•���„�‡�‡�•���‘�˜�‡�”���–�Š�‡���Ž�ƒ�•�–���s�p���†�ƒ�›�•�ä�s�v Plasma and/or serum 

�…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•���‘�ˆ�����—�����–�”�ƒ�•�•�’�‘�”�–���’�‘�‘�Ž�����ƒ�•�†���…�‡�”�—�Ž�‘�’�Ž�ƒ�•�•�‹�•�����x�p�Ä���‘�ˆ�����—���‹n serum is 

present in ceruloplasmin) may also provide information on Cu status in cattle but 

paired liver and blood Cu concentrations are probably of the greatest diagnostic 

value.�v�t�á�s�v�á�r�r A lower-than-normal hepatic Cu concentration is the earliest sign of 

inadequate Cu consumption and inadequate storage in the liver.�s�v When liver Cu 

stores are within a normal range, serum Cu concentrations remain stable.�s�v 

Thiomolybdates can be absorbed into the bloodstream and have a Cu chelating 

effect, mobilizing Cu from tissue stores into a form that is not functional.�s�v When 

there are significant concentrations of circulating thiomolybdates, serum Cu 

concentrations may be in the normal range, even though there is a Cu 

deficiency.�s�v 

1.5.2.2 Molybdenum  

Molybdenum is an essential trace element and cofactor of redox enzymes.�s�q 

Experimentally, deficiency and excess (toxicity) can inhibit early growth, and 

cause growth retardation and skeletal deformities.�s�q Molybdenum in the diet is a 

Cu antagonist (and phosphorus antagonist), and as a result, the signs of toxicity 
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are those of Cu deficiency.�r�s�á�s�v Molybdenum and S interactions can occur in the 

rumen with the formation of thiomolybdates (mono -, di-, tri- , and tetra 

thiomolybdates) that then form insoluble complexes with Cu.�q�p�u The maximum 

�–�‘�Ž�‡�”�ƒ�„�Ž�‡���†�‹�‡�–�ƒ�”�›���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•���‘�ˆ�����‘���‹�•���•�—�‰�‰�‡�•�–�‡�†���–�‘���„�‡���q�p�•�‰���•�‰���†�‹�‡�–�á���ƒ�Ž�–�Š�‘�—�‰�Š��

�ƒ�•���Ž�‹�–�–�Ž�‡���ƒ�•���u�•�‰�����‘���•�‰���†�‹�‡�–���…�ƒ�•���…�ƒ�—�•�‡�����—���†�‡�ˆ�‹�…�‹�‡�•�…�›���‹�•���Š�‡�‹�ˆ�‡�”�•�ä�r�s 

Molybdenum in the diet is readily absorbed and serum, whole blood, milk, liver, 

and kidney values reflect dietary intake.�s�v The assessment of serum and hepatic 

Mo concentrations is useful as an indicator of excessive intake leading to 

secondary Cu deficiency.�s�v 

1.5.2.3 Zinc  

Zinc is an important cofactor for many enzymes in the body (e.g. Cu/Zn 

superoxide dismutase, carbonic anhydrase, alcohol dehydrogenase, 

carboxypeptidase, ALP, RNA polymerase), it is necessary for prostaglandin 

synthesis and is also an antioxidant.�s�q�á�r�s Zinc and Cu are antagonists, so an excess 

of Zn in the diet can cause Cu deficiency.�r�s 

Zinc deficiency is associated with bone growth retardation, skeletal deformities, 

and osteopenia, but determining the Zn status of an animal is difficult because 

there is no defined storage pool of Zn in the body.�s�q�á�s�v Zinc concentrations can be 

measured in the liver, reproductive organs (especially the testes), pancreatic 

tissue, and bone and although liver Zn concentrations do not always correlate 

with Zn intake, they do decrease after short periods of dietary deficiency, as do 

serum Zn concentrations.�s�v  
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1.5.2.4 Iron 

Iron deficiency and excess are both associated with altered bone metabolism.�s�q 

���‹�–�Š���†�‡�ˆ�‹�…�‹�‡�•�…�›���–�Š�‡�”�‡���‹�•���†�‡�…�”�‡�ƒ�•�‡�†���•�‡�”�—�•���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•���‘�ˆ���q�á�r�u�������r)D�s, insulin-

�Ž�‹�•�‡���‰�”�‘�™�–�Š���ˆ�ƒ�…�–�‘�”���q�á���ƒ�•�†���‘�•�–�‡�‘�…�ƒ�Ž�…�‹�•�ä�s�q Iron is a cofactor for prolyl and lysyl 

hydroxylases (for collagen crosslink formation), an essential cofactor in the 

�‡�•�œ�›�•�‡���r�u-hydroxycholecalciferol hydroxylase necessary for vitamin D formation 

(affecting Ca absorption).�x�t Excess concentrations are hypothesize to increased 

bone resorption, and increased risk of bone fractures.�s�q  

Ruminants are often exposed to high Fe intakes through ingestion of water, soil, 

or feedstuffs that are high in Fe.�q�p�u ���–�—�†�‹�‡�•���‹�•�†�‹�…�ƒ�–�‡���–�Š�ƒ�–���–�Š�‡���ƒ�†�†�‹�–�‹�‘�•���‘�ˆ���r�u�p–�q�á�r�p�p��

mg of Fe (from ferrous carbonate)/kg of diet greatly reduces Cu status in cattle 

and sheep.�q�p�u  

Iron deficiency caused by a lack of Fe in the diet of production animals is 

uncommon.�s�v Severe blood loss from a parasitic infection or blood loss from 

other causes may produce a secondary Fe deficiency in ruminants.�s�v Determining  

liver and serum concentrations of Fe can be used to diagnose Fe deficiency and 

toxicosis.�s�v Additional diagnostic methods used to determine the body Fe 

concentration include measuring a complete blood count, total Fe-binding 

capacity, and serum ferritin concentration. �s�v  

1.5.2.5 Cadmium  

Toxic accumulation of Cd causes renal tubular dysfunction and can lead to 

osteoporosis, osteoarthritis, osteomalacia, and an increased risk of fractures in 

humans.�s�q�á�w�q Bone disease is associated with a deficiency in the conversion of 
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�r�u���������rD�s �–�‘���q�á�r�u�������r)D�s.�s�q Other effects of Cd toxicity include disturbance of 

Ca metabolism (increases calciuria) and the hormones that control Ca and 

phosphorus metabolism.�s�q In humans, toxic levels of Cd have been found to 

decrease the liver concentration of Fe, Mg, and Se and increase Cu, Zn, and Mn 

liver concentrations.�s�q  

The environmental sources of Cd are related to industry and agriculture 

contamination. �w�q In New Zealand, the main source of contamination is the use of 

phosphate fertilisers leading to Cd accumulation in topsoil, along with 

fluorine. �q�r�á�v�x Other sources include air and sewage contamination from industry 

and from parent rock (mainly sedimentary).�v�x The concentration of Cd present in 

fertilisers is dependent on the type of phosphate rock used to make the 

fertiliser. �v�x ���•���–�Š�‡���Ž�ƒ�–�‡���q�y�x�p�ï�•���ƒ�•�†���‡�ƒ�”�Ž�›���q�y�y�p�ï�•���‘�•�‡���‹�•���ˆ�‹�˜�‡���…�ƒ�–�–�Ž�‡���Š�ƒ�†���•�‹�†�•�‡�›�����†��

concentration above the maximum permissible concentration.�v�x The Cd 

concentration in New Zealand pasture herbage has been observed to be highest 

during autumn and lowest during spring.�v�x 

���ˆ�–�‡�”���ƒ�„�•�‘�”�’�–�‹�‘�•�á���”�—�•�‹�•�ƒ�•�–�•���‡�Ž�‹�•�‹�•�ƒ�–�‡���•�‘�•�–�����†�����Ï�y�p�Ä�����‹�•���–�Š�‡���ˆ�ƒ�‡�…�‡�•�ä�w�q 

Accumulation in the body is mainly found in the kidney, liver, small intes tine and 

bone.�w�q�á�q�r It is reported that in lactating dairy cows a limited increase in dietary Cd 

can be tolerated without causing significant issues for animal health.�q�r 

1.5.3 Metabolic bone diseases  

1.5.3.1 Osteoporosis  

Osteoporosis, one of the most common osteodystrophies in humans and animals, 

is defined by the World Health Organisation as a “systemic disease characterised 
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by low bone mass and microarchitectural deterioration of bone with a 

consequent increase in bone fragility and susceptibility to fracture”.�w�w It has been 

�‡�•�–�‹�•�ƒ�–�‡�†���–�Š�ƒ�–���‘�•�–�‡�‘�’�‘�”�‘�•�‹�•���†�‡�˜�‡�Ž�‘�’�•���™�Š�‡�•���ˆ�‘�”���‡�˜�‡�”�›���s�p���—�•�‹�–�•���‘�ˆ���„�‘�•�‡���”�‡�•�‘�”�„�‡�†�á��

�‘�•�Ž�›���r�y���ƒ�”�‡���”�‡�’�Ž�ƒ�…�‡�†�ä�v This negative “bone balance” has three possible causes: 

increased osteoclastic activity without increased osteoblastic activity (“high 

turnover”);  normal osteoclastic but decreased osteoblastic activity (“low 

turnover”) and decreased osteoclastic and osteoblastic activity (“atrophic” or 

“adynamic” bone).�r�u  

1.5.3.1.1 Osteoporosis in ruminants  

Osteoporosis in farm animals is uncommon.�r�r An unusually high incidence of 

bone fractures without a history of trauma in a group of animals is very 

suggestive of osteoporosis and should prompt evaluation of animal nutrition and 

husbandry practices.�r�u  

The most important form of osteoporosis in animals is due to nutritional deficits 

of either a specific nutrient (Ca, phosphorus, Cu) or secondary to starvation when 

animals graze in areas prone to drought or when there is overstocking of 

paddocks.�r�u Starvation is associated with reduced bone formation secondary to 

protein/calorie deficiencies in the diet leading to decreased insulin-like growth 

�ˆ�ƒ�…�–�‘�”���q���ƒ�•�†���‘�‡�•�–�”�‘�‰�‡�•�á���ƒ�•�†���‹�•�…�”�‡�ƒ�•�‡�†��peroxisome proliferator-activated receptor �G��

that induces adipocyte differentiation of osteoprogenitor cells instead of 

osteoblasts differentiation.�r�u  

Calcium deficiency alone only produces osteoporosis in sheep and cattle, in other 

animal species it results in fibrous osteodystrophy.�r�u However, there is also 



 ���Š�ƒ�’�–�‡�”���q��– Review of the Literature 

�s�s 
 

increased osteoclastic resorption due to PTH secretion in response to 

hypocalcaemia.�t�p Lactational osteoporosis is observed in gilts fed rations 

deficient in Ca with normal or excess phosphorus.�r�u  

Severe gastrointestinal parasitism can produce osteoporosis in animals likely 

secondary to malabsorption of nutrients and inflammation.�r�á�u�u�á�v�y In lambs, 

subclinical parasitism can lead to deficiency of phosphorus carrier proteins in the 

intestinal mucosa resulting in decreased serum phosphorus concentration and 

decreased availability of energy and protein.�r�u Pro-inflammatory cyt okines 

released with parasitism include TNF-�D�á��IL-�q�á���ƒ�•�†������-�v���ƒ�•�†���–�Š�‡�•�‡���…�ƒ�•���‹�•�†�—�…�‡��

RANKL production by osteoblasts and osteocytes thus increasing osteoclast 

differentiation. �x�r�á�r�u Reduction in bone formation is secondary to cytokine-

induced inhibition of r unt-�”�‡�Ž�ƒ�–�‡�†���–�”�ƒ�•�•�…�”�‹�’�–�‹�‘�•���ˆ�ƒ�…�–�‘�”���r, increased dickkopf-�q�á��

and sclerostin.�x�r  

Chronic lead poisoning in lambs can cause osteoporosis as a result of deficient 

production of osteoid.�r�u Chronic fluoride exposure in sheep leading to Ca 

deficiency was also found to be associated with osteoporosis and fragility 

fractures of long bones.�q�p�t Other reported causes of osteoporosis include vitamin 

A toxicity, hyperthyroidism, chronic metabolic acidosis, chronic exposure to Cd, 

cyclosporin, and certain anticonvulsant drugs.�r�u  

Diagnosis of osteoporosis in veterinary medicine can be done through gross 

evaluation of the cut surface of bone at post-mortem examination, although is 

only accurate when there is advanced bone loss.�r�u�á�q�q�p Suitable bones to evaluate 

for osteoporosis include vertebral bodies, scapula, ribs, and long bones although 
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bones with higher volumes of trabecular bone, such as vertebrae, are better to 

assess bone loss.�r�u�á�q�q�p Bones may also be prone to breaking (fracture) when force is 

applied.�r�u Other changes that can be observed grossly include thickened 

trabeculae extending through the medullary cavity (which may represent 

strengthening attempts in an area subjected to biomechanical stress and are 

called reinforcement lines or bone bars), enlargement of the medullary cavity, 

and thin cortices (due to cortical bone resorption).�r�u In young animals there can 

be delayed tooth formation and eruption, teeth overcrowding with malocclusion, 

and malalignment.�r�u  

Microscopic evaluation of bone samples will provide information on bone quality 

and in some cases permit differentiation between osteoporosis due decreased 

bone formation (characterised by normal numbers of thin trabeculae) or due to 

increased bone resorption (characterised by a reduced number of trabeculae) as 

well as differentiation from other osteodystrophies.�r�u�á�s�r�á�q�r�t In young animals, 

hypertrophic chondrocytes in the growth plate may be reduced in number, with 

the hypertrophic zone being narrow or absent.�r�u Chondrocytes may appear 

smaller with increased intercellular cartilaginous matrix and the primary 

spongiosa may be completely absent.�r�u Trabeculae may have microfractures, and 

growth arrest lines (indicates periods of malnutrition and/or starvation) may be 

present.�r�u�á�s�r Serous atrophy of fat is a common feature of starvation-induced 

osteoporosis in animals.�r�u�á�q�q�p 

Histomorphometric evaluation of different histologic parameters including bone 

volume, trabecular thickness, osteoid volume, osteoblastic and osteoclastic 
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activity, and bone mineral apposition rate are not commonly used in veterinary 

medicine but if they were, could provide reliable information for the diagnosis of 

osteodystrophies allowing quantitative information on bone growth rate, bone 

modelling and remodelling.�s�w Lastly, bone ash measurement may provide 

information on the matrix -mineral relationship. �r�u 

1.5.3.2 Rickets and osteomalacia  

Rickets and osteomalacia are considered together due to similar causes and 

pathogenesis.�s�t Rickets is secondary to vitamin D deficiency or phosphorus 

deficiency.�s�t This results in abnormal Ca and phosphorus metabolism leading to 

abnormal endochondral ossification and defective bone formation, as such 

rickets occurs in young growing animals and children.�v�s�á�s�t Osteomalacia occurs in 

adult humans and animals and is characterized by a failure of osteoid 

mineralisation leading to a reduction in bone strength.�r�r�á�r�u�á�v�s Direct inhibitors of 

the mineralisation process such as metabolic acidosis, F, Fe, and Cd, are also 

considered causes of rickets and osteomalacia in humans.�v�s 

1.5.3.2.1 Rickets and osteomalacia in ruminants  

Deficiencies of vitamin D and phosphorus predispose young animals to rickets 

due to the increased nutritional requirements for early growth and 

development.�r�r�á�q�q�s On the other hand, adult animals have increased nutritional 

demands during periods of pregnancy, lactation, or both, which can predispose 

them to osteomalacia.�r�r�á�r�u  

Most herbivores rely on sunlight to produce vitamin D and if animals are kept 

indoors or graze at latitudes where solar irradiation is insufficient (parts of the 



 ���Š�ƒ�’�–�‡�”���q��– Review of the Literature 

�s�v 
 

United Kingdom, South America, New Zealand, and southern Australia), 

especially during winter, minimal dermal photobiosynthesis of vitamin D 

occurs.�r�u�á�x�w�á�r�r Most reported outbreaks of rickets or osteomalacia in cattle are 

associated with phosphorus deficiency and include, yearling steers wintered on 

Brassica napus ���•�™�‡�†�‡�����ˆ�‘�”���‘�˜�‡�”���s���•�‘�•�–�Š�•���†�—�”�‹�•�‰���™�‹�•�–�‡�”���‹�•�����‡�™�����‡�ƒ�Ž�ƒ�•�†�á���ƒ�ˆ�–�‡�”��

periods of drought in parts of Australia, and in calves kept indoors and fed oats, 

sugar beet pulp, barley and hay and raw potatoes in England.�q�q�q�á�y�x�á�q�p�v  

Hereditary forms of rickets confirmed by genetic testing have increasingly been 

recognised in animals.�q�q�s Vitamin D –dependent rickets type I due to a defect in 

�–�Š�‡���”�‡�•�ƒ�Ž���q�D-�Š�›�†�”�‘�š�›�Ž�ƒ�•�‡���‡�•�œ�›�•�‡�����������r�w���q���á���Š�ƒ�•���„�‡�‡�•���†�‡�•�…�”�‹�„�‡�†���‹�•�����ƒ�•�•�‘�˜�‡�”��

pigs, Saint Bernard dogs, and cats.�q�u�á�u�y�á�r�u Hereditary vitamin D –resistant rickets 

caused by a defect in the vitamin D receptor-effector system in the cells of target 

organs have been described in a Pomeranian dog and a cat with autosomal 

recessive mutations in the receptor.�s�t�á�q�q�s Lastly, in New Zealand, autosomal 

�”�‡�…�‡�•�•�‹�˜�‡���Š�›�’�‘�’�Š�‘�•�’�Š�ƒ�–�‡�•�‹�…���”�‹�…�•�‡�–�•���–�›�’�‡���q���…�ƒ�—�•�‡�†���„�›���ƒ���•�‘�•�•�‡�•�•�‡���•�—�–�ƒ�–�‹�‘�•���‹�• 

dentin matrix acidic phosphoprotein �q���Š�ƒ�•���„�‡�‡�•���†�‡�•�…�”�‹�„�‡�†���‹�•�����‘�”�”�‹�‡�†�ƒ�Ž�‡���•�Š�‡�‡�’�ä�s�r  

Lameness and pathologic fractures are common clinical signs observed in some 

affected animals.�s�t�á�q�q�s Pathologic fractures commonly occur in bones that show 

rapid growth (long bones), ribs, and vertebrae, and may be precipitated by 

sudden exercise, yarding, or handling of the animals.�r�r�á�q�q�s  

Gross lesions of rickets are prominent in the metaphyseal and epiphyseal regions 

of long bones, and costochondral junctions where the enlargement of these 

junctions is known in human medicine as the “rachitic rosary”.�s�t Cut sections of 
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the ribs can show irregular often thickened growth plates with tongues and 

islands of unresorbed cartilage extending into the metaphysis admixed with 

haemorrhage and fibrous tissue.�s�t�á�q�q�s�á�q�q�p In long bones, similar lesions are seen in 

physes with rapid growth such as the distal radius, proximal humerus, distal 

femur, and proximal tibia. �q�q�s�á�s�t Different bones may show different severities of 

lesions within the same animal, depending on the rate of growth of that 

bone.�r�u�á�s�t�á�q�q�s Physeal lesions are accompanied by signs of increased bone fragility 

including trabecular resorption, haemorrhages, infractions, and pathologic 

fractures.�q�q�s�á�s�t Lesions in the epiphyseal bone or articular cartilage are usually 

milder due to the slower rate of endochondral ossification in that site, but there 

may be collapse of subchondral bone.�r�u Rickets is also associated with delayed 

and irregular teeth eruption, poor teeth mineralisation, pitting, and 

pigmentation. �s�t�á�q�q�s There is also malalignment, and irregular and rapid tooth 

wear.�r�u 

Histologically there is persistence of hypertrophic chondrocytes in the physis, 

forming irregular masses instead of columns.�q�q�s�á�s�t In the primary spongiosa there 

are islands of chondrocytes with unmineralised and degenerate cartilage matrix, 

unmineralised osteoid and trabecular microfractures or infarctions are also 

common.�s�t Bone trabeculae are thicker, irregular, and surrounded by 

unmineralised osteoid.�r�u If the condition is associated with vitamin D deficiency, 

which causes both hypophosphatemia and hypocalcaemia, there is also increased 

numbers of osteoclasts along with prominent osteoblastic activity and 

proliferation of loose fibrous connective tissue (histological features of 



 ���Š�ƒ�’�–�‡�”���q��– Review of the Literature 

�s�x 
 

hypocalcaemia leading to secondary hyperparathyroidism and fibrous 

osteodystrophy).�r�u�á�s�t�á�q�q�s 

The lesions of osteomalacia include increased unmineralised osteoid in locations 

where biomechanical stress is higher.�q�q�s Trabeculae are reduced in size and 

number and are usually surrounded by unmineralised osteoid.�r�u�á�q�q�s�á�s�t The cortex 

can be thin, soft and with advanced disease there may be pathological 

fractures.�r�u�á�s�t Osteoporotic lesions are usually superimposed especially in animals 

with severe long-term phosphorus deficiencies, as severe deficiency results in 

anorexia leading to protein-calorie deficiency.�r�u  

A valuable diagnostic aid is the ratio of ash to organic matter in the bones.�r�r 

���‘�”�•�ƒ�Ž�Ž�›���–�Š�‡���”�ƒ�–�‹�‘���‹�•���s���’�ƒ�”�–�•���‘�ˆ���ƒ�•�Š���–�‘���r���‘�ˆ���‘�”�‰�ƒ�•�‹�…���•�ƒ�–�–�‡�”�á���„�—�–���‹�•���”�ƒ�…�Š�‹�–�‹�…���„�‘�•e, 

�–�Š�‹�•���•�ƒ�›���„�‡���†�‡�’�”�‡�•�•�‡�†���–�‘���q�ã���r�á���‘�”���–�‘���q�ã���s���‹�•���‡�š�–�”�‡�•�‡���…�ƒ�•�‡�•�ä�r�r 

1.6 Dairy farming in New Zealand  

New Zealand dairy systems are mainly pasture-based and characterised by 

seasonal calving.�q�w Milking on most farms is done twice daily, although on some 

farms once-daily milking is preferred due to an associated reduction in farm 

costs, milk shed expenses, and improvement of mental health of farmers and 

staff.�q�w  

���ƒ�‹�”�›���ˆ�ƒ�”�•�•���‹�•�����‡�™�����‡�ƒ�Ž�ƒ�•�†���Š�ƒ�˜�‡���‰�”�‘�™�•���‹�•���–�Š�‡���’�ƒ�•�–���r�p���›�‡�ƒ�”�•���ˆ�”�‘�•���ƒ�•���ƒ�˜�‡�”�ƒ�‰�‡��

�Š�‡�”�†���•�‹�œ�‡���‘�ˆ���r�u�q���…�‘�™�•���’�”�‘�†�—�…�‹�•�‰���s�q�p���•�‰���‘�ˆ���•�‹�Ž�•���•�‘�Ž�‹�†�•���‹�•���r�p�p�p���p�q���–�‘���ƒ�•���ƒ�˜�‡�”�ƒ�‰�‡��

�Š�‡�”�†���•�‹�œ�‡���‘�ˆ���t�t�p���…�‘�™�•���’�”�‘�†�—�…�‹�•�‰���ƒ�•���ƒ�˜�‡�”�ƒ�‰�‡���‘�ˆ���s�x�u���•�‰���‘�ˆ���•�‹�Ž�•���•�‘�Ž�‹�†�•���‹�•���–�Š�‡��

�r�p�q�y���r�p���•�‡�ƒ�•�‘�•�ä�r�x�á�r�w This increase may have led to health issues not seen before. 

Despite most heifers achieving liveweight targets �ƒ�–���q�r���•�‘�•�–�Š�•���‘�ˆ���ƒ�‰�‡�á���t�t�Ä���‘�ˆ��
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�Š�‡�‹�ˆ�‡�”�•���ƒ�–���•�ƒ�–�‹�•�‰���ƒ�•�†���v�u�Ä���‘�ˆ���Š�‡�‹�ˆ�‡�”�•���ƒ�–���r�r���•�‘�•�–�Š�•���‘�ˆ���ƒ�‰�‡�����’�”�‡-calving) are below 

target liveweights.�t�v Handcock et al�t�w reported that the growth trajectory in 

heifers is not linear with multiple factors affecting growth includi ng breed, 

heterosis, feed supply, nutrition, and season (slower in winter months).�t�w 

���‹�•�–�‡�”���ˆ�‡�‡�†�‹�•�‰���‹�•���‹�•�’�‘�”�–�ƒ�•�–���„�‡�…�ƒ�—�•�‡���‘�˜�‡�”���s�p�Ä���‘�ˆ���–�Š�‡���Š�‡�‹�ˆ�‡�”�ï�•���‰�”�‘�™�–�Š���‘�…�…�—�”�•��

�†�—�”�‹�•�‰���™�‹�•�–�‡�”���•�‘�•�–�Š�•�����ˆ�”�‘�•���x-�q�q���•�‘�•�–�Š�•���ƒ�•�†���r�p-�r�s���•�‘�•�–�Š�•���‘�ˆ���ƒ�‰�‡���ä�t�y Although 

many improvements have been made, winter still represents the industry’s most 

challenging feeding period with low pasture growth and corresponds with the 

lowest liveweight-gain targets.�t�y  

This has led to significant changes in feeding systems in New Zealand. Dairy 

systems have become more intensive and diverse (from relying entirely on 

pasture with little supplementation to being highly dependent on feed 

supplements).�u�q Furthermore, in pasture-based systems, temperature and rainfall 

affect pasture quantity and quality.�t�w Challenging winter conditions in the South 

Island of New Zealand have encouraged the use of forage crops (fodder beet (Beta 

vulgaris-FB) and brassicas (kale - Brassica oleracea) to make up for the low 

pasture growth during this season.�s�p In particular FB has been used to meet body 

condition score targets at calving.�s�p Compared to other winter crops such as kale, 

FB has higher growth performance, and cows have better reproductive 

performance and milk production. �s�p�á�s�x However, when animals graze on FB they 

usually have the bulb of the plant available which is low in crude protein, low in 

neutral detergent fibre and low in phosphorus and Ca, which can lead to 

significant productive and health issues in the cow.�s�p An increased incidence in 
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subacute ruminal acidosis in cows fed FB can lead to low milk yields response 

(acidosis reduces ruminal fermentation, feed intake, and milk production).�s�x 

Other negative issues associated with FB feeding include high establishment 

costs, hypophosphataemia, hypocalcaemia, hypomagnesaemia, ketosis, and 

hepatic lipidosis.�s�x It appears then that feeding kale and/or FB may prevent 

heifers from achieving target daily liveweight gains during the winter period in 

the South Island.�t�y  

1.6.1 The transition period and the metabolic predictors of 

peripartum diseases  

The period from pregnancy to lactation (from three weeks prepartum to three 

weeks post-partum) or transition period is characterised by significant changes in 

energy and mineral requirements.�u�s Increased energy utilisation, reduction in dry 

�•�ƒ�–�–�‡�”���‹�•�–�ƒ�•�‡�����������������9�s�p�Ä���Ž�‘�™�‡�”���á���ƒ�•�†���•�‘�„�‹�Ž�‹�•�ƒ�–�‹�‘�•���‘�ˆ�����ƒ���‹�•�–�‘���…�‘�Ž�‘�•�–�”�—�•���ƒ�•�†��

milk initiate adaptive mechanisms to meet the new requirements.�u�s�á�q�á�w�v  

For initiation and maintenance of lactation, the release of PTH is crucial.�u�s The 

effects of the PTH and other hormones on the metabolism of Ca and phosphorus 

�ƒ�”�‡���†�‡�•�…�”�‹�„�‡�†���‹�•���•�‡�…�–�‹�‘�•���q�ä�u�ä�q�ä�s���‘�ˆ���–�Š�‹�•���…�Š�ƒ�’�–�‡�”�ä�����ˆ���–�Š�‡���Š�‘�•�‡�‘�•�–�ƒ�–�‹�…���•�‡�…�Š�ƒ�•�‹�•�•���ˆ�ƒ�‹�Ž�•��

to deliver Ca, cows can develop periparturient hypocalcaemia (commonly known 

as milk fever).�u�s The susceptibility of cows to mastitis (due to reduced ability of 

immune cells and/or deficient teat closure), retention of fetal membranes, 

displaced abomasum, dystocia, lameness, and ketosis increases with 

hypocalcaemia.�y�r�á�q�s  
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The prevalence of hypocalcaemia increases with age and parity, grass silage, or 

maize silage feeding in the pre-calving period, and breed (higher in Jersey 

compared to Friesian).�y�u�á�q�s The prevalence of clinical hypocalcaemia in pasture-

�„�ƒ�•�‡�†���Š�‡�”�†�•���‹�•�����‡�™�����‡�ƒ�Ž�ƒ�•�†���‹�•���ƒ�”�‘�—�•�†���r�Ä���ƒ�•�†���ƒ���’�”�‡�˜�ƒ�Ž�‡�•�…�‡���‘�ˆ���u�r�Ä���‹�•���”�‡�’�‘�”�–�‡�†���ˆ�‘�”��

�•�—�„�…�Ž�‹�•�‹�…�ƒ�Ž���Š�›�’�‘�…�ƒ�Ž�…�ƒ�‡�•�‹�ƒ���‹�•���s-year-old or older cows.�y�u Correct mineral and 

anion-salt supplementation in the pre-calving period play a crucial role in 

reducing the prevalence of clinical hypocalcaemia.�y�u Metabolic alkalosis reduces 

the affinity of PTH for its receptor (in bone and kidney) resulting in impaired 

�„�‘�•�‡���”�‡�•�‘�”�’�–�‹�‘�•���ƒ�•�†���’�”�‘�†�—�…�–�‹�‘�•���‘�ˆ���q�á�r�u�������r)D�s which results in 

hypocalcaemia.�t�p�á�u�s Alternatively, with metabolic acidosis, H�Æ ions in the blood 

are exchanged with Ca�r�Æ cations in bone, increasing serum Ca concentrations and 

improving Ca homeostasis.�t�p 

Increased energy utilisation in the transition period and reduced dry matter 

intake can lead to negative energy balance in dairy cows.�q�á�w�v Consequently, energy 

production is required to counteract the negative energy balance, and this is 

achieved mainly through lipolysis.�w�v�á�q With lipolysis, non -esterified fatty acids 

(NEFA) are released into circulation to be used either as an energy source or for 

the formation of triacylglycerol. �w�v When large amounts are present, NEFA are 

converted to ketone bodies (acetone, acetoacetic acid, and especially �E-

hydroxybutyrate (BHB)) which are then used as an energy source by various 

tissues in the body but especially muscle.�q�á�w�v Excessive NEFA in the liver can 

overwhelm the organ leading to re-esterification of NEFA into triacyclglycerols 

that, in excess, can accumulate, leading to hepatic lipidosis.�w�v  
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Cows that fail to adapt to the increases in energy demand are more prone to 

develop metabolic disease, have reduced milk production, low reproductive 

performance, and can be prematurely culled from the herd.�w�v Excessive ketone 

bodies in the blood (hyperketonaemia) can lead to ketosis.�w�v Hyperketonaemia 

without clinical signs is known as subclinical ketosis (SCK).�q�s  

Evaluation of negative energy balance in dairy cows can be done through testing 

of blood NEFA concentrations (more accurate) and/or blood BHB 

concentrations.�w�v Serum NEFA concentration is more sensitive and specific in the 

determination  of the risk of disease, as an indicator of reproductive performance 

and milk production compared with serum BHB concentrations.�w�v Nonetheless, 

testing for BHB is more practical and less expensive when compared to NEFA.�w�v 

The concentration of blood NEFA reflects the magnitude of fat mobilization, 

whereas the concentration of BHB reflects the completeness of oxidation of fat in 

the liver.�v�u Cows with higher body condition score ���Ï�t�����Š�ƒ�˜�‡���Š�‹�‰�Š�‡�”���”�‡�†�—�…�–�‹�‘�•�•���‹�•��

DMI, leading to more profound negative energy balances and consequently 

higher concentrations of BHB and NEFA in blood.�x�y  

���Š�‡���„�Ž�‘�‘�†�����������–�Š�”�‡�•�Š�‘�Ž�†�•���ˆ�‘�”�����������†�‹�ƒ�‰�•�‘�•�‹�•���‹�•���–�Š�‡���Ž�‹�–�‡�”�ƒ�–�—�”�‡���”�ƒ�•�‰�‡���„�‡�–�™�‡�‡�•���q�ä�r��

�ƒ�•�†���q�ä�t���•�•�‘�Ž�����ä�q�s ���‡�™�����‡�ƒ�Ž�ƒ�•�†���Š�ƒ�†���–�Š�‡���‰�”�‡�ƒ�–�‡�•�–���’�”�‡�˜�ƒ�Ž�‡�•�…�‡���‘�ˆ�������������t�p�ä�q�Ä�����‹�•���ƒ��

report that examined prevalence around the word.�q�s however, Compton et al�r�q 

reported a cow-�Ž�‡�˜�‡�Ž���’�”�‡�˜�ƒ�Ž�‡�•�…�‡���ˆ�‘�”�����������‘�ˆ���q�v�ä�x�Ä���ƒ�–���w-�q�r���†�ƒ�›�•���’�‘�•�–-calving in 

cows from three regions of New Zealand.�r�q 
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1.7 Tools for assessment of bone strength  

Bone strength is determined by bone mass, geometry (macroscopic geometry and 

microscopic architecture), and quality (bone material composition and 

structure). �r�p�á�s�u Analysis of bone quality requires tools that can assess bone 

turnover, microarchitecture, mineralisation, microdamage, and the composition 

of bone matrix and mineral.�r�p Diagnosis of osteoporosis in humans tends to rely 

solely on the assessment of bone mineral density using dual-energy X-ray 

absorptiometry.�s�u However, the need to improve the prediction of bone strength 

and fracture risk has led to the development of different methods to assess bone 

strength.�s�u 

Bone turnover can be evaluated using blood or urine biochemical markers and/or 

bone histomorphometry. �r�p Assessment of blood/urine biochemical markers 

provides whole body information rather than about a specific bone.�r�p 

Biochemical markers of bone formation commonly measured include osteocalcin, 

bone-�•�’�‡�…�‹�ˆ�‹�…�����������ƒ�•�†���’�”�‘�…�‘�Ž�Ž�ƒ�‰�‡�•���–�›�’�‡���q�������’�”�‘�’�‡�’�–�‹�†�‡�•�ä�r�p Markers for bone 

�”�‡�•�‘�”�’�–�‹�‘�•���‹�•�…�Ž�—�†�‡���…�‘�Ž�Ž�ƒ�‰�‡�•���–�›�’�‡���q���–�‡�Ž�‘�’�‡�’�–�‹�†�‡�•�������–�š�á�����–�š���á���†�‡�‘�š�›�’�›�”�‹�†�‹�•�‘�Ž�‹�•�‡�á���ƒ�•�†��

�����������–�›�’�‡���u�„�ä�r�p  

Trabecular (namely the size and shape of trabeculae, their connectivity, and 

orientation (anisotropy)) and cortical bone microarchitecture (co rtical width, 

porosity, and bone size) as determinants of bone strength can be assessed 

histologically, or with high -resolution magnetic resonance imaging (HR-MRI), 

high resolution peripheral quantitative computed tomography (HR -pQCT), 

micro-CT (�QCT) and synchrotron radiation �QCT which provide a three-
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dimensional evaluation and quantification.�r�p These imaging techniques also 

allow multiple measurements in the same individual over time.�s�u Bone 

microdamage (microcracks and microfractures) can be evaluated using 

histology.�r�p  

Fourier transform infrared spectroscopy (FTIR), transmission electron 

microscopy (TEM), small angle X-ray scattering (SAXS), Raman spectroscopy, 

and biochemistry analysis are used for the evaluation of the bone material 

composition.�r�p Nuclear magnetic resonance imaging (NMR) provides 

information on the structure of the mineral within the bone and the water 

content.�s�u Fourier transform infrared and Raman spectroscopy use an incident 

light on the specimen that excites vibrations and energy release from molecules.�s�u 

Infrared spectra arise from absorption of energy while Raman spectra arise from 

the scattering of visible or ultraviolet photons that have gained or lost part of 

energy.�x�v Each molecule has its unique vibrational characteristics.�x�v Both FTIR 

imaging and Raman imaging are complimentary to each other and are used to 

examine changes in tissue properties with developmental stage, tissue age, or 

disease within a bone specimen.�s�u�á�x�v Both techniques were used in this thesis.  

Quantitative d etermination of the total amount of collagen and collagen 

crosslinks can be analysed using fluorescence measurement and high-pressure 

liquid chromatography (HPLC) techniques.�s�u  

Bone mechanical properties can be assessed using whole-bone mechanical testing 

(a bone is loaded to failure in compression, bending, or torsion) providing 

information on structural stiffness, failure to load, and the energy absorbed to 
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failure.�s�u Other tests include microbeam testing, microindentation, and 

nanoindentation. �s�u  

1.8 Humera l fractures  

Bone fractures occur in animals either due to extreme forces applied to the bone 

or secondary to bone disease, termed pathological fracture.�r�u In a study that 

�‡�š�ƒ�•�‹�•�‡�†���r�q�s���Ž�‘�•�‰���„�‘�•�‡���ˆ�”�ƒ�…�–�—�”�‡�•���‹�•���…�ƒ�–�–�Ž�‡�á���–�Š�‡���ˆ�‡�•�—�”���™�ƒ�•���–�Š�‡���•�‘�•�–���…�‘�•�•�‘�•�Ž�›��

affected �„�‘�•�‡�����s�r�Ä���‘�ˆ���…�ƒ�•�‡�•���á���™�‹�–�Š���‘�•�Ž�›���q�r���…�ƒ�•�‡�•���ƒ�ˆ�ˆ�‡�…�–�‹�•�‰���–�Š�‡���Š�—�•�‡�”�—�•�����u�ä�v�Ä���ä�s�r�v 

In young cattle the most frequently affected bones are the metacarpus and 

metatarsus, apparently due to the lack of soft tissue around these bones and in 

calves are often associated with the use of traction to resolve dystocia in the new-

born.�r�v  

Humeral fractures are reported to be infrequent in ruminants due to the 

musculoskeletal configuration around the humerus and the need for very high 

forces to fracture it.�y�q Situations associated with a humeral fracture in ruminants 

include fighting, falling, impact with objects, mating in young bulls, and calves 

that are stepped on.�y�q Humeral fractures are described as the only fractures that 

can be caused by uneven compressive or rotational forces transferred particularly 

to the distal humerus from the ground.�w�y  

The most frequently described location for femoral and humeral fractures in 

cattle is the diaphysis.�r�v Most humeral fractures in ruminants have an oblique or 

spiral configuration and are thought to happen when the animal falls on its side 

resulting in mediolateral bending of the bone.�r�v Fighting and mating injuries 
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produce torsional loading of the bone and lead to comminuted spiral fractures.�r�v 

Occasional physeal fractures are also reported.�y�q 

A recent biomechanical analysis of the bovine humerus demonstrated that the 

highest stress concentration was in the distal humeral diaphysis and as a result, 

this area was regarded as the weakest part of the bone.�y The increased cortical 

thickness observed in this section is believed to be an adaptation to try and 

reduce maximum stress.�y  

Clinically, a humeral fracture is usually associated with dragging and flexion of 

the affected limb with a “dropped elbow” or “dropped shoulder” appearance.�y�q 

Animals usually don’t place any weight on the limb and there is extensive tissue 

swelling, pain, and crepitus of the tissue with palpation.�y�q The prognosis is poor 

in most cases due to the size of the animal and the lack of effective treatment.�y�q 

While humeral fractures have always occurred in dairy cattle, the first reported 

large-scale outbreak of humeral fractures in New Zealand occurred in dairy 

heifers from a spring-�…�ƒ�Ž�˜�‹�•�‰���†�ƒ�‹�”�›���ˆ�ƒ�”�•���‹�•���–�Š�‡�����ƒ�•�ƒ�™�ƒ�–�ó-Whanganui region 

�™�Š�‡�”�‡���v���r�p�p�����s�Ä�����…�”�‘�•�•�„�”�‡�†���Š�‡�‹�ˆ�‡�”�•���•�—�ˆfered spontaneous humeral fractures in 

the first months of lactation. �q�r�q Copper deficiency due to a missed Cu injection in 

early winter was thought to be responsible for the increase in bone fragility and 

spontaneous fracture.�q�r�q Since then, many farmers and veterinarians have 

anecdotally reported cases of spontaneous fractures, although on some farms Cu 

deficiency was ruled out. Most cases are reported in first lactation heifers, with 

occasional cases seen prior to calving and in second lactation heifers.�q�r�r  
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1.8.1 Fracture healing 

The process of bone fracture repair is by regeneration thus returning the bone to 

its original shape and strength.�r�u Regeneration begins with haematoma formation 

and ischaemic necrosis of bone prompting an acute inflammatory response.�r�u 

Cytokines and growth factors are produced by neutrophils and macrophages at 

the site and stimulate the migration of multipotential mesenchymal cells.�r�u 

Transforming growth factor- �E�á��fibroblast growth factor -�q���ƒ�•�†���„�‘�•�‡��

morphogenetic proteins (BMPs) control fibroblast differentiation with 

production of fibrous connective tissue, and chondrocyte differentiation with 

cartilage production forming the soft callus that anchors the fractured bone ends. 

Invasion of endothelial cells is controlled by vascular endothelial growth factor, 

BMPs, and fibroblast growth factor-�q�ä�r�u Later, angiopoietin I and II control vessel 

formation. �r�u Osteoprogenitor cells differentiate into osteoblasts and begin the 

formation of the new bone characteristic of the hard callus phase, this is 

controlled mainly by BMPs. The final phase or remodelling of the fracture site 

can take several months or even years.�r�u  

The remodelling that occurs after a bone is fractured is described as systemic 

rather than just in the fractured bone and is related to mechanical influences 

(disuse), acute and chronic inflammation, and dysregulation of hormones that 

control mineral homeostasis.�x�r The systemic changes associated with bone 

fractures worsen if they occur in older individuals and if they are associated with 

mineral deficient diets.�x�r A systemic acceleratory phenomenon may increase 

bone remodelling to make minerals available for bone repair hence animals with 
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an already deficient diet can experience greater systemic bone loss after a 

fracture. Bone mass may not return to pre-fracture levels in these cases.�x�r  
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2.1 Introduction  

���‹�•�…�‡���r�p�p�x�á���™�Š�‡�•���–�Š�‡��first outbreak of humeral fracture in primiparous dairy 

heifers was described in New Zealand, anecdotally there has been a rise in the 

reported incidence and prevalence of this condition by veterinarians and 

farmers.�r�w Furthermore, surveillance reports from the Ministry for Primary 

Industries (MPI) have raised concerns over the identification of potential causes 

or risk factors that may be associated with the condition.�v�á�q�á�u�á�r�á�t�á�x�á�r�s�á�r�u  

The increased incidence of cases has resulted in significant loss of income on 

affected farms, and the dairy industry in general, as well as substantial animal 

�™�‡�Ž�ˆ�ƒ�”�‡���…�‘�•�–�•�ä�����‡�•�—�Ž�–�•���ˆ�”�‘�•���ƒ���”�ƒ�•�†�‘�•�‹�•�‡�†���•�ƒ�–�‹�‘�•�ƒ�Ž���’�Š�‘�•�‡���•�—�”�˜�‡�›���‘�ˆ���u�p�u���Š�‡�”�†�•��

described most cases occurring in first-�Ž�ƒ�…�–�ƒ�–�‹�‘�•���Š�‡�‹�ˆ�‡�”�•�����q�q�ä�w�Ä���á���ƒ�•�†���ƒ���†�‹�”�‡�…�–��

annual eco�•�‘�•�‹�…���Ž�‘�•�•���‡�•�–�‹�•�ƒ�–�‡�†���–�‘���„�‡���‘�˜�‡�”�������J���y���•�‹�Ž�Ž�‹�‘�•�����
�����—�•�•�ƒ�•�á��

unpublished data). 

Although sporadic cases have been reported in Australia, only in New Zealand are 

outbreaks frequently reported.�r�t Compared to other dairy systems around the 

world, the dairy system in New Zealand is unique, being seasonal-driven, 

extensive, and pastured-based.�q�q The use of pasture as the main source of dry 

matter intake is a major difference between the New Zealand dairy industry and 

other dairy industries around the world. �y These differences in dairy systems and 

husbandry practices have led to the hypothesis that the aetiology of humeral 

fractures might be a combination of nutritional factors and mineral deficiencies 

unique to New Zealand.�q�x�á�q�y These factors potentially include inadequate protein-

calorie nutrition in young heifers leading to deficient bone deposition, Cu 
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deficiency leading to poor bone collagen quality, and increased bone resorption 

secondary to the Ca demands of peak lactation.�q�x 

Although Cu deficiency has been described as an important contributory factor in 

the aetiology of fractured humeri, with low serum and/or liver Cu (LiCu) 

concentrations being a common finding in a large number of outbreaks, there 

have also been reports of farms with a high incidence of cases in where heifers 

had normal serum and/or LiCu concentration.�r�x�á�q�x�á�q�y�á�u�á�s�á�w�á�x This failure of Cu 

deficiency, to consistently explain all outbreaks, has prompted the search for 

other causes that could be associated with or could predispose the appearance of 

cases on farms, including information regarding farm management, herd health, 

and nutrition.  

The objectives of this chapter were to determine possible risk factors associated 

with humeral fractures in dairy heifers. To access information a survey was 

conducted collecting information on the management and nutrition of cows from 

birth to the first lactation using farms that have and have not had cases of 

humeral fractures in dairy heifers. 

2.2 Materials and methods  

This chapter reports a case-control study comparing farms that have had cases of 

humeral fractures in dairy heifers (case farms) with farms that have not had 

fractured humeri reported in dairy heifers (control farms). A questionnaire was 

designed and used to retrospectively compare how frequently the exposure to a 

risk factor was present in case farms and control farms and to determine the 

relationship between the risk factor and humeral fracture. The questionnaire was 
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divided into four sections that included: (a) contact information and farm 

location, (b) farm information, (c) herd health and nutrition, and (d) calf rearing 

practices. 

Two delivery methods were used to collect information from farms across New 

Zealand: a one-page/printed questionnaire (“Humeral Fracture Questionnaire” - 

Appendix B) and a�•���‘�•�Ž�‹�•�‡���•�—�”�˜�‡�›�����Š�–�–�’�•�ã�����•�ƒ�•�•�‡�›�ä�ƒ�—�q�ä�“�—�ƒ�Ž�–�”�‹�…�•�ä�…�‘�•���Œ�ˆ�‡���ˆ�‘�”�•����

�����<�‡�����˜�u���r�ˆ�ˆ�›�“�•�•�œ�s���ä�����Š�‡���‘�•�Ž�‹�•�‡���•�—�”�˜�‡�›���™�ƒ�•���†�‡�•�‹�‰�•�‡�†���—�•�‹�•�‰���…�‘�•�•�‡�”�…�‹�ƒ�Ž�Ž�›��

available software (Qualtrics®
XM, Seattle, WAS, USA). A risk assessment through 

peer evaluation determined that the survey was low risk according to Massey 

University Human Ethics Committee, consequently, full ethical approval was not 

required. 

The survey was advertised to veterinarians in the newsletter of the Dairy Cattle 

Veterinarians (HoofPrint), to veterinarians and farmers that contacted the 

members of the humeral fracture research group about heifer humeral fractures 

and/or that submitted samples from cases of spontaneous humeral fractures to 

���ƒ�•�•�‡�›�����•�‹�˜�‡�”�•�‹�–�›�á�����ƒ�Ž�•�‡�”�•�–�‘�•�����‘�”�–�Š�ä�����†�†�‹�–�‹�‘�•�ƒ�Ž�Ž�›�á���q�p�p���’�”�‹�•�–�‡�†���˜�‡�”�•�‹�‘�•�•���™�‹�–�Š���ƒ��

stamped return envelope were sent to the Animal Care team at DairyNZ for 

�†�‹�•�–�”�‹�„�—�–�‹�‘�•���†�—�”�‹�•�‰���–�Š�‡�‹�”���r�p�q�y���r�p�r�p���ˆ�ƒ�”�•�‡�”���…�‘�•�•�—�Ž�–�•�ä�������Ž�‹�•�•���ˆ�‘�”���–�Š�‡���•�—�”�˜�‡�›���™�ƒ�•��

also posted on the Massey Heifer fracture Research group Facebook page 

(@masseyheiferfracture). Questionnaires were filled out by farmers and/or 

�˜�‡�–�‡�”�‹�•�ƒ�”�‹�ƒ�•�•���„�‡�–�™�‡�‡�•���
�—�Ž�›���r�p�q�y���ƒ�•�†�����ƒ�”�…�Š���r�p�r�p�ä���	�ƒ�”�•�‡�”�•���ƒ�•�†���˜�‡�–�‡�”�‹�•�ƒ�”�‹�ƒ�•�•��

decided whether they wanted to participate or not (self-selection). 
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2.2.1 Data Analysis  

Before data analysis, partial responses (defined as respondents who did not 

complete all survey pages) and duplicates (defined as responses with the same 

contact’s person name and/or farm address) were excluded. For questionnaires 

that were not excluded, responses were first divided into two groups (referred to 

as farm type): case farms and control farms. Case farms were those farms 

reporting a case or cases of humeral fracture and control farms were those farms 

�–�Š�ƒ�–���Š�ƒ�†���•�‘���Š�‹�•�–�‘�”�›���‘�”���…�—�”�”�‡�•�–���…�ƒ�•�‡�•���‘�ˆ���Š�—�•�‡�”�ƒ�Ž���ˆ�”�ƒ�…�–�—�”�‡�•���„�‡�–�™�‡�‡�•���
�—�Ž�›���r�p�q�y���ƒ�•�†��

���ƒ�”�…�Š���r�p�r�p�����r�p�q�y���r�p�r�p���†�ƒ�‹�”y season). Data from those questions with multiple 

choice answers were grouped according to observed frequencies with percentages 

for each choice and according to farm type. The chi-square test of homogeneity 

was used to test whether a case farm and a control farm had the same frequency 

counts of a certain risk factor. Where the sample size was too small for the chi-

square test, a Fisher’s exact test was conducted. Answers with numerical data 

���“�—�‡�•�–�‹�‘�•�•���s���ƒ�•�†���q�w�����ƒ�”�‡���’�”�‡�•�‡�•�–�‡�†���ƒ�•���•�‡�ƒ�•���È���•�–�ƒ�•�†�ƒ�”�†���†�‡�˜�‹�ƒ�–�‹�‘�•����SD) and 

analysed using an independent sample-t-test. If the assumption of homogeneity 

of variance was violated a Welch t-test was run. Finally, open text answers were 

summarised. 

2.3 Results  

�����–�‘�–�ƒ�Ž���‘�ˆ���v�x���”�‡�–�—�”�•�‡�†���“�—�‡�•�–�‹�‘�•�•�ƒ�‹�”�‡�•���™�‡�”�‡���ˆ�‘�—�•�†���•�—�‹�–�ƒ�„�Ž�‡���ˆ�‘�”���ƒ�•�ƒ�Ž�›�•�‹�•�á���™�‹�–�Š���s�u��

�”�‡�•�’�‘�•�•�‡�•���ˆ�”�‘�•���…�ƒ�•�‡���ˆ�ƒ�”�•�•���ƒ�•�†���s�s���”�‡�•�’�‘�•�•�‡�•���ˆ�”�‘�•���…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•�ä�����•���–�Š�‡���…�ƒ�•�‡���‘�ˆ��

farm location, a similar distribution of case and control farms responses were 

observed from the North and South Island of New Zealand. There were twenty-

six responses �ˆ�”�‘�•���–�Š�‡�����‘�—�–�Š�����•�Ž�ƒ�•�†�����q�s���…�ƒ�•�‡���ˆ�ƒ�”�•�•���ƒ�•�†���q�s���…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•�����ƒ�•�†���s�x��
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�”�‡�•�’�‘�•�•�‡�•���ˆ�”�‘�•���–�Š�‡�����‘�”�–�Š�����•�Ž�ƒ�•�†�����r�p���…�ƒ�•�‡���ˆ�ƒ�”�•�•���ƒ�•�†���q�x���…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•���ä�����‘�™�‡�˜�‡�”�á��

within each Island, the location distribution of case and control farms was not 

�Š�‘�•�‘�‰�‡�•�‘�—�•�á���	�‹�‰�—�”�‡���r�ä�q�ä�� 

�	�‹�‰�—�”�‡���r�ä�q  Map of New Zealand showing the geographical location of case (·) and control ( ·) farms 
from returned questionnaires, four farms (two case and two control) are not shown due to 
farmers withholding their addresses. Clusters of case farms (red dots) are observed in Waikato 
and Canterbury regions and clusters of control farms (black dots) are observed in Taranaki and 
lower South Island regions. 
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There was an excess of case farms from the Waikato and Canterbury regions and 

an excess of control farms from the Taranaki and lower South Island regions. For 

four returned questionnaires farm location was not given (two case and two 

control farms). 

2.3.1 Farm information section  

Questions regarding farm information can be found in Appendix B. Observed 

frequencies and percentages (in brackets) of the predominant breed of cows, 

�…�ƒ�Ž�˜�‹�•�‰���’�ƒ�–�–�‡�”�•�á���ƒ�•�†���ˆ�”�‡�“�—�‡�•�…�›���‘�ˆ���•�‹�Ž�•�‹�•�‰���ƒ�”�‡���’�”�‡�•�‡�•�–�‡�†���‹�•�����ƒ�„�Ž�‡���r�ä�q 

���ƒ�„�Ž�‡���r�ä�q Distribution of response in case and control farms for the predominant breed, calving 
pattern, and frequency of milking.  

 Farm information  

 Breed  Calving pattern  Frequency of milking  

Case farm 
�•�Ë�s�u 
 

�	�”�‹�‡�•�‹�ƒ�•�ã���v�����q�w�Ä�� ���’�”�‹�•�‰���…�ƒ�Ž�˜�‹�•�‰�ã���s�s�����y�t�Ä�� ���Ž�Ž���‘�•�…�‡���ƒ���†�ƒ�›�ã���r�����v�Ä�� 

�
�‡�”�•�‡�›�ã���q�����s�Ä�� Autumn �…�ƒ�Ž�˜�‹�•�‰�ã���p�����p�Ä�� ���Ž�Ž���–�™�‹�…�‡���ƒ���†�ƒ�›�ã���r�r�����v�s�Ä�� 

���	�š�
�ã���r�w�����w�w�Ä�� ���’�Ž�‹�–���…�ƒ�Ž�˜�‹�•�‰�ã���r�����v�Ä�� ���‹�š���‘�•�…�‡���–�™�‹�…�‡�ã���q�q�����s�q�Ä�� 

���–�Š�‡�”���ã���q�����s�Ä��   

Control farm  
�•�Ë�s�s 

�	�”�‹�‡�•�‹�ƒ�•�ã���q�w�����u�r�Ä�� ���’�”�‹�•�‰���…�ƒ�Ž�˜�‹�•�‰�ã���s�q�����y�t�Ä�� ���Ž�Ž���‘�•�…�‡���ƒ���†�ƒ�›�ã���t�����q�r�Ä�� 

�
�‡�”�•�‡�›�ã���v�����q�x�Ä�� ���—�–�—�•�•���…�ƒ�Ž�˜�‹�•�‰�ã���p�����p�Ä�� ���Ž�Ž���–�™�‹�…�‡���ƒ���†�ƒ�›�ã���r�q�����v�t�Ä�� 

���	�š�
�ã���q�p�����s�p�Ä�� ���’�Ž�‹�–���…�ƒ�Ž�˜�‹�•�‰�ã���r�����v�Ä�� ���‹�š���‘�•�…�‡���–�™�‹�…�‡�ã���x�����r�t�Ä�� 

���–�Š�‡�”�ã���p�����p�Ä��   

* Not specified. HFxJ,  
Holstein- �	�”�‹�‡�•�‹�ƒ�•���
�‡�”�•�‡�›���…�”�‘�•�•�„�”�‡�‡�†���‘�ˆ���—�•�•�•�‘�™�•���Ä�ä 

For analysis of the predominant breed of cow on the farm, Fisher’s exact test was 

conducted due to inadequate sample size for the chi-square test of homogeneity. 

There was a statistically significant difference in the multinomial probability 

distributions between case farms and control farms (P�Î�p�ä�p�p�q���ä�����‘�•�–���Š�‘�…���ƒ�•�ƒ�Ž�›�•�‹�•��
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i�•�˜�‘�Ž�˜�‡�†���’�ƒ�‹�”�™�‹�•�‡���…�‘�•�’�ƒ�”�‹�•�‘�•�•���—�•�‹�•�‰���•�—�Ž�–�‹�’�Ž�‡���	�‹�•�Š�‡�”�ï�•���‡�š�ƒ�…�–���–�‡�•�–�•�����r���š���r�����™�‹�–�Š���ƒ��

Bonferroni correction. Statistical significance was accepted at P�Î�p�ä�p�q�r�u�ä�����Š�‡�”�‡��

were statistically significant differences in the proportion of control farms in 

which it was reported that Holstein -Friesian was the predominant breed, as well 

as the proportion of case farms in which it was reported that Holstein-Friesian 

Jersey crossbreed (HFxJ) was the predominant breed (P�Î�p�ä�p�q�r�u���ä�����‡�†�—�…�‹�•�‰���„�”�‡�‡�†��

to HFxJ or other (combined Holstein-Friesian, Jersey, and other), the odds of the 

�’�”�‡�†�‘�•�‹�•�ƒ�•�–���„�”�‡�‡�†���‘�•���ƒ���…�ƒ�•�‡���ˆ�ƒ�”�•���„�‡�‹�•�‰�����	�š�
���™�‡�”�‡���w�ä�t���–�‹�•�‡�•�����y�u�Ä�������r�ä�v���–�‘���r�s�ä�t����

that compared to a control farm. 

There was no evidence found for a significant difference in the type of calving 

pattern (Fisher’s exact test P�Ë�q���á���ƒ�•�†���•�‹�Ž�•�‹�•�‰���ˆ�”�‡�“�—�‡�•�…�›�����	�‹�•�Š�‡�”�ï�•���‡�š�ƒ�…�–���–�‡�•�–��

P�Ë�p�ä�v�q���ä�� 

The average herd production (in MS/cow) was normally distributed, as assessed 

by Shapiro-Wilk’s test (P�Ï�p�ä�p�u���ä�����Š�‡���•�‡�ƒ�•���Š�‡�”�†���’�”�‘�†�—�…�–�‹�‘�•���ˆ�‘�”���…�ƒ�•�‡���ˆ�ƒ�”�•�•���™�ƒ�•��

�t�q�p�ä�t���•�‹�Ž�•���•�‘�Ž�‹�†�•�������������…�‘�™���È �u�q�ä�v���ƒ�•�†���ˆ�‘�”���…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•�á���™�ƒ�•���t�t�q�ä�s���������…�‘�™���È��

�x�s�ä�t�á���ƒ���†�‹�ˆ�ˆ�‡�”�‡�•�…�‡���–�Š�ƒ�–���™�ƒ�•���•�‘�–���•�‹�‰�•�‹�ˆ�‹�…�ƒ�•�–����P�Ë�p�ä�p�y���ä 

The median number of years fractured humeri was reported on a case farm was 

�–�™�‘���›�‡�ƒ�”�•�á���”�ƒ�•�‰�‹�•�‰���ˆ�”�‘�•���‘�•�‡���–�‘���•�‹�•�‡���›�‡�ƒ�”�•�ä�������–�‘�–�ƒ�Ž���‘�ˆ���q�p���s�u�����r�y�Ä�����…�ƒ�•�‡���ˆ�ƒ�”�•�•���Šad 

�”�‡�’�‘�”�–�‡�†���…�ƒ�•�‡�•���‘�…�…�—�”�”�‹�•�‰���ˆ�‘�”���•�‘�”�‡���–�Š�ƒ�•���–�™�‘���›�‡�ƒ�”�•�ä�����•���q�v���s�u�����t�v�Ä�����…�ƒ�•�‡���ˆ�ƒ�”�•�•�á���–�Š�‡��

�r�p�q�y���r�p�r�p���•�‡�ƒ�•�‘�•���™�ƒ�•���–�Š�‡���ˆ�‹�”�•�–-time cases of humeral fractures occurred. 

2.3.2 Herd health and nutrition section 

Observed frequencies and percentages (in brackets) of yes or no answers on 

whether Cu deficiency had been diagnosed in the herd, whether Cu 
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supplementation was used, whether Ca was supplemented through lime flour and 

whether fodder beet (FB) (Beta vulgaris) was offered to the herd are presented in 

���ƒ�„�Ž�‡���r�ä�r�ä�� 

For one case farm, there was no information regarding a previous diagnosis of Cu 

deficiency in the herd. There was no evidence for a difference in the proportion of 

the type of farms previously diagnosed with Cu deficiency (P�Ë�p�ä�r�u���ä�����‹�•�‹�Ž�ƒ�”�Ž�›�á��

there was no evidence for a significant difference in the proportions of type of 

farms using Cu supplementation (P�Ë�p�ä�s�q���ä�����Š�‡���†�‹�•�–�”�‹�„�—�–�‹�‘�•���‘�ˆ���–�›�’�‡���‘�ˆ�����—��

�•�—�’�’�Ž�‡�•�‡�•�–�ƒ�–�‹�‘�•���‹�•���–�Š�‡���r�y���…�ƒ�•�‡���ˆ�ƒ�”�•�•���–�Š�ƒ�–���—�•�‡�†�����—���•�—�’�’�Ž�‡�•�‡�•�–�ƒ�–�‹�‘�•���™�ƒ�•���„�‘�Ž�—�•��

���q�s���r�y�á���t�u�Ä���á���‘�–�Š�‡�”�����y���r�y�á���s�q�Ä���á���‹�•�Œ�‡�…�–�‹�‘�•�����y���r�y�á���s�q�Ä���á���ƒ�•�†���ˆ�‡�”�–�‹�Ž�‹�•�‡�”�����q���r�y�á���s�Ä���ä��

Three respondents selected more than �‘�•�‡���…�Š�‘�‹�…�‡�ä�����•���–�Š�‡���r�t���…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•���–�Š�ƒ�–��

�•�—�’�’�Ž�‡�•�‡�•�–�‡�†�����—�á���–�Š�‡���–�›�’�‡���‘�ˆ���•�—�’�’�Ž�‡�•�‡�•�–�ƒ�–�‹�‘�•���—�•�‡�†���™�ƒ�•�ã���‘�–�Š�‡�”�����q�p���r�t�á���t�r�Ä���á��

���ƒ�„�Ž�‡���r�ä���r Distribution of yes or no response in case and control farms regarding the previous 
diagnosis of Cu deficiency in the herd, use of Cu and lime four supplementation, and if cows were 
offered fodder beet for grazing. 

Herd health a nd nutrition    

 Possible  
answer  

���ƒ�•�‡���	�ƒ�”�•���•�Ë�s�u ���‘�•�–�”�‘�Ž���	�ƒ�”�•���•�Ë�s�s 

Diagnosis of Cu deficiency  ���‡�• �y���s�t�����r�v�Ä�� �u���s�s�����q�u�Ä�� 

No �r�u���s�t�����w�t�Ä�� �r�x���s�s�����x�u�Ä�� 

Cu supplementation  ���‡�• �r�y���s�u�����x�s�Ä�� �r�t���s�s�����w�s�Ä�� 

No �v���s�u�����q�w�Ä�� �y���s�s�����r�w�Ä�� 

Lime flour supplementation  ���‡�• �r�s���s�u�����v�v�Ä�� �r�s���s�s�����w�p�Ä�� 

No �q�r���s�u�����s�t�Ä�� �q�p���s�s�����s�p�Ä�� 

Fodder beet offered  ���‡�• �q�t���s�u�����t�p�Ä�� �q�p���s�s�����s�p�Ä�� 

No �r�q���s�u�����v�p�Ä�� �r�s���s�s�����w�p�Ä�� 
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�„�‘�Ž�—�•�����w���r�t�á���r�y�Ä���á���‹�•�Œ�‡�…�–�‹�‘�•�����w���r�t�á���r�y�Ä���á���ƒ�•�†���ˆ�‡�”�–�‹�Ž�‹�•�‡�”�����r���r�t�á���x�Ä���ä�����Š�‡��

multinomial probability distributions were equal in the population (Fisher’s exact 

test P�Ë�p�ä�v�t���ä 

The age groups that received Cu supplementation on case farms included: all 

�ƒ�‰�‡�•�����q�v���r�y�á���u�u�Ä���á���”�‹�•�‹�•�‰�����������‘�•�‡�•�������q�•�������y���r�y�á���s�q�Ä���á���ƒ�•�†���•�‹�Ž�•�‡�”�•�����t���r�y�á���q�t�Ä���ä��

Similarly, for control farms, the distribution of age groups that received Cu 

�•�—�’�’�Ž�‡�•�‡�•�–�ƒ�–�‹�‘�•���‹�•�…�Ž�—�†�‡�†�ã���ƒ�Ž�Ž���ƒ�‰�‡�•�����q�s���r�t�á���u�t�Ä���á�����q�•�����t���r�t�á���q�w�Ä���á���•�‹�Ž�•�‡�”�•�����v���r�t�á��

�r�u�Ä���á���ƒ�•�†���‹�•���q���r�t�����t�Ä�����ˆ�ƒ�”�•���–�Š�‡�”�‡���™�ƒ�•���•�‘���‹�•�ˆ�‘�”�•�ƒ�–�‹�‘�•���”�‡�‰�ƒ�”�†�‹�•�‰���™�Š�ƒ�–���ƒ�‰�‡���‰�”�‘�—�’��

was supplemented. The multinomial probability distributions were equal in the 

population ( Fisher’s exact test P�Ë�p�ä�s�x���ä 

There was no statistically significant difference in proportions between the type 

of farms for Ca supplementation using lime flour (P�Ë�p�ä�w�r���ä�����•���…�ƒ�•�‡���ˆ�ƒ�”�•�•�á��

�†�‹�ˆ�ˆ�‡�”�‡�•�–���…�‘�•�•�‡�”�…�‹�ƒ�Ž���ˆ�‘�”�•�—�Ž�ƒ�–�‹�‘�•�•���‘�ˆ�����ƒ���…�ƒ�”�„�‘�•�ƒ�–�‡�����x�p-�q�p�p�Ä���Ž�‹�•�‡�•�–�‘�•�‡�����™ere the 

�•�‘�•�–���ˆ�”�‡�“�—�‡�•�–�Ž�›���—�•�‡�†���Ž�‹�•�‡���ˆ�Ž�‘�—�”���•�—�’�’�Ž�‡�•�‡�•�–�ä�����—�’�’�Ž�‡�•�‡�•�–���”�ƒ�–�‡�•���„�‡�–�™�‡�‡�•���u�p���ƒ�•�†��

�s�p�p���‰���…�‘�™���†�ƒ�›���™�‡�”�‡���”�‡�’�‘�”�–�‡�†���ˆ�‘�”���…�ƒ�•�‡���ˆ�ƒ�”�•�•���ƒ�•�†���‹�•���v���”�‡�•�’�‘�•�•�‡�•���’�ƒ�•�–�—�”�‡���†�—�•�–�‹�•�‰��

was described as the method of delivery. One respondent described mixing Ca 

with molasses, and another gave Ca as a drench. Similar supplementation rates 

���„�‡�–�™�‡�‡�•���u�p���ƒ�•�†���r�p�p���‰���…�‘�™���†�ƒ�›�����™�‡�”�‡���”�‡�’�‘�”�–�‡�†���ˆ�‘�”���…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•�á���™�‹�–�Š���•�‹�š��

respondents using pasture dusting and one administering it in molasses. 

There was no evidence for a difference in proportions of case and control farms 

where FB was offered to cows (P�Ë�p�ä�t�p���ä�����•���•�‹�š���…�ƒ�•�‡���ˆ�ƒ�”�•�•�á���…�‘�™�•���™�‡�”�‡���‰�”�ƒ�œ�‡�†���‘�•��

FB during the winter and on four case farms, cows were grazed on FB during the 

autumn. The reported age groups of cows that grazed on FB on case farms 



���Š�ƒ�’�–�‡�”���r��– Survey 

 

�v�u 
 

�‹�•�…�Ž�—�†�‡�†�ã�����q���‘�•���ˆ�‘�—�”���ˆ�ƒ�”�•�•�á�����r���‘�•���ˆ�‘�—�”���ˆ�ƒ�”�•�•�á���ƒ�Ž�Ž���…�‘�™�•���‘�•���•�‹�š���ˆ�ƒ�”�•�•�á���…�ƒ�Ž�˜�‡�•���‘�•���‘�•�‡��

�ˆ�ƒ�”�•�á���ƒ�•�†���s-years-olds on two farms. On control farms, cows grazed on FB during 

winter on nine farms, one farm reported FB being offered to milkers in autumn, 

one farm to �•�‹�Ž�•�‡�”�•���‹�•���•�—�•�•�‡�”�á���ƒ�•�†���‘�•�‡���ˆ�ƒ�”�•���–�‘�����q���‘�˜�‡�”���ƒ�—�–�—�•�•�ä�����‡�’�‘�”�–�‡�†���ƒ�‰�‡��

�‰�”�‘�—�’�•���‘�•���…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•���–�Š�ƒ�–���‰�”�ƒ�œ�‡�†���‘�•���	�����‹�•�…�Ž�—�†�‡�†�ã�����q���‘�•���–�™�‘���ˆ�ƒ�”�•�•�á�����r���‘�•���ˆ�‘�—�”��

�ˆ�ƒ�”�•�•�á���•�‹�Ž�•�‡�”�•���‘�•���ˆ�‹�˜�‡���ˆ�ƒ�”�•�•�á�����s���‘�•���–�™�‘���ˆ�ƒ�”�•�•�á���ƒ�Ž�Ž���ƒ�‰�‡�•���‘�•���–�Š�”�‡�‡���ˆ�ƒ�”�•�•�á���ƒ�•�†���…�ƒ�Ž�˜�‡�•��

on one farm. 

Information rega�”�†�‹�•�‰���‰�”�‘�™�–�Š���…�Š�‡�…�•�•���‘�”���Š�‡�ƒ�Ž�–�Š���‹�•�•�—�‡�•���™�ƒ�•���ƒ�˜�ƒ�‹�Ž�ƒ�„�Ž�‡���ˆ�‘�”���r�x���…�ƒ�•�‡��

�ˆ�ƒ�”�•�•���ƒ�•�†���s�p���…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•�ä���
�”�‘�™�–�Š���…�Š�‡�…�•�•���‘�”���Š�‡�ƒ�Ž�–�Š���‹�•�•�—�‡�•���™�‡�”�‡���”�‡�’�‘�”�–�‡�†���‹�•��

�x���r�x�����r�y�Ä�����…�ƒ�•�‡���ˆ�ƒ�”�•�•�á���…�‘�•�’�ƒ�”�‡�†���–�‘���r���s�p�����w�Ä�����…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•�ä�����Š�‡�”�‡���™�ƒ�•���ƒ��

statistically significant difference in proportions (P�Ë�p�ä�p�t�á���	�‹�•�Š�‡�”�=�•���‡�š�ƒ�…�–���–�‡�•�–�����ˆ�‘�”��

the presence of growth checks between case and control farms. Reported growth 

checks on case farms included: worm burden, slow growth, blood Se deficiency, 

Cu and Se liver deficiency, bovine viral diarrhoea positives in the herd, infectious 

bovine rhinotracheitis positives in the herd, unspecified numbers of calves that 

had coccidia and tested positive for Cryptosporidium parvum and rotavirus. For 

�…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•�á���‰�”�‘�™�–�Š���…�Š�‡�…�•�•���™�‡�”�‡���”�‡�’�‘�”�–�‡�†���ƒ�–���q�p���™�‡�‡�•�•���ƒ�•�†���q�p���•�‘�•�–�Š�•����but the 

issue was not specified) and on one farm it was reported that calves tested 

positive for rotavirus. 

2.3.3 Calf rearing section  

Regarding feeding other than colostrum, calves from case farms were fed: whole 

�•�‹�Ž�•�����r�x���s�t���ˆ�ƒ�”�•�•�á���x�r�Ä���á���•�‹�Ž�•���’�‘�™�†�‡�”�����q���s�t���ˆ�ƒ�”�•�•�á���s�Ä���á���ƒ�•�†���„�‘�–�Š�����u���s�t���ˆ�ƒ�”�•�•�á��

�q�u�Ä���ä�����•���…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•�á���‘�–�Š�‡�”���–�Š�ƒ�•���…�‘�Ž�‘�•�–�”�—�•�á���™�Š�‘�Ž�‡���•�‹�Ž�•���™�ƒ�•���ˆ�‡�†���‹�•���r�p���s�q�����v�u�Ä����
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�ˆ�ƒ�”�•�•�á���ˆ�‘�Ž�Ž�‘�™�‡�†���„�›���•�‹�Ž�•���’�‘�™�†�‡�”���‹�•���r���s�q�����v�Ä�����ƒ�•�†���„�‘�–�Š���‹�•���y���s�q�����r�y�Ä�����ˆ�ƒ�”�•�•�ä���	�‘�”��

one case farm and two control farms, this question was left unanswered. There 

was no evidence for a difference in feeding whole milk, milk powder, or both 

between case and control farms (P�Ë�p�ä�s�t���ä 

���Š�‡���•�‡�ƒ�•���•�‹�Ž�•���ˆ�‡�†���’�‡�”���…�ƒ�Ž�ˆ���’�‡�”���†�ƒ�›���™�ƒ�•���u�ä�p�������’�‡�”���…�ƒ�Ž�ˆ���†�ƒ�›���È���p�ä�r�r���‘�•���…�ƒ�•�‡���ˆ�ƒ�”�•�•��

�…�‘�•�’�ƒ�”�‡�†���–�‘���t�ä�y�������’�‡�”���…�ƒ�Ž�ˆ���†�ƒ�›���È���p�ä�q�v���‘�•���…�‘�•�–�”�‘�Ž���ˆarms (P�Ë�p�ä�w�w���ä�� 

A meal supplement was fed pre- and post-�™�‡�ƒ�•�‹�•�‰���‘�•���s�r���s�u�����y�q�Ä�����…�ƒ�•�‡���ˆ�ƒ�”�•�•���ƒ�•�†��

�r�x���s�p�����y�s�Ä�����…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•�ä�����Š�‡���•�‡�ƒ�Ž���•�—�’�’�Ž�‡�•�‡�•�–���™�ƒ�•���•�‘�Ž�‡�Ž�›���ˆ�‡�†���’�”�‡-weaning in 

�s���s�u�����y�Ä�����…�ƒ�•�‡���ˆ�ƒ�”�•�•���ƒ�•�†���q���s�p�����s�Ä�����…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�ä�����Š�‡���•�‡�ƒ�Ž���•�—�’�’�Ž�‡�•�‡�•�–���™�ƒ�•��

solely fed post-�™�‡�ƒ�•�‹�•�‰���‹�•���q���s�p�����s�Ä�����…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•. In three questionnaires from 

case farms no response was selected. There was no evidence for a difference in 

meal feeding practices between case and control farms (P�Ë�p�ä�t�w���ä 

Finally, the mean age calves were allowed acc�‡�•�•���–�‘���’�ƒ�•�–�—�”�‡���‘�•���…�ƒ�•�‡���ˆ�ƒ�”�•�•���™�ƒ�•���s�ä�t��

�™�‡�‡�•�•���È���q�ä�y���…�‘�•�’�ƒ�”�‡�†���–�‘���t�ä�u���™�‡�‡�•�•���È���r�ä�r���‘�•���…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�•�á���ƒ���†�‹�ˆ�ˆ�‡�”�‡�•�…�‡���–�Š�ƒ�–���™�ƒ�•��

significant (P�Ë�p�ä�p�s���ä 

2.4 Discussion  

By surveying different aspects of farm management and husbandry practices on 

farms that have and have not had cases of spontaneous humeral fractures in 

heifers, three potential risk factors for humeral fractures in dairy heifers in New 

Zealand were identified. First, more cases were reported for farms where the 

predominant breed was HFxJ. Second, case farms reported more growth checks 

compared to control farms, and third, calves from case farms were on average 
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more than a week younger when allowed access to pasture compared to calves on 

control farms. 

When analysing the New Zealand population of dairy cows by breed, a rapid 

�‰�”�‘�™�–�Š���‹�•���–�Š�‡���’�‘�’�—�Ž�ƒ�–�‹�‘�•���‘�ˆ�����	�š�
���…�‘�™�•���‹�•���–�Š�‡���•�ƒ�–�‹�‘�•�ƒ�Ž���Š�‡�”�†���‘�˜�‡�”���–�Š�‡���Ž�ƒ�•�–���s�p���›�‡�ƒ�”�•��

is observed.�r�p �	�”�‘�•���–�Š�‡���q�y�y�x���q�y�y�y���•�‡�ƒ�•�‘�•���–�‘���–�Š�‡���r�p�p�x���r�p�p�y���•�‡�ƒ�•�‘�•�����™�Š�‡�•���–�Š�‡��

first outbreak of humeral fractures was reported in New Zealand), there was a 

�q�v�Ä���‹�•�…rease in HFxJ at the expense of Holstein-�	�”�‹�‡�•�‹�ƒ�•�����q�t�ä�r�Ä���Ž�‡�•�•�����ƒ�•�†���
�‡�”�•�‡�›��

�…�‘�™�•�����r�ä�r�Ä���Ž�‡�•�•���ä�q�u�á�q�t ���˜�‡�”���–�Š�‡���•�‡�š�–���q�p���›�‡�ƒ�”�•���ˆ�”�‘�•���–�Š�‡���r�p�p�x���r�p�p�y���•�‡�ƒ�•�‘�•�á���ƒ���•�‹�•�‹�Ž�ƒ�”��

�–�”�‡�•�†���™�ƒ�•���‘�„�•�‡�”�˜�‡�†���™�‹�–�Š���–�Š�‡���•�—�•�„�‡�”���‘�ˆ�����	�š�
���…�‘�™�•���‹�•�…�”�‡�ƒ�•�‹�•�‰���„�›���q�t�ä�w�Ä���”�‡�ƒ�…�Š�‹�•�‰��

�ƒ�Ž�•�‘�•�–���u�p�Ä���‘�ˆ���–�Š�‡���’�‘�’�—�Ž�ƒ�–�‹�‘�•���‘�ˆ���†�ƒ�‹�”�›���…�‘�™�•���‹�•�����‡�™�����‡�ƒ�Ž�ƒ�•�†���„�›���r�p�r�q�ä�q�v�á�q�w However, 

this breed data represents the total number of cows in New Zealand and not the 

numbers of farms with each breed. 

In New Zealand, crossbreeding of dairy cattle is common, contrary to what 

happens worldwide. �q�p The increased number of HFxJ cows in New Zealand is 

related to the better hybrid vigour of crossbred cows and their higher production 

worth index. �r�p�á�q�p This survey suggests there may be a relationship between 

increased crossbreeding in New Zealand and the incidence of humeral fractures. 

This association may partly explain why fractured humeri seem unique to New 

Zealand.  

Another significant finding in this survey was the tendency for more growth 

checks to be reported in heifers on case farms. Assessment and maintenance of 

animal health and/or welfare is crucial in dairy farms not only for productivity 

but also to follow international animal welfare standards.�y�á�r�v This assessment is 
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done through visual evaluation of cows body condition score, lameness, injuries, 

and hygiene.�r�v Although finding this tendency in case farms is quite exciting and 

potentially supportive of the hypothesis that imbalanced protein-calorie nutrition 

in young heifers is a risk factor associated with humeral fractures, it is also 

possible that the significant difference between case and control farms was due to 

recall bias. Recall bias is a well-reported systematic error that occurs when 

participants in a case-control study do not remember previous events or 

experiences accurately, for example, people with lung cancer are more likely to 

remember they smoked than people without lung cancer.�q�r In this case it is 

possible that farmers with outbreaks of fractured humeri are more likely to 

remember growth checks than control farms. 

The last risk factor that was significantly different between farms was that calves 

from case farms were turned out to pasture about a week earlier than calves from 

control farms. The time calves are put outside the shed to graze is dictated by the 

size of the shed, the number of calves it can house, and the geographical location 

(associated with weather conditions) of the farm.�y Farmers usually turn calves 

out in fine weather or when the calf shed gets too full.�y The non-homogenous 

distribution of case and control farms, with case farms on each Island tending to 

be further North, could mean that this association is spurious, however this 

finding needs more investigation. Certainly, a younger calf at turn out could be 

more likely to experience a growth check, which would also support the other 

significant finding that case farms had more growth checks. 
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Although not si gnificant the higher average herd productions (in MS/cow) from 

control farms is likely due to the higher proportion of control farms with 

Holstein-Friesian cows compared with case farms. Holstein-Friesian cows tend to 

have higher milk yield  compared to Jersey and HFxJ crossbred.�r�r Other factors 

that can influence productivity include age, the efficiency of feed conversion, 

and, farm management (for example once a day versus twice a day milking 

frequency).�r�r�á�r�q Considering case farms had lower average herd production 

compared to control farms, some of the factors formerly described might be 

influencing productivity.  

The rates of lime flour supplementation reported here, when used, were similar 

to the industry -recommended lime flour supplementation rate (either through 

the dusting of pastures or by incorporating it into supplements being fed) that 

�ƒ�ˆ�–�‡�”���…�ƒ�Ž�˜�‹�•�‰���…�‘�™�•���”�‡�…�‡�‹�˜�‡���„�‡�–�™�‡�‡�•���q�p�p-�s�p�p�‰���‘�ˆ���Ž�‹�•�‡���ˆ�Ž�‘�—�”���’�‡�”���…�‘�™���†�ƒ�›�ä�q�s 

�	�‹�•�ƒ�Ž�Ž�›�á���–�Š�‡���”�‡�•�’�‘�•�•�‡���”�ƒ�–�‡���”�‡�’�”�‡�•�‡�•�–�•���‘�•�Ž�›���p�ä�v�Ä�����v�x���q�q�ä�q�w�y���†�ƒ�‹�”�›���Š�‡�”�†�•���ƒ�…�…�‘�—�•�–�‡�†��

�ˆ�‘�”���‹�•���–�Š�‡���r�p�q�y-�r�p�r�p���•�‡�ƒ�•�‘�•�����‘�ˆ���†�ƒ�‹�”�›���ˆ�ƒ�”�•�•���”�‡�•�’�‘�•�†�‹�•�‰�ä�q�v Different surveying 

methods were developed in an attempt to collect a large number of completed 

questionaries, despite this, the response rate is very low and illustrates the 

difficulties in surveying farmers in New Zealand. A previous questionnaire, 

developed by the Massey Heifer fracture research group which also aimed to 

determine risk factors associated with humeral fractures only collected data from 

�y���…�ƒ�•�‡���ˆ�ƒ�”�•�•���ƒ�•�†���w���…�‘�•�–�”�‘�Ž���ˆ�ƒ�”�•�• (K Dittmer, unpublished d ata). The factors that 

affect survey response and completion need to be identified and addressed. 
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2.5 Conclusion  

This questionnaire has identified the Holstein-Friesian Jersey crossbreed as a 

possible risk factor associated with the incidence of spontaneous humeral 

fractures in dairy heifers in New Zealand. The survey has also found possible 

associations between growth checks and age of turnout which also need further 

investigation. 
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3.1 Introduction  

Spontaneous fracture of the humerus of dairy heifers was first reported in New 

Zealand in �r�p�p�x�á���ƒ�Ž�–�Š�‘�—�‰�Š�á���ƒ�•�‡�…�†�‘�–�ƒ�Ž�Ž�›�á���…�ƒ�•�‡�•���Š�ƒ�†���„�‡�‡�•���‘�„�•�‡�”�˜�‡�†���•�‹�•�…�‡���–�Š�‡��

�q�y�w�p�•�ä�r�x The incidence has increased significantly since, affecting animal welfare, 

impacting the mental health of farmers and veterinarians, and resulting in major 

economic losses to the dairy industry. A specific cause for the condition is not 

known and aside from sporadic cases in Australia, a high number of cases has 

only been reported in New Zealand.�q�r�á�y The condition is described predominantly 

in first lactation heifers but occasionally prior to calving or in heifers in their 

second lactation.  

When investigating an outbreak of pathological bone fractures in ruminants 

nutritional deficiencies, such as energy, protein, Ca, phosphorus, and vitamin D, 

should be considered as these can lead to abnormal bone growth or metabolic 

bone diseases such as osteoporosis and rickets/osteomalacia.�u�á�x In the first 

reported outbreak, low liver and serum Cu concentrations were reported in many 

of the affected heifers and it was hypothesised that Cu deficiency in the months 

leading up to fracture had caused increased bone fragility resulting in fracture.�r�x 

A recent investigation into humeral fractures in dairy heifers concluded that 

affected heifers had suffered from osteoporosis which was likely associated with 

periods of protein/calorie malnutrition, increased osteoclastic bone resorption to 

meet the Ca demands of lactation, and periods of Cu deficiency.�y It was suggested 

that these factors decreased bone strength and led to the fracture of the 

humerus.�y  
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To date, the energy and mineral status of dairy cows, which were euthanised due 

to a humeral fracture, has not been reported. It is well known that dairy cows go 

through significant changes in their metabolism to supply adequate energy and 

minerals to the developing fetus, for parturition and to initiate and maintain 

lactation.�q�u Meeting the changing mineral and energy demands of the cow from 

pregnancy through to lactation are key for a successful transition through these 

periods and to avoid peri and post-parturient metabolic diseases.�q�u�á�q�w It is possible 

that, as well as the more common presentations of metabolic diseases such as 

milk fever or acetonaemia, there can also be more gradual concurrent negative 

effects on bone growth and mineralisation when there is sub-optimal nutrition.  

This report describes the serum concentrations of several biochemistry analytes 

associated with mineral and energy metabolism, serum Cu and liver Cu 

concentration, and their correlation in heifers that were euthanised due to 

spontaneous humeral fracture. We did not have access to a comparable set of 

samples from herd mates without fractures, hence it is unknown whether these 

biochemistry analytes would differ between affected and unaffected animals. 

Thus, concentrations of metabolites within the normal range in our dataset 

(animals with fractures) indicate there is unlikely to be an association between 

these metabolites and fractures. However, finding abnormal concentrations of 

metabolites in the fractured group does not necessarily imply associations as we 

could not define “normal” for these herds. In the absence of a control group, we 

have compared the concentrations in the fracture group to published reference 

ranges, but recognize that particularly for Cu, serum and liver concentrations 
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below the reference value are not synonymous with the development of clinical 

disease. 

3.2 Material and Methods  

3.1.1 Case History  

���Š�‹�•���™�ƒ�•���ƒ�•���‘�„�•�‡�”�˜�ƒ�–�‹�‘�•�ƒ�Ž���•�–�—�†�›���—�•�‹�•�‰���s�u���Ž�‹�˜�‡�”���ƒ�•�†���•�‡�”�—�•���•�ƒ�•�’�Ž�‡�•���ˆ�”�‘�•���•�’�”�‹�•�‰��

�…�ƒ�Ž�˜�‹�•�‰���Š�‡�‹�ˆ�‡�”�•�á���‘�•���q�w���†�‹�ˆ�ˆ�‡�”�‡�•�–���†�ƒ�‹�”�›���ˆ�ƒ�”�•�•�á���™�Š�‹�…h fractured one or both humeri in 

the post-�’�ƒ�”�–�—�•���’�‡�”�‹�‘�†���ˆ�”�‘�•���
�—�Ž�›���–�‘�����‡�…�‡�•�„�‡�”���r�p�q�y�ä�����Š�‡���Š�‡�‹�ˆ�‡�”�•���™�‡�”�‡���•�ƒ�•�’�Ž�‡�†��

after the humeral fracture was reported by the farmers to their veterinarian. 

Blood samples were collected as part of a diagnostic investigation into the cause 

of the fracture. A sample of the liver was collected from the affected heifers after 

euthanasia. The serum and liver samples were submitted to IDEXX Laboratories 

New Zealand Pty. Ltd., Palmerston North, NZ. The concentration of the following 

biochemistry analytes was measured on serum samples as part of the cow 

metabolic test profile: albumin, �E-hydroxybutyrate (BHB), creatinine, Ca, Mg, 

phosphate, non-esterified fatty acids (NEFA), and serum Cu concentration. In 

liver samples, Cu concentration (LiCu) was measured. 

Data on breed and predominant diet animals grazed in the winter months 

leading up to fracture occurrence was recorded by farmers and or veterinarians 

on the pro forma submission form for each case submitted (Appendix C). The 

feed category descriptors used within the submission form were pasture, FB, and 

other/mixed (described as mix of feeds including swedes (Brassica napus), maize 

(Zea mays) silage, oats (Avena nativa), and/or kale (Brassica oleracea), depending 

upon which one constituted the predominant feed on a dry matter intake basis. 
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3.1.2 Data Analysis  

Control samples were not available for comparison; hence data were compared 

according to the reference interval provided by IDEXX Laboratories New Zealand 

Pty. Ltd., and the proportion of heifers with a humeral fracture with analyte 

concentrations outside of the reference range reported. Data were also 

�•�—�•�•�ƒ�”�‹�•�‡�†���„�›���•�‡�ƒ�•���ƒ�•�†���È���•�–�ƒ�•�†�ƒ�”�†���†�‡�˜�‹�ƒ�–�‹�‘�•�������������ˆ�‘�”���–�Š�‡���„�‹�‘�…�Š�‡�•�‹�•�–�”�›��

analytes. For analysis of Cu data, serum Cu concentrations were categorised as 

�Ž�‘�™�����p-�t�ä�u���Û�•�‘�Ž�������á���•�ƒ�”�‰�‹�•�ƒ�Ž�����t�ä�v-�w�ä�y���Û�•�‘�Ž�������á���ƒ�†�‡�“�—�ƒ�–�‡�����x�ä�p-�r�p�ä�p���Û�•�‘�Ž���������‘�”��

�Š�‹�‰�Š�����r�p�ä�p-�u�p�ä�p���Û�•�‘�Ž�������ä�q�s ���‹�˜�‡�”�����—���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•���™�ƒ�•���…�ƒ�–�‡�‰�‘�”�‹�•�‡�†���ƒ�•���Ž�‘�™�����p�ä�t�t��

�Û�•�‘�Ž���•�‰���á���•�ƒ�”�‰�‹�•�ƒ�Ž�����t�u-�y�t���Û�•�‘�Ž���•�‰���á���ƒ�†�‡�“�—�ƒ�–�‡�����y�u-�r�p�p�p���Û�•�‘�Ž���•�‰�����‘�”���Š�‹�‰�Š��

���r�p�p�p-�u�p�p�p�p���Û�•�‘�Ž���•�‰���ä�q�s A Pearson’s correlation was run to assess the 

relationship between LiCu and serum Cu concentration. Statistical analysis was 

performed using SPSS statistics software (IBM® SPSS® ���–�ƒ�–�‹�•�–�‹�…�•���˜�‡�”�•�‹�‘�•���r�w�� 

3.2 Results – Clinical findings  

A total �‘�ˆ���s�u���„�Ž�‘�‘�†���ƒ�•�†���Ž�‹�˜�‡�”���•�ƒ�•�’�Ž�‡�•���™�‡�”�‡���…�‘�Ž�Ž�‡�…�–�‡�†���ˆ�”�‘�•���…�ƒ�•�‡�•���‘�ˆ���Š�—�•�‡�”�ƒ�Ž��

�ˆ�”�ƒ�…�–�—�”�‡���ˆ�”�‘�•���q�w���†�‹�ˆ�ˆ�‡�”�‡�•�–���ˆ�ƒ�”�•�•�ä�����‡�”�—�•���•�ƒ�•�’�Ž�‡�•���ˆ�”�‘�•���ƒ�Ž�Ž���s�u���…�ƒ�•�‡�•���™�‡�”�‡���ƒ�•�ƒ�Ž�›�•�‡�†��

for albumin, creatinine, phosphate�á�����ƒ�á�����‰�á���ƒ�•�†�����������ƒ�•�†���‹�•���s�r���s�u�����y�q�Ä�����…�ƒ�•�‡�•��

serum NEFA concentration was also measured.  

���’�’�‡�•�†�‹�š�������’�”�‡�•�‡�•�–�•���‹�•�†�‹�˜�‹�†�—�ƒ�Ž���”�ƒ�™���†�ƒ�–�ƒ���ƒ�•�†�����ƒ�„�Ž�‡���s�ä�q���•�Š�‘�™�•���–�Š�‡���•�—�•�•�ƒ�”�›���†�ƒ�–�ƒ�á��

�™�‹�–�Š���–�Š�‡���•�‡�ƒ�•���È���������ˆ�‘�”���‡�ƒ�…�Š���ƒ�•�ƒ�Ž�›�–�‡���ƒ�•�†���–�Š�‡���’�”�‘�’�‘�”�–�‹�‘�•���‘�ˆ���…�ƒ�•�‡�•���™�‹�–�Š���”�‡�•�—�Ž�–�•��

below or above the reference range. Pertinent results included serum creatinine 

concentr�ƒ�–�‹�‘�•���„�‡�Ž�‘�™���–�Š�‡���”�‡�ˆ�‡�”�‡�•�…�‡���”�ƒ�•�‰�‡���‹�•���r�t���s�u�����v�y�Ä�����Š�‡�‹�ˆ�‡�”�•�á���r�p���s�u���Š�‡�‹�ˆ�‡�”�•��

���u�w�Ä�����Š�ƒ�†���Š�‹�‰�Š�����������•�‡�”�—�•���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•���ƒ�•�†���•�‡�”�—�•�������	�����…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•���™�ƒ�•��
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�‹�•�…�”�‡�ƒ�•�‡�†���‹�•���s���s�r�����y�Ä�����Š�‡�‹�ˆ�‡�”�•�ä�����Š�‡���–�Š�”�‡�‡���Š�‡�‹�ˆ�‡�”�•���™�‹�–�Š���Š�‹�‰�Š���•�‡�”�—�•�������	����

concentration also had high serum BHB concentration. Only one heifer had a 

serum phosphate concentration below the reference range. In two cases serum Ca 

and Mg concentrations were less than the lower detectable limit of the assay 

(analytical error) and these cases were not included, the remaining �s�s���Š�‡�‹�ˆ�‡�”�•���Š�ƒ�†��

serum Ca and Mg concentrations within the reference interval. All heifers with 

humeral fracture had serum albumin concentration within the reference range.  

Case distribution according to the main breed of cows on the farm showed that 

�q�u���s�t ���t�t�Ä�����Š�‡�‹�ˆ�‡�”�•���™�‡�”�‡�����‘�Ž�•�–�‡�‹�•-�	�”�‹�‡�•�‹�ƒ�•���
�‡�”�•�‡�›���…�”�‘�•�•�„�”�‡�‡�†���ƒ�•�†���q�y���s�t�����u�v�Ä����

were Holstein-�	�”�‹�‡�•�‹�ƒ�•�ä�����•���–�Š�‡���…�ƒ�•�‡���‘�ˆ���ˆ�ƒ�”�•�•�á���y���q�w�����u�s�Ä�����ˆ�ƒ�”�•�•���Š�ƒ�†�����‘�Ž�•�–�‡�‹�•-

�	�”�‹�‡�•�‹�ƒ�•���
�‡�”�•�‡�›���…�”�‘�•�•�„�”�‡�‡�†���…�‘�™�•���ƒ�•�†���w���q�w�����t�q�Ä�����ˆ�ƒ�”�•�•���Š�ƒ�†�����‘�Ž�•�–�‡�‹�•-Friesian cows, 

with one submission not reporting breed data.  

The main diet heifers grazed on in the months leading up to fracture occurrence 

���†�—�”�‹�•�‰���™�‹�•�–�‡�”�����™�‡�”�‡���†�‡�•�…�”�‹�„�‡�†���ƒ�•���’�”�‡�†�‘�•�‹�•�ƒ�•�–�Ž�›���’�ƒ�•�–�—�”�‡���‹�•���q�u���s�u�����t�s�Ä�����Š�‡�‹�ˆ�‡�”�•�á��

�ˆ�”�‘�•���•�‹�•�‡���†�‹�ˆ�ˆ�‡�”�‡�•�–���ˆ�ƒ�”�•�•�á���’�”�‡�†�‘�•�‹�•�ƒ�•�–�Ž�›���	�����‹�•���q�t���s�u�����t�p�Ä�����Š�‡�‹�ˆ�‡�”�•���ˆ�”�‘�•���–�Š�”�‡e 

�†�‹�ˆ�ˆ�‡�”�‡�•�–���ˆ�ƒ�”�•�•�á���ƒ�•�†���•�‹�š�‡�†���†�‹�‡�–���‹�•���v���s�u�����q�w�Ä�����Š�‡�‹�ˆ�‡�”�•���ˆ�”�‘�•���ˆ�‹�˜�‡���†�‹�ˆ�ˆ�‡�”�‡�•�–���ˆ�ƒ�”�•�•�ä�� 
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���ƒ�„�Ž�‡���s�ä���q ���‡�ƒ�•�����È�������á���”�ƒ�•�‰�‡�á���–�Š�‡���’�”�‘�’�‘�”�–�‹�‘�•���‘�ˆ���…�ƒ�•�‡���”�‡�•�—�Ž�–�•���™�‹�–�Š���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•���ƒ�„�‘�˜�‡���‘�”���„�‡�Ž�‘�™��
reference range and the reference range used in this study for the concentrations of albumin, 
�…�”�‡�ƒ�–�‹�•�‹�•�‡�á�������t�á�����ƒ�á�����‰�á���•�‘�•-esterified fatty acids, �E-hydroxybutyrate, serum copper and liver Cu 
�…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•���‹�•���s�u���Š�‡�‹�ˆ�‡�”�•���™�‹�–�Š���Š�—�•�‡�”�ƒ�Ž���ˆ�”�ƒ�…�–�—�”�‡�ä 

Analyte  n Mean (± SD) Range Results  Reference range  
Creatinine  
 

�s�u �t�x�ä�w���È���q�p�ä�u�r �s�v-�w�s 
�r�t���s�u�����v�y�Ä�����Î���u�u���Û�•�‘�Ž���� 

�q�q���s�u�����s�q�Ä�����Ï���u�u���Û�•�‘�Ž���� 
�u�u-�q�s�p�� 

BHB  
�s�u �q�ä�q���È���p�ä�s�q�� �p�ä�t-�r�ä�q 

�r�p���s�u�����u�w�Ä�����Ñ���q�ä�q���•�•�‘�Ž���� 
�q�p���s�u�����t�s�Ä�����Î���q�ä�q���•�•�‘�Ž���� 

Adequate – �p�ä�r��- �q�ä�p�� 
Increased – �q�ä�q��- �q�p�ä�p�� 

NEFA 
�s�r �p�ä�u���È���p�ä�s�v�� �p�ä�r-�q�ä�t 

�s���s�r�����y�Ä�����Ñ���q�ä�r���•�•�‘�Ž���� 
�r�y���s�r�����y�q�Ä�����Î���q�ä�r���•�•�‘�Ž���� 

Adequate – �p�ä�p��- �q�ä�q�� 
Increased – �q�ä�r��- �t�ä�p�� 

Phosphate  

 
�s�u �r�ä�q���È���p�ä�t�x �p�ä�w�x-�r�ä�y�s 

�q���s�u�����s�Ä�����Î���q�ä�q���•�•�‘�Ž���� 
�s�t���s�u�����y�w�Ä�����Ï���q�ä�q���•�•�‘�Ž���� 

�q�ä�q�p-�r�ä�x�p�� 

Ca 
 

�s�s �r�ä�t���È���p�ä�q�t �r�ä�q�r-�r�ä�w�t �s�s���s�s�����q�p�p�Ä�����Ï���r�ä�p�p���•�•�‘�Ž���� �r�ä�p�p-�r�ä�v�p�� 

Mg 
 

�s�s �p�ä�y���È���p�ä�r�p �p�ä�u-�q�ä�s�r �s�s���s�s�����q�p�p�Ä�����Ï���p�ä�t�y���•�•�‘�Ž���� �p�ä�t�y-�q�ä�q�u�� 

Albumin  
 

�s�u �s�r�ä�t���È���r�ä�v �r�x-�s�x �s�u���s�u�����q�p�p�Ä�����Ï���r�s���‰���� �r�s-�s�x�� 

Analysis of Cu concentration   
SeCu 

�s�s �q�t�ä�x���È���w�ä�s�t �s�ä�r-�s�q�ä�t 

�r���s�s�����v�Ä�����Î���t�ä�v���Û�•�‘�Ž���� 
�u���s�s�����q�u�Ä�����Î���x�ä�p���Û�•�‘�Ž���� 

�q�x���s�s�����u�u�Ä�����Î���r�p���Û�•�‘�Ž���� 
�x���s�s�����r�t�Ä�����Ñ���r�p���Û�•�‘�Ž���� 

���‘�™���p��– �t�ä�u�� 
���ƒ�”�‰�‹�•�ƒ�Ž���t�ä�v��– �w�ä�y�� 

���†�‡�“�—�ƒ�–�‡���x�ä�p��– �r�p�ä�p 
���‹�‰�Š���r�p�ä�p��– �u�p�ä�p 

LiCu  

�s�u �q�x�w���È���s�t�r �q�u-�q�u�t�p 

�r�q���s�u�����v�p�Ä�����Î���t�u���Û�•�‘�Ž���•�‰�� 
�s���s�u�����y�Ä�����Î���y�u���Û�•�‘�Ž���•�‰ 

�q�q���s�u�����s�q�Ä�����Î���r�p�p�p���Û�•�‘�Ž���•�‰ 
�p���s�u�����p�Ä�����Ñ���r�p�p�p���Û�•�‘�Ž���•�‰ 

Low – �p��– �t�t 
Marginal – �t�u��– �y�t 

���†�‡�“�—�ƒ�–�‡���y�u��– �r�p�p�p 
High – �r�p�p�p��- �u�p�p�p�p 

BHB, �E-hydroxybutyrate; NEFA, non-esterified fatty acids; SeCu, serum Cu concentration; LiCu, 
liver Cu concentration. 
 

Analysis of the analytes by predominant diet showed that creatinine 

�…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•���™�ƒ�•���„�‡�Ž�‘�™���–�Š�‡���”�‡�ˆ�‡�”�‡�•�…�‡���”�ƒ�•�‰�‡���‹�•���q�s���q�u�����x�w�Ä�����Š�‡�‹�ˆ�‡�”�•���‰�”�ƒ�œ�‹�•�‰��

�’�ƒ�•�–�—�”�‡�á���w���q�t�����u�p�Ä�����Š�‡�‹�ˆ�‡�”�•���‰�”�ƒ�œ�‹�•�‰���	���á���ƒ�•�†���‹�•���t���v�����v�w�Ä�����Š�‡�‹�ˆ�‡�”�•���”�‡�…�‡�‹�˜�‹�•�‰���ƒ���•�‹�š�‡�†��

diet. �E-�Š�›�†�”�‘�š�›�„�—�–�›�”�ƒ�–�‡���™�ƒ�•���ƒ�„�‘�˜�‡���–�Š�‡���”�‡�ˆ�‡�”�‡�•�…�‡���”�ƒ�•�‰�‡���‹�•���u���q�u�����s�s�Ä�����Š�‡�‹�ˆ�‡�”�•��

�‰�”�ƒ�œ�‹�•�‰���’�ƒ�•�–�—�”�‡�á���y���q�t�����v�t�Ä�����Š�‡�‹�ˆ�‡�”�•���‰�”�ƒ�œ�‹�•�‰���	�����ƒ�•�†���v���v�����q�p�p�Ä�����Š�‡�‹�ˆ�‡�”�•���”�‡�…�‡�‹�˜�‹�•�‰���ƒ��

mixed diet. There were no differences in the other biochemistry analytes when 

comparing diets prior to fracture. 

Thirty -�ˆ�‹�˜�‡���Š�‡�‹�ˆ�‡�”�•���Š�ƒ�†���Ž�‹�˜�‡�”���•�ƒ�•�’�Ž�‡�•���ƒ�•�ƒ�Ž�›�•�‡�†���ˆ�‘�”�����‹���—���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�á���ƒ�•�†���s�s��

�Š�‡�‹�ˆ�‡�”�•���Š�ƒ�†���’�ƒ�‹�”�‡�†���•�‡�”�—�•���ƒ�•�†���Ž�‹�˜�‡�”���•�ƒ�•�’�Ž�‡�•���ƒ�•�ƒ�Ž�›�•�‡�†�ä�����ƒ�•�›���‘�ˆ���–�Š�‡���Š�‡�‹�ˆ�‡�”�•�����r�t���s�u�á��

�v�y�Ä�����Š�ƒ�†���Ž�‘�™���‘�”���•�ƒ�”�‰�‹�•�ƒ�Ž�����‹���—���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�����Î���y�u���Û�•�‘�Ž���•�‰���á���„�—�–���‘�•�Ž�›���w���s�s��
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���r�q�Ä�����Š�‡�‹�ˆ�‡�”�•���Š�ƒ�†���Ž�‘�™���‘�”���•�ƒ�”�‰�‹�•�ƒ�Ž���•�‡�”�—�•�����—���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�����Î���x���Û�•�‘�Ž�������������ƒ�„�Ž�‡��

�s�ä�q���ä�����ˆ���–�Š�‡���Š�‡�‹�ˆ�‡�”�•���™�‹�–�Š���Ž�‘�™���‘�”���•�ƒ�”�‰�‹�•�ƒ�Ž�����‹���—���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�á���q�q���q�u�����w�s�Ä�����Š�‡�‹�ˆ�‡�”�•��

�‰�”�ƒ�œ�‡�†���’�ƒ�•�–�—�”�‡�á���y���q�t�����v�t�Ä�����Š�‡�‹�ˆ�‡�”�•���‰�”�ƒ�œ�‡�†���	�����ƒ�•�†���t���v�����v�w�Ä�����Š�‡�‹�ˆ�‡�”�•���”�‡�…�‡�‹�˜�‡�†���ƒ��

mixed diet. For low or marginal serum Cu c�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•�á���s���q�s�����r�s�Ä�����Š�‡�‹�ˆ�‡�”�•��

�‰�”�ƒ�œ�‡�†���‘�•���’�ƒ�•�–�—�”�‡�á���t���q�t�����r�y�Ä�����Š�‡�‹�ˆ�‡�”�•���‰�”�ƒ�œ�‡�†���‘�•���	���á���ƒ�•�†���p���v�����p�Ä�����Š�‡�‹�ˆ�‡�”�•��

received a mixed diet.  

���ƒ�‹�”�‡�†���Ž�‹�˜�‡�”���ƒ�•�†���•�‡�”�—�•���•�ƒ�•�’�Ž�‡�•�����•�Ë�s�s�����•�Š�‘�™�‡�†���–�Š�ƒ�–���ƒ�Ž�Ž���w���Š�‡�‹�ˆ�‡�”�•���™�‹�–�Š���Ž�‘�™���‘�”��

marginal serum Cu concentrations had low or marginal LiCu concentrations. The 

�”�‡�•�ƒ�‹�•�‹�•�‰���Š�‡�‹�ˆ�‡�”�•�����q�v���s�s�á���t�y�Ä�����Š�ƒ�†���ƒ�†�‡�“�—�ƒ�–�‡���‘�”���Š�‹�‰�Š���•�‡�”�—�•�����—���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•��

�„�—�–���Ž�‘�™���‘�”���•�ƒ�”�‰�‹�•�ƒ�Ž�����‹���—���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•�ä���	�‹�•�ƒ�Ž�Ž�›�á���q�p���s�s�����s�p�Ä�����Š�‡�‹�ˆ�‡�”�•���Š�ƒ�†��

adequate serum Cu and LiCu concentrations. Pearson’s correlation showed a 

statistically significant, moderate positive correlation between LiCu and serum 

Cu concentration, r���s�q�����Ë���p�ä�t�s�á��P�Ë�p�ä�p�q�t�ä�� 

3.3 Discussion  

Analysis of the results indicated negative energy balance was common in heifers 

�™�‹�–�Š���ƒ���Š�—�•�‡�”�ƒ�Ž���ˆ�”�ƒ�…�–�—�”�‡���™�‹�–�Š���u�w�Ä���‘�ˆ���Š�‡�‹�ˆ�‡�”�•���•�Šowing high BHB concentration and 

�v�y�Ä���‘�ˆ���Š�‡�‹�ˆ�‡�”�•���Š�ƒ�˜�‹�•�‰���…�”�‡�ƒ�–�‹�•�‹�•�‡���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•���„�‡�Ž�‘�™���–�Š�‡���”�‡�ˆ�‡�”�‡�•�…�‡���”�ƒ�•�‰�‡�ä��

Furthermore, low/marginal LiCu concentration remains a significant finding in 

heifers with humeral fractures in New Zealand.  

���Ž�–�Š�‘�—�‰�Š���u�w�Ä���‘�ˆ���Š�‡�‹�ˆ�‡�”s had increased BHB, the increases were only slight, the 

mean for all heifers was within the adequate range, and the maximum value 

�”�‡�…�‘�”�†�‡�†���™�ƒ�•���r�ä�q���•�•�‘�Ž�����ä�����Š�‡�•�‡���”�‡�•�—�Ž�–�•���ƒ�Ž�‘�•�‡���™�‘�—�Ž�†���—�•�—�ƒ�Ž�Ž�›���•�‘�–���„�‡���•�–�”�‘�•�‰�Ž�›��

indicative of a negative energy balance or sub-clinical ketosis (SCK) and this 
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�‘�„�•�‡�”�˜�ƒ�–�‹�‘�•���‹�•���ˆ�—�”�–�Š�‡�”���•�—�’�’�‘�”�–�‡�†���„�›���–�Š�‡���ˆ�‹�•�†�‹�•�‰���–�Š�ƒ�–���‘�•�Ž�›���y�Ä���‘�ˆ���Š�‡�‹�ˆ�‡�”�•���Š�ƒ�†��

concurrent increased NEFA concentration. There are several different published 

cut points when using serum BHB to diagnose SCK in New Zealand dairy cattle. 

���•�‹�•�‰���ƒ�����������„�Ž�‘�‘�†���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•���Ï���q�ä�r���•�•�‘�Ž�����á�����”�—�•�•�‡�”���‡�–���ƒ�Ž�s �ˆ�‘�—�•�†���–�Š�ƒ�–���x�ä�s��– 

�t�p�ä�q�Ä���‘�ˆ�����‡�™�����‡�ƒ�Ž�ƒ�•�†���†�ƒ�‹�”�›���…�‘�™�•���™�‡�”�‡���…�Ž�ƒ�•�•�‹�ˆ�‹�‡�†���ƒ�•���Š�ƒ�˜�‹�•�‰���������á���ƒ�•�†���—�•�‹�•�‰���ƒ���…�—�–��

�’�‘�‹�•�–���‘�ˆ���Ñ���q�ä�t���•�•�‘�Ž�����á�����‘�•�’�–�‘�•���‡�–���ƒ�Ž�t �”�‡�’�‘�”�–�‡�†���ƒ�•�����������’�”�‡�˜�ƒ�Ž�‡�•�…�‡���‘�ˆ���q�v�ä�x�Ä���ƒ�–���w-

�q�r���†�ƒ�›�•���’�‘�•�–-calving in pasture-grazed dairy cows in New Zealand.�t�á�s In this study 

�w���s�u�����r�p�Ä�����Š�‡�‹�ˆ�‡�”�•���Š�ƒ�†���•�‡�”�—�•�����������…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•���Ï���q�ä�r�•�•�‘�Ž�������ƒ�•�†���s���s�u�����y�Ä����

�Š�‡�‹�ˆ�‡�”�•���Š�ƒ�†���•�‡�”�—�•�����������…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•���Ñ���q�ä�t���•�•�‘�Ž�������‹�•�†�‹�…�ƒ�–�‹�•�‰�����������™�ƒ�•���’�”�‡�•�‡�•�–��

in some heifers at the time of humeral fracture. However, the prevalence of SCK 

reported in this study is similar to  other studies and may indicate that our 

findings are normal for recently calved dairy heifers in New Zealand. If this is the 

case, then it is unlikely that SCK constitutes an important risk factor for 

spontaneous fracture of the humerus. 

Discrepancies have been reported between the use of NEFA and/or BHB as 

indicators of energy status. Serum NEFA concentration appears to be a better 

indicator of negative energy balance, with higher sensitivity and specificity 

compared to BHB.�q�w For accurate results on blood NEFA concentrations, samples 

should be collected in EDTA or red-top tubes (no anticoagulants), should be kept 

�ƒ�–���t�Ó�����ƒ�ˆ�–�‡�”���…�‘�Ž�Ž�‡�…�–�‹�‘�•���ƒ�•�†���–�Š�‡���•�‡�”�—�•���•�‡�’�ƒ�”�ƒ�–�‡�†���™�‹�–�Š�‹�•���r�t h of collection which 

can be difficult with field studies. �r�u On the other hand, BHB is very stable, and 

can be measured in different fluids (urine, blood, milk), the cost is low and serum 

concentrations change less under different handling and storage conditions 

compared to NEFA.�r�u�á�q�w In this study, information regarding sample collection, 
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handling, and/or time of collection was not reported by the submitters. However, 

�•�‘�•�–���•�ƒ�•�’�Ž�‡�•���™�‡�”�‡���•�‡�•�–���‘�˜�‡�”�•�‹�‰�Š�–���„�›���…�‘�—�”�‹�‡�”�á���•�‡�”�—�•���™�ƒ�•���•�‘�–���•�‡�’�ƒ�”�ƒ�–�‡�†���™�‹�–�Š�‹�•���r�t 

h and it is unlik ely samples were collected onto ice. This means that some care 

should be taken when interpreting the serum NEFA concentration found in this 

study. Given the greater stability of BHB compared with NEFA, the BHB results in 

this study suggest a high proportio�•���‘�ˆ���Š�‡�‹�ˆ�‡�”�•�����u�w�Ä�����™�‡�”�‡���‹�•���•�‡�‰�ƒ�–�‹�˜�‡���‡�•�‡�”�‰�›��

balance and mobilising adipose tissue to adapt to the transition period. 

Heifers grazing on FB over the winter months, leading up to fracture occurrence, 

had a higher BHB blood concentration than those grazing on pasture. Fodder 

beet has increasingly been used as a winter feed in New Zealand, especially in the 

South Island due to its higher yield, compared to traditional winter crops, and 

the higher palatability associated with the high sugar content in the plant.�r�p The 

higher energy content of FB often leads to higher body condition scores in those 

animals which winter on it which can lead to increased production of ketone 

bodies.�r�r�á�q�q Fodder beet feeding may also increase the amount of butyric acid in 

the rumen which can be rapidly converted to BHB in the rumen with the 

consequent increase in blood BHB concentration.�r  

���‡�”�—�•���…�”�‡�ƒ�–�‹�•�‹�•�‡���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•���™�ƒ�•���„�‡�Ž�‘�™���–�Š�‡���”�‡�ˆ�‡�”�‡�•�…�‡���”�ƒ�•�‰�‡�����Î���u�u���Û�•�‘�Ž���������‹�•��

�v�y�Ä���‘�ˆ���Š�‡�‹�ˆ�‡�”�•���™�‹�–�Š���Š�—�•�‡�”�ƒ�Ž���ˆ�”�ƒ�…�–�—�”�‡�á���™�‹�–�Š���–�Š�‡���•�‡�ƒ�•���˜�ƒ�Ž�—�‡���„�‡�Ž�‘�™���u�p���Û�•�‘l/L. 

Serum creatinine concentration is used to evaluate kidney function but in 

normally hydrated animals with normal renal function, serum creatinine 

concentration can be used to evaluate muscle mass (it is weakly associated with 

muscle thickness) and undernutrition (correlates positively with body condition 
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score and low serum creatinine concentration appears to be secondary to 

mobilisation of muscle protein for energy production). �q�x�á�r�t�á�q Additionally, a parity 

effect is described by Cozzi et al�w with high er plasma creatinine concentration in 

�’�”�‹�•�‹�’�ƒ�”�‘�—�•�����v�w���Û�•�‘�Ž���������˜�•���•�—�Ž�–�‹�’�ƒ�”�‘�—�•���…�‘�™�•�����v�t���Û�•�‘�Ž�������ä�w Considering the 

animals in this study were all heifers, serum creatinine concentration would be 

expected to be within or above the reference range.  

The below reference range serum creatinine concentrations in a high proportion 

of heifers in this study may be indicative of periods of undernutrition (leading to 

decreased muscle mass) in heifers with humeral fracture and/or increased 

mobilisation of muscle protein for energy production, though this finding must 

be interpreted with caution considering the lack of a control group, information 

on the hydration status of cows, and body condition score. Additionally, serum 

creatinine concentration reference ranges reported by the diagnostic laboratory 

are for adult cows. Nevertheless, this potential lower muscle mass in affected 

heifers is an important factor not previously described. Indeed, humeral fractures 

are uncommon in ruminants, and this is thought to be because of the larger 

muscles around the humerus.�r�q Hence, lower muscle mass (either due to 

decreased formation and/or increased mobilisation) could be a risk factor for 

bone fracture in these heifers. Moreover, muscle mass interacts with bone via the 

“muscle-bone unit”  stimulating bone formation and strength, and lower body 

mass can reduce bone quality.�s�p 

Previous studies on humeral fractures reported that low LiCu and serum Cu 

concentrations in affected heifers had contributed to the appearance of humeral 
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fractures.�y�á�r�y The link between Cu and bone is the enzyme lysyl oxidase, which is 

necessary for the formation of collagen and elastin crosslinks in bone providing 

bone strength.�v The liver is the primary organ for Cu storage and serum Cu 

concentration is maintained through mobilisation of LiCu storage.�r�w Additionally, 

the liver concentration of Cu and other minerals, represents what the diet has 

�„�‡�‡�•���ˆ�‘�”���–�Š�‡���Ž�ƒ�•�–���s�p���†�ƒ�›�•�ä�q�p In this study, LiCu concentrations were low or 

marginal ���Î���y�u���—�•�‘�Ž���•�‰�����‹�•���v�y�Ä���‘�ˆ���Š�‡�‹�ˆ�‡�”�•���‹�•�†�‹�…�ƒ�–�‹�•�‰���†�‡�ˆ�‹�…�‹�‡�•�–�����—���‹�•�–�ƒ�•�‡���ƒ�•�†���Ž�‹�˜�‡�”��

���—���•�–�‘�”�ƒ�‰�‡���†�‡�’�Ž�‡�–�‹�‘�•���‘�ˆ���ƒ�–���Ž�‡�ƒ�•�–���ƒ���•�‘�•�–�Š���‘�ˆ���†�—�”�ƒ�–�‹�‘�•�á���™�‹�–�Š���r�q�Ä���‘�ˆ���–�Š�‡�•�‡���Š�‡�‹�ˆ�‡�”�•��

having low or marginal serum Cu concentration. This indicates a more significant 

Cu depletion in these heifers that could lead to Cu deficiency. However, most 

heifers in the present study had adequate serum Cu concentration at the time of 

euthanasia, indicating that transport of Cu to tissues was likely sufficient for the 

functioning of Cu-dependent enzymes, such as lysyl oxidase. It can thus be 

suggested that although mostly depleted, the liver storages were still supplying 

enough Cu to maintain serum concentrations at the time of euthanasia for many 

of the heifers with a humeral fracture in this study.  

Furthermore, previous reports on humeral fractures have not described clinical 

signs of Cu deficiency before heifers need to be euthanised due to the fractures. 

Clinical signs of Cu deficiency occur after long periods of deficiency; for example, 

when growing animals are fed low Cu diets, they first develop hypocupraemia 

���ˆ�”�‘�•���9�q�p�p���†�ƒ�›�•���‘�•���–�Š�‡���†�‡�ˆ�‹�…�‹�‡�•�–���†�‹�‡�–���á���ˆ�‘�Ž�Ž�‘�™�‡�†���„�›���…�‘�ƒ�–���…�‘�Ž�‘�—�”���…�Š�ƒ�•�‰�‡�•�á��

diarrhoea, and finally, alterations in gait and bowing of legs that takes �ƒ�–���Ž�‡�ƒ�•�–���u��

months to manifest.�q�y�á�r�v�á�q�t Addit ionally, high variability in specific serum Cu and 

LiCu concentrations are described with clinical signs of Cu deficiency including 
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bone fractures.�q�v�á�q�y�á�r�v The role of Cu deficiency in the pathogenesis of humeral 

fractures needs to be researched further, by investigating how the formation of 

collagen crosslinks in the bone is affected.  

In the present study serum Ca, phosphate, and Mg concentrations in heifers with 

humeral fracture were within the reference intervals which could be explained in 

several different ways. Hypocalcaemia, hypomagnesaemia, and 

hypophosphataemia are uncommon in heifers compared to cows as the 

homeostatic mechanisms for maintenance of serum Ca, phosphorus, and Mg 

concentrations are meeting the extra demand.�r�s Another reason why measured 

Ca concentrations were normal could be that the maintenance of serum Ca 

concentrations is at the expense of bone resorption, which if excessive can 

potentially affect bone strength.�q�u However, serum total concentrations of Ca 

(rather than ionised), phosphorus, and Mg are considered unreliable methods to 

determine total body status and since the timing of fracture post-partum was not 

known, the interpretation of these results is limited. �r�t  

3.4 Conclusion  

Despite its limitations, this study has shown that heifers with humeral fracture 

had �E-hydroxybutyrate serum concentration above the reference range (although 

the results were like those measured in other studies on non-fractured heifers) 

and serum creatinine concentrations below the reference range. Together the �E-

hydroxybutyrate and creatinine results suggest protein/calorie undernutrition 

could be a component factor in heifers with humeral fractures, but the evidence 

is not strong and will again need further investigation. Although low liver Cu 
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concentration was a significant clinical finding in heifers with humeral fracture, 

further work needs to determine the true contribution of Cu to the pathogenesis 

of spontaneous humeral fractures in heifers and at what point in the animal’s life 

and during which period of skeletal development this deficiency has the greatest 

effect.  
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4.1 Introduction  

���•���r�p�p�x�á���ƒ�•���‘�—�–�„�”�‡�ƒ�•���‘�ˆ���•�’�‘�•�–�ƒ�•�‡�‘�—�•���Š�—�•�‡�”�ƒ�Ž���ˆ�”�ƒ�…�–�—�”�‡���‹�•�˜�‘�Ž�˜�‹�•�‰���v���r�p�p���ˆ�‹�”�•�–��

calving crossbreed dairy heifers was reported in New Zealand.�u�t Investigations 

into this outbreak showed that several of the affected heifers had either low 

serum or low liver Cu (LiCu) concentrations, suggesting periods of Cu deficiency 

led to improper bone collagen crosslink formation and bone fragility, 

predisposing the heifers to spontaneous fracture.�u�u Since then, the occurrence of 

spontaneous humeral fracture in dairy heifers has significantly increased (despite 

some farms implementing Cu supplementation to prevent deficiency) impacting 

animal welfare and mental health of farmers and resulting in economic losses to 

the dairy industry. �q�q  

Cases described so far have occurred mainly in first lactation cows post-calving, 

although occasional fractures have been seen prior to calving and in second 

lactation cows.�u�u The clinical onset is sudden, and animals develop severe 

forelimb lameness (also referred to as dropped elbow or dropped shoulder).�u�t 

A small-�•�…�ƒ�Ž�‡���•�–�—�†�›���—�•�‹�•�‰���…�‘�•�’�—�–�‡�†���–�‘�•�‘�‰�”�ƒ�’�Š�›���…�‘�•�’�ƒ�”�‹�•�‰���–�Š�‡���Š�—�•�‡�”�‹���‘�ˆ���q�p��

heifers with �Š�—�•�‡�”�ƒ�Ž���ˆ�”�ƒ�…�–�—�”�‡�•���ƒ�•�†���q�p���—�•�ƒ�ˆ�ˆ�‡�…�–�‡�†���ƒ�‰�‡-matched controls found a 

significant decrease in the ratio of bone volume: total volume in affected 

animals.�q�q In the same study, histological findings in the humerus of affected 

animals included the presence of short cartilage spicules, thin bone trabeculae 

with the presence of intratrabecular resorption, growth arrest lines, cortical 

osteoclastic resorption, and formation of additional woven bone between 

trabeculae.�q�q Three affected animals had low LiCu concentration and one had low 
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serum Cu concentrations.�q�q The authors concluded that the affected heifers had 

osteoporosis, with inadequate bone deposition during crucial growth periods 

(leading to lower peak bone mass) and/or increased bone resorption (associated 

with gestation and lactation) as the main mechanisms resulting in decreased 

bone density.�q�q ���‹�•�‹�–�ƒ�–�‹�‘�•�•���‘�ˆ���–�Š�‡���•�–�—�†�›���‹�•�…�Ž�—�†�‡�†���–�Š�ƒ�–���‹�–���‘�•�Ž�›���‡�š�ƒ�•�‹�•�‡�†���q�p���…�ƒ�•�‡�•�á��

the affected animals were from a specific region of New Zealand and there was no 

information regarding the animal’s diet in the months prior to th e occurrence of 

the fracture. 

Diet is important because, anecdotally, humeral fractures are common in cows 

grazing on a diet that is predominantly fodder beet (FB) (Beta vulgaris) before 

parturition (during the winter months in New Zealand). This crop has 

increasingly been used as a winter crop in New Zealand, despite being 

phosphorus and protein deficient, and has been associated with 

rickets/osteomalacia in lambs born to ewes that grazed on FB during 

gestation.�q�r�á�r�q However, humeral fractures also occur in cows that predominantly 

graze on pasture in the winter months, and it is hypothesized that these animals 

go through phases of protein-calorie malnutrition during important growth 

periods leading to osteoporosis and subsequent fracture.�q�q  

The aims of thi�•���•�–�—�†�›���™�‡�”�‡���q�����–�‘���†�‡�–�‡�”�•�‹�•�‡���–�Š�‡���Š�‹�•�–�‘�Ž�‘�‰�‹�…�ƒ�Ž���ˆ�‹�•�†�‹�•�‰�•�����“�—�ƒ�Ž�‹�–�ƒ�–�‹�˜�‡����

and to quantitatively evaluate histomorphometric changes in a large cohort of 

�Š�‡�‹�ˆ�‡�”�•���ƒ�ˆ�ˆ�‡�…�–�‡�†���„�›���•�’�‘�•�–�ƒ�•�‡�‘�—�•���ˆ�”�ƒ�…�–�—�”�‡���‘�ˆ���–�Š�‡���Š�—�•�‡�”�—�•�â���r�����–�‘���†�‡�–�‡�”�•�‹�•�‡���‹�ˆ��

histological and histomorphometri c changes in bones from heifers grazing a diet 

of predominantly FB over winter are different to heifers that graze on a pasture-



���Š�ƒ�’�–�‡�”���t��– Anatomic Pathology 

 

�y�q 
 

�„�ƒ�•�‡�†���†�‹�‡�–���‘�˜�‡�”���–�Š�‡���™�‹�•�–�‡�”�â���s�����–�‘���†�‡�•�…�”�‹�„�‡���ƒ�•�†���…�‘�•�’�ƒ�”�‡���Š�‹�•�–�‘�Ž�‘�‰�‹�…�ƒ�Ž���…�Š�ƒ�•�‰�‡�•���‹�•��

�Š�‡�‹�ˆ�‡�”�•���ƒ�…�…�‘�”�†�‹�•�‰���–�‘�����‹���—���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�á���ƒ�•�†���t�����–o describe the histological 

findings in the costochondral junction (rib).  

4.2 Material and Methods  

4.2.1 Study Design and Sample Collection  

This was a case-control study using a convenience sample from fractured 

(affected) and non-fractured (control) heifers. The case definition for enrolling an 

�ƒ�•�‹�•�ƒ�Ž���‹�•���–�Š�‡���ƒ�ˆ�ˆ�‡�…�–�‡�†���‰�”�‘�—�’���™�ƒ�•���ƒ���†�ƒ�‹�”�›���…�‘�™���‘�ˆ���ƒ�•�›���„�”�‡�‡�†�á���ƒ�–���Ž�‡�ƒ�•�–���r-year-old, 

which had suffered a spontaneous fracture of the humerus, without any history of 

�–�”�ƒ�—�•�ƒ�á���™�‹�–�Š�‹�•���v���•�‘�•�–�Š�•���‘�ˆ���…�ƒ�Ž�˜�‹�•�‰�ä�����ƒ�•�’�Ž�‡�•���™�‡�”�‡���’�”�‘�˜�‹�†�‡�†���„�›���ˆ�ƒ�”mers and 

veterinarians who after reporting a case of spontaneous fracture of the humerus 

were presented with a list of samples to be collected postmortem (Appendix C). 

These included the humerus (fractured and/or contralateral), ribs (specifically 

includin g the costochondral junction (CCJ)) and a piece of liver. A pro forma 

submission form (containing farm and animal data, main feed offered before 

parturition, and relevant clinical information) was developed and sent to the case 

submitter for completion (Ap pendix C).  

�����…�‘�•�–�”�‘�Ž���™�ƒ�•���†�‡�ˆ�‹�•�‡�†���ƒ�•���ƒ���r-year-old cow (a cow with an ear tag indicating they 

�™�‡�”�‡���„�‘�”�•���r���›�‡�ƒ�”�•���ƒ�‰�‘�����‘�ˆ���ƒ�•�›���„�”�‡�‡�†���–�Š�ƒ�–���Š�ƒ�†���…�ƒ�Ž�˜�‡�†���”�‡�…�‡�•�–�Ž�›�����—�†�†�‡�”���…�‘�•�•�‹�•�–�‡�•�–��

with lactating) and had been culled for reasons unrelated to bone fracture of the 

humerus or any other bone. Control samples were obtained from an animal 

rendering plant (Wallace Corporation, Feilding, NZ) and Massey University 

School of Veterinary Science postmortem service. From each control case, a 



���Š�ƒ�’�–�‡�”���t��– Anatomic Pathology 

 

�y�r 
 

sample of the humerus, the CCJ, and a piece of liver was collected postmortem. 

Owing to the method of sampling, no information regarding the cow diet and/or 

the reason for culling was available for the control animals. 

4.2.2 Gross Evaluation  

The humeri and CCJ were dissected away from surrounding soft tissues and 

examined grossly, and photos taken to record the gross appearance. 

���—�„�•�‡�“�—�‡�•�–�Ž�›�á���•�‡�˜�‡�”�ƒ�Ž���„�‘�•�‡���•�Ž�ƒ�„�•�����9�s-�u���•�•���–�Š�‹�…�•�����™�‡�”�‡���‘�„�–�ƒ�‹�•�‡�†���—�•�‹�•�‰���ƒ���„�ƒ�•�†��

saw. One slab from the humerus was then cleaned with water to remove the bone 

marrow and allow evaluation of the trabecular bone and cortex. Photos of the 

uncleaned and cleaned bone slabs were taken. For each animal, a subset of bone 

�•�Ž�ƒ�„�•���ˆ�”�‘�•���–�Š�‡���Š�—�•�‡�”�—�•���ƒ�•�†���–�Š�‡�������
���™�‡�”�‡���’�Ž�ƒ�…�‡�†���‹�•���q�p�Ä���•�‡�—�–�”�ƒ�Ž���„�—�ˆ�ˆ�‡�”�‡�†��

formalin solution until further processing for microscopic e valuation. 

Data recorded in the gross evaluation of the fractured humerus included the 

location and extension of the fracture, the appearance of the cortex, the 

appearance of the trabecular bone, and the presence/absence of growth arrest 

lines. 

4.2.3 Histologica l Processing and Evaluation 

Sections from the humerus and CCJ were processed for histological evaluation. 

���‘�•�‡���•�Ž�ƒ�„�•���™�‡�”�‡���’�Ž�ƒ�…�‡�†���‹�•���‰�Ž�ƒ�•�•���Œ�ƒ�”�•���™�‹�–�Š���q�p�Ä���Š�›�†�”�‘�…�Š�Ž�‘�”�‹�…���ƒ�…�‹�†�������‡�…�ƒ�Ž�…�‹�ˆ�‹�‡�”��

hydrochloric acid, Amber Scientific Ltd). Glass jars with samples were placed on a 

���Š�‡�”�•�‘���•�Š�ƒ�•�‡�”���‹�•�…�—�„�ƒ�–�‘�”���ƒ�–���s�w�Ó�����ƒ�•�†���q�x�p���”�’�•�������Š�‡�”�•�‘���•�Š�ƒ�•�‡�”�������q�p�p-�t���á��

���ƒ�•�‰�œ�Š�‘�—�����Ž�Ž�•�Š�‡�•�‰�����•�•�–�”�—�•�‡�•�–�•�������ä�á�����–�†���ä�����˜�‡�”�›���r�t h a manual evaluation of the 

decalcification process was performed and the decalcifier solution was changed. 
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When properly decalcified, bone samples were trimmed to fit a histology 

cassette. Samples were processed routinely for histology, embedded in paraffin, 

�•�‡�…�–�‹�‘�•�‡�†���ƒ�–���t-�u���Qm, and stained with haematoxylin and eosin (HE) for 

evaluation.  

Appendix E shows the five locations in the humerus selected for histological 

evaluation and the histological features considered for evaluation. Measurements 

(growth plate and cortical thickness) were taken using imaging software 

�����Ž�›�•�’�—�•���…�‡�Ž�Ž���‡�•�•�����–�ƒ�•�†�ƒ�”�†���q�ä�q�x�á�����Ž�›�•�’�—�•�����‘�”�’�‘�”�ƒ�–�‹�‘�•���ä�����‹�•�–�‘�Ž�‘�‰�‹�…al parameters 

were graded using a subjective dichotomous ordinal scale depending on whether 

�–�Š�‡���‘�„�•�‡�”�˜�‡�†���’�ƒ�”�ƒ�•�‡�–�‡�”���™�ƒ�•���ƒ�„�•�‘�”�•�ƒ�Ž���’�”�‡�•�‡�•�–�����q�����‘�”���•�‘�”�•�ƒ�Ž���ƒ�„�•�‡�•�–�����p���ä 

In sections of the CCJ, histological findings were evaluated and recorded. Finally, 

the growth �’�Ž�ƒ�–�‡���–�Š�‹�…�•�•�‡�•�•���™�ƒ�•���•�‡�ƒ�•�—�”�‡�†���ƒ�–���s���†�‹�ˆ�ˆ�‡�”�‡�•�–���•�‹�–�‡�•�����”�‹�‰�Š�–�á���…�‡�•�–�”�‡�á���ƒ�•�†��

left side) and the mean was calculated.  

4.2.4 Histomorphometry Processing and Evaluation 

���•�‡���q���…�•���š���q���…�•���ˆ�‘�”�•�ƒ�Ž�‹�•-fixed sample of the primary spongiosa of the humerus 

was used for histomorph�‘�•�‡�–�”�‹�…���‡�˜�ƒ�Ž�—�ƒ�–�‹�‘�•���ˆ�”�‘�•���ƒ���•�—�„�•�‡�–���‘�ˆ���r�p���ƒ�ˆ�ˆ�‡�…�–�‡�†���Š�‡�‹�ˆ�‡�”�•��

���q�p���™�‡�”�‡���”�ƒ�•�†�‘�•�Ž�›���•�‡�Ž�‡�…�–�‡�†���ˆ�”�‘�•���Š�‡�‹�ˆ�‡�”�•���–�Š�ƒ�–���‰�”�ƒ�œ�‡�†���‘�•���	�����†�—�”�‹�•�‰���–�Š�‡���™�‹�•�–�‡�”��

months and ten randomly selected from heifers that grazed on pasture during the 

�™�‹�•�–�‡�”���•�‘�•�–�Š�•�����ƒ�•�†���q�p���…�‘�•�–�”�‘�Ž���Š�‡�‹�ˆ�‡�”�•�ä 

The undecalcified bone sections were dehydrated in graded alcohol, cleared with 

�š�›�Ž�‡�•�‡�á���ƒ�•�†���’�Ž�ƒ�…�‡�†���ˆ�‹�”�•�–���‹�•���”�‡�•�‹�•���‹�•�ˆ�‹�Ž�–�”�ƒ�–�‹�‘�•���•�‘�Ž�—�–�‹�‘�•�����á���–�Š�‡�•���•�‘�Ž�—�–�‹�‘�•���������ˆ�‘�”���r�t���Š���‹�•��

�‡�ƒ�…�Š�����y�p�Ä�����‡�–�Š�›�Ž���•�‡�–�Š�ƒ�…�”�›�Ž�ƒ�–�‡���������������ƒ�•�†���q�p�Ä�����‹�„�—�–�›�Ž���’�Š�–�Š�ƒ�Ž�ƒ�–�‡�������������á��

Sigma-Aldrich). Next, sa�•�’�Ž�‡�•���™�‡�”�‡���’�Ž�ƒ�…�‡�†���‹�•���ƒ���”�‡�•�‹�•���‡�•�„�‡�†�†�‹�•�‰���•�‘�Ž�—�–�‹�‘�•�����y�u�Ä��
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���������u�Ä�����������ˆ�‘�”���r�t �Š�ä�����‡�•�œ�‘�›�Ž���’�‡�”�‘�š�‹�†�‡�������—�’�‡�”�‘�š�B�����w�u�á�����‹�‰�•�ƒ-Aldrich) was 

�—�•�‡�†���ƒ�•���–�Š�‡���’�‘�Ž�›�•�‡�”�‹�œ�ƒ�–�‹�‘�•���ƒ�‰�‡�•�–�ä�����ƒ�•�’�Ž�‡�•���™�‡�”�‡���–�Š�‡�•���…�—�–���ƒ�–���v���Û�•���—�•�‹�•�‰���ƒ���•�—�’�‡�”-

�•�‹�…�”�‘�–�‘�•�‡�������‹�•�”�‘�–�‘�•���r�p�u�p���•�—�’�‡�”�…�—�–�á�����‡�‹�…�Š�‡�”�–���
�—�•�‰���ä�����‡ctions were stained with 

�
�‘�Ž�†�•�‡�”�ï�•���•�‘�†�‹�ˆ�‹�‡�†���–�”�‹�…�Š�‘�•�‡���•�–�ƒ�‹�•�ä���	�‘�”���‡�ƒ�…�Š���…�ƒ�•�‡���„�‘�•�‡���ƒ�”�‡�ƒ�������ä���”�����‹�•���Û�•�r, total 

�ƒ�”�‡�ƒ�������ä���”�����‹�•���Û�•�r�á�����ä���”�����ä���”�á���•�‡�ƒ�•���’�‡�”�‹�•�‡�–�‡�”���‹�•���Û�•�á���•�‡�ƒ�•���–�”�ƒ�„�‡�…�—�Ž�ƒ�”���™�‹�†�–�Š��

���•�‡�ƒ�•�����„�ä���‹�����‹�•���Û�•�á���•�‡�ƒ�•���‘�•�–�‡�‘�‹�†���ƒ�”�‡�ƒ�����•�‡�ƒ�•�����ä���”�����‹�•���Û�•�r, and mean osteoid 

p�‡�”�‹�•�‡�–�‡�”�����•�‡�ƒ�•�����ä���•�����‹�•���Û�• were measured. For B.Ar, T.Ar, and B.Ar/T.Ar, 

�•�–�ƒ�•�†�ƒ�”�†�����‘�•�‡�
���’�Ž�—�‰�‹�•�•�������‘�•�ƒ�•�†�‡�”�á�����ä�á���	�‡�Ž�†�‡�”�á�����ä�����ä�á���¬�����‘�—�„�‡�á�����ä�����r�p�r�q���ä��

���‘�•�‡�
�r�����ˆ�‘�”�����•�ƒ�‰�‡�
�����˜�‡�”�•�‹�‘�•���q�ä�u�s�…�á�����ƒ�–�‹�‘�•�ƒ�Ž�����•�•�–�‹�–�—�–�‡���‘�ˆ�����‡�ƒ�Ž�–�Š�����™�‡�”�‡���—�•�‡�†�ä��

Evaluation of mean trabecular perimeter, mean Tb.Wi, mean O.Ar, and mean 

���ä���•���™�‡�”�‡���•�‡�ƒ�•�—�”�‡�†���—�•�‹�•�‰�����•�ƒ�‰�‡�
���•�‘�ˆ�–�™�ƒ�”�‡�����˜�‡�”�•�‹�‘�•���q�ä�u�s�…�á�����ƒ�–�‹�‘�•�ƒ�Ž�����•�•�–�‹�–�—�–�‡���‘�ˆ��

Health). Results were compared between affected and control cases, and 

according to the main diet over winter (FB vs pasture). 

4.2.5 Determinati on of Liver Copper Concentration 

Liver samples from the affected and control groups were submitted to a 

commercial diagnostic laboratory (IDEXX Laboratories New Zealand Ltd.) for 

determination of LiCu concentration using inductively coupled mass 

spectromet�”�›�������‡�š���������r�p�p�p���������������ƒ�•�•�����’�‡�…�–�”�‘�•�‡�–�‡�”�á�����‡�”�•�‹�•���Ž�•�‡�”���ä�����‹�˜�‡�”�����—��

�…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•���„�‡�–�™�‡�‡�•���p-�y�t���Û�•�‘�Ž���•�‰���™�ƒ�•���…�‘�•�•�‹�†�‡�”�‡�†���Ž�‘�™���•�ƒ�”�‰�‹�•�ƒ�Ž��

�…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•���ƒ�•�†���˜�ƒ�Ž�—�‡�•���Ï�y�t���Û�•�‘�Ž���•�‰���™�‡�”�‡���…�‘�•�•�‹�†�‡�”�‡�†���ƒ�†�‡�“�—�ƒ�–�‡�����‹���—��

concentration.  

4.2.6 Statistical analysis 

An independent-samples-t-test was used to determine if there were any 

significant differences in the values of growth plate thickness, cortical thickness, 
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and quantity of resorption in the distal humerus between affected and control 

heifers, between heifers that grazed either FB or pasture as their main winter feed 

and between heifers with low/marginal and adequate LiCu concentration. Values 

from these parameters were first log transformed to achieve a normal 

distribution. If the assumption of homogeneity of variances was violated, a Welch 

t-test was run to determine differences between groups. 

For all the dichotomous parameters, a chi-square test for homogeneity was done 

to compare differences in the distribution of proportions between heifers in the 

affected and control group, between heifers in the affected group that grazed 

either FB or pasture as their main winter feed, and between heifers with 

low/marginal or adequate LiCu concentration. If the minimum sample size for 

each expected frequency was not met (greater than or equal to �u���á���–�Š�‡�•���”�‡�•�—�Ž�–�•���ˆ�‘�”��

Fisher’s exact test were presented instead. In all tests, a P �˜�ƒ�Ž�—�‡���‘�ˆ���Î���p�ä�p�u���™�ƒ�•��

considered significant. 

For the comparison between heifers in the affected and control group, the 

parameters were put into a multivariable logistic regression model to predict the 

probability of heifer suffering from humeral fracture. For a variable to be 

included as a parameter in the model it had to have an observed count 

���†�‹�•�–�”�‹�„�—�–�‹�‘�•�����‘�ˆ���•�‘�”�‡���–�Š�ƒ�•���q���ƒ�•�†���–�Š�‡��P value obtained from the t-test or chi-

square had to be significant (P�Î�p�ä�r�u���ä�x The model was constructed using forward 

selection, with variables retained at P�Î�p�ä�p�u�á���ƒ�•�†���–�Š�‡���•�‘�†�‡�Ž���ˆ�‹�–���™�ƒ�•���ƒ�•�•�‡�•�•�‡�†���—�•�‹�•�‰��

the Hosmer-Lemeshow (HL) test and the Nagelkerke R�r.  
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Finally, an independent-samples t-test was conducted to compare differences in 

the histomorphometric data between the affected and control group and between 

heifers that grazed on FB compared to heifers that grazed on pasture. Differences 

were considered significant if P�Î�p�ä�p�u�ä�����Ž�Ž���•�–�ƒ�–�‹�•�–�‹�…�ƒ�Ž���ƒ�•�ƒ�Ž�›�•�‹�•���™�ƒ�•���†�‘�•�‡���‹�•������������

statistics (IBM® SPSS® ���–�ƒ�–�‹�•�–�‹�…�•���˜�‡�”�•�‹�‘�•���r�w���ä 

4.3 Results  

4.3.1 Study Population  

�����–�‘�–�ƒ�Ž���‘�ˆ���x�p���Š�—�•�‡�”�‹���™�‡�”�‡���…�‘�Ž�Ž�‡�…�–�‡�†���ˆ�”�‘�•���ˆ�ƒ�”�•�•���–�Š�”�‘�—�‰�Š�‘�—�–�����‡�™�����‡�ƒ�Ž�ƒ�•�†���ˆ�”�‘�•��

heifers that fitted the case definition. Out �‘�ˆ���–�Š�‡���x�p���•�ƒ�•�’�Ž�‡�•���‘�ˆ���Š�—�•�‡�”�—�•�á���t�w���x�p��

���u�y�Ä�����…�ƒ�•�‡�•���ƒ�Ž�•�‘���‹�•�…�Ž�—�†�‡�†���‘�•�‡���‘�”���•�‡�˜�‡�”�ƒ�Ž���•�‡�…�–�‹�‘�•�•���‘�ˆ�������
���ƒ�•�†���‹�•���v�v���x�p�����x�s�Ä�����…�ƒ�•�‡�•��

a piece of liver was submitted. Forty-�–�Š�”�‡�‡���‘�ˆ���–�Š�‡���x�p�����u�t�Ä�����ƒ�ˆ�ˆ�‡�…�–�‡�†���Š�‡�‹�ˆ�‡�”�•���™�‡�”�‡��

Kiwi cross heifers (Holstein-Friesian x Jersey, of unkno�™�•���’�”�‘�’�‘�”�–�‹�‘�•�•���á���r�x���x�p��

���s�u�Ä�������‘�Ž�•�–�‡�‹�•-�	�”�‹�‡�•�‹�ƒ�•�á���t���x�p�����u�Ä�����
�‡�”�•�‡�›�á���ƒ�•�†���u���x�p�����v�Ä�����Š�ƒ�†���•�‘���„�”�‡�‡�†��

information.  

Case distribution according to the predominant diet offered in the winter months 

�•�Š�‘�™�‡�†���s�s���x�p�����t�q�Ä�����…�ƒ�•�‡�•���‰�”�ƒ�œ�‡�†���‘�•���	���á���r�x���x�p�����s�u�Ä�����…�ƒ�•�‡�•���‰�”�ƒ�œ�‡�†���‘�•���’�ƒsture, 

�q�t���x�p�����q�w�ä�u�Ä�����…�ƒ�•�‡�•���™�‡�”�‡���ˆ�‡�†���ƒ�•�‘�–�Š�‡�”���–�›�’�‡���‘�ˆ���ˆ�‡�‡�†�á���ƒ�•�†���‹�•���u���x�p�����v�ä�u�Ä�����…�ƒ�•�‡�•��

information regarding main winter feed was not provided. Diets in cases 

classified as “other” contained a mix of feeds including swedes (Brassica napus), 

maize (Zea mays) silage, oats (Avena nativa), and/or kale (Brassica oleracea). 

The only reported clinical sign was non-weight-bearing lameness of the affected 

leg. One case reported that the heifer was lame after turning around in the cow 

shed, another case reported bumping into an object, and in four cases the heifer 
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was reported to be in oestrus, artificially inseminated, and/or bulling the day 

prior to the fracture.  

�����–�‘�–�ƒ�Ž���‘�ˆ���r�r���Š�—�•�‡�”�‹���™�‡�”�‡���•�‘�—�”�…�‡�†���ˆ�”�‘�•���…�‘�•�–�”�‘�Ž���ƒ�•�‹�•�ƒ�Ž�•�á���q�w���r�r�����w�w�Ä�����…�‘�•�–�”�‘�Ž�•��

also included one or �•�‡�˜�‡�”�ƒ�Ž���•�‡�…�–�‹�‘�•�•���‘�ˆ�������
���ƒ�•�†���r�r���r�r�����q�p�p�Ä�����‹�•�…�Ž�—�†�‡�†���ƒ���’�‹�‡�…�‡���‘�ˆ��

liver. 

4.3.2 Gross Findings  

���•���u�q���x�p�����v�t�Ä�����…�ƒ�•�‡�•�á���–�Š�‡���ƒ�ˆ�ˆ�‡�…�–�‡�†���Š�—�•�‡�”�—�•���™�ƒ�•���‹�•�…�Ž�—�†�‡�†�á���™�Š�‡�”�‡�ƒ�•���ˆ�‘�”���r�y���x�p��

���s�v�Ä�����–�Š�‡���•�‘�•-affected (contralateral) humerus was submitted. The gross 

changes described below a�”�‡���ˆ�‘�”���–�Š�‡���u�q���Š�—�•�‡�”�‹���™�‹�–�Š���ˆ�”�ƒ�…�–�—�”�‡�•�ä���	�”�ƒ�…�–�—�”�‡�•���‹�•���t�y���u�q��

�…�ƒ�•�‡�•�����y�v�Ä�����™�‡�”�‡���…�‘�•�’�Ž�‡�–�‡�á���•�‘�•�ƒ�”�–�‹�…�—�Ž�ƒ�”�á���•�‹�•�’�Ž�‡�á���•�’�‹�”�ƒ�Ž���ˆ�”�ƒ�…�–�—�”�‡�•���‡�š�–�‡�•�†�‹�•�‰���ˆ�”�‘�•��

the lateral side of the humeral head, just beneath the greater tubercle, spiralling 

along the diaphysis distally, to en�†���Œ�—�•�–���ƒ�„�‘�˜�‡���‘�•�‡���‘�ˆ���–�Š�‡���…�‘�•�†�›�Ž�‡�•�����	�‹�‰�—�”�‡���t�ä�q�ƒ���ä�����•��

�r���u�q���…�ƒ�•�‡�•�����t�Ä���á���–�Š�‡���ˆ�”�ƒ�…�–�—�”�‡���™�ƒ�•���…�‘�•�’�Ž�‡�–�‡�á���…�‘�•�•�‹�•�—�–�‡�†�á���ƒ�•�†���–�”�ƒ�•�•�˜�‡�”�•�‡���–�Š�”�‘�—�‰�Š��

the diaphysis.  

���˜�ƒ�Ž�—�ƒ�–�‹�‘�•���‘�ˆ���„�‘�•�‡���•�Ž�ƒ�„�•���ˆ�”�‘�•���ƒ�ˆ�ˆ�‡�…�–�‡�†���…�ƒ�•�‡�•���”�‡�˜�‡�ƒ�Ž�‡�†���–�Š�ƒ�–���s�y���u�q�����w�v�Ä�����Š�ƒ�†���ƒ���•�‹�Ž�†��

�”�‡�†�—�…�–�‹�‘�•�����9�s�p�Ä���Ž�‡�•�•�����‹�•���–�Š�‡ amount of trabecular bone associated with an 

expansion of the bone marrow cavity towards the primary spongiosa when 

�…�‘�•�’�ƒ�”�‡�†���–�‘���…�‘�•�–�”�‘�Ž�•�����	�‹�‰�—�”�‡���t�ä�r�ƒ���ƒ�•�†���…���ä�����Š�‡���†�‹�•�–�ƒ�Ž���Š�—�•�‡�”�—�•���‹�•���r�p���u�q�����s�y�Ä����

cases had evidence of increased cortical resorption identified as numerous red 
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�•�–�”�‡�ƒ�•���•�ƒ�”�•�•�����	�‹�‰�—�”�‡���t�ä�r�†���ä�����‘���…�ƒ�•�‡�•���Š�ƒ�†���•�ƒ�…�”�‘�•�…�‘�’�‹�…�ƒ�Ž�Ž�›���˜�‹�•�‹�„�Ž�‡���‰�”�‘�™�–�Š��arrest 

lines. 

 

  

�	�‹�‰�—�”�‡���t�ä�q Humerus and ribs from affected heifers. (a) Spiral fracture, humerus, heifer. The fracture 
line extends from the lateral side of the humeral head (just beneath the greater tubercle) and 
extends distally to end just above one of the condyles. (b) Costochondral junction (CCJ), heifer. Cut 
surface of the rib and CCJ from an affected heifer with a bulging, irregular cortex and a fracture line 
extending cortex to cortex associated with the presence of necrotic bone and haemorrhage. (c) 
Costochondral junction (CCJ), heifer. Rib and CCJ from an affected heifer show an older fracture 
line with the presence of cartilaginous tissue. 
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�	�‹�‰�—�”�‡���t�ä�r Humeral bone slabs, control and affected heifer. (a) Control heifer, proximal humerus. 
Normal appearance of the growth plate and abundant trabecular bone. (b) Control heifer, distal 
humerus. Normal appearance of the distal humerus with thick cortex and absence of resorption 
cavities. (c) Affected heifer, proximal humerus. There is an expansion of the marrow cavity 
(arrowhead). (d) Affected heifer, distal humerus. Variable thickness and numerous red marks in 
the cortex (arrows) are associated with resorption cavities. 
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���˜�ƒ�Ž�—�ƒ�–�‹�‘�•���‘�ˆ���s�r���t�w�����v�x�Ä�����”�‹�„�•���”�‡�˜�‡�ƒ�Ž�‡�†���•�‘�†�‡�”�ƒ�–�‡���–�‘���•�ƒ�”�•�‡�†���‡�•�Ž�ƒ�”�‰�‡�•ent of the 

�����
�����—�’���–�‘���ƒ���s-fold increase compared to controls). The cut surface in these cases 

revealed the presence of a fracture in the metaphysis, extending in most cases 

from cortex to cortex and characterized by a bulging, rounded, irregular cortex 

mixed with areas of necrotic bone, haemorrhage, and proliferation of tissue that 

�ƒ�’�’�‡�ƒ�”�‡�†���‡�‹�–�Š�‡�”���‘�‡�†�‡�•�ƒ�–�‘�—�•���‘�”���ˆ�‹�„�”�‘�—�•���ƒ�•�†���‘�”���…�ƒ�”�–�‹�Ž�ƒ�‰�‹�•�‘�—�•�����	�‹�‰�—�”�‡���t�ä�q�„���ä�����•���y���t�w��

���q�y�Ä�����–�Š�‡�������
���†�‹�†���•�‘�–���ƒ�’�’�‡�ƒ�”���‡�•�Ž�ƒ�”�‰�‡�†�á���„�—�–���–�Š�‡���…�—�–���•�—�”�ˆ�ƒ�…�‡���”�‡�˜�‡�ƒ�Ž�‡�†���–�Š�‡���’�”�‡�•�‡�•�…�‡��

of lesions in the metaphysis consistent with remnants of previous fractures or 

fractures in an advanced stage of healing, characterised by proliferation of fibrous 

�…�‘�•�•�‡�…�–�‹�˜�‡���–�‹�•�•�—�‡���ƒ�•�†���‘�”���„�‘�•�›���…�ƒ�”�–�‹�Ž�ƒ�‰�‹�•�‘�—�•���–�‹�•�•�—�‡�����	�‹�‰�—�”�‡���t�ä�q�…���ä�����•���‘�•�‡�����r�Ä�����…�ƒ�•�‡��

the growth plate was thickened, irregular, and had small tongue-like extensions 

�‘�ˆ���…�ƒ�”�–�‹�Ž�ƒ�‰�‡���‹�•�–�‘���–�Š�‡���’�”�‹�•�ƒ�”�›���•�’�‘�•�‰�‹�‘�•�ƒ�ä�����•���u���t�w�����q�q�Ä�����…�ƒ�•�‡�•���–�Š�‡���…�—�–���•�—�”�ˆ�ƒ�…�‡���‘�ˆ���–�Š�‡��

rib and CCJ appeared grossly normal.  

�	�‹�•�ƒ�Ž�Ž�›�á���t���q�w�����r�t�Ä�����Š�‡�‹�ˆ�‡�”�•���ˆ�”�‘�•���–�Š�‡���…�‘�•�–�”�‘�Ž���‰�”�‘�—�’�á���Š�ƒ�†���Ž�‡�•�‹�‘�•�•���Ž�‹�•�‡���ƒ�ˆ�ˆ�‡�…�–�‡�†��

heifers, consistent with a rib fracture and formation of callus tissue. In the 

�”�‡�•�ƒ�‹�•�‹�•�‰���q�s���q�w�����w�v�Ä�����…�‘�•�–�”�‘�Ž�•�á���–�Š�‡���”�‹�„�•���™�‡�”�‡���‰�”�‘�•�•�Ž�›���•�‘�”�•�ƒ�Ž�ä 

4.3.3 Histology Findings  

4.3.3.1 Humerus  

Affected vs control: the proximal humeral growth plate was significantly thicker 

(a di�ˆ�ˆ�‡�”�‡�•�…�‡���‘�ˆ���s�u�ä�s���Û�•�á���y�u�Ä�������á���q�x�ä�r���–�‘���u�r�ä�t�����‹�•���ƒ�ˆ�ˆ�‡�…�–�‡�†���Š�‡�‹�ˆ�‡�”�•���…�‘�•�’�ƒ�”�‡�†���™�‹�–�Š��

�…�‘�•�–�”�‘�Ž���Š�‡�‹�ˆ�‡�”�•�á���™�Š�‹�Ž�‡���–�Š�‡���Š�—�•�‡�”�ƒ�Ž���…�‘�”�–�‡�š���™�ƒ�•���–�Š�‹�…�•�‡�”�����ƒ���†�‹�ˆ�ˆ�‡�”�‡�•�…�‡���‘�ˆ���q�u�s�ä�x���Û�•�á��

�y�u�Ä�������á���y�w�ä�u���–�‘���r�q�p�ä�q�����‹�•���…�‘�•�–�”�‘�Ž���Š�‡�‹�ˆ�‡�”�•���…�‘�•�’�ƒ�”�‡�†���–�‘���ƒ�ˆ�ˆ�‡�…�–�‡�†���Š�‡�‹�ˆ�‡�”�•�ä�����‡�‹�ˆ�‡�”�•���™�‹�–�Š��

fracture had �ƒ���Š�‹�‰�Š�‡�”���•�—�•�„�‡�”���‘�ˆ���”�‡�•�‘�”�’�–�‹�‘�•���…�ƒ�˜�‹�–�‹�‡�•�����q�r���•�‘�”�‡�á���y�u�Ä�������á���v�ä�w���–�‘���q�v�ä�w����
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�‹�•���–�Š�‡���†�‹�•�–�ƒ�Ž���Š�—�•�‡�”�—�•���…�‘�•�’�ƒ�”�‡�†���–�‘���Š�‡�‹�ˆ�‡�”�•���‹�•���–�Š�‡���…�‘�•�–�”�‘�Ž���‰�”�‘�—�’�ä�����‡�ƒ�•���È���•�–�ƒ�•�†�ƒ�”�†��

deviation (SD) and P �˜�ƒ�Ž�—�‡�•���ƒ�”�‡���’�”�‡�•�‡�•�–�‡�†���‹�•�����ƒ�„�Ž�‡���t�ä�q�ä 

In the case of the dichotomous parameters, most heifers in the affected group 

had decreased trabecular density, abnormal trabecular architecture, abnormal 

growth plate appearance, additional woven bone formation in the primary 

�•�’�‘�•�‰�‹�‘�•�ƒ���ƒ�•�†���’�”�‘�š�‹�•�ƒ�Ž���•�‡�–�ƒ�’�Š�›�•�‹�•�á���ƒ�•�†���q�w���x�p�����r�q�Ä�����Š�‡�‹�ˆ�‡�”�•���‹n the affected group 

�Š�ƒ�†���Š�‹�•�–�‘�Ž�‘�‰�‹�…�ƒ�Ž���‡�˜�‹�†�‡�•�…�‡���‘�ˆ���‰�”�‘�™�–�Š���ƒ�”�”�‡�•�–���Ž�‹�•�‡�•�����	�‹�‰�—�”�‡���t�ä�s���ä�������‰�”�‡�ƒ�–�‡�”���•�—�•�„�‡�”���‘�ˆ��

heifers in the affected group showed evidence of periosteal reactive bone 

formation and abnormal cortical resorption compared to heifers in the control 

�‰�”�‘�—�’�����	�‹�‰�—�”�‡���t�ä�s�Š���ä���	�‹�•�ƒ�Ž�Ž�›�á���r�t���x�p�����s�p�Ä�����Š�ƒ�†���‡�˜�‹�†�‡�•�…�‡���‘�ˆ���ƒ�†�†�‹�–�‹�‘�•�ƒ�Ž���™�‘�˜�‡�•���„�‘�•�‡��

formation in the cut -�„�ƒ�…�•���œ�‘�•�‡�����	�‹�‰�—�”�‡���t�ä�s�‹���ä�����„�•�‘�”�•�ƒ�Ž���…�‘�”�–�‹�…�ƒ�Ž���”�‡�•�‘�”�’�–�‹�‘�•���™�ƒ�•��

characterised by numerous coalescing resorption cavities extending transversely 

through the corte�š�����	�‹�‰�—�”�‡���t�ä�t�ƒ���ä�� 

In contrast, most heifers in the control group had normal trabecular density, 

trabecular architecture, and growth plate appearance; absence of growth arrest 

lines, periosteal reactive bone formation; and no additional bone formation in the 

�’�”�‹�•�ƒ�”�›���•�’�‘�•�‰�‹�‘�•�ƒ�á���’�”�‘�š�‹�•�ƒ�Ž���•�‡�–�ƒ�’�Š�›�•�‹�•�á���‘�”���†�‹�•�–�ƒ�Ž���Š�—�•�‡�”�—�•�����	�‹�‰�—�”�‡���t�ä�s���ä���	�‹�•�ƒ�Ž�Ž�›�á��

cortical resorption was limited to the periosteal and/or endosteal side of the 

�…�‘�”�–�‡�š���™�‹�–�Š���•�’�ƒ�”�•�‡���‹�•�–�”�ƒ�…�‘�”�–�‹�…�ƒ�Ž���”�‡�•�‘�”�’�–�‹�‘�•���…�ƒ�˜�‹�–�‹�‡�•�����	�‹�‰�—�”�‡���t�ä�t�„���ä�����–�ƒ�–�‹�•�–�‹�…�ƒ�Ž 

significance for each of the dichotomous bone parameters evaluated is presented 

�‹�•�����ƒ�„�Ž�‡���t�ä�r���ƒ�•�†���…�ƒ�•�‡���†�‹�•�–�”�‹�„�—�–�‹�‘�•�•���ƒ�”�‡���’�”�‡�•�‡�•�–�‡�†���‹�•�����’�’�‡�•�†�‹�š���	�ä�����Ž�Ž���’�ƒ�”�ƒ�•�‡�–�‡�”�•��

evaluated were significantly different (P�Î�p�ä�p�u�����™�Š�‡�•���…�‘�•�’�ƒ�”�‹�•�‰���Š�‡�‹�ˆ�‡�”���‹�•���–�Š�‡��

affected and control groups. 
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���ƒ�„�Ž�‡���t�ä�q ���‡�ƒ�•���È���������‘�ˆ���–�Š�‡���’�”�‘�š�‹�•�ƒ�Ž���‰�”�‘�™�–�Š���’�Ž�ƒ�–�‡���–�Š�‹�…�•�•�‡�•�•���‘�ˆ���–�Š�‡���Š�—�•�‡�”�—�•���ƒ�•�†���…�‘�•�–�‘�…�Š�‘�•�†�”�ƒ�Ž���Œ�—�•�…�–�‹�‘�•�á���Š�—�•�‡�”�ƒ�Ž���…�‘�”�–�‹�…�ƒ�Ž���–�Š�‹�…�•�•�‡�•�•, and the number of 
resorption cavities in the distal humerus comparing cases in the affected and control group, fodder beet vs pasture group, and low/marginal vs adequate liver Cu 
concentration group. 

 Humerus  
 Growth plate thickness, µm  Cortical thickness, µm  Resorption a 
Affected   �•�Ë�x�p 
Control  �•�Ë�r�r 
P value 

�q�r�v���È���s�x�ä�x�y�� 
�y�q�ä�q���È���r�p�ä�t�y�� 
�p�ä�p�p�p�u* 

�r�r�p�ä�y���È���q�p�v�ä�q�w 
�s�w�t�ä�x���È���q�u�t�ä�t�q 
�p�ä�p�p�p�u* 

�q�y���È���q�q�ä�v�x 
�w���È���r�ä�v�y 
�p�ä�p�p�p�u* 

Fodder beet  �•�Ë�s�s 
Pasture  �•�Ë�r�x 
P value 

�q�r�x�ä�u���È���s�v�ä�r�r 
�q�p�v�ä�s���È���q�y�ä�y�p 
�p�ä�p�q�v* 

�r�q�t�ä�q���È���q�q�s�ä�s�u 
�r�u�q�ä�u���È���q�q�s�ä�x�p 
�p�ä�p�q* 

�r�p���È���q�q�ä�y�s 
�q�v���È���x�ä�p�s 
�p�ä�p�sb* 

Low/marginal LiCu  �•�Ë�t�u 
Adequate LiCu  �•�Ë���t�s 
P value 

�q�q�w�ä�u���È���s�r�ä�x�q 
�q�q�t�ä�v���È���s�t�ä�v�v 
�p�ä�u�u�v 

�r�s�w�ä�x���È���q�r�r�ä�r�u 
�r�y�s�ä�v���È���q�t�y�ä�r�w 
�p�ä�p�u�p* 

�r�p�ä�w���È���q�r�ä�x�w 
�q�r�ä�p���È���y�ä�q�y 
�p�ä�p�p�u* 

 Costochondral junction  

 Growth plate thickness, µm  

Affected  �•�Ë�t�w 
Control  �•�Ë�q�v 
P value 

�q�t�w�ä�u���È���s�x�ä�p 
�q�q�v�ä�s���È���s�x�ä�r 

�p�ä�p�p�r 

Fodder beet  �•�Ë�r�q 
Pasture  �•�Ë�q�w 
P value 

�q�v�r�ä�v���È���t�r�ä�q 
�q�s�v�ä�r���È���s�q�ä�u 

�p�ä�p�s�r 

Low/marginal LiCu  �•�Ë�r�w 
Adequate LiCu  �•�Ë���s�s 
P value 

�q�s�q�ä�w���È���s�q�ä�w 
�q�t�v�ä�y���È���t�v�ä�w 

�p�ä�s�p�v 
aQuantity of resorption cavities in the distal humerus. 
bWelch t- test. 
*P �˜�ƒ�Ž�—�‡���Î�p�ä�p�u�ä 
LiCu, liver Cu concentration.  
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�	�‹�‰�—�”�‡���t�ä�s Histological appearance of humeral sections evaluated in affected and control heifers. 
Haematoxylin and eosin (HE). (a) Growth plate and primary spongiosa, control heifer. Normal 
growth plate architecture with thin growth plate, organi sed chondrocyte columns, and normal 
appearance of the primary spongiosa. (b) Growth plate and primary spongiosa, affected heifer 
grazed on fodder beet. Abnormal growth plate architecture with thicker, irregular growth plate, 
disorganised chondrocyte columns, and extension of cartilage into the primary spongiosa. (c) 
Growth plate and primary spongiosa, affected heifer grazed on pasture. Normal growth plate 
architecture with thin growth plate, organi sed chondrocyte columns but with the formation of 
additional woven bone in the primary spongiosa (arrow). (d) Trabecular bone, control heifer. 
Normal trabecular architecture with abundant, thick, and interconnected bone trabeculae. (e) 
Trabecular bone affected heifer. Abnormal trabecular architecture with fewer, thin, long, 
unconnected bone trabeculae. (f) Growth plate and primary spongiosa, affected heifer. Transverse 
bone trabeculae below the growth plate (growth arrest line) (arrows). (g) Proximal metaphysis 
affected heifer. Formation of woven bone (arrowheads) between trabeculae. (h) Cortical bone 
affected heifer. Periosteal reactive woven bone mixed with fibrous tissue extending from the 
cortex (*). (i) Cut -back zone, affected heifer. Additional woven bone formation in the cut-back 
zone (arrowheads).  
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�	�‹�‰�—�”�‡���t�ä�t Histological appearance of humeral cortical bone, costochondral junction, and rib from 
affected and control heifers. Haematoxylin and eosin (HE). (a) Metaphysis, humeral cortical bone, 
affected heifer. Abnormal cortical thickness and appearance of the cortical bone from an affected 
heifer with osteoclasts extending transversally through the cortex, leaving a cortex with a moth-
eaten appearance. (b) Metaphysis, humeral cortical bone, control heifer. Thick cortex, only the 
periosteal surface shows cortical scalloping due to resorption lacunae (arrow). (c) Costochondral 
junction and metaphysis, rib, affected heifer. Fracture line extending from the cortex into 
trabecular bone associated with haemorrhage and disorganised trabecular bone (arrow). (d) 
Trabecular bone, rib, affected heifer. Older fracture line with proliferation of fibrous connective 
tissue (arrowhead) and formation of soft callus tissue (arrow). (e) Trabecular bone, rib, affected 
heifer. Irregular replacement of fracture line by a proliferation of fibrous connective tissue 
(arrowheads) and additional woven bone formation (arrow). 

  



 

�q�p�u 
 

���ƒ�„�Ž�‡���t�ä�r Statistical significance of each of the bone parameters analysed comparing cases in the affected and control group, fodder beet vs pasture group, and 
low/marginal vs adequate liver copper concentration group. 

 

 

 

 

 

 

 

 

 

  

 Groups compared  
Bone parameter analysed  Affected vs Control  Fodder beet vs Pasture  Low/marginal Cu vs adequate a 

Trabecular architecture  �Î�p�ä�p�p�p�u�� �p�ä�y�t�u �p�ä�p�x 

Trabecular density  �Î�p�ä�p�p�p�u�� �p�ä�s�s�p �p�ä�p�r�� 

Growth plate appearance  �Î�p�ä�p�p�p�u�� �Î�p�ä�p�p�p�u�� �p�ä�x�s 

Growth arrest lines  �p�ä�p�r�pc* �p�ä�q�p�w �p�ä�t�u 

Additional bone b in the PS �p�ä�p�q�q�� �p�ä�v�r�y �p�ä�p�v 

Additional bone b in the CB  �p�ä�p�p�s�� �p�ä�y�r�q �p�ä�r�x 

Cortical resorption  �Î�p�ä�p�p�p�u�� �p�ä�t�x�s �p�ä�p�p�x 

Periosteal reactive bone formation  �Î�p�ä�p�p�p�u�� �p�ä�p�s�v�� �p�ä�p�s�� 

Additional bone b in the PM  �Î�p�ä�p�p�p�u�� �p�ä�p�r�y�� �p�ä�w�v 

Additional bone b in the DH  �p�ä�p�q�qc* �p�ä�u�x�s �p�ä�q�t 

aRefers to liver Cu concentration. 
bAdditional woven bone formation.  
cFisher’s exact test. 
* P �˜�ƒ�Ž�—�‡���Î�p�ä�p�u�ä 
PS, primary spongiosa; CB, cut-back zone; PM, proximal metaphysis; DH, distal humerus. 
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Fodder beet vs pasture�ã�����Š�‡���‰�”�‘�™�–�Š���’�Ž�ƒ�–�‡���™�ƒ�•���–�Š�‹�…�•�‡�”�����ƒ���†�‹�ˆ�ˆ�‡�”�‡�•�…�‡���‘�ˆ���r�r�ä�s���Û�•�á��

�y�u�Ä�������á���v�ä�y�q���–�‘���s�w�ä�v�s�����ƒ�•�†���‰�”�‘�™�–�Š���’�Ž�ƒ�–�‡���ƒ�’�’�‡�ƒ�”�ƒ�•�…�‡���™�ƒ�•���•�‹�‰�•�‹�ˆ�‹�…�ƒ�•�–�Ž�›���ƒ�„�•�‘�”�•�ƒ�Ž���‹�•��

�Š�‡�‹�ˆ�‡�”�•���‰�”�ƒ�œ�‹�•�‰���	�����…�‘�•�’�ƒ�”�‡�†���–�‘���Š�‡�‹�ˆ�‡�”�•���‰�”�ƒ�œ�‹�•�‰���’�ƒ�•�–�—�”�‡�����	�‹�‰�—�”�‡���t�ä�s�„���ƒ�•�†���…���ä��

Cortical thickness and quantity of cortical resorption in the distal humerus were 

�•�‘�–���•�‹�‰�•�‹�ˆ�‹�…�ƒ�•�–�Ž�›���†�‹�ˆ�ˆ�‡�”�‡�•�–���„�‡�–�™�‡�‡�•���‰�”�‘�—�’�•�ä�����‡�ƒ�•���È���������ƒ�•�†��P values are presented 

�‹�•�����ƒ�„�Ž�‡���t�ä�q�ä�����‡�‹�ˆ�‡�”�•���–�Š�ƒ�–���‰�”�ƒ�œ�‡�†���‘�•���’�ƒ�•�–�—�”�‡���Š�ƒ�†���•�‹�‰�•�‹�ˆ�‹�…�ƒ�•�–�Ž�›���•�‘�”�‡���™�‘�˜�‡�•���„�‘�•�‡��

formation in the primary spongiosa and greater formation of periosteal reactive 

bone compared to heifers that grazed on FB. Statistical significance for each of 

�–�Š�‡���†�‹�…�Š�‘�–�‘�•�‘�—�•���„�‘�•�‡���’�ƒ�”�ƒ�•�‡�–�‡�”�•���‡�˜�ƒ�Ž�—�ƒ�–�‡�†���ƒ�”�‡���’�”�‡�•�‡�•�–�‡�†���‹�•�����ƒ�„�Ž�‡���t�ä�r���ƒ�•�†���…�ƒ�•�‡��

distribution is presented in Appendix F. 

Low/marginal vs adequate liver Cu concentration: A significantly greater 

�’�”�‘�’�‘�”�–�‹�‘�•���‘�ˆ���ƒ�ˆ�ˆ�‡�…�–�‡�†���Š�‡�‹�ˆ�‡�”�•���t�q���v�v�����v�r�Ä�����Š�ƒ�†���Ž�‘�™���•�ƒ�”�‰�‹�•�ƒ�Ž�����‹���—���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•�•��

�…�‘�•�’�ƒ�”�‡�†���–�‘���…�‘�•�–�”�‘�Ž���Š�‡�‹�ˆ�‡�”�•���t���r�r�����q�x�Ä���ä�����Š�‡�•���ƒ�•�ƒ�Ž�›�•�‹�•�‰���–�Š�‡���•�—�•�„�‡�”���‘�ˆ��

resorption cavities in the distal humerus, regardless of the fracture status, the 

�•�‡�ƒ�•���•�—�•�„�‡�”���‘�ˆ���”�‡�•�‘�”�’�–�‹�‘�•���…�ƒ�˜�‹�–�‹�‡�•���™�ƒ�•���‰�”�‡�ƒ�–�‡�”�����y���•�‘�”�‡�á���y�u�Ä�������á���s�ä�x���–�‘���q�s�ä�u�����‹�•��

heifers with low/marginal LiCu concentration compared with heifers with 

adequate LiCu concentrations. Also, cortical bone was thicker (a difference of 

�u�u�ä�w�s���Û�•�á �y�u�Ä�������á���r���–�‘���q�q�s�ä�t�����‹�•���Š�‡�‹�ˆ�‡�”�•���™�‹�–�Š���ƒ�†�‡�“�—�ƒ�–�‡�����‹���—���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•��

compared to heifers with low/marginal LiCu concentration. There were no 

�•�‹�‰�•�‹�ˆ�‹�…�ƒ�•�–���†�‹�ˆ�ˆ�‡�”�‡�•�…�‡�•���‹�•���‰�”�‘�™�–�Š���’�Ž�ƒ�–�‡���–�Š�‹�…�•�•�‡�•�•���„�‡�–�™�‡�‡�•���‰�”�‘�—�’�•�ä�����‡�ƒ�•���È���������ƒ�•�†��

P �˜�ƒ�Ž�—�‡�•���ƒ�”�‡���’�”�‡�•�‡�•�–�‡�†���‹�•�����ƒ�„�Ž�‡���t�ä�q�ä 

For the dichotomous parameters, significantly more heifers with low/marginal 

���‹���—���…�‘�•�…�‡�•�–�”�ƒ�–�‹�‘�•���Š�ƒ�†���†�‡�…�”�‡�ƒ�•�‡�†���–�”�ƒ�„�‡�…�—�Ž�ƒ�”���†�‡�•�•�‹�–�›���s�t���t�u�����w�v�Ä���á���ƒ�„�•�‘�”�•�ƒ�Ž��
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�…�‘�”�–�‹�…�ƒ�Ž���”�‡�•�‘�”�’�–�‹�‘�•�����s�v���t�u�á���x�p�Ä���á���ƒ�•�†���ˆ�‘�”�•�ƒ�–�‹�‘�•���‘�ˆ���’�‡�”�‹�‘�•�–�‡�ƒ�Ž���”�‡�ƒ�…�–�‹�˜�‡���„�‘�•�‡��

���s�q���t�u�á���v�y�Ä�����…�‘�•�’�ƒ�”�‡�†���–�‘���Š�‡�‹�ˆ�‡�” with adequate LiCu concentration. There were 

no significant associations between all other dichotomous bone parameters 

analysed. Statistical significance for each of the dichotomous bone parameter 

�‡�˜�ƒ�Ž�—�ƒ�–�‡�†���ƒ�”�‡���’�”�‡�•�‡�•�–�‡�†���‹�•�����ƒ�„�Ž�‡���t�ä�r���ƒ�•�†���…�ƒ�•�‡���†�‹�•�–�”�‹�„�—�–�‹�‘�• is presented in 

Appendix F. 

4.3.3.2 Ribs  

The main microscopic changes seen in the rib sections from affected heifers were 

an abnormal growth plate appearance characterised by an irregular growth plate 

with the extension of hypertrophic chondrocytes into the primary spongiosa 

forming tongues and/or islands of cells. Furthermore, all sections of the rib 

evaluated had incomplete or complete fracture lines extending cortex-to-cortex. 

Fractures had a variety of changes ranging from the presence of necrotic bone 

mixed with congestion, haemorrhage, and oedema to callus tissue formation 

���	�‹�‰�—�”�‡���t�ä�t�…���ä�����•���ƒ���ˆ�‡�™���…�ƒ�•�‡�•�á���ƒ�–�–�‡�•�’�–�•���ƒ�–���…�ƒ�Ž�Ž�—�•���–�‹�•�•�—�‡���ˆ�‘�”�•�ƒ�–�‹�‘�•���™�‡�”�‡���‘�„�•�‡�”�˜�‡�†�á��

characterised by a proliferation of cartilaginous tissue (soft callus) and/or woven 

bone (hard callus) ���	�‹�‰�—�”�‡���t�ä�t�†���ä�����•���•�‘�•�–���…�ƒ�•�‡�•�á���ˆ�”�ƒ�…�–�—�”�‡���Ž�‹�•�‡�•���™�‡�”�‡���ˆ�‹�Ž�Ž�‡�†���™�‹�–�Š���ƒ��

proliferation of fibrous connective tissue associated with an irregular 

�’�”�‘�Ž�‹�ˆ�‡�”�ƒ�–�‹�‘�•���‘�ˆ���™�‘�˜�‡�•���„�‘�•�‡���ƒ�–���–�Š�‡���’�‡�”�‹�’�Š�‡�”�›���‘�ˆ���–�Š�‡���ˆ�”�ƒ�…�–�—�”�‡���Ž�‹�•�‡�����	�‹�‰�—�”�‡���t�ä�t�‡���ä��

Nonetheless, in most cases where callus tissue was identified, there was also a 

proliferation of fibrous connective tissue interspersed with cartilage and woven 

bone indicative of an abnormal repair process. Other findings included the 

presence of numerous microfractures, thickening of the periosteum by a 
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proliferation of fibrous connective tissue, identification of granulation tissue, 

marked trabecular resorption, and an irregular bulging cortex. 

���‡�•�‹�‘�•�•���‹�•���–�Š�‡���”�‹�„�•���ˆ�”�‘�•���…�‘�•�–�”�‘�Ž���Š�‡�‹�ˆ�‡�”�•���•�Š�‘�™�‡�†���u���r�r�����r�s�Ä�����…�ƒ�•�‡�•���Š�ƒ�†���•�•�ƒ�Ž�Ž�����r-�u��

cells thick) nests of chondrocytes in the primary spongiosa. In four cases where 

grossly a fracture line was observed, these were histologically characterised by 

proliferation of fibrous connective tissue and multifocal areas with soft callus and 

hard callus proliferation. Lesions in control animals also had areas of 

haemorrhage, formation of additional bone between trabeculae, and thickened 

periosteum.  

���Š�‡���”�‹�„���‰�”�‘�™�–�Š���’�Ž�ƒ�–�‡���™�ƒ�•���–�Š�‹�…�•�‡�”�����ƒ���†�‹�ˆ�ˆ�‡�”�‡�•�…�‡���‘�ˆ���s�q�ä�q���Û�•�á���y�u�Ä�������á���y�ä�q���–�‘���u�s�ä�q�����‹�•��

heifers in the affected group compared with heifers in the control group. Finally, 

�–�Š�‡���‰�”�‘�™�–�Š���’�Ž�ƒ�–�‡���‘�ˆ���–�Š�‡���”�‹�„���™�ƒ�•���–�Š�‹�…�•�‡�”�����ƒ���†�‹�ˆ�ˆ�‡�”�‡�•�…�‡���‘�ˆ���r�v�ä�t���Û�•�á���y�u�Ä�������á���q�ä�t���–�‘��

�u�q�ä�t�����‹�•���Š�‡�‹�ˆ�‡�”�•���–�Š�ƒ�–���‰�”�ƒ�œ�‡�†���	�����‹�•���™�‹�•�–�‡�”���…�‘�•�’�ƒ�”�‡�†���–�‘���Š�‡�‹�ˆ�‡�”�•���–�Š�ƒ�–���‰�”�ƒ�œ�‡�†���’�ƒ�•�–�—�”�‡�ä��

���‡�ƒ�•���È���������ƒ�•�†��P �˜�ƒ�Ž�—�‡�•���ƒ�”�‡���’�”�‡�•�‡�•�–�‡�†���‹�•�����ƒ�„�Ž�‡���t�ä�q�ä�� 

4.3.4 Histomorphometry Findings  

Comparison between the affected and control group showed heifers in the 

control group had a greater bone area (P�Î�p�ä�p�p�u���á���Š�‹�‰�Š�‡�”���„�‘�•�‡���ƒ�”�‡�ƒ���–�‘�–�ƒ�Ž���ƒ�”�‡�ƒ��

(P�Î�p�ä�p�p�u���á���Ž�‘�•�‰�‡�”���•�‡�ƒ�•���–�”�ƒ�„�‡�…�—�Ž�ƒ�”���’�‡�”�‹�•�‡�–�‡�”�������Ï�t�ä�p�r�w���á���ƒ�•�†���•�‡�ƒ�•���–�”�ƒ�„�‡�…�—�Ž�ƒ�”��

width (P�Ë�p�ä�p�s�����˜�ƒ�Ž�—�‡�•�ä�����•�–�‡�‘�‹�†���ƒ�”�‡�ƒ����P�Ë�p�ä�r�t�����ƒ�•�†���‘�•�–�‡�‘�‹�†���’�‡�”�‹�•�‡�–�‡�”����P�Ë�p�ä�q�x����

were not significantly different between groups. There were no statistically 

significant differences in any of the histomorphometric parameters evaluated 

when comparing FB and pastur�‡���ƒ�•���–�Š�‡���•�ƒ�‹�•���™�‹�•�–�‡�”���ˆ�‡�‡�†�ä�����‡�ƒ�•���È���������ƒ�•�†��P values 

are presented in Appendix G.  
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4.3.5 Logistic Regression Analysis  

The following nine bone parameters were tested in the logistic regression model: 

trabecular architecture, trabecular density, growth plate appearance, formation of 

additional bone in the primary spongiosa and proximal metaphysis, type of 

cortical resorption, growth plate thickness, cortical thickness, and amount of 

resorption in the distal humerus. Four were retained in the final model: 

decreased trabecular density, abnormal cortical resorption, presence of additional 

woven bone formation in the proximal metaphysis, and the number of resorption 

cavities in the distal humerus. The logistic regression model was statistically 

significant, �]�r���t�����Ë���x�u�ä�q�u�r�á P�Î�p�ä�p�p�p�u�ä�����Š�‡�����‘�•�•�‡�”���ƒ�•�†�����‡�•�‡�•�Š�‘�™���–�‡�•�–���™�ƒ�•���•�‘�–��

statistically significant (P�Ë�p�ä�y�u�����‹�•�†�‹�…�ƒ�–�‹�•�‰���–�Š�‡���•�‘�†�‡�Ž���‹�•���ƒ���‰�‘�‘�†���ˆ�‹�–�ä�����Š�‡���•�‘�†�‡�Ž��

�‡�š�’�Ž�ƒ�‹�•�‡�†���x�x�ä�v�Ä�������ƒ�‰�‡�Ž�•�‡�”�•�‡�����r�����‘�ˆ���–�Š�‡���˜�ƒ�”�‹�ƒ�•�…�‡���‹�•���Š�—�•�‡�”�ƒ�Ž���ˆ�”�ƒ�…�–�—�”�‡���ƒ�•�†��

�…�‘�”�”�‡�…�–�Ž�›���…�Ž�ƒ�•�•�‹�ˆ�‹�‡�†���y�t�ä�y�Ä���‘�ˆ���…�ƒ�•�‡�•�ä�����‡�•�•�‹�–�‹�˜�‹�–�›���™�ƒ�•���y�v�ä�q�Ä���ƒ�•�†���•�’�‡�…�‹�ˆ�‹�…�‹�–�›���™�ƒ�•��

�x�p�ä�y�Ä�ä�����Š�‡���’�‘�•�‹�–�‹�˜�‡���’�”�‡�†�‹�…�–�‹�˜�‡���˜�ƒ�Ž�—�‡���™�ƒ�•���y�w�ä�s�Ä���ƒ�•�†���–�Š�‡���•�‡�‰�ƒ�–�‹�˜�‡���’�”�‡�†�‹�…�–�‹�˜�‡���˜�ƒ�Ž�—�‡��

�™�ƒ�•���x�v�ä�y�Ä�ä�����Š�‡���‘�†�†�•���‘�ˆ���ƒ�•���ƒ�•�‹�•�ƒ�Ž���™�‹�–�Š���†�‡�…�”�‡�ƒ�•�‡�†���–�”�ƒ�„�‡�…�—�Ž�ƒ�”���†�‡�•�•�‹�–�›���Š�ƒ�˜�‹�•�‰���ƒ��

�ˆ�”�ƒ�…�–�—�”�‡���™�‡�”�‡���r�t�y�ä�t���–�‹�•�‡�•���Š�‹�‰�Š�‡�”���–�Š�ƒ�•���–�Š�‡���‘�†�†�•���‘�ˆ���ƒ�•���ƒ�•�‹�•�ƒ�Ž���™�‹�–�Š���•�‘�”�•�ƒ�Ž��

trabecular density having a fracture. Abnormal cortical resorption was also 

�ƒ�•�•�‘�…�‹�ƒ�–�‡�†���™�‹�–�Š���ƒ�•���‹�•�…�”�‡�ƒ�•�‡�†���Ž�‹�•�‡�Ž�‹�Š�‘�‘�†���‘�ˆ���Š�—�•�‡�”�ƒ�Ž���ˆ�”�ƒ�…�–�—�”�‡�����‘�†�†�•���”�ƒ�–�‹�‘���u�t�ä�r�����ƒ�•��

was the presence of additional bone in the proximal metaphysis of the proximal 

�Š�—�•�‡�”�—�•�����‘�†�†�•���”�ƒ�–�‹�‘���s�w�ä�r���ä 

4.4 Discussion  

Humeral fractures are infrequent in ruminants due to the musculoskeletal 

configuration around the humerus and the need for very high forces to fracture 

the humerus.�t�q The fact that the fractures in affected heifers in this study are 
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spontaneous and numerous heifers can be affected at the same time within a 

single herd implies a significant reduction in bone strength/quality as the main 

mechanism leading to the appearance of fracture. Furthermore, the gross and 

histological changes present in sections of ribs from a large proportion of heifers 

with humeral fractures, showing fractures of different ages and stages of healing, 

indicate that the issues with bone strength and quality are systemic and have 

been compromised for some time.  

The histological and histomorphometric results from this study reveal that 

heifers with humeral fracture have osteoporosis characterised by reduced 

trabecular density, abnormal trabecular architecture, reduced cortical thickness 

with increased abnormal cortical resorption, and the presence of growth arrest 

lines. We believe that these characteristics are the main factors that contributed 

to decreased bone strength resulting in humeral fracture.  

Osteoporosis is characterised by a reduction in bone mass, bone mineral content, 

and bone matrix, which severely compromises bone quality and strength and 

increases the risk of bone fracture.�s�u�á�t�p�á�t�u Histological changes of osteoporosis are 

characterised by decreased trabecular number, trabecular thickness, cortical 

thickness, and increased trabecular separation and cortical porosity, which are 

remarkably similar to the findings presented in this study of heifers with humeral 

fracture.�u�p�á�q�x  

Mechanisms leading to osteoporosis include failure to achieve peak bone mass 

(failure of bone formation), high bone turnover (excessive bone resorption), 

and/or low bone turnover (normal osteoclastic activity with reduced osteoblastic 
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activity). �y�á�t�p Considering the histological and histomorphometric findings in this 

study, both failure of bone formation and excessive bone resorption have 

contributed to the osteoporosis observed in affected heifers.  

When considering bone formation, the impact of nutrition on bone 

formation/growth (achievement of peak bone mass) and strength, especially 

during the early years of life, is important. Failure to achieve peak bone mass, and 

low protein/caloric intake during adolescence leads to osteoporosis and increased 

fracture risk in hum ans.�t�á�u Similarly, prepubertal nutrition has an important 

effect not only on mature body weights in dairy heifers but also on milk yield and 

bone growth.�r�r�á�r�s�á�u�r�á�r�p In heifers, live weight is important because it determines 

the bone size and is a major determinant of the strain stress index (a proxy for 

bone strength) in the humerus of dairy heifers.�r�r�á�r�s Furthermore, although calves 

born from dams with high milk production tend to be lighter, if heifers reach pre -

�•�ƒ�–�‹�•�‰���–�ƒ�”�‰�‡�–���Ž�‹�˜�‡���™�‡�‹�‰�Š�–�•�����„�‡�ˆ�‘�”�‡���q�r-�q�t���•�‘nths of age), there are no significant 

differences in skeletal (frame) size in later months, further emphasising the 

importance of nutrition in early life. �r�u�á�t�x  

Analysis of growth patterns in New Zealand dairy heifers shows there are 

normally two periods �‘�ˆ���”�‡�†�—�…�‡�†���‰�”�‘�™�–�Š���”�ƒ�–�‡�á���–�Š�‡���ˆ�‹�”�•�–���‹�•���9�y���•�‘�•�–�Š�•���‘�ˆ���ƒ�‰�‡��

(coinciding with the period of lowest pasture quantity and quality in winter), and 

�–�Š�‡���•�‡�…�‘�•�†���„�‡�–�™�‡�‡�•���r�r-�r�t���•�‘�•�–�Š�•���‘�ˆ���ƒ�‰�‡�á���…�‘�”�”�‡�•�’�‘�•�†�‹�•�‰���–�‘���–�Š�‡���•�‡�…�‘�•�†���™�‹�•�–�‡�”�ä�r�v 

This is significant because when the growth of the metacarpus is compared with 

the humerus in growing dairy cows, the humerus keeps growing during the 

second year of life making it susceptible to additional growth checks.�r�s  
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Several microscopic changes in the bone can provide information regarding 

nutrition and bone growth. Firstly, the presence of growth arrest lines is 

important. Growth arrest lines are transverse bone trabeculae that appear 

histologically when the activity of the growth plate stops for some time and is 

suggestive of starvation and/or malnutrition for a period of time. �s�x�á�y The presence 

of these growth arrest lines in cases of humeral fracture previously described led 

to the suggestion that protein/calorie undernutrition was one of the factors 

contributing to reduced bone strength and osteoporosis.�q�q ���Š�‹�Ž�‡���‘�•�Ž�›���r�q�Ä���‘�ˆ��

heifers with a humeral fracture in the present study had growth arrest lines, 

remodelling can cause resorption and disappearance of growth arrest lines.�s�q 

Increased remodelling was observed in many sections of humeral fractures in the 

current study and could have masked the identification of greater numbers of 

growth arrest lines. 

Secondly, the histological appearance of the growth plate can also provide 

valuable information on patterns of growth in  long bones.�t�y�á�y The significant 

difference in growth plate thickness (both in the humerus and CCJ) and growth 

plate appearance in affected heifers compared to control heifers in this study may 

indicate a mismatch between the actual bone mass and the expected bone mass. 

Catch-up growth (referred to as compensatory growth) is a phenomenon that 

occurs after a period of nutrient restriction or another inhibitory factor whereby 

there is inhibition of chondrocyte senescence leading to longer chondrocyte 

columns and a thicker growth plate compared to age-matched controls, such as 

was seen in physes from heifers with humeral fractures.�q�w�á�q�y  
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The other mechanism that can lead to the appearance of osteoporosis and that 

needs to be considered is increased bone resorption. In dairy cows, increased 

osteoclastic bone resorption is observed physiologically during gestation and this 

increases up to three-fold during lactation with the majority of this resorption 

occurring in trabecular bone.�r�x�á�t�r Furthermore, primiparous cows and cows with 

higher milk yield have more active bone resorption than multiparous cows and 

cows with lower milk yield, as assessed by plasma and urine bone biochemical 

markers.�s�s�á�s�r Excessive bone resorption can lead to fewer and thinner trabeculae 

(obs�‡�”�˜�‡�†���‹�•���x�q�Ä���‘�ˆ���ƒ�ˆ�ˆ�‡�…�–�‡�†���…�ƒ�•�‡�•���á���™�‹�–�Š���Ž�‘�•�•���‘�ˆ���–�”�ƒ�„�‡�…�—�Ž�ƒ�”���…�‘�•�•�‡�…�–�‹�˜�‹�–�›�����‘�„�•�‡�”�˜�‡�†��

�‹�•���w�x�Ä���‘�ˆ���ƒ�ˆ�ˆ�‡�…�–�‡�†���…�ƒ�•�‡�•���á���…�‘�•�’�”�‘�•�‹�•�‹�•�‰���„�‘�•�‡���ƒ�”�…�Š�‹�–�‡�…�–�—�”�‡���ƒ�•�†���•�–�”�‡�•�‰�–�Š���Ž�‡�ƒ�†�‹�•�‰��

to fracture.�t�t These frequently observed trabecular changes, plus the higher 

probability of breaking a bone with decreased trabecular density suggest 

increased resorption is an important factor impacting bone strength in these 

heifers. Decreased trabecular density, trabecular connectivity, and thickness 

affect the biomechanical strength of bone interfering with the capacity of 

trabecular bone to withstand a load.�s�w  

As a result of the reduction in the quantity and quality of trabecular and cortical 

bone, additional bone may be formed between trabeculae, particularly in areas 

with marked stress and strain.�q�v�á�u�q In affected heifers additional woven bone 

�ˆ�‘�”�•�ƒ�–�‹�‘�•���™�ƒ�•���‘�„�•�‡�”�˜�‡�†���‹�•���–�Š�‡���’�”�‹�•�ƒ�”�›���•�’�‘�•�‰�‹�‘�•�ƒ�����v�v�Ä���‘�ˆ���…�ƒ�•�‡�•���á���…�—�–-back zone 

���s�p�Ä���‘�ˆ���…�ƒ�•�‡�•���á���’�”�‘�š�‹�•�ƒ�Ž���•�‡�–�ƒ�’�Š�›�•�‹�•�����w�u�Ä���‘�ˆ���…�ƒ�•�‡�•���á���ƒ�•�†���–�Š�‡���†�‹�•�–�ƒ�Ž���Š�—�•�‡�”�—�•�����r�t�Ä��

of cases). This formation of “extra” bone in affected heifers indicates that 

numerous areas of the humerus from affected heifers are under mechanical 

stress.�t�s Additional woven bone between trabeculae appears histologically around 
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�w���†�ƒ�›�•���ƒ�ˆ�–�‡�”���–�”�ƒ�—�•�ƒ���‹�•���•�•�ƒ�Ž�Ž���ƒ�•�‹�•�ƒ�Ž�•���ƒ�•�†���ƒ�”�‘�—�•�†���r���™�‡�‡�•�•���‹�•���Š�—�•�ƒ�•�•�ä�t�s However, 

this new bone is not readily available for resorption and this could mean that 

osteoclastic activity increases along the already small and poorly formed pre-

existing trabeculae to supply Ca for lactation.�t�s Finally, the formation of 

periosteal reactive bone is also a mechanism to increase bone strength at sites of 

maximum stress-�•�–�”�ƒ�‹�•�á���ƒ�•�†���ˆ�‘�”���ˆ�”�ƒ�…�–�—�”�‡���”�‡�’�ƒ�‹�”�á���ƒ�•���™�ƒ�•���‘�„�•�‡�”�˜�‡�†���‹�•���w�u�Ä���‘�ˆ��

samples from heifers in the affected group.�s�á�q�s�á�u�q 

In the humeral cortex of affected heifers, there was a significant reduction in 

cortical thickness and a significant increase in resorption activity that was 

abnormal. Cortical bone thickness is determined by the rate of endosteal bone 

resorption (not by a lag in bone formation) and is key for bone strength.�r�á�t�t 

Contrary to trabecular bone, only minimal resorption is observed in cortical bone 

before and after gestation.�t�r Clumping and enlargement of resorption canals in 

the cortex causes a reduction in cortical thickness and focal areas of weaker bone 

leading to fracture, as seen in humans with nontraumatic intracapsular femoral 

neck fractures.�s�p Abnormal cortical microstructure affects maximum stress 

distribution facilitating propagation of microcracks that can lead to bone 

fracture.�q A similar pathophysiological process is likely occurring in the humeral 

cortex of affected heifers with enlargement of resorption cavities severely 

compromising cortical bone thickness and strength.  

Additionally, increased cortical resorption was observed in the distal humeral 

sections in affected heifers and this is an important observation considering the 

distal humerus has been described as the biomechanically weaker area of the 
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bovine humerus.�v Bouza-Rodriguez and Miramontes-Sequeiros�v performed a 

biomechanical analysis on a three-dimensional model of the bovine humerus and 

found that when basic stimulations (compression, bending, and torsion) were 

applied to the model, the maximum stress was reached in the distal metaphysis.�v 

Additionally, this study found that the lower diameter of bone  in the distal 

humerus may also contribute to making this zone weaker and that the increased 

cortical thickness in this area is a type of bone adaptation, trying to decrease the 

maximum stress.�v The increased resorption observed in the distal humerus in 

affected heifers combined with the observation that this is a potential weak point 

suggests the distal humeral metaphysis is the origin of the fracture line, 

contradicting a previous hypothesis that identified the cut-back zone as a weak 

area and the zone where the fracture most likely started.�q�q  

Finally, the binomial logistic regression model used in this study showed that 

decreased trabecular density, abnormal cortical resorption, formation of 

additional bone in the metaphysis, and the number of resorption cavities in the 

distal humerus strongly predicted the presence of humeral fracture in heifers, 

further supporting these parameters as important in the determination of bone 

strength and risk factors for fracture. 

Fodder beet is an alternative crop that has been increasingly fed to pregnant, 

non-lactating dairy cows in parts of New Zealand.�s�v Recently, health and welfare 

issues in animals grazing this crop have been reported, including poor live 

weights gains and nutritional congenital rickets in sheep.�r�q�á�u�s�á�q�r�á�q�t Health issues are 

associated with the high sugar content of FB, which is also relatively low in 
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protein, fib re, and minerals (phosphorus, Ca, and Mg).�r�q�á�q�t Heifers grazing FB in 

this study had a significantly thicker and abnormal growth plate appearance, 

compared to heifers grazing pasture, and therefore may indicate the presence of 

rickets in animals that had FB as their main winter feed, accelerating the onset of 

fractures. However, there was a lack of a significant difference in osteoid area and 

perimeter as evaluated by undecalcified bone sections. This suggests there is not 

an apparent lag in the mineralisation of bones between the groups evaluated 

(affected vs control and FB vs pasture), which does not support the diagnosis of 

rickets in animals on FB.  

The presence of significantly more additional woven bone formation and 

periosteal reactive bone in pasture-grazed heifers imply bone from these heifers 

may be under greater mechanical stress compared with heifers that grazed FB.�q�p�á�w 

Another important factor that was studied in this group of heifers was the 

relationship between LiCu concentration and humeral fractures. Copper 

deficiency results in inadequate formation of crosslinks in collagen and elastin 

molecules leading to decreased mechanical strength and potential bone 

fracture.�r�w Decreased lysyl oxidase activity (due to Cu deficiency) leads not only 

to inadequate collagen crosslink formation but also a reduction in bone 

formation by osteoblasts.�q�u 

Experimentally, Cu deficient calves and lambs have thickened and disorganised 

growth plates, decreased osteoblasts, and increased osteoclasts, along with a 

decreased number of bone trabeculae and loss of trabecular connectivity.�t�v�á�t�w�á�r�y 

Other bone-related clinical signs in ruminants grazing Cu-deficient pasture 
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include poor growth and weight gain, lameness, enlargement of joints, increased 

brittleness of bones, and increased incidence of spontaneous fractures.�r�t�á�r�w�á�s�t�á�t�v 

Additionally, several studies have described a relationship between Cu and 

osteoclast differentiation and activity. One study found significant inhibition of 

resorption in bone cultures when treated with copper sulphate (associated with 

activation of the enzyme prostaglandin endoperoxide reductase).�u�v Induction of a 

hypoxic microenvironment that may inhibit bone resorption is also described in 

the presence of Cu ions.�s�y  

In the heifers in this study, the cortex was significantly thinner and there was 

significantly more resorption in the distal humerus of heifers with low/marginal 

LiCu concentrations compared to heifers with adequate LiCu concentrations, 

suggesting Cu deficiency could have resulted in increased osteoclastic activity. 

Low/marginal LiCu concentrations were also associated with decreased 

trabecular density, formation of additional bone, abnormal cortical resorption, 

and presence of periosteal reactive bone formation. These findings imply a likely 

correlation between decreased bone strength and increased fracture risk in 

heifers with low/marginal LiCu concentration. The activity of lysyl oxidase 

associated with the formation of collagen crosslinks and the relationship between 

the activity of osteoblasts and osteoclast with Cu concentration in tissues 

requires investigation. 

4.5 Conclusion  

Qualitative (histology) and quantitative (histomorphometry) analysis of bone 

sections support a diagnosis of osteoporosis as the main disease occurring in 
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these heifers. Periods of inadequate feed quality and perhaps Cu deficiency have 

led to a lag in bone formation with heifers failing to achieve peak bone mass at a 

critical point in their production cycle (i.e., the start of lactation), resulting in a 

reduction in trabecular number, width, and connectivity. In addition, there is 

increased cortical bone resorption leading to a marked reduction in cortical 

thickness and bone strength. Spontaneous fractures of the humerus are a direct 

consequence of these changes. 

Moreover, the influence of grazing on FB during important growth periods and 

depletion of Cu concentration on bone quality, structure, and the occurrence of 

bone fractures in animals needs to be further investigated 
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5.1 Introduction  

The increased incidence of spontaneous humeral fractures since �r�p�p�x���‹�•���†�ƒ�‹�”�›��

heifers in New Zealand has prompted the study and analysis of normal and 

fractured bone material using a variety of techniques.�q�p�á�r�r�á�q�s For example, 

histological analysis of a small set of bone samples from heifers with humeral 

fractures determined that heifers with humeral fractures developed osteoporosis 

secondary to periods of poor bone formation (probably due to protein-calorie 

malnutrition), increased bone resorption associated with lactation, and periods of 

Cu deficiency.�q�p Peripheral quantitative computed tomography of the mid -

diaphysis of the humerus showed that fractured animals have reduced cortical 

bone mineral density which reduced the stress-strain index.�q�r These factors were 

thought to contribute to reduced bone strength/quality a nd the incidence of 

spontaneous humeral fractures in dairy heifers. ���‡�•�—�Ž�–�•���ˆ�”�‘�•���…�Š�ƒ�’�–�‡�”���t�á��

confirmed the diagnosis of osteoporosis on a larger sample of affected animals, 

and suggested periods of inadequate feed quantity/quality as the likely cause of 

this.   

Bone strength is determined by multiple factors including bone architecture, 

bone quality, and bone mass.�x�á�r�p For example, bone mass (determined by the 

amount of the bone organic matrix and mineral crystal hydroxyapatite 

(Ca�q�p(PO�t)�v(OH) �r)) influences bone physicochemical properties.�q�á�r Similarly, bone 

quality is directly influenced by the rate of bone turnover (the process of bone 

resorption followed by new bone formation) which in turn can affect bone 

microarchitecture, mineralisation, microdamage repair, and the relative amount 

of bone organic matrix and mineral crystals.�x�á�q Furthermore, the ability of bone to 
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resist fractures (or bone toughness) is dependent on the quality and quantity of 

the matrix and mineral component of bone.�r�p As such, bone quality can be used 

to estimate/predict bone strength and potential bone fracture risk.�q�á�r�p�á�q�w  

Because variations in the chemical composition of bone can influence the 

structural quality of bone, assessment of bone chemical composition (matrix and 

mineral components) achieved using Raman and Fourier transform infrared 

spectroscopy (FTIR) is important.�q�w�á�x�á�r�p�á�t�á�w These techniques rely on the unique 

vibrational characteristic of each molecule that is forming bone and are reliable 

methods to evaluate the relative chemical composition of bone.�r�p�á�q�w  

The objective of this chapter were ���q�����–�‘���‡�˜�ƒ�Ž�—�ƒ�–�‡ and compare the bone matrix 

and mineral composition/quality  from humeral cortical and trabecular bone 

samples from heifers with humeral fractures and age-matched heifers without 

humeral fractures using band intensity ratios measured by using Raman 

spectroscopy and attenuated total reflectance (ATR)-FTIR spectroscopy and (�r) 

to compare the total concentration of Ca and phosphorus (as components of the 

bone hydroxyapatite crystal) in humeral bone samples from heifers with and 

without humeral fractures.  

5.2 Materials and methods  

5.2.1 Study design and sample collection  

This was a case-control study using a convenience sample of fractured (affected) 

and non-fractured (control) animals. The case definition for enrolling an animal 

in the affected group was a dairy heifer of any breed, at l�‡�ƒ�•�–���r-year-old, which 

had suffered a spontaneous fracture of the humerus, without any history of 
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�–�”�ƒ�—�•�ƒ�á���™�‹�–�Š�‹�•���v���•�‘�•�–�Š�•���‘�ˆ���…�ƒ�Ž�˜�‹�•�‰�ä�����Š�‡���Š�—�•�‡�”�ƒ�Ž���„�‘�•�‡���•�ƒ�•�’�Ž�‡�•���™�‡�”�‡���’�”�‘�˜�‹�†�‡�†���„�›��

farmers and veterinarians who after reporting a dairy heifer who fitted the case 

definition were asked to collect the bone sample post-mortem. The collection of 

�•�ƒ�•�’�Ž�‡�•���‘�…�…�—�”�”�‡�†���„�‡�–�™�‡�‡�•���
�—�Ž�›���ƒ�•�†�����‡�…�‡�•�„�‡�”���r�p�q�y�ä 

Control samples were obtained from an animal rendering plant (Wallace 

Corporation, Feilding, NZ) and Massey University School of Veterinary Science 

postmortem service. Samples were taken from dairy cows of any breed, with an 

�‡�ƒ�”���–�ƒ�‰���‹�•�†�‹�…�ƒ�–�‹�•�‰���–�Š�‡�›���™�‡�”�‡���ƒ�–���Ž�‡�ƒ�•�–���r years old, who had calved recently (udder 

consistent with lactating)  and had been culled for reasons unrelated to bone 

fracture of the humerus or any other bone. From each control animal, a sample of 

the humerus was collected post-mortem.  

For both groups (affected and control), no information regarding sample 

handling and/or time between collection and reception was reported and/or 

recorded in this study. Most samples from affected heifers were sent overnight by 

courier.  

5.2.2 Preparation of bone samples  

�����–�‘�–�ƒ�Ž���‘�ˆ���x�q���„�‘�•�‡���•�ƒ�•�’�Ž�‡�•���ˆ�”�‘�•���v�w���ƒ�ˆ�ˆ�‡�…�–�‡�†���…�ƒ�•�‡�•���ƒ�•�†���q�t���…�‘�•�–�”�‘�Ž���…�ƒ�•�‡�•���™�‡�”�‡��

�”�‡�…�‡�‹�˜�‡�†�ä�����‡�š�–�á���•�‡�˜�‡�”�ƒ�Ž���„�‘�•�‡���•�Ž�ƒ�„�•�����9�s-�u���•�•���–�Š�‹ck) from the proximal epiphysis 

and metaphysis of the affected and control humeri were obtained using an 

industrial -grade band saw. For Raman and ATR-FTIR analysis, one slab from the 

humerus was selected and then cleaned with high-pressure cold water to remove 

the bone marrow. From each slab, three locations were selected for analyses: the 

cortex, the primary spongiosa, and �–�Š�‡���•�‡�–�ƒ�’�Š�›�•�‹�•�����	�‹�‰�—�”�‡���u�ä�q���ä�����ƒ�…�Š���Ž�‘�…�ƒ�–�‹�‘�•���™�ƒ�•��
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�‰�”�‘�—�•�†���•�‡�’�ƒ�”�ƒ�–�‡�Ž�›���ˆ�‘�”���t���•�‹�•���—�•�‹�•�‰���ƒ���…�”�›�‘�‰�‡�•�‹�…���‰�”�‹�•�†�‡�”���ˆ�‹�Ž�Ž�‡�†���™�‹�–�Š���Ž�‹�“�—�‹�†���•�‹�–�”�‘�‰�‡�•��

���v�x�w�u��Freezer/Mill®, SPEX® SamplePrep, Metuchen, NJ, USA). The grind protocol 

included two cycles each with a pre-�…�‘�‘�Ž���•�–�‡�’�á���ƒ���”�—�•���•�–�‡�’���‘�ˆ���r���•�‹�•�á���ƒ���…�‘�‘�Ž���•�–�‡�’, 

�ƒ�•�†���ƒ���•�‡�…�‘�•�†���”�—�•���–�‹�•�‡���‘�ˆ���r���•�‹�•�ä�����Š�‡���‹�•�’�ƒ�…�–�‘�”���”�ƒ�–�‡���™�ƒ�•���•�‡�–���ƒ�–���u���…�›�…�Ž�‡�•���’�‡�”���•�‡�…�‘�•�†�ä��

Once the cycle was finalised, powdered material was stored in Eppendorf tubes 

covered with aluminium foil at - �x�p�Ó�����—�•�–�‹�Ž���ˆ�—�”�–�Š�‡�”���’�”�‘�…�‡�•�•�‹�•�‰�ä 

 

 

5.2.3 Acquisition of Raman spectra  

�����–�‘�–�ƒ�Ž���‘�ˆ���x�q���Š�‡�‹�ˆ�‡�”���’�‘�™�†�‡�”�‡�†���„�‘�•�‡���•�ƒ�•�’�Ž�‡�•���ˆ�”�‘�•���v�w���ƒ�ˆ�ˆ�‡�…�–�‡�†���…�ƒ�•�‡�•���ƒ�•�†���q�t���…�‘�•�–�”�‘�Ž��

cases were processed. For each heifer bone sample, three locations were analysed: 

cortex, primary spongiosa, and metaphysis, and for each location, three smaller 

(triplicates) portions of the powdered bone were mounted onto a glass slide and 

�…�‘�˜�‡�”�‡�†���™�‹�–�Š���ƒ���…�‘�˜�‡�”���•�Ž�‹�’�����r�r���š���r�r���•�•�����–�‘���ˆorm three thin films of randomly 

oriented powdered specimen. Thus, giving nine samples per heifer. 

�	�‹�‰�—�”�‡���u�ä�q Humeral bone slab, affected heifer, proximal humerus. The 
three locations selected for spectroscopic analysis are shown. A, 
primary spongiosa; B, metaphysis; C, cortex. 
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Raman spectra were collected using a custom-made Raman microscope system 

with a �u�s�r���•�•���•�‘�•�‘�…�Š�”�‘�•�ƒ�–�‹�…���Ž�ƒ�•�‡�”�������ƒ�•�‡�”�����—�ƒ�•�–�—�•�����‘�”�—�•���u�s�r���ä�����•�����Ž�›�•�’�—�•��

IX-�w�p���‹�•�˜�‡�”�–ed fluorescence microscope body fitted a custom-�•�ƒ�•�—�ˆ�ƒ�…�–�—�”�‡�†���u�s�r��

nm band-�‡�†�‰�‡���ˆ�‹�Ž�–�‡�”���™�‹�–�Š���ƒ���q�r�Ó���‹�•�…�‹�†�‡�•�–���ƒ�•�‰�Ž�‡�������”�‹�†�‹�ƒ�•�����‡�…�Š�•�‘�Ž�‘�‰�‹�‡�•�á�����–�–�ƒ�™�ƒ�á��

���•�–�ƒ�”�‹�‘�á�����ƒ�•�ƒ�†�ƒ�����†�‹�”�‡�…�–�‡�†���–�Š�‡���Ž�ƒ�•�‡�”���‹�•�–�‘���ƒ���q�p�š���•�ƒ�‰�•�‹�ˆ�‹�…�ƒ�–�‹�‘�•���‘�„�Œ�‡�…�–�‹�˜�‡�����������p�ä�r�u�á��

Edmund Optics, Singapore). Raman scattering was collimated by the same 

objective. Rayleigh scattering was partially rejected by the incident band-edge 

�ˆ�‹�Ž�–�‡�”���ƒ�•�†���ƒ���•�‡�…�‘�•�†���u�s�r���•�•�����ƒ�•�ƒ�•���‡�†�‰�‡-�ˆ�‹�Ž�–�‡�”�����q�u�p�…�•-�q cut-off) placed 

immediately before the spectrograph provided complete Rayleigh rejection. The 

�…�‘�Ž�Ž�‹�•�ƒ�–�‡�†�����ƒ�•�ƒ�•���•�…�ƒ�–�–�‡�”�‹�•�‰���™�ƒ�•���ˆ�‘�…�—�•�‡�†���‘�•�–�‘���–�Š�‡���‡�•�–�”�ƒ�•�…�‡���•�Ž�‹�–�����u�p �Û�•�����‘�ˆ���ƒ��

FERGIE spectrograph from Princeton/Teledyne Instruments equipped with a 

�q�p�r�t���š���r�u�v���’�‹�š�‡�Ž���…�Š�ƒ�”�‰�‡�†���…�‘�—�’�Ž�‡�†���†�‡�˜�‹�…�‡ controlled Lightfield software (version 

�v�ä�p�ä�t�ä�q�v�q�q�á�����”�‹�•�…�‡ton Instruments, Trenton, New Jersey). 

���ƒ�•�ƒ�•���•�…�ƒ�–�–�‡�”�‡�†���Ž�‹�‰�Š�–���™�ƒ�•���…�‘�Ž�Ž�‡�…�–�‡�†���‘�˜�‡�”���ƒ���•�’�‡�…�–�”�ƒ�Ž���”�ƒ�•�‰�‡���‘�ˆ���r�p�p���–�‘���t�p�p�p���…�•-�q, 

the �”�‡�•�‘�Ž�—�–�‹�‘�•���™�ƒ�•���t���…�•-�q�á���™�‹�–�Š���Ž�ƒ�•�‡�”���’�‘�™�‡�”���•�‡�–���–�‘���u-�q�p mW. One hundred and 

twenty individual frames were acquired for each replicate spectrum with an 

�‡�š�’�‘�•�—�”�‡���–�‹�•�‡���•�‡�–���–�‘���q���•�‡�…�‘�•�†���’�‡�”���ˆ�”�ƒ�•�‡�ä�����…�“�—�‹�•�‹�–�‹�‘�•���‘�ˆ���‹�•�†�‹�˜�‹�†�—�ƒ�Ž���ˆ�”�ƒ�•�‡�•���ƒ�Ž�Ž�‘�™�‡�†��

for a quick and straightforward assessment of sample damage (i.e., compare the 

first and last frame for each replicate). No sample damage was observed using 

this method. 

5.2.4 Acquisition of ATR-FTIR spectra  

�����–�‘�–�ƒ�Ž���‘�ˆ���x�q���Š�‡�‹�ˆ�‡�”���’�‘�™�†�‡�”�‡�†���„�‘�•�‡���•�ƒ�•�’�Ž�‡�•���ˆ�”�‘�•���v�w���ƒ�ˆ�ˆ�‡�…�–�‡�†���…�ƒ�•�‡�•���ƒ�•�†���q�t���…�‘�•�–�”�‘�Ž��

cases were processed. From each bone location (cortex, primary spongiosa, and 
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metaphysis), a small portion of powdered bone was placed onto the diamond 

crystal until fully covered. The pressure control arm was then positioned on top 

of the diamond crystal and maximum pressure was applied. Background spectra 

were collected before each experiment, with no sample present on the diamond 

crystal.  

FTIR spectra of the powdered bone were collected using an FTIR spectrometer 

�����‹�…�‘�Ž�‡�–�C���‹���u�C���	�����������’�‡�…�–�”�‘�•�‡�–�‡�”�á�����Š�‡�”�•�‘�����…�‹�‡�•�–�‹�ˆ�‹�…�á�������á�������������™�‹�–�Š���ƒ�•���‹���w��

�†�‹�ƒ�•�‘�•�†�����������ƒ�–�–�ƒ�…�Š�•�‡�•�–�ä���������������•�‡�”�‹�‡�•���•�‘�ˆ�–�™�ƒ�”�‡�����˜�y�ä�p�����™�ƒ�•���—�•�‡�†���ˆ�‘�”���†�ƒ�–�ƒ��

collection. Spectra were acquired in reflectance mode with a frequency region 

�ˆ�”�‘�•���t�p�p�p – �t�p�p cm-�q �™�‹�–�Š���s�r���•�…�ƒ�•�•���’�‡�”���•�’�‡�…�–�”�—�•���ƒ�•�†���ƒ���•�’�‡�…�–�”�ƒ�Ž���”�‡�•�‘�Ž�—�–�‹�‘�•���‘�ˆ���r��

cm-�q�ä�����’�‡�…�–�”�ƒ���™�‡�”�‡���•�ƒ�•�’�Ž�‡�†���–�‘���‰�‹�˜�‡���q�t�y�s�v���†�ƒ�–�ƒ���’�‘�‹�•�–�•���ˆ�‘�”��the spectrum. No online 

corrections were applied to the collected data.  

5.2.5 Determination of the  concentration of calcium and 

phosphorus  

To determine the absolute concentration of Ca and phosphorus from affected 

�ƒ�•�†���…�‘�•�–�”�‘�Ž���ƒ�•�‹�•�ƒ�Ž�•�á���ƒ���–�‘�–�ƒ�Ž���‘�ˆ���t�p���Š�‡�‹�ˆ�‡�”���„�‘�•�‡���•�ƒ�•�’�Ž�‡�•���ˆ�”�‘�•���r�v���ƒ�ˆ�ˆ�‡�…�–�‡�†���…�ƒ�•�‡�•���ƒ�•�†��

�q�t���…�‘�•�–�”�‘�Ž���…�ƒ�•�‡�•���™�‡�”�‡���•�—�„�•�‹�–�–�‡�†��to a commercial diagnostic laboratory (Gribbles 

Scientific – Mosgiel, NZ) for determination of the percentage of bone Ca and 

phosphorus (in-house method modified from Bosnak C, Ewa S and Shelton CT�u) 

using inductively coupled plasma with mass spectrometry �����‡�š���������r�p�p�p������������

Mass Spectrometer, PerkinElmer, USA). Budgeting constraints limited the 

�•�—�•�„�‡�”���‘�ˆ���•�ƒ�•�’�Ž�‡�•���–�‡�•�–�‡�†�ä���	�‘�”���‡�ƒ�…�Š���Š�‡�‹�ˆ�‡�”�á���ƒ���’�‘�‘�Ž�‡�†���•�ƒ�•�’�Ž�‡�����9���s�p�p���•�‰�����‘�ˆ���–�Š�‡��

three bone locations (cortex, primary spongiosa, and metaphysis) was submitted. 
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The affected and control cases used for this analysis were also used for Raman 

and FTIR spectroscopy. 

5.2.6 Spectral data analysis  

For Raman spectra, �ƒ���–�‘�–�ƒ�Ž���‘�ˆ���w�r�y���•�’�‡�…�–�”�ƒ���™�‡�”�‡���…�‘�Ž�Ž�‡�…�–�‡�†���–�Š�ƒ�–���”�‡�’�”�‡�•�‡�•�–�‡�†���–�Š�”�‡�‡��

spectra (“replicates”) for each bone location (cortex, primary spongiosa, and 

�•�‡�–�ƒ�’�Š�›�•�‹�•�����‹�•���ƒ�•���‹�•�†�‹�˜�‹�†�—�ƒ�Ž���Š�‡�‹�ˆ�‡�”�����‹�ä�‡�ä�á���•�‹�•�‡���•�’�‡�…�–�”�ƒ���ˆ�‘�”���x�q���ƒ�•�‹�•�ƒ�Ž�•���ä�����•���–�Š�‡���…�ƒ�•�‡��

�‘�ˆ���	���������•�’�‡�…�–�”�ƒ�á���ƒ���–�‘�–�ƒ�Ž���‘�ˆ���r�t�p���•�’�‡�…�–�”�ƒ���™�‡�”�‡���…�‘�Ž�Ž�‡�…�–�‡�†�ã���‘�•�‡���•�’�‡�…�–�”�—�•���ˆ�‘�”���‡�ƒ�…�Š���„�‘�•�‡��

location (cortex, primary spongiosa, and metaphysis) in an individual heifer (i.e., 

�–�Š�”�‡�‡���•�’�‡�…�–�”�ƒ���‡�ƒ�…�Š���ˆ�‘�”���x�p���ƒ�•�‹�•�ƒ�Ž�•���ä�����‡�ˆ�‘�”�‡���ƒ�•�ƒ�Ž�›�•�‹�•�á���…�ƒ�•�‡�•���™�‡�”�‡���…�ƒ�–�‡�‰�‘�”�‹�•�‡�†���ƒ�•��

affected or control and further categorised by bone location (cortex, primary 

spongiosa, and metaphysis).  

5.2.6.1 Pre-processing of spectral data  

Spectral data (Raman and FTIR) was analysed by bone location (cortex, primary 

spongiosa, �ƒ�•�†���•�‡�–�ƒ�’�Š�›�•�‹�•�����—�•�‹�•�‰�����›�–�Š�‘�•�C���s�ä�y�ä�š���…�‘�†�‡�����™�™�™�ä�’�›�–�Š�‘�•�ä�‘�”�‰�����™�”�‹�–�–�‡�•��

in Jupyter notebooks (https://jupyter.org), or as scripts from the command line. 

Before peak fitting, individual spectra were normalised and a baseline correction 

(using a modified asymmetric least squares baseline algorithm) was applied. For 

the Raman data, an average spectrum over the three replicates was calculated and 

used for further analysis. Visual inspection of the baseline functions was 

conducted to identify any potential artefacts introduced by baseline subtraction 

(Appendix H). If necessary, the baseline parameters were adjusted to limit the 

introduction of any artefacts.  
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5.2.6.2 Peak-fitting of spectra data  

A plot was created of one case. After performing a visual inspection of the peaks, 

a working spectral range was selected. The working spectra range included at 

least one of the peaks selected for the study. Lorentzian or pseudo-Voigt 

functions were used as the component functions in the fit. A component function 

was added for each selected peak in the working spectral range and was fitted for 

position, amplitude, and width manually to begin with. Due to the complexity of 

the spectral signal, components were only added for the most significant spectral 

features (Appendix I). In some cases, the unfitted components were accounted 

for by the tails of the added components which likely results in an over-

estimation of the spectral width and amplitude (however, analysis of the peak 

parameter ratios limits any impact of these effects). Once a reasonable fit had 

been obtained manually, a nonlinear least squares optimisation using the 

SciPy.Optimise.CurveFit package 

(https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit.h

tml) was used to find the optimal parameter values.  

For each location, peak parameters (including peak location, amplitude, and 

width) were obtained, and in the case of Raman spectra averaged. The integrated 

intensities of characteristic bands were measured; integration was performed for 

each fitted component in the peak fitting function. The value used was the 

integrated area of the band as a direct proportion of the concentration of the 

specific chemical component. The integrated intensities of four characteristic 

bands were measured: �R�v���’�Š�‘�•�’�Š�ƒ�–�‡�����t�r�r-�t�u�t���…�•-�q���á���…�ƒ�”�„�‘�•�ƒ�–�‡���–�›�’�‡���������q�p�t�v-�q�q�q�p��
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cm-�q), �R�u���’�Š�‘�•�’�Š�ƒ�–�‡�����y�p�s-�y�y�q���…�•-�q), �ƒ�•�†���ƒ�•�‹�†�‡�������������q�r�t�s��- �q�s�r�p���…�•-�q).�q�v�á�w Ratios of 

these bands areas resulted in the following parameters: 

�x Mineral/matrix ratio: �R�v��phosphate / amide III.  

�x Carbonate/phosphate ratio: carbonate/ �R�u��phosphate.  

�x ���”�›�•�–�ƒ�Ž�Ž�‹�•�‹�–�›�ã���q���™�‹�†�–�Š���‘�ˆ���R�u��phosphate. 

Similarly, for FTIR the band assignments selected for analysis were: �R�u�R�w 

�’�Š�‘�•�’�Š�ƒ�–�‡�����q�q�x�p-�y�q�q�…�•-�q), CO�s
�r- ���x�y�p-�x�u�v���…�•-�q), �ƒ�•�†���ƒ�•�‹�†�‡���������q�w�p�y-�q�v�p�v���…�•-�q).�w�á�r�p 

Ratios of these band areas resulted in the following parameters: 

�x Mineral/matrix ratio: �R�u�R�w phosphate / amide I. 

�x Carbonate/phosphate ratio: CO�s
�r-/  �R�u�R�w phosphate 

Vibrational spectroscopy analysis is based on the principle that the integrated 

area of a band is directly proportional to the concentration of the specific 

molecular moiety giving rise to the specific band.�r�p Absolute measurements of 

Raman band intensities are difficult, especially in turbid media such as bone. 

Therefore, band intensity ratios are used when analysing bone chemical 

composition.�q�v Bone matrix band assignments are mostly those of collagen type 

I.�q�v 

5.2.6.3 Data Statistical analysis  

As the independent variables were not distributed normally, nonparametric tests 

of significance were used. An independent-samples Mann-Whitney U test was 

used to determine if there were any significant differences in the values of the 

ratios according to each bone location (cortex, primary spongiosa, and primary 

metaphysis) between affected and control heifers. Results are presented as 
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median, the U statistic, and P value. A P �˜�ƒ�Ž�—�‡���‘�ˆ���Î�p�ä�p�u���™�ƒ�•���…�‘�•�•�‹�†�‡�”�‡�†��

significant. 

An independent-samples t-test was used to determine if there were any 

significant differences in humeral bone Ca and phosphorus percentage 

concentration between affected and control heifers. Results are presented as 

�•�‡�ƒ�•���È���•�–�ƒ�•�†�ƒ�”�†���†�‡�˜�‹�ƒ�–�‹�‘�•�����������á���—�•�Ž�‡�•�•���‘�–�Š�‡�”�™�‹�•�‡���•�–�ƒ�–�‡�†�ä�����Ž�Ž���•�–�ƒ�–�‹�•�–�‹�…�ƒ�Ž���ƒ�•�ƒ�Ž�›�•�‹�•��

�™�ƒ�•���†�‘�•�‡���‹�•�������������•�–�ƒ�–�‹�•�–�‹�…�•�����������B�����������B�����–�ƒ�–�‹�•�–�‹�…�•���˜�‡�”�•�‹�‘�•���r�w���ä�� 

5.3 Results  

5.3.1 Spectral analysis  

���ƒ�•�ƒ�•���•�’�‡�…�–�”�ƒ���™�‡�”�‡���‘�„�–�ƒ�‹�•�‡�†���ˆ�”�‘�•���v�w���ƒ�ˆ�ˆ�‡�…�–�‡�†���…�ƒ�•�‡�•���ƒ�•�†���q�t���…�‘�•�–�”�‘�Ž���…�ƒ�•�‡�•�á���ƒ�•�†��

FT�������•�’�‡�…�–�”�ƒ���™�‡�”�‡���‘�„�–�ƒ�‹�•�‡�†���ˆ�”�‘�•���v�v���ƒ�ˆ�ˆ�‡�…�–�‡�†���…�ƒ�•�‡�•�����ƒ�…�“�—�‹�•�‹�–�‹�‘�•���‘�ˆ���•�’�‡�…�–�”�ƒ���ˆ�‘�”���‘�•�‡��

�…�ƒ�•�‡���™�ƒ�•���‹�”�”�‡�‰�—�Ž�ƒ�”���Š�‡�•�…�‡���–�Š�ƒ�–���…�ƒ�•�‡���™�ƒ�•���”�‡�•�‘�˜�‡�†���ˆ�”�‘�•���–�Š�‹�•���•�–�—�†�›�����ƒ�•�†���q�t���…�‘�•�–�”�‘�Ž��

cases. A representative spectrum of combined cases by fracture status and bone 

location are prese�•�–�‡�†���‹�•���	�‹�‰�—�”�‡���u�ä�r���ˆ�‘�”�����ƒ�•�ƒ�•���•�’�‡�…�–�”�‘�•�…�‘�’�›���ƒ�•�†���	�‹�‰�—�”�‡���u�ä�s���ˆ�‘�”��
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5.1.1.1 Cortex  

Bones from affected cases showed a significantly lower mineral/matrix ratio as 

measured by Raman and FTIR spectroscopy (P�Î�p�ä�p�p�u���ƒ�•�†��P=�p�ä�p�q�y���”�‡�•�’�‡�…�–�‹�˜�‡�Ž�›���ä��

The carbonate/phosphate ratio was significantly lower in the cortex of affected 

cases compared to control cases when measured by Raman spectroscopy 

(P�Î�p�ä�p�p�u���ä�����•���…�‘�•�–�”�ƒ�•�–, FTIR results showed a lower carbonate/phosphate ratio in 

control cases compared to affected cases (P�Ë�p�ä�p�q�x���ä���	�‹�•�ƒ�Ž�Ž�›�á���…�”�›�•�–�ƒ�Ž�Ž�‹�•�‹�–�›��
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determined using Raman spectroscopy was significantly higher in control cases 

compared to affected cases (P�Î�p�ä�p�p�u���ä 

 

 
�	�‹�‰�—�”�‡���u�ä�r Raman spectra obtained from the humerus from heifers with humeral fracture (upper 
graph) and control heifers (no fractures) (lower graph) by location (cortex, primary spongiosa, 
and metaphysis). Labels indicate peaks used for the calculation of mineral/matrix ratio, 
carbonate/phosphate ratio, and crystallinity. The dark line indicates the �•�‡�ƒ�•�á���’�ƒ�Ž�‡���„�Ž�—�‡���Ž�‹�•�‡���y�u�Ä��
confidence interval. PO�t

�s-, phosphate; CO�s
�r, carbonate. 
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