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Abstract

Catastrophic outbreaks of spontaneous humeral fractures in dairy heifers in New
Zealand havegiven rise to animal welfare problemsand resulted in significant
economic lossego the New Zealand dairy industry. Preliminary small sample size
studies haveidentified potential causes and/or factorsassociated with the
occurrence of humeral fracturesincluding periods of protein-calorie

malnutrition , increased osteoclastidoone 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 objectivef

this thesis was to investigate the likely causes and/or major risk factors associated
with the occurrence of spontaneous humeal 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
Wt ek —e ofe’Zte ™Mirt | ‘Yeakold-ddiry Héifersrthat suffered
spontaneous humeral fracture post calving(affected heifers) for comparison with
age matched post-calving heiferswith no bone fractures (control heifers).
Blood/serum samples used for the determination of biochemical profile in
affected heifers showedincreased Ehydroxybutyrate and decreased creatinine
concentration indicative of negative energy balance and/or periods of
undernutrition . Bone samples were used formgss, histologic,

histomorphometric , Raman and Fourier trangorm infrared spectroscopic analysis

as well as for the measurement of the collagen and collagen crosslink content in



bones from affected heifers compared with control heifers Histologically affected
humeri had osteoporosis ¢eduction in trabecular volume with abnormal
trabecular architecture, thicker growth plates with abnormal architecture ,
increased resorption in the distalhumerus, and a thinner cortex with increased
and abnormal resorption. Abnormal cortical resorption is associated withan

co L E et 0 facZe=> T T f L ——"F utlr —cefe fot "Et— . %t
times. Spectroscopic analysis indicated decreased bone quality in the humeri
from affected heifers with areduced 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 surveywasconducted using farms that have and have not had a
case of humeral fracturesshowed Holstein-Friesian Jersey cros®reed 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 factorshave significantly
compromised bone mechanical strength and led to the spontaneous humeral

fracture.
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General introduction

While bone fractures in livestockoccur sporadically, <« ... T rppx fe <e...”ffeF Tt
incidence of spontaneous humeral fractures haveen reported as occurring in

first calving dairy heifers throughout N ew Zealand s 2P¥eliminary studies of a

small number of casessuggested 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 lactationand

periods of copper deficiency! The increased incidence of humeral fracture has

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

Zealand impacting farmers and veterinariansmental health and wellbeing. As

such studies aimed at identifying factors affecing 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 92 "Fere is a considerable vindow of time for different
factors to affect bone growth andstrength. Acquisition of bone mass begins in
the uterus and achievement of peak bone mass occurkater (associated with
increased muscle mass,secretion of hormones and growth factors). WAlthough in
dairy cattle in New Zealand, considerable growth is observed — ¢ —<Zr rp
months. VMore importantly, humeri from cows have a longer growth period
compared with the metacarpus meaning there is an increasedperiod of

susceptibility to growth checks for the humerus.

XiX



Difficulties in attaining peak bone mass and/or increased bone loss predispose
individuals to bone disease @etabolic bone disease or osteodystrophies are an
important group of diseases with osteoporosis being the most common in
humans and animals.” 29 Uiderstanding the numerous events and factors that
regulate bone growth and response to injury are essential when studying bone

diseases and maintenance of bone health’

This thesisaimed to identify 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 heifersto determine possible risk fadors related to farm

management and nutrition of cows. fe—Z—¢ ""tete—_tt <o . Sf’ -

x Describe changes in several biochemical analytes associated with mineral
and energy metabolism te—Z—+ ""fefe—tt <o ... Sf'—1f" s&

x Describe histological and histomorphometric changesin bones from a
large cohort of heifers affected byspontaneous humeral fractures and
compare with agematched 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

fo—Z—e ""fete—tt <o .Sf'—%f" ta
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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 thecollagen content and
collagen crosslink content in humeri from affected and control heifers

based on liver Cu concentration at time of euthanasiaResults presented

~
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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**8¢ The sclerotomal portion of
the somites provide the vertebral or axial skeleton; the limbs originate from the
lateral plate mesodermand 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*V

Around the fourth week of gestation in cows (third week in sheep) limb
development begins with the formation of the limb bud. “'Bones that will form
part of the skeleton develop initially by two mechanisms known as
intramembranous ossification, and endochondral ossification.4PP4B¥ne

modelling and remodelling occur later to replace the bone initially formed. uvaappaws

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“"With time and the influence of by various growth factors,

these mesenchymal cells differentiate directly into osteoprogenitor cellsdawauvagppary

The site where osteoblasts are proliferating becomes vascularised, and osteoblasts
produce the various components of the exracellular matrix known as osteoid.9PP
When osteoblasts surround themselves with mineralised osteoid, they

differentiate into osteocytes.P Other mesenchymal cells wrap the outer region of

the aggregates and form the periosteum“'These cells can also @nsform into



S f ' — 12 Review d the Literature

osteoblasts hence intramembranous ossification also occurs at the periosteal

surfaces of all long bones during growth™t

1.1.2 Endochondral ossification

Endochondral ossification occurs in the vertebrae, pelvis, part of the mandible,
and the long bones.aPPaffesenchymal cells condensate and transform first into
chondroblasts and then into chondrocytes.qPPaThése cells produce a hyaline
cartilage model with the shape of a long bonedPParufhgventral part or

diaphysis of this crude cartilage model is surrounded by the perichondrium, and
this zone is known as the bone collar3®With time chondrocytes in the bone

collar hypertrophy and there is matrix mineralisation. WParuBafet, 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. UVvaarr3égondary ossification centres develop later in the extremities of the

bone forming the epiphyses.!

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. 99ta@drresponding to the shape, size, and activity of chondrocytes in the

growth plate four distinct zones can be recognised histologically:

g 8Zone of reserve cartilage, also known as germinal or resting zone, is the
closest to the epiphyseal end of the bone and provides stem cell$9t
r &Proliferative zone: here chondrocytes multiply, arranged in columns, and

secrete cartilage matrix, between the columns of chondrocytesiPraaaqt
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s @Hypertrophic zone: contains large chondrocytes and the matrix between
cells becomes thinner.99%¥ ©X{éndrocytes also produce matrix vesicles that
will result in the next zone.

t & Zone of cartilage ossification: matrix mineralisation occurs here, wherein
chondrocytes die by apoptosis and the mineralised matrix serves as a
scaffold for bone deposition.? 9Terminal differentiation and apoptosis of
chondrocytes appear to be regulated by the increase in extracellular
inorganic phosphate " 2a%4nnexin-mediated Ca (that activates proteases,
lipases, and nucleases) ¢ ¥etinoic acid, and vitamin D. 99Another study
suggests that rather than apoptosis, autophagy is induced in hypertrophic
chondrocytes with vascularisation and oxygenation triggering oxidative

stress and cell deathdPT’

Later, osteoblasts from the bone marrow lay down osteoid on the remnants of
mineralised cartilage matrix. 9P P aruavmsteticlasts resorb the mineralised cartilage
spicules,and the newly formed bone is called primary spongy bone or the
primary spongiosa.?? This area will later be reorganised through osteoclastic
activity and osteoblastic addition of new bone to form the secondary

spongiosadrp

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 responsitte for the growth of bone in

length. Uvaarrpgripherally 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.vP

Increase in bone width is due to appositional growth from the periosteum.9PP

On completion of bone formation, a long bone is composed of a central hollow
shaft or diaphysis, a coneshaped metaphysis, the physes, and above these in both
extremitie e —S T f'<'S>ece  d%rehitacturaly thie 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 weightbearing lines, producing a crisscrossed pattern

(lattice or sponge-like pattern). v

Medullary cavity
Diaphysis -
Cortical bone
Metaphysis -
Physis —= Cancellous bone
Epiphysis 4

< %o — YHoppgraphic 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. " f<% f— fZ&4a vtuz
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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. Wsauxagng’modelling leads to the acquisition of
peak bone mass and does not require bone resorption to precede bone

formation. YW auxagRiitionally, modelling can occur on different bone surfaces, is

Llemce—t—e S f “fem PP OB OfAEf L —TF ek o= f L

larger, and there is a net increase in bone mas&" @Fially, 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. WS

Bone remodelling occurs through iterative cycles of bone formation and
resorption. 994nd is necessary for microdamage repair, maintenance of

biomechanical competence, and Ca and phosphorus homeostasiéPaxuaax

Understanding the differences in the rate and site of remodelling between
cortical and trabecular bone is important for determining bone quality. 99%Cortical
bone has a slow remodelling rate achieved by scalled osteonal remodelling, in
which activated osteoclasts form a conelike space with an advancing tip or
“cutting cone” where osteoclast resorb bone followed by a “closing cone” where

osteoblasts deposit bone" P ak$ contrast, trabecular remodelling is more active

fe f7%
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and takes place on the surface of the trabeculagd*a%e%, — "t qar ...’ f”fe ‘=S

types of resorptions.

Marrow Space

Osteablast
precursors

<%0 — 1 $cloygdnatic representation d trabecular (upper) and cortical bone
remodelling (lower). Reprinted from Owen& 1 <Z Z > awithpgrmission.

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 straifinduced
interstitial fluid flow and fluid shear stress resulting in activation of signalling
pathways.q9*aHe 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?*aThese units are required for the

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



S f ' — 12 Review d the Literature

pathogenesis of osteoporosis and other bone metabolic disorderg"&Fhe

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 osteoclasts9’Osteoclastcan resorb a volume of bone formed by

qpp —' gppp ‘*—¥MAddfand dysosomal enzymes are secreted in the
osteoclasts ruffled border which seals to the bone by a pépheral clear zone
creating an acidic compartment that dissolves the mineral and protein

components.WPaax

There are numerous pathways for recruitment of osteoclasts precursors, their
differentiation, and activation. 9Va9P¥he® receptor activator of nuclear factor- @
(RANK)/RANK-ligand (RANKL)/osteoprotegerin (OPG) cytokine system is
key.d99%teoclasts and their precursors express RANK, a receptor from the
tumour necrosis factor (TNF) family, which interacts with RANKL secreted by
osteoblasts.Y @Ffe coupling activates TNF receptorassociated factors (TRAF) to
stimulate osteoclastogenesis and activates the signalling cascade for the fusion of
monocytes into mature osteoclastsdVaThere are many TRAF that can bind to

a ,—- v < "1 %o f 'sertibl foe ogteoclastogenesis?PTogether,
RANK and TRAF regulate osteoclast activity through many intracellular
signalling pathways that can modulate the rate and frequency of osteoclast
maturation and bone resorption. 4"fOther factors important for oste oclast
differentiation and activity include interleukin - q -q a-va % ”"fe—Z"'...>—% fet
granulocyte-macrophage colony e —<e—Z f —<* %0 " f ... —dihgdroxyditaréinu

g &(@H) D 9 and calcitonin. 994ax
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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 OPGxaaaxagyRéA*OPG and RANK bind, RANKL is
unable to bind to RANK on the immature osteoclast thus inhibiting

osteoclastogenesis?P

The wingless integrated (Wnt)/ Ecatenin 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

LIRS

lipoprotein receptor- "+ Z f —f t —fce v v freteptordor.Wat. Vravw
Chondrogenesis and haematopoiesis are also regulated by the Wnt systefx
Sclerostin, dickkopfs and secretedfrizzled-related proteins are antagonists of

Wnt/ Ecatenin signalling. V'

Osteoblasts exist either as polygonal osteoigproducing cells or flattened lining
cells."PThey are derived from mesenchymal cells in the bone marrow?*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?P

Osteoblasts can inhibit osteoclasts by the action of Ephrintype "% ...3'—-*" t4 feft
downregulating expression of cFos and nuclear factor of activated Tcells

L>=""Zfeec... qexpreBaione—F Zfe—e ... fe oF. .. "f—F efef’'S‘ces ¢
that inhibits osteoclastogenesis.9‘Osteoclasts can stimulate osteoblast

Tt fe—cf—c'e —=S"' — %S —St ""'—Fce 'S"cer —Sf— oS¢, -+ %
enzyme and the Ras homolog family nember A gene, thereby enhancing bone

formation. 9V
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Osteocytes are characterized by numerous projecting cytoplasmic processes that
travel within fluid -filled canaliculi and interconnect cells. 9*These cells become
the mechanoreceptors of bone resulting in sgnalling pathways that regulate bone
resorption/formation cycles. 9P Dsteocyte 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.*

"te'tiZ7¢o% ..>..2F —fefe fUi—et qrp tfoe fel ..teeco—e 7 o< 'S

g &Quiescence phase: bone surfaces are covered by flat or endosteal lining
cells over a thin collagenous membraned*2aps
r &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.qPsadx
s 8Resorption phase: osteoclasts resorb the surface tlyeare attached to,
e etk TEetTIocte Teme U Zf L —effd ~Sce 'Sfed L fe Zfem T —
weeks. dxaaps
t & Reversal phase: debris is removed by macrophages and endosteal lining
cells and osteoblasts precursors are recruited.Psaax
u aFormation phase with osteoid production and secretion.axaaps
Cof " fZcof—cte o—f e fT_F" 9 gp Tfre " fe—F'ct tiltec—cte fot «

primary mineralisation. “This phase can last up to six months?

ap
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v A phase of quiescence with osteoblasts differentiating into flatlining cells

and/or osteocytes."

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)” @ Phis 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?

1.3 Control of bone growth

Growth plate cartilage and bone growth are dependent on numerous local and
systemic genes, brmones, 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.99* Osteoblasts secrete osteoid composed mainly

‘>t L 'ZZf%ote [T '—et ypA " =St ——fZ ""%ofec.. of—1F"
amounts of collagen type lll, V, and fibril-associated collagens (includes collagens

IX, XI, XIV, XIX, XX, and XXI).9PPaaxagay »tefcott” *° ‘e_fuk qpesce—e

of non-collagenous proteins (phospho and glycoproteins).9*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.*

aq
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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, ad torsion.

X Provides a substrate for cell migration, adhesion, and differentiation99Vv

There are several different types of collagen molecules as determined by the
structural organization and biochemical characteristics.q % cartilage and bone
the predominant collagen is fibril -forming with one or several collagenous triple
helical domains and attached noncollagenous domains . 9Fibril -forming collagen
provides tensile strength, and torsional stability and is the site of formation of
hydroxyapatite crystals.99M bone, collagens type | and type V assemble into
guarter-staggered heterofibrils creating a banding pattern with a diameter
»I—™121te ru fet #pGollagén type Il and V control the fibril diameter of
type | collagen fibrils.yvaaau
1.4.1.1 Biosynthe sis of collagen molecules
<Uo—"1 qés ¢S '™e —SF e—1’'e o7 771 15¥00llageh BigHnthesis s —Stece d
starts with the formation of polyproline polypeptide chains by ribosomes.$YIn the
rough endoplasmic reticulum (RER) several postiranslational modifications
occur including hydroxylation, glycosylation, and folding of polyproline type II
polypeptide chains into a triple helix procollagen molecule.sY a9e presence of a
"l —c—<TF fecot flct oF —FeXE & < HoZrfAZ> 'V'Lcot fof
usually hydroxyproline) allows triple helix formation. *%Some proline residues are

then converted by prolyl-t- S> 17§ > Z f « shydroxyproline, while other proline

qr
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"fect—1e fr1 ... ‘e hydretyprelinesby prolyl - shydroxylase.d 9Fhis
process of hydioxylation of proline residues must be done before the triple helix
<o Tt ta fetf "It —<"Fe ‘S %xbolatardté/ageotbic acid as
cofactors.sY 2e enzyme lysine hydroxylase is responsible for the hydroxylation
of the lysine residues forming Hydroxylysine.%9Fhis last hydroxylation is
important for collagen glycosylation and the formation of tissue-specific patterns

of crosslinks.advaaquaqpg

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.9 the extracellular
matrix, at the end of the procollagen molecule, N and C- terminal domains are
removed by procollagenN-proteinase and procollagerC-proteinase respectively,
forming a helical tropocollagen molecule with short and non-helical domains.syayVv
Tropocollagen molecules are then assembled into collagen fibrils before the next
step which includes the formation of collagen crosslinkssY

1.4.1.2 Collagen crosslinking

Collagen crosslinks are necessary for stabilisation of the newljormed fibrils and
in bone, are necessary for bone mineralisation and bone strengti.'There are two
pathways by which collagen crosslink formation can occur: enzymatic and non
enzymatic.9PThe 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).dP 924 afeke two

gs
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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). 9PWVith time, some of these

immature crosslinks can interact with another allysine or hydroxyallysine, or

FormBt" conformt L "tesZcos foof TcoScot%he —"<TfZEec Hlctcoc—e Ty
fet T1:85 > cteeZeot S TEZE U 2 2ok fet t1:'8H" 7

(DPL)) mature crosslinks respectivelydra

T8> "¢t e’ Zeot fof f"t "tZf-<"1Z> «'f...<"<... "‘rbone and measured to
study bone disease?P 944 fportantly, 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 vem
mechanical stress is applied to boned 9! “PiRd increased conversion rate to mature

crosslinks is an attempt to stabilize the collagen moleculedP

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.9PThis enzyme is a copper Cu) metalloenzyme and requires pyridoxine and
lysine tyrosyl quinone as essential cdactors.9PActivation and expression appear
to be regulated by transforming growth factor - E donnective tissue growth factor,
insulin-Z<ef %" ' ™_-S “f ... —" ga *idihkydrésspvitamindt qar u-
garu Dy.9PPresence of basic fibroblast growth factor, high concentrations

‘Y te_f% Zfetce raDfiegatively affect the activity of LOX.9Pd

qt
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< %o — SAn @erview of the steps involved in the synthesis of collagen and the formation of

Procollagen molecule Post-translational

triple helix formation modification (ER)
N<———¢

>y SN, O

ﬁ Glycosyltransferase
. Glycoside

Cu?', Vit C, LTQ cu
O, Ho. HO. : . & Mannose asparagine-linked
0, +H,0 0,+H,0 :‘ oligosaccharide
Gt e o "

NH; + Hy0, NH; + H,0,
ﬁ Lysine Hydroxylase (LHX)
< "y 3
o= B o OH :
) N Proline Hydroxylase (PHX)
Allysine 3 Sofae™ e 0
Hydroxyallysine
) ‘ 0 Lysine Oxidase (LOX)
telopepti C-telopeptide
N-telopeptide OH Helical region pep!
NH, Tropocollagen NH, a Metalloprotease

I Immature crosslinks

OH 07

Immature ) Assembly I Mature crosslinks

crosslmks and )
immature crosslink | AGE crosslinks
formation

EXERDED
ROBODODG. . oo /
| (j: Y - Matured collagen fibril

Collagen fibril

mature crossllnk \&_ ’ H: "J\
(g J

crosslinks |

Mature

/ | i crosslinks |
........................ L \
L L |
------------- I T
L L / j
L L L
L/ L

enzymatic and non-enzymatic crosslinks. ER, endoplasmic reticulumReprinted from Gaar, Naffa
"¢e,Z T 4& witlvpermission from Copyright Clearance Center, Inc.

-

™

fo.—<"c=> <o foo' (f—FTF ™Mc—S — fet “<—foce

ingestion of Eaminopropionitrile (a lathyrogens found in some legumes).9Pd

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

turnover activity (physiological or pathological changes), and bone location.9P4

v Tt~

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

micro-damage is propagated®

qu
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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 lysire, hydroxylysine,
or arginine residue leading to the formation of a Schiff’'s base which undergoes
rearrangement and formation of a Amadori product). sY 299 T4 glycosyldysine
initially formed can then react with another lysine or arginine molecule in a
close-by collagen molecule forming AGE crosslinks between collagen
molecules.9Ph contrast to enzymatic crosslinks, AGEs are thought to weaken the
mechanical and biological properties of collagen in bone and other tissueglPdadaau
1.4.1.3 Non-collagenous protei ns

i Scef—17Z> rul ‘" -eMldgenaeus proteins of the bone matrix are
TE7¢"ft "o of7—e f£8 ' %ofe'—e fet WUuA fUF et "t—FT > ‘o1, Zfe-
other bone cells.®’Exogenous noncollagenous proteins influence matrix
mineralisation and bone cell proliferation and include mainly serum albumin and
D 1Heremans-Schmid glycoprotein.9*The functions of these proteins are

numerous and new roles are constantly being described.

Osteocalcin, also known as bone -Garboxyglutamic acid (Gla) protein, or bone
Gla protein (B.G.P)is mainly secreted by osteoblasts?*aruRéported 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. 4" Y2 §easurement of serum osteocalcin
concentration is commonly used as a marker for bone turnoverd’Alkaline
phosphatase (ALP) is a glycosylated protein present in the osteoblast membrane

that results in increased concentration of phosphate (promoting mineralisation)

qvVv
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and decreased concentration of extracellular pyrophosphate (mineralisation

inhibitor). axats

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. "V #®steopontin also acts as a pre
inflammatory substance and interferes with glucose homeostasis in cells
regulating energy metabolism.4" Finally, osteopontin stimulates osteoblast

differentiation and matrix mineralisation by promoting crystal growth, 9xas

1.4.2 Bone mineral

The inorganic component of the bone matrix is hydroxyapatite [Caq {PO¢) v
(OH) (] with smaller quantities of carbonate, Mg, Na, acid phosphate, and Zn%*

Fluoride is also preser in small amounts in the bone matrix. "V

Mineralisation is associated with the activity of ALP, osteocalcin osteonectin,
and bone sialoproteins.! 2 Phese proteins regulate the size and the amount of
hydroxyapatite crystal deposition.9’Osteoblasts secrete membrandsound matrix
vesicles that initiate the process of mineralisation” P 2These vesicles become

entrapped in the newly synthesized extracellular collagen fibrils Y

Matrix vesicles contain molecules, such as phosphatidyl serine, calpactin

(annexin = & fe..S" ¢ feetSce & feotf foefSce ™S ... fZ,
bind and transport Ca into the matrix vesicles.! Phosphate concentration is

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

monophosphate phosphodiesterase, adnosine triphosphatase, ectonucleotide

7S e Sfofet 'S S et fotqa fot o— . ZF ettt "G e

qw
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pyrophosphohydrolase.!Y The continuous increase of Ca and phosphate within
the matrix vesicles leads to precipitation and formation of CaPQ (a non-
crystalline precursor of hydroxyapatite).t@ Matrix vesicle ATPases also contribute
to CaPO: precipitation but in a lower amount than once believed. “This
preformed mineral crystal perforates the membrane of the matrix vesicles
(through the action of phospholipases and proteases) and is exposed to the
extracellular space!2The second phase of mineralisation (termed mineral
propagation) is then initiated which is characterised by the accumulation and
growth of the crystal. @ Collagen fibrils are arranged in a quarterstaggered array
leaving gaps or “holes” at the end of the collagen triple helix bundles where
crystals are deposited, known as intrafibrillar mineralisation.!2Y s €rystals can
also be deposited between and on the surfaces of the collagen fibsiland this is

known as interfibrillar mineralisation. *4

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 Dxatrastawraru
Metabolic bone diseases or osteodystrophies in production animals include
osteoporosis, osteomalacia/rickets, and fibraus osteodystrophy and are primarily
caused by dietary deficiencies in Ca, phosphorus, vitamin D, copper, and/or
protein. '" Genetic defects (in enzymes or cellular receptors) can also cause

osteodystrophies but these conditions are rare in production animag.auass
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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
Je‘e_ yyA T f <o <o tede ™S _St "Fefcoce %o qA <o T8

and soft tissues3PPn extracellular fluids, three distinct fractions of Ca are
recognised, a proteinbound fraction (to aloumin and other plasma proteins), a
complexed to anions fraction (to citrate, phosphate or bicarbonate), and the
physiologically active or the ionised fraction (Ca'4.YYa'lh bone, Ca is present
either as readily mobilizable extracellular Ca or forming part of hydroxyapatite

crystals.yYy

In ruminants, Ca from the diet first becomes solubilized by acids in the
abomasum and is predominantly absorbed in the small intestine!"atP * — o %
growing animals absorb most of the Ca that is provided in the diet while adult
cows only absorb the Ca that is neded to replace that lost due to renal or
intestinal excretion. YY2"However, this changes in periods of high Ca demand
(pregnancy, lactation, and periods of Ca deficiency)?Y2'Calcium absorption is
also dependent on the type of diet, the amount of Ca pesent, and the presence or
not of substances that can interfere with Ca absorption, including phosphate,

phytates, oxalate, and fatty acidsyyatparr
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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).arsatpayy —« yx A f +& .. "f—17T 5> =St ectedse . fe f "Ef, e
™—S OwWpA "If,e'", Ft <o St Eeaftt ——,—Z%+4 9rpA <o -St -S«,

fotetco%o 2" *° o714 fol 9qpA <o 8% tOW—fZ o™ 7——Ftt —— -

Primary Ca deficiency is due to an inadequate dietary supply and is
uncommon. '"atInstead secondary deficiency is due to either hyperphosphatenai
or vitamin D deficiency which reduces Ca intestinal absorption.rratd
1.5.1.2 Phosphorus
F-™3te xpBAA *° ——fZ 'S'e’S*"—e o —SF ‘t> <o Viete— o fete (o -
form of hydroxyapatite or as calcium phosphateY 947 he remainder of total
phosphorus is present as inorganic phosphate or as part of phospholipids,
phosphocreatine, adenosine molecules, and several carbohydrate

metabolites.traxxava

Phosphorus present in the diet and from biliary, pancreatic, and intestiral
secretion is absorbed in the small intestineX*Factors that regulate absorption
<o...Z—1t =St fe'—e— ""fete— <o)DSandRTHXA% Qteufactors
that affect phosphorus absorption include epidermal growth factor,
glucocorticoids, oestrogens, metabolic acidosis, phosphatonins, and secreted
frizzled related protein- t #*The phosphorus necessary for bone mineralisation is

provided by ALP that cleaves phosphorus from the complexed form betaglycerol
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phosphate.**Renal phosphate reabsorption @curs principally in the proximal

convoluted and straight tubules.**

Primary dietary phosphorus deficiency occurs predominantly in regions with low
phosphorus content in the soil.VGenerally, signs and symptoms of phosphorus
deficiency manifest after months or years of deficiency'" 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 haemolyss (postparturient
haemoglobinuria). 9P 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."" Excessive Ca, Al, or Fe in soil redtes

phosphorus availability to plants and can also lead to phosphorus deficiency'

Serum inorganic phosphorus concentration can be used to assess shetgérm
dietary phosphorus supply and intake, it is, however, not useful in the diagnosis
of chronic phosphorus deficiency because of compensatory bone phosphorus
mobilisation. ¥ Additionally, serum phosphorus concentration fluctuates during
the day and is affected by age, milk production, pregnancy, breed, and sample
source.” 92X reliable method to estimate phosphorus status is estimating the

dietary phosphorus content along with feed intake.""

Determination of total bone ash and total bone Ca and phosphorus concentration
—eco%0 f of e’ Z1"ib, -ty popvide useful information on the
concentration of these elements in the animal.'" Although there is conflicting

information regarding threshold values of phosphorus in bone and the type of
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sample used for analysis (rib bone vs tail bone).9@Evaluation of Ca/ phosphorus
concentrations must consider that changes in bone associated with Ca and

phosphorus deficiencies occur slowly'’

In young animals, phosphorus deficiency causes slower growth rates and
rickets. $tIn adults there is an initial subclinical stage, followed by reduced feed

intake and finally osteomalacia’" In the first report of naturally occurring disease

<o . f==Z% <o =S¥ Ff7Z> qyppe fe [UFoc—F 77 ek e—FUSf%<f

the main indicator of disease.9PThis behaviour is known as pica (which can lead
to botulism) and animals can also eat wood and soil’ 9 &9Rthrift, anorexia,
impaired growth, reduced fertility, and lameness are also reported with
phosphorus deficiency in ruminants.'" Lameness associated with phosphorus
deficiency is referred to as styfsiekte in South Africa, creeps in Texas, and pegleg
in Australia. v

1.5.1.3 Hormonal control of calcium and phosphorus metabolism

Calcium and phosphorus metabolism and regulation of plasma conentrations
frd te="ZZ%t > #D g @ltaitonin, and the phosphatonin system,
e freZs T, Zfe— %" ™S "f .. =" rs rs a

1.5.1.3.1 Parathyroid hormone

Parathyroid hormone is secreted when Casensing receptors (predominantly on
parathyroid gland chief cells and less on parathyroid oxyphil cells) sense low
serum ionised Ca concentrations!PIn the kidney, PTH stimulates Ca
reabsorption in the distal convoluted tubules and phosphate excretion in the

proximal tubules. **aVvVvaxhen the decrease in blood Ca concentration is minor,

rr
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renal Ca reabsorption might be all that is required to restore blood Ca

concentration. tP Parathyroid hormone-"£Z f —ft ""'—f<e T —3F —* <—¢ WpA «f
homology with PTH can also bind to PTH receptors in bone and renal tubular

epitheli fZ ...32Z+ ,—— t'te o' — o—<Dhydrgxylhse érgyrht {rfefespary

for vitamin D formation). YY

[ f=S>"'«t S'reted "ot _te St . ' kydroxyvitamin Dusto
garu r)D s(active vitamin D) which stimulates intestinal Ca and phosphate
absoiption. 972y bone PTH can have either a catabolic or an anabolic role.V
The catabolic effect of PTH is through the stimulation of osteoblasts to secrete
macrophage colonystimulating factor and RANKL which activates osteoclasts to
digest hydroxyapatite crystals for Ca and phosphorus releasé? @ V®steocytes are
also activated by PTH to pump Ca and phosphate from the bone extracellular
space into the blood.tP The net result of increased bone resorption is to release
large amounts of Ca and phosphorus inb the blood.YY2va&adnversely, 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.YP

Synthesisand releaseof PTH < <+S«<,<«—ft ,> qligand increased serum

ionised Ca concentration.yY @¥ibroblast growth factor-rs ... fe <ot —° f "% ... f -
in the parathyroid gland supressing PTH gene expression and serum PTH
concentrations.**A decrease in PTH secretion in cows wh hypomagnesemia is

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

(necessary for the conversion of MgATP to cyclic AMP).tPFinally, diets low in Ca
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during the prepartum period stimulate PTH secretion allowing an increase inthe
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.tP

1.5.1.3.2 Vitamin D

Vitamin D is available to animals from either or boththeie‘ef <o f —c‘e ‘= w-
T £S> 17 ... S*Z f+BHC) iA thevskin to vitamin D s(cholecalciferol) during
exposure to ultraviolet light and/or ingestion of vitamin D , (ergocalciferol) or D s
in the diet. ""atrast¥hee content of vitamin D  in forages is not consistat and
vitamin D \ is poorly metabolised in cattle compared to vitamin D shence forages

are not considered an important source of vitamin D in cattle.*P

The production of vitamin D sby dairy cows is directly correlated with the
amount of skin exposed to ultraviolet radiation, and blanketing or housing cows
reduces vitamin Dsproduction. tParOther 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). stIn cows raised indoors and with poor sunlight exposure, vitamin D
supplementation (feed additives or parentally) should be considered" "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. '’
Secondary hypovitaminosis D is due to excess carotenes present in lush green

feed including cereal crops.'’
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Once produced in the skin vitamin D splus the vitamin D r and Dsingested with

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

r uhydroxyvitamin D sand Dr ru sfet ru r) is produced by the

action of hepatic vitamin D-ru S»> 1" *3§> Z'Theébncentration of total

ru sis used to assess vitamin D dietary intake and/or skin productiontPast
¥S-a ru istransported to the kidney, where at least two additional

derivatives can be formed by the renal vitamin B ¢ohydroxylase enzymeX*adarsast
St ""tttecefe— f...—<"F ~'”+Ds pyatiuoed due to phosphorus or Ca

deficiency, and PTH secretion$tThe other ~ ‘"¢ < rt4®H) D a biologically

inert metabolite. "

Active vitamin D promotes Ca and phosphorus intestinal absorption and
intracellular transport. staarsfixthe kidney, vitamin D promotes Ca absorption in
the distal convoluted tubules and collecting ducts.StIncreased renal and
intestinal absorption of Ca and phosphorus, in turn, inhibits continual PTH
secretion.yYatpaxxagut » + o fZe' ot % f—<~ 1 ~tBHygdfoxylases —St q

enzyme.st

 ,'*1a qgar)D supregulates RANKL and inhibits OPG expressin hence
stimulating bone resorption. StAdditionally, chondrocytes, osteoblasts,
‘et Zfe—eA fol ‘e—1%'...>—1fe .. fDldcatly-thusinaeasing bone
formation and mineralisation. st
1.5.1.3.3 Calcitonin
Calcitonin, is secreted by Gcells in the thyroid gland and acts contrary to vitamin

D, decreasing plasma Ca concentrationgIts receptor CTR is expressed on

ru
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osteoclasts and binding decreases bone resorptiof Calcitonin activity is

diminished under metabolic acidosis.Y"

1.5.1.3.4 Fibroblast growth factor 23

Fibr',Zfe— %" ™M—-S "f...—"" rs <o ""'Ft— £t > ‘et Zfe—o fol ‘et >

e Focte <o <o Ffett ™Mc—S S5 S e SfoFecf "Dy EfotT (Zfes

concentration.t* St ‘—— . et T f . <" f—c'e ' rs <o f tf...7tfed <o "Zfo
'Se’S*” —e fet q&Duyconcentrations in blood. t*In renal tubular cells
(S fot <oo " fo— " 02 -8 4 TH.."1fef "EibroBlagt—« "te "~ ea

growth factor-rs fZe' t1..7ffefe Dot TSF «'wdte—ceta rs ...fe

downregulate phosphorus absorption.t*

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?dlt 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).t

Since Cu deficiency is more common than toxicity in production animals in New
Zealand, the literature review will be restricted to Cu deficiency.9%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. 997 &The principal site for Cu absorption is the small intestine although
— fLetT e (o T —ecofoe—egp@PR QAP [UIT —¢ el WAAPUfe_ej
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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 andnterfere 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, ad peat soils."*atu

In the blood, Cu is transported to the liver by transcuprein and albumin.tuaaar
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).“a9@inally, Cu readily crosses the placenta, very

little is present in milk and only a small amount is excreted in the urine. Y

As with other minerals, Cu deficiency can be primary (dietary deficiency) or
secondary (assoa@ted with excessive Mo, S, sulphates, Fe, Ca, Zn, and Cd).
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!2Bone-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 increaskincidence of

spontaneous fractures{taupawxagpx

Assessment of Cu status in cattle can be complex and many different tests may be
needed to achieve an accurate diagnosi$!The liver is the organ where Cu is
stored (long-term storage pool) and liver biopges for assessment of Cu status are
considered a reliable testY!@sThe liver concentration of most minerals represents
™Sf— —St t<t- Sfe i1 ‘TisPiasmagnelorserumf >ea

Lo te—Tf—cte T — _Vfeertn_ 7 fet " aderUmfisece xpA ‘7
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.vtasvéarower-than-normal hepatic Cu concentration is the earliest sign d
inadequate Cu consumption and inadequate storage in the livers"When liver Cu
stores are within a normal range, serum Cu concentrations remain stablée.’
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. sYWhen
there are significant concentrations of circulating thiomolybdates, serum Cu
concentrations may be in the normal range, even though there is a Cu
deficiency.sV
1.5.2.2 Molybdenum
Molybdenum is an essentid trace element and cofactor of redox enzymes: 4
Experimentally, deficiency and excess (toxicity) can inhibit early growth, and
cause growth retardation and skeletal deformitiess 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’s@sWolybdenum 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. 9P The maximum

— 2t f L2t tek—f"> e fe—Tf—cte T e e—%o%ote—FT

fo Z<——Z7% fo Us% * *% Tc<t— .. fe . f—e® — tF c..cte...

Molybdenum in the diet is readily absorbed and serum, whole blood, milk, liver,
and kidney values reflec¢ dietary intake. SVThe assessment of serum and hepatic
Mo concentrations is useful as an indicator of excessive intake leading to
secondary Cu deficiency®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$94Zinc and Cu are antagonists, so an excess

of Zn in the diet can cause Cu deficiency.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$927¥nc 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.sV
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1.5.2.4 Iron

Iron deficiency and excess are both associated with altered bone metabolisrif
=S tF c.cte> =St"E <o TE.L"Ffett ot —e)Ds'insulipe—"f—<'+ ‘7 garu
Z<ot %" ™S “f ... =" géasfreris a-edfactof or. prodand lysyl
hydroxylases (for cdlagen crosslink formation), an essential cofactor in the
T« ;e > » T-hydroxycholecalciferol hydroxylase necessary for vitamin D formation
(affecting Ca absorption).XtExcess concentrations are hypothesize to increased

bone resorption, and increased risk of bone fractures:d

Ruminants are often exposed to high Fe intakes through ingestion of water, soill,
or feedstuffs that are high in FedPU — —tcte <otc...f—F —Sf— —Sqafippc—<‘s *~ rup
mg of Fe (from ferrous carbonate)/kg of diet greatly reduces Cu statu# cattle

and sheepdprv

Iron deficiency caused by a lack of Fe in the diet of production animals is
uncommon. $VSevere blood loss from a parasitic infection or blood loss from
other causes may produce a secondary Fe deficiency in ruminants/Determining
liver and serum concentrations of Fe can be used to diagnose Fe deficiency and
toxicosis.sVAdditional diagnostic methods used to determine the body Fe
concentration include measuring a complete blood count, total Febinding
capacity, and serum ferritin concentration. SV

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.s94B@ne disease is associated with a deficiency in the conversianf
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ru fDs—"* garuyD sSOther effects of Cd toxicity include disturbance of
Ca metabolism (increases calciuria) and the hormones that control Ca and
phosphorus metabolism.s9n 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¢

The environmental sources of Cd are related to industry and agriculture

contamination. " fh New Zealard, the main source of contamination is the use of
phosphate fertilisers leading to Cd accumulation in topsoil, along with

fluorine. 974 \Gther sources include air and sewage contamination from industry

and from parent rock (mainly sedimentary).V*The concentration of Cd present in

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

fertiliser. V¥ « —St Zf—1 qyxpie fet tf"Z> qyypie ‘oF <o "<"f ... f—-
concentration above the maximum permissible concentration.'*The Cd

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

during autumn and lowest during spring. V*

A_:l:” f"o‘”’_(‘oé ”_o(ofo_o iZ(o(of_:l: ‘o — ‘I‘ chypA e _Si Af
Accumulation in the body is mainly found in the kidney, liver, small intestine and
bone.%94fs reported that in lactating dairy cows a limited increase in dietary Cd

can be tolerated without causing significant issues for animal healthd"

1.5.3 Metabolic bone diseases

1.5.3.1 Osteoporosis

Osteoporosis, one of the most common osteodystrphies 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” ¥t has been
Fo—cof—ftT —Sf— ‘e—F' " "tece TETEZ e ™MSFe "7 £7E"5 Sp —ec—e T e
‘eZ> ry f’t ”iVIhisndghtive “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)."v

1.5.3.1.1 Osteoporosis in ruminants

Osteoporosis in farm animals is uncommon.”" 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."

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."YStarvation is associated with reduced bone formation secondary to
protein/calorie deficiencies in the diet leading to decreased insulinlike growth
“f.=""q fet "Fe—""% % apdrextisame prdliferdtdr-activated receptor G
that induces adipocyte differentiation of osteoprogenitor cells instead of

osteoblasts differentiation. ™

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

animal species it results in fibrous osteodystrophy’“However, there is also
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increased osteoclastic resorption due to PTH secretion in responst®
hypocalcaemia.!P Lactational osteoporosis is observed in gilts fed rations

deficient in Ca with normal or excess phosphorus'"

Severe gastrointestinal parasitism can produce osteoporosis in animals likely
secondary to malabsorption of nutrients and inflammation. 1Y 4klambs,
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’“Pro-inflammatory cyt okines

released with parasitism include TNF DI&-q&a fedtv fet —Sfet ... feo <ot —..

RANKL production by osteoblasts and osteocytes thus increasing osteoclast
differentiation. *"a@'Reduction in bone formation is secondary to cytokine
induced inhibition of runt-"3$Z f -+t —"fee..." < rintredged.dickkopf q &

and sclerostin.x'

Chronic lead poisoning in lambs can cause osteoporosis as a result of deficient
production of osteoid. "“Chronic fluoride exposure in sheep leading to Ca
deficiency was also found to be associated with osteoporosis and fragility
fractures of long bones 9P Other reported causes of osteoporosis include vitamin
A toxicity, hyperthyroidism, chronic metabolic acidosis, chronic exposure to Cd,

cyclosporin, and certain anticonvulsant drugs.™

Diagnosis of osteoporosis in veterinary medicine can be done through gross
evaluation of the cut surface of bone at postmortem examination, although is
only accurate when there is advanced bone los$! 298gitable bones to evaluate

for osteoporosisinclude vertebral bodies, scapula, ribs, and long bones although

SS
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bones with higher volumes of trabecular bone, such as vertebrae, are better to
assess bone lossY29BBnes may also be prone to breaking (fracture) when force is
applied."“Other changes hat 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). "“In young animals there can
be delayed tooth formation and eruption, teeth overcrowding with malocclusion,

and malalignment.

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."¥as"af{ young animals,
hypertrophic chondrocytes in the growth plate may be reduced in number, with
the hypertrophic zone being narrow or absent."“Chondrocytes may appear
smaller with increased intercellular cartilaginous matrix and the primary
spongiosa may be completely absent“Trabeculae may have microfractures, and
growth arrest lines (indicates periods of malnutrition and/or starvation) may be
present."YaSerous atrophy of fat is a common feature of starvatiorinduced

osteoporosis in animals’uaaap

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. $"Lastly, bone ash measurement may provide
information on the matrix -mineral relationship. "

1.5.3.2 Rickets and osteomalacia

Rickets and osteomalacia are considered together due to similar causes and
pathogenesisStRickets is secondary to vitamin D deficiency or phosphorus
deficiency.®!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.’s@Osteomalacia occurs in
adult humans and animals and is characterized by a failure of osteoid
mineralisation leading to a reduction in bone strength.""a"4®fect inhibitors of
the mineralisation process such as metabolic acidosis, F, Fe, and Cd, are also
considered causes of rickets and osteomalacia in humans

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.'"29@n the other hand, adult animals have increased nutritional
demands during periods of pregnancy, lactation, or both, which can predispose

them to osteomalacia.'raru

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

especially during winter, minimal dermal photobiosynthesis of vitamin D

occurs."UaxwRipst reported outbreaks of rickets or osteomalacia in cattle are

associated with phosphorus deficiency and include, yearling steers wintered on

Brassicanapus e ™ttt "7 ‘717 s efe—Se t—"<oe% ™co—1" <o I™ ffZ7fet4
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 Englandddayxaapv

Hereditary forms of rickets confirmed by genetic testing have increasingly been

recognised in animals.9 %itamin D —dependent rickets type | due to a defect in

St DS &2 fet Teoeret rw q a Sfe ,ffe tTte.."¢,t1 <o foo'™t
pigs, Saint Bernard dogs, and cat$." 2UY4&teditary vitamin D —resistant rickets

caused by a defect in the vitamin D receptoreffector system in the cells of targpt

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

recessive mutations in the receptorsta94gstly, in New Zealand, autosomal

"f.o.teec™F Sy S e’Sf—fec.. "ceF—e >t q .. f—efT > f e'eetest o

dentin matrix acidic phosphoprotein q Sfe ,tfe tHe..."¢,tT <o “™<ftfZ% «Stt’a

Lameness and pathologic fractures are common clinical signs observed in some
affected animals.sta@9Rathologic 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.r2daas

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”.stCut 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$t299%/ long bones, similar lesions are seen in
physes with rapid growth such as the distal radius, proximal humerus, distal
femur, and proximal tibia. 995 Different bones may show different severities of
lesions within the same animal, depending on the rate of growth of that
bone.rvastaplyseal lesions are accompanied by signs of increased bone fragility
including trabecular resorption, haemorrhages, infractions, and pathologic
fractures.9954dsions 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 bon€."Rickets is also associated with delayed
and irregular teeth eruption, poor teeth mineralisation, pitting, and
pigmentation. st49Fhere is also malalignment, and irregular and rapid tooth

wear."¥

Histologically there is persistence of hypertrophic chondrocytes in the physis,
forming irregular masses instead of columns%9s4Atthe primary spongiosa there
are islands of chondrocyes with unmineralised and degenerate cartilage matrix,
unmineralised osteoid and trabecular microfractures or infarctions are also
common. StBone trabeculae are thicker, irregular, and surrounded by
unmineralised osteoid."UIf 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
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hypocalcaemia leading to secondary hyperparathyroidism and fibrous

osteodystrophy).ruéstaqas

The lesions of osteomalacia include increased unmineralised osteoid in locations
where biomechanical stress is higher? 9Frabeculae are reduced in size and
number and are usually surrounded by unmineralised osteoid! Y2994 cortex
can be thin, soft and with advanced disease there may be pathological

fractures." 2<Osteoporotic lesions are usually superimposed especially in animals
with severe longterm phosphorus deficiencies, as severe deficiency results in

anorexia leading to protein-calorie deficiency.""

A valuable diagnostic aid is the ratio of ash to organic matter in the bones''

~
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1.6 Dairy farming in New Zealand

New Zealand dairy systems are mainly pasturdased and characterised by
seasonal calvingdMilking 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.aw

fers “fres o ™ FfZfet SFTE %o ™e o —8% feo rp sEfe e fof

S1"1 ecet " ruq ..éMes PteYa.'C ocZe o Zcte <o rppp pq = fe f7L"f %

ST ece LD L TMe Tf— <% fo [TE % T SXU %

rpgqy rp <1 f*¥his increase may have led to health issues not seen before.

0(20 o'/ ¢

Despite most heifers achieving liveweight targetsf — qr «‘e—Se *° f%ta ttA *°
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St f"e f— of—<o% foT VUA '~ St 1" f—calving)earsheloW f %ot '~
target liveweights.'VHandcock et al'“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)!w

co—f" "fttco%o <o <ot —foe— k. f—eF "1 spA ‘" —St Sttt
T—"co% ™ce—F" o'e_Goq ¢"éaKe farfsrpes—Se *~ PRithodgh
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.tY

This has led to significant changes in feeding systems in New Zealand. Dairy
systems hare become more intensive and diverse (from relying entirely on
pasture with little supplementation to being highly dependent on feed
supplements).! Furthermore, in pasture-based systems, temperature and rainfall
affect pasture quantity and quality.t“Challenging winter conditions in the South
Island of New Zealand have encouraged the use of forage crops (fodder bed&dta
vulgaris-FB) and brassicas (kale Brassica oleraceato make up for the low
pasture growth during this seasonsPIn particular FB has been used to meet body
condition score targets at calving.SPCompared to other winter crops such as kale,
FB has higher growth performance, and cows have better reproductive
performance and milk production. sP4However, 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 cowSPAn 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*
Other negative issues associated with FB feeding include high establishment
costs, hypophosphataemia, hypocalcaemia, hypomgnesaemia, ketosis, and
hepatic lipidosis. S*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.tY

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 postpartum) or transition period is characterised by significant changes in

energy and mineral requirements."9ncreased energy utilisation reduction in dry

of——%1" <o—fof OSpPA Z*™E” 4 fot o «Zcof—c'e " f <ot [ Zte

milk initiate adaptive mechanisms to meet the new requirements.!sadawv

For initiation and maintenance of lactation, the release of PTH is crucial"sThe

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

f7d the..”¢, T <o of...—<'s qaudqéas ‘'~ —Sce ...Sf'—1"74 ~ —St Stef'e—
to deliver Ca, cows can develop periparturient hypocalcaemia (commonly known

as milk fever).YsThe 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

hypocalcaemiay'ads
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The prevalence of hypocalcaemiaricreases with age and parity, grass silage, or
maize silage feeding in the precalving period, and breed (higher in Jersey

compared to Friesian).y!2The prevalence of clinical hypocalcaemia in pasture

Sfeft Stvte <o g™ HfZfet <o fUi—ed AR fotirA T EZE-FT 7

o— ., ...2¢oc. fZ S>'* . ~feArold drealdereows.y "Correct mineral and
anion-salt supplementation in the pre-calving period play a crucial role in
reducing the prevalence of clinical hypocalcaemia¥ "Metabolic alkalosis reduces
the affinity of PTH for its receptor (in bone and kidney) resulting in impaired

peE TEet —cte fof "t — . —<'9D'swihchrnesults in
hypocalcaemia!P 2 Alternatively, with metabolic acidosis, H Aons in the blood

are exchanged with Cd“ations in bone, increasing serum Ca concentrations and

improving Ca homeostasis!P

Increased energy utilisation in the transition period and reduced dry matter
intake can lead to negative energy balance in dairy cow§2'Consequently, energy
production is required to counteract the negative energy balance, and this is
achieved mainly through lipolysis."V #¥ith lipolysis, non -esterified fatty acids
(NEFA) are released into circulation to be used either as an energy source or for
the formation of triacylglycerol. YWhen large amounts are present, NEFA are
converted to ketone bodies (acetone, acetoacetic acid, and especiall
hydroxybutyrate (BHB)) which are then used as an energy source by various
tissues in the body but especially muscle?@'Ekcessive NEFA in the liver can
overwhelm the organ leading to re-esterification of NEFA into triacyclglycerols

that, in excess, can accumulate, leading to hepatic lipidosig'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 herdY ‘Excessive ketone
bodies in the blood (hyperketonaemia) can lead to ketosis" ‘Hyperketonaemia

without clinical signs is known as subclinical ketosis (SCK)9s

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'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. ¥ ‘Nonetheless,

testing for BHB is more practical and less expensive when compared to NEFAY

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

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

the liver. YYCows with higher body condition score Tt Sf~t S<%St” "Ft— ... —c'ee <o
DMI, leading to more profound negative energy balances and consequently

higher concentrations of BHB and NEFA in blood*Y

St ,Z2''t —S"teS'Zte " T<f%oe'oce <o =St Zc—F"f——"% "fe%ot
fet qat ee'T g tfZfet SfT =St % "Ff—-Fe— "3 fZ%e.. 1 tpagq
report that examined prevalence around the word.9however, Compton et al 9
reportedacowZt~tZ "7t fZte... % "7 -4T gvfax Acafvingin

cows from three regions of New Zealand-“
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1.7 Tools for assessment of bone strength

Bone strength is determined by bone mass, geomey (macroscopic geometry and
microscopic architecture), and quality (bone material composition and

structure). "P@sAnalysis of bone quality requires tools that can assess bone
turnover, microarchitecture, mineralisation, microdamage, and the composition
of bone matrix and mineral. P Diagnosis of osteoporosis in humans tends to rely
solely on the assessment of bone mineral densitysing dual-energy X-ray
absorptiometry. *"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. sY

Bone turnover can be evaluated using blood or urine biochemical markers and/or
bone histomorphometry. "P Assessment of blood/urine biochemical markers
provides whole body information rather than about a specific bone."P

Biochemical markers of bone formation commonly measured includeosteocalcin,
bone-+'f ... < «<... fet "7 .*ZZf% T+ —> "#Markers'foribonet f«a
"fet? <o <o Z—tF 'ZZf%te —>'F q —FZt —<tfie -—34

—>'F UuPRa

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

micro-CT (QCT) andynchrotron radiation QCT which provide a three
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dimensional evaluation and quantification. "P These imaging techniques also
allow multiple measurements in the same individual over time.s‘Bone
microdamage (microcracks and microfractures) can be evaluated usig

histology. "P

Fourier transform infrared spectroscopy (FTIR), transmission electron
microscopy (TEM), small angle Xray scattering (SAXS), Raman spectroscopy,
and biochemistry analysis are used for the evaluation of the bone material
composition. "PNuclear magnetic resonance imaging (NMR) provides
information on the structure of the mineral within the bone and the water
content. SYourier transform infrared and Raman spectroscopy use an incident
light on the specimen that excites vibrations and energy réease from molecules$Y
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.*VEach molecule has its unique vibrational characteristics*'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 specimens Y2 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 higiressure

liquid chromatography (HPLC) techniques.s!

Bone mechanical properties can be assessed using whelne 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“Other tests include microbeam testing, microindentation, and

nanoindentation. s{

1.8 Humeral fractures

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

or secondary to bone disease, termed pathological fracturéIn a study that

F&fecett rqs Ze% ,'*t "f...——"%e <o . f——ZF4& -St "fe—7 ™
affected ,"ef SrA ‘7 .. fefe & ™Mc—S ‘eZ> qr ..fefe fTTESIV—coe%o —S
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. 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 Situations associaed with a humeral fracture in ruminants
include fighting, falling, impact with objects, mating in young bulls, and calves
that are stepped onY 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. WY

The most frequently described location for femoral and humeral fractures in
cattle is the diaphysis."VMost 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. "VFighting and mating injuries

tu
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produce torsional loading of the bone and lead to comminuted spiral fractures'"

Occasional physeal fractures are also reported.d

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 bon€The increased cortical
thickness observed in this section is believed to be an adaptation to try and

reduce maximum stressy

Clinically, a humeral fracture is usually associated with dragging and flexion of
the affected limb with a “dropped elbow” or “dropped shoulder” appearancey 9
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 The prognosis is poor

in most cases due to the size of the animal and the lack of effective treatmentd

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- ... fZ <+ %0 T f<”> “f”+ <o —\GHanganii Fedieno
™St "t v rpp sA ..7'es " fetedSshonthieous-himeral fractures in
the first months of lactation. 9"€opper deficiency due to a missed Cu injection in
early winter was thought to be responsible for the increase in bone fragility and
spontaneous fracture." 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’

tv
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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.""Regeneration begins with haematoma formation
and ischaemic necrosis of bone prompting an acute inflammatory responsé"
Cytokines and growth factors are produced by neutrophils and macrophages at
the site and stimulate the migration of multipotential mesenchymal cells. ¢
Transforming growth factor- E fibroblast growth factor-q fet , ‘%
morphogenetic proteins (BMPs) contral 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 endohelial growth factor,
BMPs, and fibroblast growth factor- g 8Later, angiopoietin | and Il control vessel
formation. "YOsteoprogenitor cells differentiate into osteoblasts and begin the
formation of the new bone characteristic of the hard callus phase, ths is
controlled mainly by BMPs. The final phase or remodelling of the fracture site

can take several months or even years§!

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.*"'The systemic changes associated with bone
fractures worsen if they occur in older individuals and if they are associatedvith
mineral deficient diets. X" A systemic acceleratory phenomenon may increase

bone remodelling to make minerals available for bone repair hence animals with

tw
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an already deficient diet can experience greater systemic bone loss after a

fracture. Bone mass may not return to prefracture levels in these cases''
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CHAPTER 2

SURVEY ANALYSIS OF
FREQUENCY AND FACTOI
ASSOCIATED WITH
HUMERAL FRACTURES IN
DAIRY HEIFERS
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2.1 Introduction

<e...tf rppxa ™flgst eutb®dk 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."“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.vadauarataxarsaru

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
™EZ7f"t fe—ed te—Z—o "o f "fettecoett of —<tefZ 'Stef o —""1F5 7
described most cases occurring infirstZ f ... —f—<‘s St< f"« qqawA & fet f t<"F..-

annual ecoe‘ec... Z'ee FTe—cof—ft —* [ F Tf" Ty e<ZZ<'e —eefed

unpublished data).

Although sporadic cases have been reported in Australia, only in New Zealand are
outbreaks frequently reported."t Compared to other dairy systems around the
world, the dairy systemin New Zealand is unique, being seasonatiriven,

extensive, and pasturedbased.d 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 dfferences 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.9*&These factors potentially include inadequate protein-

calorie nutrition in young heifers leading to deficient bone deposition, Cu

uv
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deficiency leading to poor bone collagen quality, and increased bone resorption

secondary to the Ca demands of peak lactatiorf.*

Although Cu deficiency has been desibed 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 casas where heifers

had normal serum and/or LiCu concentration. "*aaxaay aFRisifafiire 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 casecontrol 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 xposure 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

uw
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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 onepage/printed questionnaire (“Humeral Fracture Questionnaire” -

Appendix B)and as ‘eZcet o—" 1> S——"ed efeeisaf—qa“—fZ-"¢...o8.."'s E
<t "u r"">%eeces & St ‘eZcet e—""%> ™fe tThechoott —eco%o .. ‘eef”.

available software (Qualtricss'™, Seattle, WAS, USA). A risk assessment through

peer evaluation determined that the survey wa 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
foefs o< F"ec—>A [fZet"e—'e "_SA tTtc—<'sfZZ>& qpp "<e—1tT "F"ec
stamped return envelope were sent to the Animal Care team at DairyNZ for
Teom¢,——<'e T—"¢o% —St<” rpqy rprp “f et .. lee—7—e& Zceeo "7
also posted on the Massey Heifer fracture Research group Facebook page
(@masseyheiferfracture). Questionnaes were filled out by farmers and/or
“f—fTcof cfoee F—™MFte —7> rpqy fet f7..S rprpa fref”e fet “f-1%’

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 respondisrwho 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

SSf— Sft et Syt L fen L fefe 7 S—ef"fZ "Uf -
f”...S rprp rpqy rpseeasbfix 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 chisquare test of homogeneity

was used to test whether a case farm and a cordl 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
“—Fe—cee s fot qw f"F "fefe—FT feo offeSD)and et f"T tE7<f

analysed using an independent sample-test. If the assumption of homogeneity

of variance was violated a Welch {test was run. Finally, open text answers were

summarised.
2.3 Results
——fZ T UX "t——Teft “—Fe—cleef( e ™ME " 34 Wk oS -guf,Zt

"te'teefe "Uie [ fei "fres fot S5 "Felteefe TVie o7 “freed
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
sixresponses™”‘e —St ‘——S eZfet s ..fef “f"ee feot gs ..'e=""
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"¢o"oo¢o RS _S:t ‘”_é too'l' rp f.i Af”oo fo"‘ qX ___‘o_"‘z Af"oo a
within each Island, the location distribution of case and control farms was not

Ste'%ofe'—ed <%—"% raqa

34°8 1

Survey farm
36°S 1 + Case

+ Control

38°S 1

40°8S 1

Latitude

42°8S ~

44°S

46°S -

48°S T T T T T T r
166°E 168°E 170°E 172°E 174°E 176°E 178°E

Longitude

< %0 — "fMa@of New Zealand showing the geographical location of caseand 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 Cantenty 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,

2 <o % "fo—t"ed fof ""E —Fe.> " ecZoco%o f 1 THefe—ift <

f ., Z + dpidtribution of response in case and contrd farms for the predominant breed, calving
pattern, and frequency of milking.

Farm information

Breed Calving pattern Frequency of milking
Case farm "ctecfeA V 1 ""<o%o ..fZ <*%d ZZ ‘s..t f tf>a1
*Esu
t7e¢3>8 q sSAAutumn ...fZ <e%Aa ZZ -™<c..F f tf>
§arw Ww, 'Z<— ..fZ <*%& I < ‘e F —™c . tA&
-St”aq s/
Control farm "ctecfed QW  '"<*%o ...fZ <e%d ZZ7Z ‘e..t f tfrat
*Ess
t7ef>A3 Vv X ———ee . fZ7 <% ZZ -™c..t f tf>
$ 4 qp sphA "Z<— .. fZ7<* %8 | <3 ‘e F —™c . tA&
-St7a p pA

* Not specified. HFxJ,
Holstein- "<Fecfe F7ef> . "fee 7T 7 —eee™e Aj

For analysis of the predominant breed of cow on the farm, Fisher’s exact test was
conducted due to inadequate sample size for the chisquare test of homogeneity.
There was a statistically significant difference in the multinomial probability

distributions between case farms and control farms Pipappq & ‘e— S‘... fefZ>e

vq
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(0T TR fTMGeE e fTcetes —ecothy e T 7F oSETMe £S5 — —te—s

Bonferroni correction. Statistical significance was accepted aPipapqrua Si”t

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 HolsteinFriesian

Jersey crossbreed (HFxJ) was the predominant breed (Papqru &8 Ft—...<*% ,”ttt

to HFxJ or other (combined Holstein-Friesian, Jersey, and other), the odds of the

it iecefo— "ttt ‘e f . fef Tf7e tcoe% & ™17 wat —<efe yuA o ri
that compared to a control farm.

There was no evidence found for a significant difference in the type of calving

pattern (Fishers exacttest PEq & fet e<Zeco% ~"f“—zte...> «oSt"ie £§f...— —Ffo
PEpavq a

The average herd production (in MS/cow) was normally distributed, as assessed

by ShapiroWilk'stest (PTpadpu & St effe SE"T ""'t—. —c'e "7 [ fef "f7ee ™
tqpat s<Ze o' Z<cte UGAVMFEF "7 . fe—"'7Z "f"eed ™fe ttqas L'™MOE

xSAta f t< " t"fte..f —Sf— ™MPEpAPY@oe< <...fo—

The median number of years fractured humeri was reported on a case farm was

M S fTed "feY%oco%o ""'e ‘of —' ecof >Efrea —'—fZad qp su ryA

TEUUoEt L fede i —""co% T e —Sfe ™ 5Efrea o gy su tvA

rpqy rprp effefe ™Mf «tim&Schses of humeral fractures occurred.

2.3.2 Herd health and nutrition section

Observed frequencies and percentages (in brackets) of yes or nmawers on

whether Cu deficiency had been diagnosed in the herd, whether Cu

vr
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supplementation was used, whether Ca was supplemented through lime flour and

whether fodder beet (FB) (Beta vulgari$ was offered to the herd are presented in

f.2% rara

f . Z 1 nstribution 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 fef f7e sE ‘e—"'Z f"e oE
answer
Diagnosis of Cu deficiency fo y st rv# uss gt
No ru st wt, rx ss xu
Cu supplementation fo ry su xs rt ss ws
No vV sSu qv y SS rw
Lime flour supplementation fe rs su vv rs ss wg
No qr suths qp ss S|
Fodder beet offered fo gt su tp gp ss S|
No rq su vy rs ss wg

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 PEparu & <e<Zf”Z>4a

there was no evidence for a significant difference in the proportions of type of

farms using Cu supplementation PEp&asq & St fce—"¢,——c'e 7 —>"F 7 _

e Zietesfoce o 8% 1y

qs rya tuA a4 ‘-Sz”

Three respondents selected more than ‘<%

y ryd sqA & <« Ef...—«<

..S'«...ta

. fef "free —_Sf— —ett — e—""71%:

y ryd sqA & fet

e =St ort ..te=""Z "f”

e—""ZFete—tt —& —-St —>'f T e—""ZFete—fc'e —eff ™fej

VS
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,Z—e W rtd ryA 4 <e@Et...—<'e wrta ryA & fet "f"—<Zcet” r rta xA
multinomial probability distributions were equal in the population (Fisher’s exact

testPEpavt a

The age groups that received Cu supplementation on case farms included: all

f% te qV ryd uuA a "<ece%o ‘efe ge y ryad sqA & fet ec<Zef”e t
Similarly, for control farms, the distribution of age groups that received Cu

o —""Ztete—f—cte <o Z—1F+1tA fZZ f%te qs rtda utA & g+ trta qwA
ruA & fet <o g rt tA “f7e —SE"f ™fe of o™ "ef_c'e "t% f"Tco% ™S
was supplemented. The multinomial probability distributions were equal in the

population (Fisher's exacttest EEpasx a

There was no statistically significant difference in proportions between the type

of farms for Ca supplementation using lime flour PEpawr & « ...fe3 "f7eed

T i e teed (fZ " e—Zf—<'ee tYpPA.ZT e forEthEY
‘e A”:t“_:l:o_Z) _0¢T Z(o:l: AZ‘_” o_”z:toio_a _”Z:l:o:to_ ”f_io ”:l:_
SPpP %0 ...'™ Tf) TM:t”:t ":t”"—:t"' cen fo:l: Af"oo fo"' Ce ”:to”oo:to ’fo_

was described as the method of delivery. One respondent described mixing Ca
with molasses, andanother gave Ca as a drench. Similar supplementation rates
ZJE=™1tde up fet rpp %o ... ™ tf> T™METE iU ft T L fe—_"'Z "fresd

respondents using pasture dusting and one administering it in molasses.

There was no evidence for a difference in proportims of case and control farms
where FB was offered to cOwSREp atp & =« <8 ...fef "freed ...'™e ™ME "t %" feet
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 fagn

vt
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ol Z—tETE Qe T CfTesd 1 e TPt Cftesd fZZ TMe te e
" f"ea feykassolds ontwo farms. On control farms, cows grazed on FB during
winter on nine farms, one farm reported FB being offered to milkers in autumn,
onefarmto e<Zef”e <o o—eet”§ fet ‘ef "f7e —* q ‘"f” f———eed
%ot —'e ‘e L te="'Z “fres —Sf- %o"faett '+ o..Z—Titd q ‘o
“frecd ecZet’e ‘e "(Tf "fTeed 5 ‘e —M' “feed f77 f%fe ‘o —S

on one farm.

Informationrega " t <+ %o %o”' ™ —S ...St..ee 7 StfZ-S <oo—fe ™Mfo f~
“free fot sp te="'Z "freed "'M_S St . ee ” SEfZ-S coe—1
X rx ryA L fef "frecd .t f it —'r sp WA L 'e—"'Z "freed
statistically significant difference in proportions (PEpapta «<eSt”"=« t8f...— —fe
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 positive in the herd, infectious
bovine rhinotracheitis positives in the herd, unspecified numbersof calves that
had coccidia and tested positive forCryptosporidium parvumand rotavirus. For

Lot Z TfTesd %" ™S . St..ee ™t i " v _t 7 putthgp ™ ftee

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

ecZe X St "freed XIrA & o<Ze+ "™t 'sAq&Stfif ee—S U St “f"eed

QUA & o ..'e=""Z "freed ‘—St” —Sfe . fZ'¢—"—ed ™BUIZT e<Zs

vu
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“freed "'ZZ'™i%t > ecZe "*™tE” cor sq VA fet ‘=S <oy sq ryA °f
one case farm and two control farms, this question was left unanswei@ There
was no evidence for a difference in feeding whole milk, milk powder, or both

between case and control farmsPEpast &

St effe ecZe "t " L fZ7 't tf> ™feuap f" ..fZ" tf> E parr

L frEtT -t tay T L fZ27 tf> Eaps@Epawwea Z "

A meal supplement was fed preand post ™1 fece% ‘s sr su yqA ...fef “free feot

X sp ySA ..‘'e—-"'7Z "freed St offZ e—''ZiedveanMyfin 217> "t 't
S su YA ...fef "fee foet g sp SA ...'e—"'7 "fred St offZ e—""7Z%tet
solely fed post- ™M f fece%o <o g sp SA .In theed uéstibmnaires from

case farms no response was selected. There was no evidence for a difference in

meal feeding practices between case and control farmsEp atw &

Finally, the mean age calves were allowed ackees —‘ "fe——"3 ‘o . fel "f7ee ™fe git
Mitee B Ay ..ol f FT ' tAU ™ides B rAr e Lte—"Z Tfresd [ TR

significant (PEpaps a

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 farmsperted more growth checks

compared to control farms, and third, calves from case farms were on average

VvV
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more than aweek younger when allowed access to pasture compared to calves on

control farms.

When analysing the New Zealand population of dairy cows by keed, a rapid

%o" M_G <o —SF T TZfocten & . TMe o 8% of—c'ofZ Sttt
isobserved'P "‘e —St qyyx qyyy eife‘e - =St rppx rppy etfe‘e
first outbreak of humeral fractures was reported in New Zealand), there was a

qVvA <e..reasein HFxJ at the expense of Holsteihe<fe qtarA Zfee feof F7e
L ™e rArAIRENE"5-ST «F3— qp >If7e "' =St rppx rppy *ffe
—"Fet ™fe f et it ™S —SF e—e t” 7§ Mo (o "Efece
fZe'e— UPA '~ —FZff 2" T "> .. ™e o ™ advigHfveter,> rprqaéa

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 waldwide. 9PThe increased number of HFxJ cows in New Zealand is
related to the better hybrid vigour of crossbred cows and their higher production
worth index. "P2dPhis survey suggestshere may be a relationship between
increased crossbreeding in New Zealad 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. Asssment 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.Y2'This assessment is

VW
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done through visual evaluation of cows body condition score, lamemess, injuries,
and hygiene."VAlthough 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 B0

possible that the significant difference between case and control farms was due to
recall bias. Recall bias is a welteported systematic error that occurs when
participants in a casecontrol study do not remember previous events or
experiences accuratly, for example, people with lung cancer are more likely to
remember they smoked than people without lung cancerd'n 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.YFarmers usually turn calves

out in fine weather or when the calf shed gets too fullY 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.

VX
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Although not significant the higher average herd productions (in MS/cow) from
control farms is likely due to the higher proportion of control farms with
Holstein-Friesian cowscompared with case farms. HolsteirFriesian cows tend to
have highermilk yield compared to Jesey and HFxJ crossbred! 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).'"2'@onsidering 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

Frmt” L fZ27<o% ..'™e "} odpPBo, I McBte dpp B 0™ T4

<ofZZ>4 =St "Fe'teet "f—F "t'"fete—e ‘eZ> pavA vx gqgaqwy
T e —QBWPIp sffete Tt f<rs Tf7ee Mpiffeseht sWvdying
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 ...fet “f"ee feot w ..(kDBittrder; firipublished d ata). The factors that

affect survey response and completion need to be identified and addressed.

vy
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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 hmeral
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

Zealandin rppxa fZ-S'—%Sé& fet..t'—fZZ>a4 ...fete Sft ,tTfe ‘e
gy w prefée incidence has increased significantly since, affecting animal welfare,
impacting the mental health of farmers and veterinarians, and resulting in major

economic losses to the dairyindustry. 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 Zealandd"Fhe 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/osteomalacid@!n the first
reported outbreak, low liver and serum Cu concentrations were reported in many
of the affected heifers and it was hypothesised that Cu deficiencin the months
leading up to fracture had caused increased bone fragility resulting in fracture’*
A recent investigation into humeral fractures in dairy heifers concluded that
affected heifers had suffered from osteoporosis which was likely associated viat
periods of protein/calorie malnutrition, increased osteoclastic bone resorption to
meet the Ca demands of lactation, and periods of Cu deficiencylt 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 devdoping fetus, for parturition and to initiate and maintain
lactation. 9'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 postparturient metabolic diseasesd' 3t s 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 B 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 necessarilymply 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

wt
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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
Sce ™fo fo ! ot fc'ofZ o——t> —eco%o SU Z<"F" fof of"—o o

i fZ7<o% ST t7ed ‘o qw t<" Tt e~ Tf<”> “freeda ™Sc. . hfractured
thepost-"'f"——e "£7<¢'t "7'e —7> —* t..te 1" rpgyad St St t”e
after the humeral fracture was reported by the farmers to their veterinarian.

Blood samples were collected as part of a diagnostic investigatiomto 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: aloumin, Ehydroxybutyrate (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 caegory 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 nativg, and/or kale (Brassica oleraceg 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
s—eefrcoett > effe foet E e—fetf "t Tt cf—c'e Tt St <t Stece—
analytes. For analysis of Cu data, serum Cu concentrations were categorised as
Z'™M-tgu Ue'Z & of"%oawfy U & fti“+pfaptUxap 7
S %S -npEp U 25 CBE" — 'e. . te—"foc'e ™Mfe  f_t% "okt fo 2'T
Uo7 % & of " %ooptf Bo'th o% & fTEeppptUyd % ' 3<%
roppdpppp Ue'Z98Rearson’s correlation was run to assess the
relationship between LiCu and serum Cu concentration. Statistical analysis was

performed using SPSS statistics software (IBREPSS —f —<e—«<...¢ "f"ec‘e rw

3.2 Results — Clinical findings
Atotal ‘= su ,Z'‘t fet Z< 1" ofe’Zfe ™ME": ZZt.. %t "7 L fete "S-

=1 "7t qwW T i e— TfTeed I —e ofe’Zte "o fZ77 sSuU ..fete
for albumin, creatinine, phosphatea fa %oa fet fet <o sr su ygA .. fefe

serum NEFA concentration was ale measured.

et <d  Fete—e <ot Tt—fZ "f™ tf—f fet [f,Z2% sdq eS‘'™e STt .
™¢(-S —St «ffe E "t f .S fefZo—1f fet =St v —cte T [ fete ™
below or above the reference range. Pertinent results included serum creatinine

concentr f —<‘e 3Z'™ St " t"te . f "fe%f <o rt su vyA St i’ed rp :

uwA Sft $<%S ef" e L fe  fe—"f_ces fot of" o e e
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<ot fett <o s st yA St f"ed St —-S"tf Stc"five M-S Sc%
concentration also had high serum BHB conentration. 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 remainingss St< "¢ Sft
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

qu stttA SEc f7e ™MITE eecFee TTeE> L "ee "EET fef qy St L
were Holstein- "<tecfed o —St ... fef ‘" "f7esd y qw USA “f7ee Sf
"ctecfe Freds> . 7tee "iit L *™e fet w qw {RriBsiantows, SfT ‘7

with one submission not reporting breed data.

The main diet heifers grazed on in the months leading up to fracture occurrence
T—"¢o% ™ce—F7 ™E7F the ", it fo "itlecofe—Z> fo——"1F ¢
TNl 0(0:1: T(AA:l:":to_ Af"ooé ’”:t"“o(ofo_Z) e qt su apA S:t(A:

T< " F7Fe— "freed fol ec8tT tc<t— <o vsu gwA StcTf7e TVie 77
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foZTpéife E & "fe%ta —St """ —cte 0 L fel "Fe—Z—e ™S e  fe_"f_c'es f
reference range and the reference range used ithis study for the concentrations of albumin,
LT f—<ecota ta  f éstetilied #dtey acids, Ehydroxybutyrate, serum copper and liver Cu

e e f—clee <o sU SETEe M-S S—ef"fZ ""f ... ——"14&
Analyte n Mean (+ SD) Range Results Reference range
Creatinine rt su vyA 1T uu C

su txaw E gqpéswws qq su sqA i uu uugsp

BHB N N N o rp su uwA N g&ac¢ Adequate— pa+qga
Su gag E pasgaraq gp su tsA 1 gqaq Increased— qaqpa
NEFA e . s sryA N qgéar e+ Adequate— papqé
S pau E pasypamat ry sr yqA 1 qé&r ee«‘ldcreased— q&rtap
Phosphate SU rAd E DALXDAWEY S qg su sA 1 gaq Aqh X
q E patxp y st su ywA T qaq qaqRaXp
Ca ss rat E paqtragrawt ss ss qppA 1 rapp *«'Z rappavp
Mg ss pay E parppagasr ss ss qppA | paty ‘7 patyaqu
Albumin Su srat E rav rxsx susu gppA T rs % rssx

Analysis of Cu concentration
SeCu rss vA 1 tav C ‘™M g taL
uss quA T xap Ue'ZF"%o<efZ nBéy—
gx ssiuA T rp Ue'Z t1“—f—-1 w@dpp-
x ss rtA Nrp O <% S rpaypa
LiCu rg su vpA T tu U Low — p— tt
R s su yA 1 yu Ue«'ZMginal — tu-yt
Su gxw E str gigutp gq su qu~ T rpppAU-TZ“-—%of—éF npwp p
p su pA N rppp LUHigh—rpppuppp
BHB, Ehydroxybutyrate; NEFA, non-esterified fatty acids; SeCu, serum Cu concentration; LiCu,
liver Cu concentration.

ss qtax E wastidsqat

Analysis of the analytes by predominant diet showed that creatinine

el Fe—rfocte ™Mfe 7™ St "i7i"fe . F "fe%F <o gs qu XwWA St
"fe——"Fa w gt upA St t"e %o"fece% A fet <ot v VWA Stcire
diet. ES>t785>,——>"f—Ff ™fe f "t St "£ °t"te..F "fe% I <+ u qu ssSA
%" fac<o%o 'fo—wtAa FIqtte %o” f 0 <* %o fet vv gppA St f7e "f..,
mixed diet. There were no differences in the other biochemistry analytes when

comparing diets prior to fracture.

Thirty-"<"1 St<"37e Sft Z<™1” ofe’Zte fofZrett ™7 « — LtelFe—"f—c"
ST e SFF U dT of e fof ZCET of e ZEe fofZoetta fer 0 8% S

VYA SFT Z'™ 7 ef %cefZ <« — ..o te—"f—c's Tyu 07 ¢% & ,——
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rqA St t7e STRZWNSfZ oF"—e — teFe—"f—c'e T x Ue'Z
SAQ & " —81 St tTe MLE ZM v afr%cefl o — e te_"f
%" foett 'fe——"tad y qt VtA St f"e %"foett fetT t v vwA

mixed diet. For low or marginal serum Cuc'e...te—"f—<‘sed s qs rsA St
%" foett ‘o "fo——"ta t qt ryA St t”"e %'foeft ‘e & fef p

received a mixed diet.

fe"tt Z<737 fot et —e ofe’Zte oEss oS '™Mit _Sf— fZZ w S
marginal serum Cu concentrations had low or margnal LiCu concentrations. The
"fefcoeco% St< "¢ qv ssa tyA Sft fti“—f-1 " S<%S oF"—
h—— Z'™ " e f"%ocofZ <« — .. 'e.. fe_"f_<c'eed «ofZZ>4 qp SS
adequate serum Cu and LiCu concentrations. Pearson’s correlation showed a

statistically significant, moderate positive correlation between LiCu and serum

Cu concentration,r sq E PHpapqta

3.3 Discussion

Analysis of the results indicated negative energy balance was common in heifers

™S f S—eF"fZ ""f..——"F ™Mc—S uwA ‘" St 1"« «Sowing high B
VYA 7 SHc"t7e SfTce% . f—ceocet tete—"f—ctee fZ7'™ _§
Furthermore, low/marginal LiCu concentration remains a significant finding in

heifers with humeral fractures in New Zealand.

Z-S'—% S uw As hadSntreaséd BHB, the increases were only slight, the
mean for all heifers was within the adequate range, and the maximum value
"t ET ™fe rAdq ee'Z A& Stef "fe—Z—e fZ'et ™' _7F —e—

indicative of a negative energy balance or sulzlinical ketosis (SCK) and this

wy
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n”.:tn~f_<(. Ceo '\_n_é:l:n ._:snn_:tT ”) _éi A(‘T(.%O _Sf_n.z) yA 0~ S:t(
concurrent increased NEFA concentration. There are several different published
cut points when using serum BHB to diagnose SCK in New Zealand dairy cie.

cco%o f L2t L te e focte | qAr ee T A et—oS L KASZ

tpagA *© f™ FfZfet Tf<"> 0T™Me ™METE 7 feec <kt fo SfTco%o a
coe— 7 N gat ee'Z & ‘e'Lr&i_FF fo T fZte. T quvaxA f- w
qr 1 f>e -Caving in pasture-grazed dairy cows in New Zealand.n this study

W su rpA St f"e Sft ef”—o Lte te—"f—c'ee | qAres'Z fet s s
St f7e Sft of"—- Lte e f—ctee N qét ee'Z <ot f—<o%o ™
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.9¥or accurate results on blood NEFA concentrations, samples

should be collected in EDTA or redtop tubes (no anticoagulants), should be kept

f—tO [ =37 ...'ZZ%F..—<+ fet =St et hofcelfecfidfwhich ™«-Sce rt
can be difficult with field studies. "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 NEFAY44¥ this study, information regarding sample collection,

Xp
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handling, and/or time of collection was not reported by the submitters. However,

efe— ofe’ZFe ™ME F efe— ‘TE"ec%S— > ... —"¢t A ef"—e ™fo o'
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 proportioe *~ St< "¢ uwA ™1"f o ot % f—<"f

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."?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." @ 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!

Fr—e L Vff—ceced e te—Tf—cte ™Mfe f7¢™M St " 4t i
VYA 7 St t7e ™M § S—et"fZ ""f..——"14& ™Mc-S —St effe "f
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

Xq
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score and low serum creatinine concentration appears to be secondary to

mobilisation of muscle protein for energy production). 9*ar&dditionally, a parity
effect is described by Cozzi et atwith high er plasma creatinine concentration in
e fri—e vw UetZ “e o7 ¢ f"'—e WCoORSiderwt thie * Z
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’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 intexcts with bone via the
“muscle-bone unit” stimulating bone formation and strength, and lower body

mass can reduce bone qualitysP

Previous studies on humeral fractures reported that low LiCu and serum Cu

concentrations in affected heifers had contributed to the appearance of humeral

Xr
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fractures.Ya'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.VThe liver is the primary organ for Cu storage andserum Cu

concentration is maintained through mobilisation of LiCu storage. ""Additionally,

the liver concentration of Cu and other minerals, represents what the diet has

,Ete 77 —St Zf «dArsthistsfudyALiCu concentrations were low or

marginal T yu —e‘Z e% <o VyA ‘'~ St t”e cotc..f—<o% T+ <..cte
— =" f %t tE'Zi—<'e " f— Zife— f ¢'e=S T FT—"f—c'ed ™8

having low or marginal serum Cu concentration. This indicates a more significant

Cu depletion in these heifers that could lead to Cu deficiency. However, nost

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

“vte 9qpp tfoe e =St tic.cFe— tet— A& " ZZ™MET > L f-
diarrhoea, and finally, alterations in gait and bowing of legs thattakes f — Zffe— u
months to manifest. a¥a"vAdditionally, high variability in specific serum Cu and

LiCu concentrations are described with clinical signs of Cu deficiency including

XS
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bone fractures.dVaayRhe role of Cu deficiency in the pathogenesis of humeral
fractures needs to be researched further, § investigating how the formation of

collagen crosslinks in the bone is affected.

In the present study serum Ca, phosphateand 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!SAnother reason why measued
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. 9'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 postpartum was not

known, the interpretation of these results is limited. "

3.4 Conclusion

Despite its limitations, this study has shown that heifers with humeral fracture
had Ehydroxybutyrate serum concentration above the reference range (although
the results were like those measured in other studies on noffractured heifers)
and serum creatinine concentrations below the reference range. Togethethe 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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CHAPTER 4

OSTEOPOROSIS IS THE
CAUSBOF SPONTANEOUS
HUMERAL FRACTURE IN
DAIRY COWS FROM NEW
ZEALAND
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4.1 Introduction
e rppxa fo ‘——,"ffe " te—feft—e S—et"fZ "f . ——"% 77

calving crossbreed daiy heifers was reported in New Zealand! tInvestigations

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 ‘Since then, the occurrence of
spontaneous humeral fracture in dairy heifers has significantly increased (despite
some farms implementing Cu supplementation to prevent deficiercy) impacting
animal welfare and mental health of farmers and resulting in economic losses to

the dairy industry. 94

Cases described so far have occurred mainly in first lactation cows postalving,
although occasional fractures have been seen prior to caing and in second
lactation cows."The clinical onset is sudden,and animals develop severe

forelimb lameness (also referred to as dropped elbow or dropped shoulder).!

Asmall-o...fZ1 e——1> —ece%o ...'¢ ——FTF — e %" f'S> ...'¢" f"ce% —
heiferswith S—e1"fZ "7 f..——"1+ fe1 gmatched tortrols-foundfeéo T
significant decrease in the ratio of bone volume: total volume in affected

animals. 9t the same study, histological findings in the humerus of affected

animals included the presence of sha 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.Three affected animals had low LiCu concentratbn and one had low

Xy
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serum Cu concentrations.?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 mechansms resulting in decreased

bone density.99 co<—f—c‘ee ‘7 —St o——tF> <o Z—1tT —Sf— <— ‘eZ> FEfecett
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 vulgarig 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.9"2However, 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 proteincalorie malnutrition during important growth

periods leading to osteoporosis and subsequent fracture!.d

The aims of thie e+—— 1> ™M$"3 q —' tf—1"eced —St Sce—"Z"%o<...fZ "cotce%oc
and to quantitatively evaluate histomorphometric changes in a large cohort of
St e f7F . —FT > o te—feft—e "Vf  ——"Ff " St S—ef"—ea r -

histological and histomorphometri ¢ changes in bones from heifers grazing a diet

of predominantly FB over winter are different to heifers that graze on a pasture

yp
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Jfeft tet— 737 =SF ™ce—fra s - tie.lv,F fet tef"F Sce-
St f"e f ... ... Tteo%o — <« — ... 'eadbscribg the' higtofogicat -

findings in the costochondral junction (rib).

4.2 Material and Methods
4.2.1 Study Design and Sample Collection

This was a casecontrol study using a convenience sample from fractured

(affected) and non-fractured (control) heifers. The case definition for enrolling an

fecoefZ <o =St f™7F..—%1 %o”'—" ™fe f Tfc"> -yelPold," fe> "1 11
which had suffered a spontaneous fracture of the humerus, without any history of
—"f—efA ™Mc—Sce v s'e—Se 7 7 coe%Aa fe'marsandt” V' "<ttt
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).

L e="tZ7 ™ fe T 17 eyalattold €ofv (B cow with an ear tag indicating they
™ e r sEfTe f% T fes ,"iit —-Sf- Sft .. fz it "t
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

yq
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sample of the humerus, the CCJ, and a piece ofvier 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.
— e —te—Zoa& 1 TE LYot oBfc,n e 9OFEE  —fcoft —ece% [ ,fet
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
eZf,e "o —8F S et fot St ™EvE Zf . 1t <o qpA ct—-"fZ7 ,

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 | Processing and Evaluation

Sections from the humerus and CCJ were processed for histological evaluation.

‘o oZf,e ™MI"E CZf . fT <o %oZfee Ef”e ™Mc—S qpA S>T" ...SZ""<... f..
hydrochloric acid, Amber Scientific Ltd). Glass jars with samples were @ced on a

St"e' oSfef” co.—,f="" f— swO fet gxp "'s -tS&”' «Sfet” qpp
fe%oeS'— ZZeSte% se—"—ete—e hamanud evaliation ofthe

decalcification process was performed and the decalcifier solution was changed.

yr



S f ' — 2 Anatomic Pathology

When properly decalcified, bone samples were trimmed to fit a histology
cassette. Samples were processed routinely for histology, embedded in paraffin,
% ... —<"e1FuPm, 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
Zse'—e 377 tee —fetf "t qaqxad Z>e'—e TV f_<te A <o
were graded using a subjective dichotomous ordinal scale depending on whether

—St et T fUfef—F" ™fe f ettef7 "fete— q ‘" e"efZ f e

In sections of the CCJ, histological findings were evaluated and recorded. Finally,
thegrowth "Zf—1 —Sc...eefee ™Mfeo offo_"tt fo s T "1 "Fe— oc—Fo

left side) and the mean was calculated.

4.2.4 Histomorphometry Processing and Evaluation
et q ..o § q .. -fiked g@mple of the primary spongiosa of the humerus

was used for histomorph ‘e —"¢... £ fZ—f—c'e ""'e f e— ot— ‘" rp f° "%
qp ™if"F "fetteZs ofZt ... —FT "V'e St —Sf— %"foeft ‘e
months and ten randomly selected from heifers that grazed on pasture during the

TM(o_:l:” o‘o_éo fo'l' ap ”_‘o_"‘z S:t(A:t”oa

The undecalcified bone sections were dehydrated in graded alcohol, cleared with
§sZ%tetd fol "Zf ... 01T "<7o— <o "Fece <o (Z-"f—<'e o7 ——('e 4 —

tf...8 ypA 1-S>7 «3-Sf.."72f-t fet qpA <«,——>7 'S=8

SigmaAldrich). Next,sas’Zfe ™f"F "Zf .. f1 <o f "foce Fo Tttce%o o' Z-
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uA “rtSa fee'>Z '178<tt — i ABIicw)unS < %o e f-
—ett fe =St "tZseft"coef—<'s fWote—& fe'Zfe ™Mf"f —Ste .. —— f— v U
oc.." ="et o —‘e rpup *—'1"...——4& F<..St"— —e% & Zctions were stair

“Ztedie ot <kt =7 Stef o—fced U If..S . fetbtalief fUEf A7 <o
fr3#f & €& Ua” & a *ffe "$cet—1" <o Ued offe —"f f..—2f" ™ct
sffe ,8 ¢ <o Ued offe ‘o—t'ct f tf o1 fand énean ostedie

pi cet—1" et fe & e« wese beasured. For B.Ar, T.Ar, and B.Ar/T.Ar,

e—fetf "t ‘eof "Z—%ocee ‘efeti”d a4 tZti74 4 &4 -~ ‘—,f& &4 r
‘ef r "' ef%t  Tf"ec'e qAUS..A f—<'efZ ee—<«———f ‘" ffZ-S ™{
Evaluation of mean trabecular permeter, mean Th.Wi, mean O.Ar, and mean

a e ™ME " effe—"Ft —ece%o of %o o' T-_Mf"FE TfV7ec'e qaus..ad f-<'e
Health). Results were compared between affected andontrol 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”> 1§ rppp fee "f..=7'ef—1"8 fVece Zei” A4 <F" —
Lt te—f—cte Fyt™IetZ P%o ™ fe . teectI It Z'™ of %ocefZ

e Fe—f—cte fot “fZ—te Tyt Ue'Z o% ™t L teecti it ftic—f-1

concentration.

4.2.6 Statistical analysis

An independent-samplest-test was used to determine if there were any

significant differences in the values of growth plate thickness, cortical thickness,

yt
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and quantity of resorption in the distal humerus between affected and control
heifers, between heifers that grazed either FB opasture 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 chisquare 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 orequaltas & —Sfe "fe—7—¢ °

~

Fisher's exact test were presented instead. In all tests,aPf Z—* ‘= T papu ™ fe

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
tee—"¢,——c'e 7 o7 _SPvalge phthined ffom the t-test or chi-
square had to be significant P1p & r & The model was constructed using forward
selection, with variables retained at Pipapud fet —S3 o t1Z "<— ™ fe foote

the Hosmer-Lemeshow (HL) test and the Nagelkerke R.
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Finally, an independent-samples ttest 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 fnificantif PIpapud ZZ es—f—ce—<...fZ fofZ>ece ™fo tref <o

statistics (IBM®SPSS —f —ce—<...e "f"ec‘'e rw &

4.3 Results
4.3.1 Study Population

L f7 7 xp S—eftC METE L UZTE ot e Cfree _&7i_ %St g™
heifers that fitted the case definition. Out '~ =St xp efe’Zte ‘~ S—ef”—ed tw Xxp
UYA . fete fZe' <o Z—TFT ‘of 7 of %" f7 of .. —ctee 7 fet <o vv
a piece of liver was submitted. Forty —S”3t ‘'~ =St xp utA f""f...—ftt S t7e ™

Kiwi cross heifers (Holstein-Friesian x Jersey, of unkng™ —<'ee 3 X Xp
SUA  ‘Ze—tckecfed t xp UA  F"eFsA fet u xp VA Sft et it

information.

Case distribution according to the predominant diet offered in the winter months

¢S‘™Mtt ss xp tqA ..fefe %"foeit ‘e A& rx xp swmmeA ..fefe %"foeei
gt xp qwauA . fefe ™t i "kt fe'—St” —>'f 7 "ftTA fet <o u xp Vi
information regarding main winter feed was not provided. Diets in cases

classified as “other” contained a mix of feeds including swede$Brassica napuy,

maize (Zea mays3 silage, oats Avena nativg, and/or kale (Brassica oleracea

The only reported clinical sign was nonweight-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

yVv
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was reported to be in oestrus, artificially inseminated, and/or bulling the day

prior to the fracture.

S fZ 0 rr S—efTC METE ot F e a7 fecefZed qw
alsoincludedoneor «£ 1" fZ of ... —c'ee ‘7 fet rrrr qppA «o...2—

liver.

4.3.2 Gross Findings
e ug Xxp VtA .. fefed —St f "t ...—Ft S—ef”—e ™Mfe o 71

svA —S taffeeted (contralateral) humerus was submitted. The gross

changes described below &1 "*” =St uq S—et"¢ ™Mc«—S ""f. .. ——"fed "f
Lfete yvA ™iEr: et Zi_F4 etef - .—Zf"4 ece’Z1d < fZ
the lateral side of the humeral head, just beneath the greater tubercle, spiralling

along the diaphysis distally, toent G —e— f,"1 ‘ef ‘7 =St . ‘et>Zte  <%o
ruq ..fefe tA & —St ""f...——"F ™fe ‘e’ Zf-tf4 .. 'eeco——F+

the diaphysis.

TfZ—f—<te T Jtet oZf e "Vte fO0F L —Ft L fete "iTHfZEtT —Sf-
"tt—...—<'+ 9spA Zmeuntof tralSetular bone associated with an
expansion of the bone marrow cavity towards the primary spongiosa when
LU fTET =t L te="tZe <Yo—"F tArf fet ... & St tce—fZ S—-;

cases had evidence of increased cortical resorption identified as numerous red
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°

~~
°
~

o—"Ffeo of e <Wo—"% tart & ' ...fete SfT

lines.

< %0 — "gHutréerus 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 aboveone of the condyles. (b) Costochordral junction (CCJ), heifer. Cut
surface of the rib and CCJ from an affected heifer with a bulging, irregular cortex and a fracture lin
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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< %o — "rHurderal bone slabs, control and affected heifer. (a) Control heifer, proximal humerts.
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 isan 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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“fZ—f—<'e T srtw VXA Vc,e "1TEfZEt o'tt fertobthe frett feZf %ot
— ' —*fgldsncrease 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
F U 3f 2t $£¢=St” ‘ttdef—r—e 7 "¢," —e fof 7 L fU—<Zf%oco'—s  <%o—
qyA -St Tet o — f3f” teZf "% Fftd ,— =St ..—— e—""f .. F "%~
of lesions in the metaphysis consistent with remnants of previous fractures or
fractures in an advanced stage of healing, characterised by proliferation of fibrous
Lteet L —<TE —cee—t fot 7 tes L f'—<Zf%oce'—e —coe—F <%o—"1f tagq
the growth plate was thickened, irregular, and had small tonguelike extensions
T =<Zf %t o=t =SE eefTs o e%oc'ofa o utw qgqA .. fefe -8
rib and CCJ appeared grossly normal.

~

o fZ75A 1 qw TtA SHETe “7te —8E e 7 %ot A ST Zhectes Zes

heifers, consistent with a rib fracture and formation of callus tissue. In the

~

"fefcoce%o S QW WVA . fe—"'Zed —St "c¢,0 ™MI"E %o"'eeZ> o' "efZ4

4.3.3 Histology Findings
4.3.3.1 Humerus

Affected vs control: the proximal humeral growth plate was significantly thicker

(@adi""t7te...f > suds Ued yuA & gqxar —' urét <o f " f..—%t1T St f”e
e 7 8t tred ™ME (2t —8f S—ef"f7 . "—18E Mfe S et" f tn
yuA 4 ywau —' rqpaq <e ..'e="'7Z St Fve e f"ft - f°t..—%1 St

fracturehad f S<%oSt” e—e 7 *° "Fe'"_cte fTc—<fe qr *'”t4 yuA & va

app
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o —8F teomfZ S—et"—e e f it — St e o —8F Lt

deviation (SD)andP ~“fZ—te "% ""fete—tt <o f,Z% téaqa

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

e teY%oc'ef fot ""'EcefZ ot—f'Sreced feot gwthemffantedl gréup«”
Sft Sco—"Z'%o<...fZ £t <tte..t " %" ™S f""te— Zcotfe
heifers in the affected group showed evidence of periosteal reactive bone

formation and abnormal cortical resorption compared to heifers in the control

%o "' —' <Wo—"1 tAsS A& «eofZZ>a& rt xp spA SfT tTc<tie..

formationinthe cut-, f ...» ce‘et <«%o—"% tédsc & ,e'"efZ ..'""—c...

characterised by numerous coalescing resorption cavities extending transversely

throughthe corte § <% —"% tatf a

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

7

£e ¢

(%0_”

F 7

[z

’"(of”) o"o%o(‘ofé ’”‘é(ofz oi_f’é)o(oé en 'I'(o_fz S_oi"_o <

cortical resorption was limited to the periosteal and/or endosteal side of the
L' —18 ™S o’ frekf <°—”f...‘"—<...f2 Thet —<cte L fTc—<To

significance for each of the dichotomous bone parameters evaluated is presented

< %o -

co fLZE LAT fet . fef tee—o,——ctes fUE "fefeft <o et

evaluated were significantly different PTpapu ™Ste .. ‘e f"<ce% St 1" <o -

affected and control groups.

apq
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ceetes 0 _8t S et e fof .. te—'  SamdthpBAud@beref. —<‘ed S—et"f7 .

resorption cavities in the distal humerus comparing cases in the affected and control group, fodder beet vs pasture group, dlow/marginal vs adequate liver Cu

concentration group.

Humerus

Growth plate thickness, um

Cortical thickness, um

Resorption @

Affected <Exp
Control <Err
P value

qrv E sxaxy
ygaq E rpaty
papppu

rrpay E qpvaqw

swtax E qutatq
papppu

qy E gqgqavx
w E ravy
papppu

Fodder beet *Ess
Pasture < Erx
P value

qrxau E svarr
gpvas E qyayp
papqv

rqtagqyésasu
rugau E ggsaxp
papq

rp E ggays
qv E xéaps

paps

Low/marginal LiCu <Etu

Adequate LiCu <E ts
P value

ggwau E sréaxq
qqtav E stavyv
pauuv

rswax E qrréaru
rysav E qtyarw
papup

rpaw E qréax
grap E yaqy
pappu

Costochondral junction

Growth plate thickness, pm

Affected <Etw
Control <Eqv
P value

qtwau E sxéap
qqvas E sxar
pappr

Fodder beet *Erq
Pasture *Eqw
P value

qvrav E traq
gsvar E sqéau
papsr

Low/marginal LiCu <Erw
Adequate LiCu *E ss

P value

gsqasqg &w
qtvay E tvaw
paspv

aQuantity of resorption cavities in the distal humerus.

bWelch t-test.
P fZ—t Tpapua

LiCu, liver Cu concentration.
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« %0 — "sHigtalogical 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 theprimary 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 spongiga. (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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v

<%0 — "tHistdlogical 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 cdical 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 salloping 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 disorgased 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).

qpt



f ., Z tr S#atistical significance of each of the bone parameters analysed comparingases 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 Affectedhvs Control Fodder beet vs Pasture Low/marginal Cu vs adequate @
Trabecular architecture Ipapppu paytu papx
Trabecular density Tpapppu passp papr
Growth plate appearance Tpapppu Tpapppu paxs
Growth arrest lines paptp pagpw patu
Additional bone " in the PS papqq pavry papv
Additional bone " in the CB papps payrqg parx
Cortical resorption Tpapppu patxs pappx
Periosteal reactive bone formation Tpapppu papsv paps
Additional bone ?in the PM Tpapppu papry pawv
Additional bone " in the DH papygq pauxs paqt

aRefers to liver Cuconcentration.
bAdditional woven bone formation.
‘Fisher’s exact test.

P fZ—t Tpapua

PS, primary spongiosa; CB, cuback zone; PM, proximal metaphysis; DH, distal humerus.
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Fodder beetvs pasturéd St %o” ™ —S "Zf—f ™fe —Sc..et” f T 7F"Fe 3 7

yuA 4 vayq —' swavs fetf %" ™_S "Zf—t fUif "fe...t ™fe ecY%oec <.
St f"e %o” f <o %o LR = SECET %o fecoY%o fe——"F  <Yo—":
Cortical thickness and quantity of cortical resorption in the distal humerus were

o= e<Y%os< <. fe=Z> T TE e~ f-™idte %uvalues aik pregented  fet P

<o f,Z% taqa 1< f"e —Sf- % "foett ‘e fe——"1 Sft oo <...fe—Z> ¢
formation in the primary spongiosa and greater formation of periosteal reactive

bone compared to heifers that grazed on FB. Statistical significance for each of

—St t<..S'=tet—e Jtet "frfet—FVe tTfZ—f—%tt 1 viete—tt o [,Z%

distribution is presented in Appendix F.

Low/marginal vs adequate liver Gi concentration: A significantly greater

T _cte 7 fP L —tt St te tg vV O VIA SfT Z'™ ef %o fZ < — ...
LRt =t te—="tZ St e trr gxA A& Ste fefZreco% —St e—e 1
resorption cavities in the distal humerus, regardless of the fracture status, the

effeo e—e F7 T et —cte L fTc—<fe ™Mfe % "tf—-%" y «'"t4d yuA & s&
heifers with low/marginal LiCu concentration compared with heifers with

adequate LiCu concentrations. Also, cortical bone was thicker (a difference of

uuadws YrA A r - gqgsadt <o Stc"te ™S frEr—f-F <« — e fe—
compared to heifers with low/marginal LiCu concentration. There were no

ec%oe< . fo— T< T e fe <o %" ™_S "Zf—Ff —Sc...eetee F_™fte %"

P’“fz_:to f”:l: "mtefe—t T <o f,,Zi taqa

For the dichotomous parameters, significantly more heifers with low/marginal

¢ — tefe—rfocte SFT tE. . vtfett —f,f...—Zf” tieec—> St tu wvA

aqpv
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L= fZ et —<'e SV tUA XPA & feT TtVef—<te T i cte—tf7

sq tua vyA .. ‘e f”1iwith‘a@tuate LiCu concentration. There were
no significant associations between all other dichotomous bone parameters
analysed. Statistical significance for each of the dichotomous bone parameter
TTfZ—f-tt frf "tete—tT <o f,Z%f tarigfprésentgih tce—"¢,——<"
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 charactesed 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 cortexto-cortex.
Fractures had a variety of changes ranging from the presence of necrotic bone
mixed with congestion, haemorrhage, and oedema to callus tissue formation

<Bo—"F tat... & o f "F™ _feted fo—te'—e f— L fZZ—e —coo—

characterised by a proliferation of cartilaginous tissue (soft callus) and/or woven
bone (hard callus) <%0 —"1 tatt & o o‘e— . fefed ""f..——"% Zcote
proliferation of fibrous connective tissue associated with an irregular
TZT T f—cte T M. et fo St 'F7'SE"S T St U f L ——"1
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 perosteum by a
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proliferation of fibrous connective tissue, identification of granulation tissue,

marked trabecular resorption, and an irregular bulging cortex.

~

Fectoo <o =St Ve, e "o te 77 SEcTt"e oS ™It y rrursA L fete Sf1
cells thick) nests of chondrocytes in the primary spongiosa. In four cases where
grossly a fracture line was observed, these were histologically characteed 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.

St "<, %" ' ™-S "Zf-F ™Mfe —Sc..et” f t<"F"te..f " sqdq Ued yuA
heifers in the affected group compared with heifers in the control group. Finally,

—St %" ™_S "Zf-% " =St "¢, Mfe _Sc..ef” f t<Tt"fte.t " rvat U
ugat < St<"t"¢ —Sf— % "foett <o ™cet” e’ f it - St<"t7e —Sf
ffe B feTPZ—%e 7% Hete—th&s f,2% ta

4.3.4 Histomorphometry Findings

Comparison between the affected and control group showed heifers in the

control group had a greater bone areaPipappu & S<%St” ‘ot f"3f —'—fZ f"1f
(PTlpappu & Z'e%ot” stfe —"f, f...—AptwWiadcfEtptfelt—"f, f...—Zf"

width (PEpaps “fZ—31+a4 <PEpATY"fft ‘e—F'<t 'Pkpagk”

were not significantly different between groups. There were no statistically

significant differences in any of the histomorphometric parameters evaluated

when comparing FB and pasturt fe —St sfce ™Mce—f” "t1ta vhlfiesE fet P

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 appeararce, 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 trdbecular 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, Jr t E xu®ipéaf®dppud ST ‘eef” fot FefeS'™ _fo_ ™

statistically significant (PEpayu <et<...f—<e% —St ¢ t+Z <o f %'t "<—
18'Zf<ett xX&VA  f%oFZet”et 1 7 —SF “f cfe.t <o S—et”f
Lt =72 L Zfeec "<kt ytAyA 7 L feted feec—<T<c—> ™fe yva

xpadyAa St "tec—<"F "itc..—<"t "fZ—1f ™fe ywasA fet —-St .
™fe xvVAYAA St ‘tte " feo focoefZ ™Mc—S tf.."Ffett —"f, f...—

AME LTt MATE [ty At —cote S %St —Sfe —SF fte 0 fe foece

trabecular density having a fracture. Abnormal cortical resorption was also
fee'incf=1T ™Mc=S fo co.."ffoett ZcotZ<S''t '~ S—et"fZ ""f ..

was the presence of additional bone in the proximal metaphysis of the proximal

S—ef’—e ‘fTte ¥fac swa

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.!9The 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 appearamwe 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 ard 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 charactesed by reduced
trabecular density, abnormal trabecular arditecture, 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 charactersed 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${2tP 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.uraax

Mechanisms keading 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). Yat€onsidering 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.!@'Similarly, prepubertal nutrition has an important

effect not only on mature body weights in dairy heifers but also on milk yield and
bone growth. rrarsauriy peifers, live weight is important because it determines

the bone size and is a major deg¢rminant of the strain stress index (a proxy for
bone strength) in the humerus of dairy heifers.""a'Furthermore, although calves
born from dams with high milk production tend to be lighter, if heifers reach pre -

e f—<2% —f "% ft— Z< 3 ™ kg% S'nths gfiage) ithgre are no significant
differences in skeletal (frame) size in later months, further emphasigng the

importance of nutrition in early life. ruatx

Analysis of growth patterns in New Zealand dairy heifers shows there are

normally two periods ‘= "ft—...f1 %" ™S "f—14 —Sf "<"e— <o Qy e'e
(coinciding with the period of lowest pasture quantity and quality in winter), and

—St et .ot i Pte—1Se 7 fURotA ... Fe et co%o —' ISF oF ¢
This is significant because when the growh 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'*
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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. $*&Fhe 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 osteoporosisd9 S<Z% ‘¢Z> rqA *°
heifers with a humeral fracture in the present study had growth arrest lines,
remodelling can cause resorption and disappearance of growth arrest line&4
Increased ranodelling was observed in manysections 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.tY2The 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 expéed 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 agematched controls, such as

was seen in physes from heifers with humeral fracturegtwaay
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The other mechanism that can lead to the appearance of osteoporosis and that

needs to be considered is increased bone resorjan. In dairy cows, increased

osteoclastic bone resorption is observed physiologically during gestation and this
increases up to threefold during lactation with the majority of this resorption

occurring in trabecular bone."*atFurthermore, 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.ss2Excessive bone resorption can lead to fewer and thinner trabeculae

(Obst” "t <o xqA *° f " ... —Ft . fete & ™Mc—S Z'ees " _"f t .. —,
co WXA 7 fhf -t L fete & . te " ecoco% e fU...Sc—t.. ——"
to fracture. '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 stran. 9V altfaffected heifers additional woven bone

TtPef—cte ™ et et T <o —St "Vcef”s o ' e% < e fhackzANe™ ... fede
SPA 7 . fete & ""'Ec<ofZ oF—f'Srece wWUuA ‘" . fete & fet —-St

of cases). This formation of “extra” bone in affected heifers indicates that

numerous areas of the humerus from affected heifers are under mechanical

stress.!'SAdditional woven bone between trabeculae appears histologically around
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W Tfre fT—f” —"f—of <o oof77 focoefZe fot ftsHoWeverMftes <o S—ofe
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!SFinally, the formation of

periosteal reactive bone is also a mechanism to increase bone strength at sites of
maximum stress e —"f<ed feot " "Uf . ——"F "F f<A fo ™Mfe ' of" Tt <o WUA

samples from heifers in the affected groupsadsaua

In the humeral cortex of affected heifers, there was a significabreduction 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.ratt
Contrary to trabecular bone, only minimal resorption is observed in cortical bone
before and after gestation!" Clumping and enlargement of resorption canals in
the cortex causes a reduction in cortical thickness and focal areas of weaker bone
leading to fracture, asseen in humans with nontraumatic intracapsular femoral
neck fractures.sPAbnormal cortical microstructure affects maximum stress
distribution facilitating propagation of microcracks that can lead to bone

fracture. 9A similar pathophysiological processis 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 dfected 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.YBouza-Rodriguez and Miramontes Sequeiros’performed a
biomechanical analysis on a threedimensional 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.
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.Y 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?d

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 resorptioncavities 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 ha been increasingly fed to pregnant,
non-lactating dairy cows in parts of New Zealand®'Recently, health and welfare
issues in animals grazing this crop have been reported, including poor live
weights gains and nutritional congenital rickets in sheep.' %@ argalth issues are

associated with the high sugar content of FB, which is also relatively low in
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protein, fibre, and minerals (phosphorus, Ca, and Mg).%&Meifers grazing FB in
this study had a significantly thicker and abnormal growth plate appeaance,
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 pasturegrazed heifers imply bone from these heifers

may be under greater mechanical stress compared with heifers that grazed F®aW

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 mechawal strength and potential bone

fracture. ""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.a!

Experimentally, Cu deficient calves and lambs have thickened and disorgased
growth plates, decreased osteoblasts, and increased osteoclasts, along with a
decreased number of bone trabeculae and loss of trabecular connectivity¥ atwary

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 fractureg.arwastatv
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)' Vinduction of a
hypoxic microenvironment that may inhibit bone resorption is also described in

the presence of Cuions.sY

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 reductionin 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 rppx <¢ tf<”>
heifers in New Zealand has prompted the study and analysis of normal and
fractured bone material using a variety of techniquesdPa'"Edf 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.9®Peripheral quantitative computed tomography of the mid -

diaphysis of the humerus showed that fractured animals have reduced cortical
bone mineral density which reduced the stressstrain index. 9 These factors were
thought to contribute to reduced bone strength/quality a nd the incidence of
spontaneous humeral fractures in dairy heifers. fe—Z7—« ~7‘e  Sf’'—1" ta
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*2"For example, bone mass (determined by the
amount of the bone organic matrix and mineral crystal hydroxyapatite
(Caq@PO+) (OH) 1)) influences bone physicochemical propertiesd4Similarly, 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 2Burthermore, the ability of bone to

qrs
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resist fractures (or bone toughness) is dependent on the quality and quantity of
the matrix and mineral component of bone."PAs such, bone quaity can be used

to estimate/predict bone strength and potential bone fracture risk. 98 rpaaw

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.aWaxarqdsge 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!Paaw

The objective of this chapter were q —' 1~ fahd-cpmparethe bone matrix
and mineral composition/quality from humeral cortical and trabecular bone
samples from heifers with humeral fractures and agematched heifers without
humeral fractures using band intensity ratios measured by using Raman
spectroscopy and attenuaed total reflectance (ATR)}FTIR spectroscopyand ( 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 casecontrol 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¥ f « -year-old, which

had suffered a spontaneous fracture of the humerus, without any history of

qrt
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i f—efA ™M—Sco v otemSe N L f77o%a St S—et"fZ et ofe
farmers and veterinarians who after reporting a dairy heifer who fitted the case
definition were asked to collect the bone sample postmortem. The collection of

cferZFe L —""tt F-™fte —Z> fet f..fe,t" rpqgya

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
Tf” —f% <etc...f—<*% —S year®olt’ wh¢ had chlved recently (udder
consistent with lactating) and had been culled for reasons unrelated to boe
fracture of the humerus or any other bone. From each control anima) a sample of

the humerus was collected postmortem.

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
——fZ " Xq ,ef ofe’Zfe "o vw fTCF .. —fT . fefe fet gt ... *

"t f<"ttTA $3-4 1717 fZu,éei—63 from theproximal epiphysis
and metaphysis of the affected and control humeri were obtained using an
industrial -grade band saw. For Raman and ATHRTIR analysis one slab from the
humerus was selected and then cleaned with higkpressure cold water to renove
the bone marrow. From each slab, three locations were selected for analgs: the

cortex, the primary spongiosgand — S+ et —f’S>ece <% —"%f uédq & f..S .

qru
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%o" —et oF fUf—FZ> "'Vt ece —ece%o f ...">'%otec... %o"cotE” "<ZZFT ™«
v X WRneezer/Mill®, SPEX® SamplePrep, Metuchen, NJ, USA). The grind protocol

included two cycles each withapre ... ' Z s—3'& f "—e =%’ ‘" 1 pcod f ...""Z =%’
fet f ef.ifef 7"—e —cof "1 sced St oco’f. =" "f—F ™fe et f—u ..>.
Once the cycle was fnalised, powdered material was stored in Eppendorf tubes

covered with aluminium foilat - xpO —e—<Z ~—"—SF” *7*  feece%o &

<%0 — "gHumnéral bone slah affected heifer,proximal humerus. The
three locations selected forspectroscopicanalysisare shown A,
primary spongiosa; B, metaphysis; C, cortex.

5.2.3 Acquisition of Raman spectra
—'—fZ 7 xq SECET ™ALL e of e’ Zfe "o vw T —FT L fete

cases were processed. For eladeifer 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
TR ET ™S f L TE” e Z < orm thraerthin films of randomly

oriented powdered specimen. Thus, giving nine samples per heifer.

qrv
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Raman spectra vere collected using a customrmade Raman microscope system

With a usr ee o'  S"'ef_c... Zfet:” fef” —fe——e *"—e usr &

IX-wp <+~ 1" —ed fluorescence microscope body fitted a custorm—"f ... —— "% 1 usr

nmband-£1t% F "«Z—-3" ™Mc—S f qrO <e...<tte— fe%Zt “<tcfe t.
e—fr<a feftf tT<f..—tt —St Zfet” <o—' f qp8 of%oe< ... f-

Edmund Optics, Singapore). Raman scattering was collimated by the same

objective. Rayleigh scattering was patrtially rejected by the incident baneedge

“<Z—1" fet f ef.. et usr eo"<Zoftd fdfeupintl} placed

immediately before the spectrograph provided complete Rayleigh rejetton. The

L ZZ<of—FT foefe o f——1"co% ™fe "t —ettUe—""—SF Foe_"f

FERGIE spectrograph from Princeton/Teledyne Instruments equipped with a

gprt 3 ruv '«<31Z ...Sf” % I TcontreledLightfield software (version

vapataqvqdan Instrumehts, Trenton, New Jersey).

~

fefe oo f=—1"%1T Z¢%S— ™fe Z7Z%F..—%1 *""f£" f *¢...="fZ "
the "te'Z——c'e ™fee WM& Zfet” ' ™MgpnWiCGne-huodred and
twenty individual frames were acquired for each replicate spetrum with an
1S e—"F —cof of— - g eF.fet TET TVfetd Lt —coc—cte T et T
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
—'—fZ " xq SECET ™ALt [fef of e’ Zfe "o vw fTTE LT

cases were processed. From each bone location (cortex, primary spongiosad

qrw
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metaphysis), a small portion of powdered bone was placednto the diamond

crystal until fully covered. The pressure control arm was then positioned on top
of the diamond crystal and maximum pressurewasapplied. 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

<..'Zf-C <ucC 'fo.o="tei—f74 Stret L<ie—<"c..a & ™8
Tefetet f——f..Sefe-4a ef cte T _MfTE TyAp ™ fe —eft "7 1
collection. Spectra were acquired in reflectance mode with a frequency region
Tte tpp—tppeM I™—S Sy oo fee E7 o f L —"—e fet f ot . _"fZ "Fe'Z—.
cm i -"f ™1t ofe’Zit —' %<1 qgthg spectrfim.NO online "

corrections were applied to the collected dhta.

5.2.5 Determination of the concentration of calcium and

phosphorus

To determine the absolute concentration of Ca and phosphorus from affected

fet .fe=""Z foecofZod [ —'—fZ ‘" tp ST %7 ,fof ofe’ZFe "o xrv 771,
qt ...'e="*Z ... fefe ™Mf"f o ec——1F1 toacommercial 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

using inductively coupled plasma with mass spectrometry fS rppp

Mass Spectrometer, PerkinElmer, USA). Budgeting constraints limited the

o—eo, " " efe’Zte —fe—tta " Ff..S SE<E"a f 'ZEt ofe’Zt 9 spp

three bone locations (cortex, primary spongiosaand metaphysis) was submitted.

qrx
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The affeded and control cases used for this analysis were also used for Raman

and FTIR spectroscopy.

5.2.6 Spectral data analysis
For Raman spectra,f —‘'—fZ ‘" wry o't ... —"f ™t"t . ‘ZZ%t..—-t1t -Sf-

spectra (“replicates”) for each bone location (cortex, primary spongiosaand

ef—f'Srece <o fo <ot "<t—fZ ST E" <AfAA ecof o F .. -"f
” ot ="fa& f ='=fZ " rtp <’ F..="f ™Mt "t L ZZF..-ttE ‘e
location (cortex, primary spongiosa and metaphysis) in an individual heifer (i.e.,

—S 1t o F .. —"f £f..S "7 Xp fecofZe & f7'"f fefZreced ...fef
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=TIR) was analysed by bone location (cortex, primary
spongiosa, feT ef—f S>ece —ece% >—S‘eC sayas ..'tF ™MM™MMyG,.
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 basehe 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 createal 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 thestudy. 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 andasfitted for
position, amplitude, and width manually to begin with. Due to the complexity of
the spectral signal, components were only added fortie 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 (incluéhg 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 offour characteristic

bands were measured: RS‘+’'Sf—1 -tut ..%a& ...f”,'*f—-% —>'fIgqgqpOptv-
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cmY, R'S‘e'Sf—1 -ypg “J,ef et fectt - gstp "J.%V Ratios of

these bands areas resulted in the following parameters:

X Mineral/matrix ratio: Rphosphate / amide Ill.
x Carbonate/phosphate ratio: carbonate/ phosphate.

X "se—fZZcoc—>a oRpWosphate. ‘"

Similarly, for FTIR the band assignments selead for analysis were: R

'Se'Sf—% -gqgP, €0s" xypxuv Jefet fecti - qwppwy J.ware

Ratios of these band areas resulted in the following parameters:

X Mineral/matrix ratio: RRjphosphate / amide I.

x Carbonate/phosphate ratio: COs"/ RRphosphate

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."? 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. 9'‘Bone matrix band assignments are mostly those of collagen type

[.av

5.2.6.3 Data Statistical analysis

As the independent variables were not distributed normally, nonparametric tests
of significance were used. An independentsamples MannWhitney U test was
used to determine if there were any significant differences in the vales of the
ratios according to each bone location (cortex, primary spongiosaand primary

metaphysis) between affected and control heifers. Results are presented as

asq
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median, the U statistic,and Pvalue. AP “fZ—1% " Tpadpu ™fe . ‘eecti”tt

significant.

An independent-samples ttest 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 presenteds

sffe E o—fetf "t t3 <f—c'e & —eZtee =St "™cet o—f-Fta ZZ o—f-

™ fe Tleof <o o—f—coe—c.. B B —f—-<e—c...o "f7ec'e rw &

5.3 Results

5.3.1 Spectral analysis
fofe o f..="f ™ME":  —feoft "o vw TR —FT . fefe fot qt . te—"¢

FT o .. —"f ™E7f ' —fceft "o vv [ 0 h . —Ft L fefe fllt—cecmcte 7
o fet ™Mfe <"t %o—Zf" Ste.t —Sf— . fef ™fe "t it "Ute —Gce oo —

casesA representative spectrum of combined cases by fracture status and bone

location are presee —1 T <o «<%o—"F uar "7 fefe ot "o > fef «%o—"% u
't —"'e A te—Z—e " St L fZ..—Zf-FTFT "f-<'e fUf "1 "Lt
feft uara

5.1.1.1 Cortex

Bones from affected cases showed a significantly lower mineral/matrix ratio as

measured by Ramarand FTIR spectroscopyPipappu P=ppapqy "te't..—<"17Z> &
The carbonate/phosphate ratio was significantly lower in the cortex of affected

cases compared to control cases when measured by Raman spectroscopy

(Pipappu & -« .. FTIResults showed a lower carbonate/phosphate ratio in

control cases compared to affected casePE papqx 4 <efZZ>4 ..">e—fZZco<—>

gsr
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determined using Raman spectroscopy was significantly higher in control cases

compared to affected casesRipappu &

Cortex Primary Spongiosa Metaphysis

Relative intensity

400 600 800 100012001400 400 600 800 100012001400 400 600 800 100012001400

Raman Shiftcm?

< %o — 'TRaman 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 thealculation of mineral/matrix ratio,
carbonate/phosphate ratio, and crystallinity. The dark line indicates the *t fed 'fZt ,Z—1*f Z<o% yus
confidence interval. PO+®, phosphate; CGOs', carbonate.
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