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Summary

In orthopaedic surgery, implants such as cancelkrsws are used in bone
fracture treatment to stabilise the fractured btmeassist bone healing. The
screws are implanted into the bone with the aidoofue. The bone as a host
material provides site for the anchorage of thewcthreads. Most mechanical
failures experienced in screw fixation occur at thene-screw construct
anchorage due to the collapse of bone structutes.hbst bone quality therefore
plays a pivotal role in determining the successcoéw fixation.

In clinics, a patient’s bone quality is assessedn®asuring areal bone mineral
density (aBMD) using dual-energy x-ray absorptiamé€DXA) technology, and
aBMD is widely used in the assessment of bonedraatisk. The assessment of
bone micro-architecture in clinics is still howevienited to peripheral anatomical
sites, such as the wrist or ankle using periph&alkntitative Computed
Tomography (pQCT). However, with the current raté technological
developments, it may be possible in the future ¢seas micro-architecture at
other anatomical sites, such as the hip.

During fracture fixation using screws, surgeonsy reh their judgement to
determine the point at which to stop screw tighigniHowever, it has been
shown that inconsistencies exist among surgeoasijng to overtightening and
stripping of the bone around the screw threadss hght be linked to variations
in the quality of the host bone among patients.

The overall objective of this thesis was to invgstie the respective roles of
aBMD and micro-architecture of trabecular bone afman femoral heads on

Fpulout and Thsert (including plateau torque orplkeau— torque at screw head
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contact) in a laboratory environmentyfsy:is defined as the maximum uniaxial
tensile force (Newton) needed to produce failuré¢hm bone and \Jser: refers to
the torque applied during cancellous screw insertio
Fifty-two excised human femoral heads obtained flum replacement surgery
and cadavers were used. Femoral heads were chesmuse of their rich
trabecular content and the common clinical occueerof hip fractures
particularly in osteoporosis. The aBMD and microkatecture of each specimen
were evaluated using DXA and micro-computed tomplgya(micro-CT). A
partially threaded cancellous screw was insertedaich femoral head specimen
using an automated micro-mechanical test devidbeaqoint at which the screw
head contacted the bone, and the torque at thit wais recorded @laea). Screw
insertion was then continued to a point betweenvedread contact and failure,
after which a pullout test was performed angds: recorded. Micro-CT images
were obtained both at head contact and just poiputiout.

These experiments were used to address three aims:

Aim #1: To determine the relationships betweeibyand aBMD and micro-
architecture. The results indicate that.fa, exhibited the strongest correlation
with the structure model index (SMI, R = - 0.82<®.001), followed by bone
volume fraction (BV/TV, R = 0.80, p < 0.01) and aBMR = 0.76, p < 0.01).
Stepwise forward regression analysis showed areaser for the prediction of
Tpiateau When aBMD was combined with microarchitectural goaeters, i.e.,
aBMD combined with SMI (R increased from 0.58 to 0.72) and aBMD
combined with BV/TV and bone surface density (BS) T increased from 0.58

to 0.74).



Aim #2: To determine the relationships between Rhgou: and insertion torque
prior to pullout (Thser), aBMD and micro-architecture. Results showed Bagiut
exhibited strongest correlations withsl: (R = 0.88, p < 0.001), followed by
SMI (R =-0.81, p < 0.001), BV/TV (R = 0.73, p 001) and aBMD (R = 0.606,
p < 0.01). Combinations of ;fex With microarchitectural parameters and/or
aBMD did not improve the prediction obout

Aim #3: To determine the effect of three differemsertion torque levels after
head contact on the holding strength of the trdlecone surrounding the
cancellous screw. oyt fOr screws tightened to an average of 80ffpx was
significantly greater than for screws tightenedatoaverage of 90%wkx (Fpuiout

= 2.07 £ 0.28 kN vs. 1.48 + 0.40 kN, p = 0.019)t las not significantly
different to screws tighten to an average of 70%x (Fruout = 1.79 £ 0.31 kN, p
= 0.33). Bulout at 70% Tyax Was greater thanphiou: at 90% Tuax (p = 0.019), but
not significantly different (p = 0.27), which coub@ due to sample size.

In conclusion, Piaeas Which has previously been shown to be a stroegiptor
for insertion failure torque is significantly demkamt on bone micro-architecture,
particularly SMI and BV/TV, followed by aBMD. Boneith low SMI or that
contains a more plate-like trabecular structurghtBV/TV and aBMD, is likely
to offer a structural environmental in which theese threads cut into more
material, leading to an increase iR&as Fruiout Of cancellous screws depends
most strongly on the applied.ders followed by micro-architecture and aBMD of
the host bone. This indicates that for a bone spamiwith a given trabecular
bone micro-architecture and density, increasespplied Tnsert beyond screw

head contact within the linear range will incre&sgio.: Of the screw. However



the strength of the construct reduces as inseltéeels approach failure torque,

probably due to yielding of the bone around thewdhreads.
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Introduction

1.0 Aboutthe Thesis

This PhD research is part of a larger researcheprgupported by a National
Health and Medical Research Council (NHMRC) granttited “The
Development and Validation of a Finite Element Mofie Orthopaedic Screw

Insertion into Trabecular Bone” (Grant ID 595933).

The overall aim of this research was to understéwedrole of insertion torque
(Tinser) @and the cofounding factors of bone quality — bomeeral density and
micro-architecture measured by dual-energy x-ragogiiiometry (DXA) and
micro-computed tomography (micro-CT) on the screwtfon or pullout strength
(Fpuouy in trabecular bone of femoral head specimensydséed from patients

who had undergone total hip arthroplasty surgery.

Data for the research study were obtained througiméxchanical testing of screw
insertion and pullout tests, which were conducted the Biomechanics
Laboratory, Flinders University. Screw insertiordgullout tests were performed
with the aid of a micro-mechanical test device andnstron mechanical testing
machine respectively. DXA and micro-CT scans offdmaoral head specimen to
obtain aBMD and bone morphology data were perforatethe Royal Adelaide

Hospital and Adelaide Microscopy of the UniversafyAdelaide, respectively.



It is hoped that the outcome of this research belto provide further insight into
the bone-screw construct, which will in the futimep in the design of surgical
tools for orthopaedic surgery (e.g., screws andgjisar drills), improve screw
fixation techniques, and allow the overall managemef the orthopaedic

treatment to cater to the different bone qualitiesicoming patients.

2.0 Thesis Structure

The thesis is comprised of eight chapters anded bummary of those chapters is

provided below.

Chapter I - Introduction

The chapter presents the introduction to the treesisthe overall thesis structure.

Chapter Il — Bone Biology, Structure and Disease

Chapter Il provides an overview of bone biology &né structure of the human
skeletal system. The unique hierarchical structlrelogical and chemical

compositions of bone materials define a bone’s mecial strength. Through life,

bone undergoes modeling and remodeling to maintaifunctions and health.

However, bone loss can occur, whether due to ag® atisease, which can
deteriorate bone quality, compromise its strengtial can lead to the risk of bone
fracture. For this thesis, knowledge of bone m@architecture and its

biomechanical properties that contribute to bonealigu and strength is

considered fundamental in understanding the meshremthat affect the pullout

strength of a bone screw in trabecular bone ddraxgure fixation.



Chapter Ill — Biomechanical Study of Screw Fixation

Chapter Il reviews previous studies performed theo researchers with respect
to screw fixation in bone. The topics include baweew, the effect of screw
design, insertion technique, insertion torque, a&ofbunding factors of bone

qguality (such as bone mineral density and micrdvggcture) on the pullout

strength of a bone screw in human, animal, ancheyictbone models.

Chapter IV — Research Aim
The current challenges experienced by cliniciansindu screw fixation in
orthopaedic surgery and the shortcoming of preveiudies that have led to the

research aims of the thesis are described in ahBpte

Chapter V to VII detail the three studies perforntedanswer the three main
guestions addressed by this thesis, namely:

Chapter V — Study 1: Does Cancellous Screw Plateaque Depend on Bone
Mineral Density and/or Micro-architecture?

Chapter VI — Study 2: Does the Pullout StrengtiCahcellous Screws in Human
Femoral Heads Depend on Applied Insertion Torquapbé&cular Bone Micro-
architecture and Areal Bone Mineral Density?

Chapter VII — Study 3: Comparison between the Rultrength of Cancellous
Screws at Three Levels of Tightening Torque in HaRamoral Head.

Chapter VIl — Conclusion and Future Work

This chapter contains the conclusions that syrgkesie overall key findings and

suggestions for potential future research direstion



Chapter Il

Bone Biology, Structure and Disease

2.0 The Human Skeletal System

Bone is a living tissue that can perform highly gbex and diverse functions,
including biological, chemical, and mechanical fumgs. In a human adult, there
are 206 bones which form the skeletal system (Ei@ud), providing support and
shape for the body, protection for the internalamgy and sites for muscles
attachments, storage for minerals (calcium andssaien) and for producing
blood cells for body functions (Ortner and Turneal¥ér, 2003; Starr and

McMillan, 2013; Steele and Bramblett, 1988).

2.1  Bone Function and Composition

Bone acts as a primary load-bearing structure Her dkeletal system and as a
lever for movements. Therefore, the bone’s strecheeds to be; stiff (e.g., long
bone), exhibiting resistance to deformation, fléxife.g., end part of long bone
and vertebra), having the capability to absorb gynéry deforming, and light in

weight for facilitating movements (Bartl and Fris@009).

Bone is an inhomogeneous material, composed of ®80%0% mineral, 20% to

40% organic matrix, 5% to 10% water and < 3% lip{@arke, 2008). The



mineral content of bone is mostly hydroxyapatite &P O,)s (OH),], with small
amounts of carbonate, magnesium, and acid phosg#eke, 2008; Cowin,
2001). The organic matrix consists of 90% collagygre | and about 10% non-

collagenous proteins (Cowin, 2001).
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Figure 2.0: An overview of a major
Reproduced with permission from Elsevier.

human skeletq®hodes, 2014).



2.2  Bone Structure and Hierarchy

The structure of bone can be divided into six hehial levels, spanning from
whole bone to the molecular structures, at differéangth scales, from
macroscopic (whole organ) to sub-nanostructureuf€i@.1). This thesis focuses
on the bone structure at the micro-architecturaglleparticularly for trabecular

bone.

Trabecular Packet Collagen / Mineral
and Lamella Composite

Collagen
f\ Fibril

Osteon and
Lamella_

Cortical Bone

Microstructure Nanostructure
Organ and and and Molecular
Tissue Sub-Microstructure Ultrastructure Structure
10°'m 104 m 107" m 10°m 10%m

Figure 2.1: The hierarchical structure of differéemgth of scales, from whole
bone structure at macroscopic level to the molecidaucture at sub-
nanostructure, (Burr and Allen, 2013). Reproduceih wpermission from
Elsevier.

2.2.1 Whole Bone Organ

Bone as an organ (e.g., whole vertebra, femum)tilbepresents the largest scale
of bone structure in the hierarchy, at the macroestire level, encompassing both
cortical and trabecular types of bone. The biomeidah characteristics of a

whole bone depend on its geometry, size and cort@osi



2.2.2 Bone Micro-architecture

At the next hierarchical level, that is the mictaisture level, bone organ is
distinguished into trabecular bone and cortical ebohhe structural unit that
presents in both trabecular and cortical bonesasvk as lamellar bone. Lamellar
bone is composed of 3 to 70 um thick unit layerkaofellae that contain collagen
fibres parallel to each other. Osteons on the ahepresent only in cortical bone

(Cowin, 2001).

Different bones and skeletal sites within bonesehdifferent compositions of
trabecular and cortical bones. In healthy bone, ddalt human skeleton is
composed of 20% trabecular bone and 80% corticaé {€larke, 2008; Eriksen
et al., 1994). Biologically, the proximal femur cprnses the majority of
trabecular bone, particularly in the neck and feahdwead, while cortical bone
forms a thin layer surrounds the neck and becoimeker as the bone progress

distally.

2.2.3 Bone Cellular Mechanism

Bone Modeling

Bone modeling occurs during birth to adulthood. Hone modeling, bone
formation and resorption take place on differenfasies (not coupled). During
the phase of bone modeling, skeletal mass is ganddchanged to the overall

skeletal form (Cowin, 2001).



Bone Remodeling

Bone remodeling mainly occurs in the adult skeldmmnaintain bone mass by
replacing old bone tissues with new bone tissuedikél bone modeling, bone
remodeling involves coupling of bone formation dmohe resorption (Cowin,

2001).

2.3 Trabecular Bone

Trabecular bone (“trabecula” from Latin “small béarfFigure 2.2), also known
as spongy or cancellous bone, is formed in theiontef vertebral bodies, the
epiphysis and metaphysis of long bones (such afetheral head), and flat bones
(such as the skull, pelvis and scapula) (GibsofA520Trabecular bone is made of
interconnecting trabeculae resembling a honeycoetwork of trabecular rods
and plates, ranging from 50 to 400 um in thicknegtd interconnected bone
marrow compartments interspersed (Clarke, 2008s@ip2005). At low density,
the trabecular network is primarily comprised ofi-tike structures while at high
density trabecular bone is mostly comprised ofepléde structures (Gibson,
2005). Trabecular bone has a greater range of ipp(B8% to 95%) compared to

cortical bone (5% to 20%) (Hayes & Bouxsein 1997).

Bone grows and remodels in response to load, amlttie density of trabecular
bone adapts to the magnitude of the loads and rieatation of the trabeculae
adapts to the direction of the loading to whiclsisubjected. The orientations of
the trabecular struts at different anatomical gjsegh as in the proximal femoral

and in the vertebral) can vary considerably. Beeadshe variations in trabecular



architecture, there is more variation in the séffe and strength of trabecular

bone than in many other types of cellular mateli@i®son 2005).
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Figure 2.2: Section of human proximal femur reveglirabecular bone and
cortical bone. Reprinted from Numerical Proceduanf the Multiscale Bone
Adaptation Prediction based on Neural Networks Rimite Element Simulation,
(Hambli, 2011). Reproduced with permission fromeizlsr.

2.3.1 Trabecular Bone Morphology (Micro-architectue Parameters)

The quantification of trabecular bone morphology t& performed by several
methods such as using the traditional two dimeradi¢2D) histomorphometric
methods or based on three dimensional (3D) reamtigins of x-ray images
obtained from micro-computed tomography or othesging modalities with 3D
capabilities such as peripheral quantitative comgbutomography (pQCT)
(Hildebrand et al., 1999; Parkinson et al., 200&;ll et al., 2007; Perilli et al.,

2012b):

Among the 3D-morphometric parameters of trabechtame micro-architecture

that can be calculated are:



10

Bone volume fraction (BV/TV, %) is the ratio of lrolume to total volume
by dividing the sum of voxels marked as bone bysilma of voxels composing
the volume of interest and multiplied by 100.

Structure model index (SMI) is a topological parganendicating a ratio of
rod-like to plate-like trabecular structures, wiyipical values ranging from 0
(ideal plate-like) to 3 (ideal rod-like), and vatuen between representing a
mixture of plate- and rod-like structures. Negatradues of SMI can be found
in bone with high bone volume fraction as SMI isystrongly confounded by
BV/TV through the fraction of the surface that ancave, and the magnitude
of the concavity (Salmon et al., 2015).

Trabecular thickness (Tb.Th, um) is the averagektid@ss of individual
trabeculae, calculated using the sphere-fitting hoet The sphere-fitting
method is realised by means of distance transform.

Trabecular separation (Tb.Sp, um) is the averagemte between the edges
of two trabeculae.

Trabecular number (Tb.N, mifhis a measure of trabecular plates per unit
length.

Bone surface fraction (BS/TV, mifhis the ratio of bone surface area to total

volume measured within the volume of interest.

2.4 Cortical Bone

Cortical bone, also known as compact bone (althaughnot really completely

“compact”), forms the outer layer of the bone, jgatarly of the shaft of long
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bones in the skeleton. Cortical bone is dense antds the marrow space.
The cortical bone is the main structure respondiniéhe mechanical strength of
the skeleton. It can withstand a greater stress|dss strain before failure, than
trabecular bone. Cortical osteons are called Haaress/stems. Haversian systems
are cylindrical in shape, approximately 400 mm lamgi 200 mm wide at their

base, and their canals form a branching networkiwithe cortical bone (Figure

2.3). The mineralised tissue of the cortical borekes up 80% of the human

skeleton (Clarke, 2008).

Lamellae —
Osteocyte

Haversian osteon

| Circumferential
} { .| lamellae

Canaliculi

Haversian
canal

Cancellous
bone Osteon

bone 7

Blood
vessel ~
Periosteum —

{
L Haversian canal
Volkmann's canal

— Blood vessel

Figure 2.3: The micro-architecture of cortical bomdich consists of Haversian
systems and osteons. The arrangement of circudgreshosteons provides the
compact nature of cortical bone, (Doblaré et aD04). Reproduced with
permission from Elsevier.

A possible distinction between cortical and tratb@&chbone can be made based on

porosity. Cortical bone can be defined as bone¢isbat has a porosi§ of less

than 30 percent or, equivalently, a volume fractgprof greater than about 0.70
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(Vi= 1—P). Volume fraction is the ratio of the volume ot bone tissue to the

bulk volume of the specimen (Keaveny et al., 2003).

2.5 Bone Quality

Bone quality is a composite of multiple propertiesbone mass, geometry and
tissue material that defines the bone strength athkty to resist fracture. The
geometric properties of the bone that contributthéoquality of bone include the
whole bone macroscopic geometry and the trabecnila®scopic architecture or
micro-architecture. The tissue material properiresude the constituent tissues
emerging from the composition and arrangement efphmary microstructural
constituents, collagen and mineral as describeSeiction 2.1 as well as micro-
damaged and microstructural discontinuities sucmi@so-porosity and lamellar
boundaries (Donnelly, 2010; Gordon et al 1998; @GouArsiquaud et al., 2009;

Van der Meulen et al., 2001).

Despite the multiple properties contributing to eoquality, bone mass is the
primary property that can be measured in cliniesently to assess patient’s bone
strength or fracture risk. Bone mass measuremeggnsrally categorised by the
bone mineral density (BMD) or the areal bone mihetansity (aBMD) if
assessed by dual-energy x-ray absorptiometry. imbkision of other bone
quality properties such as bone micro-architectame material properties in
addition to BMD (or aBMD) may improve the assesstrinbone strength and
fracture risk, as well as the evaluation of screxation performance relative to

that from BMD alone.
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Therefore, the interest among researchers hasasexein the complementary
measures of bone quality properties, particularligroaarchitecture that may
improve the assessment of bone strength and scxatioh strength at the bone-
screw construct. From herein, the working term ofd quality throughout this
thesis implies to its composite properties, aBMD &MD) and/or micro-

architecture.

2.6  Biomechanical Properties of the Bone

From a biomechanical perspective, the compositiblbame comprising bone

mineral and an organic matrix is comparable to tfed composite material —
the bone mineral provides mechanical rigidity amadibearing strength, whereas
the organic matrix provides elasticity and flektli (Clarke, 2008; Cowin,

2001). The composition of bone material varies watfe, sex, type of bone,
anatomical location, and presence of bone diseAsbéeterogeneous porous
cellular solid built of trabecular bone has anigpic biomechanical properties
that depend on the porosity of the bone as wehasrchitectural arrangement in

space and connectivity of the individual trabecleeaveny et al., 2003).

Like any engineering material, the mechanical prioge of bone are measured
experimentally by performing mechanical tests ungmious loading (such as
compression, tension, or torsion) and environmeféahperature and hydration)
conditions. Force versus Deformation (structurabperties) (Figure 2.4[a])

and/or Stress versus Strain curves (material ptieggr(Figure 2.4 [b]) are
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typically derived from the mechanical tests in whimportant parameters that

characterise some of the biomechanical properfisedoone can be calculated.
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Figure 2.4:

(@) The load versus deformation (structural) cuok¢ained from compressive
tests on whole bone. The curve exhibits threeindistegimes, classified as
elastic deformation, plastic deformation (withinethpost-yield region), and
failure.

(b) The stress versus strain (material) curve rétesnthe load versus
deformation curve, but provides insight into therbechanical properties of bone
material, (Morgan and Bouxsein, 2008). Young's Madus defined by the slope
of the stress-strain curve in the linear regiorompto yield. Reproduced with
permission from Elsevier.
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Stiffness

Bone stiffness refers to a structural propertyueficed by the geometry (cross-
sectional area and length) of the bone as wellhasntaterials of which it is
comprised. It is a measure of resistance to defoomdrigidity) during loading.
Bone stiffness is derived by calculating the slapehe elastic region (linear
region) of the load-displacement curve, i.e., bg tfatio between load and
deformation (Figure 2.4[a]). Typically, the meanlues of the femoral head
trabecular bone stiffness measured in compressearaund 15-20 GPa (Cowin,

2004; Mente and Lewis, 1987; Rho et al., 1993).

Elasticity

Bone elasticity is described by the Young's modu{&$, which refers to a
material property that is intrinsic to the matergadd is not influenced by the
bone’s geometry. It is a measure of intrinsic s&Hs (Turner, 2006). The
Young’'s modulus is defined by the slope in the tedaggion of the stress-strain
curve (Figure 2.4[b]), i.e., the ratio between sdrgforce/area) and strain
(elongation/initial length). In general, the valaé the femoral head trabecular

bone E measured in compression is 17 GPa (Bayrek#dr, 2004).

Yield Point

The yield point of the load-displacement or stresain curve indicates the point
at which the material (bone structure or tissugjiree to undergo permanent
(plastic) deformation. Typically, the yield poins iidentified based on the
observation of the point where the curves beconmelinear (Figure 2.4[a]) or by

an offset method (Figure 2.4 [b]), where a lineafial with the linear portion of
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the curve is offset by 0.03% to 0.2% strain andwdr#o intersect with the load-
displacement or stress-strain curve. The poinbatrtersection is defined as the

yield point (Turner, 1989).

Strength
The strength of bone is defined by the point atciHailure (or fracture) occurs

(maximum failure load in Figure 2.4 [a]).

Toughness

The structural toughness of bone is the work/eneegyired to produce failure
and is defined as the area under the curve (Figu@]) up to the failure load,
and therefore depends on both the failure load ahidhate displacement.
Meanwhile, the material toughness of bone is ddfia® the area under the curve
(Figure 2.4[b]) up to the ultimate stress, and d¢fee depends on both the

ultimate stress and ultimate strain.

Bone is also viscoelastic, which means the biomachh response is time
dependent, i.e., the bone response depends otrdirerate at which the loads are
applied. At higher strain rates, bone exhibits e@ased strength and stiffness

compared to slower strain rates.
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2.7 Bone Disease, Associated Risk and Treatment

Ageing and Osteoporosis

As people age, bone loss generally occurs in atspe their skeleton, and this
can affect bone strength. In the human life cyblene development undergoes
several phases; bone mass increases during grozethes a plateau in young
adulthood, and declines after an average age geafs. According to the World

Health Organisation (WHO), men’s bone mass tendslddine at a rate of

approximately 4% per decade, while women’s bonesntasds to decline at the
higher rate of approximately 15% per decade, eafigcfter menopause (WHO,

2003). Additional bone loss takes place in both rmad women due to other
factors such as vitamin D and calcium deficienahaalthy lifestyles and natural

causes.

Osteoporosis originates from the Latin wordsstéon” and “porosis,” which
literally mean *“hole” and *“passage” in a bone. Bgfinition, “osteoporosis is a
progressive systemic bone disease characterisediowy bone mass and
deterioration of bone micro-architectural tissuattbompromises bone strength
and increases susceptibility to fragility fractur@VHO, 2003). Bone loss affects
the bone micro-architecture. In trabecular bonégnihg of trabecular struts
occurs, with fenestration of trabecular bone platewhich a plate-like structure
is transformed into a rod-like structure. Theseqrations cause diminishing of
the bone volume fraction (BV/TV) and can cause lo$strabecular bone

connectivity.
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The diagnosis of osteoporosis is performed with &iek of medical imaging
technology such as dual-energy x-ray absorptiomgidXA), computed
tomography (CT), quantitative computed tomograg®§€ (), magnetic resonance
imaging (MRI), and ultrasound. The most widely udedhnology is DXA,
accepted as the “gold standard” technology by thaldVHealth Organisation

(WHO) for the assessment of bone mineral densitidQ/A/2003).

DXA is a non-invasive procedure performed in clificXA measures a patient’s
aBMD and then compares it to the average aBMD wbung healthy reference
population, as per WHO guidelines. The DXA restidts clinical interpretation
are presented as a T-score, expressed in mulopkstistical standard deviation
(SD) values from the normal reference value. T-sgqurovide a quantitative
measure for the diagnosis of osteoporosis, defemedollows: T-score > -1
indicative of normal; -1 > T-score > -2.5 indicaief osteopaenia; and T-score <
2.5 indicating osteoporosis, and increased fracgtake If measurements are taken
at various time points, these T-scores can asé$istians in estimating the

severity of bone loss and the patient’s respongisemo bone therapy.

Risk of Osteoporosis

The main complication of osteoporosis is an inadassk of fragility fractures

due to loss of bone mass, deterioration of trala@auicro-architecture, and loss
of bone strength. Fragility fractures can occurnedee to low impact trauma,
e.g., in a normal fall, which is a common causebohe fracture in elderly

populations (Compston, 2010; Giangregorio et &06&). Skeletal sites that are
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prone to fragility fractures are the bones of thestwspine, and hip (Cummings

and Melton, 2002).

According to the Australian Institute of Health awegkifare (AIHW), in 2011-12,
an estimated 652,000 Australians over the age dB%® of this age group; 3%
among men and 15% among women) were diagnosedosidoporosis. Out of
652,000, 19,000 people were hospitalised due tdrhgiure (AIHW, 2014). In
2015, about 25,396 Australians over the age of &g/ had experienced hip
fractures (women: 17,648 and men: 7,748). Meanwhil2016, it is estimated
this number to increase to 26,322 (4% increase)t@/Né al., 2014). Globally, by
2025, it is estimated the incidence of fragilitgdtures as a whole will increase to

3 million or higher worldwide.

In summary, bone modeling (which occurs during hbitb adulthood) and
remodeling (which occurs throughout life) are respble for maintaining bone
health — quality, micro-architecture and strengthwhile allowing significant
flexibility without compromising its mechanical etigth. Bone’s material
composition varies with age, sex, type of bonet@ngcal sites and disease (e.g.,
osteoporosis), with associated alterations toutdity, aBMD, micro-architecture

and strength.
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Chapter Il

Biomechanical Studies of Screw Fixation

This chapter provides a background to fracturetimeat, an overview of the
biomechanics of screw fixation and describes previstudies in the literature

investigating the fixation strength or pullout sigéh of bone screws.

3.0 Background - Bone Fracture Treatment

Bone fracture can be treated by both operative ramttoperative procedures,
depending on the criticality of the fracture, degoé fracture fragmentation, site
of fracture, and condition of the patient (Giannsudnd Schneider, 2006).
Regardless of the treatment choices, the primaay gbfracture treatment is to
restore the functional anatomy, allow for early misation and rehabilitation,
and reinstate the patient’s health to the levargo fracture with minimal risk of

complications.

Before the introduction of orthopaedic implantsdimics, bone fracture was
treated conservatively by non-operative proceduegast, splint and/or traction
were used externally to stabilise the bone fracflines mode of treatment usually
prolonged bed rest and could be a high risk fotagempatients, resulting in mal-
and non-union of the fractured bones. This conditould escalate over time and
result in high rates of morbidity and mortality (k@ and Zuckerman, 2000). The

non-operative treatments of casting and/or splinére still in practice today, but
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selective for certain types of fracture cases alf a® for patients who are

medically unfit for surgical procedures.

Today, surgical treatments of bone fracture areedaidy better medical
technology and wide ranges of implant choices, ltieguin improved clinical
outcomes. Fragility fractures, such as in osteapotong bones at the femoral
neck, are either stabilised mechanically by intersarew fixation or by
arthroplasty which makes use of a prosthesis ttacepthe damaged/weakened
bone that is beyond repair. With respect to bomeves; despite better access to
wider ranges of implant choices, little is yet kmowbout the performance of
those implants used in different environments, udilg in different bone
qualities, and using different insertion techniquasd tightening to different

levels of insertion torque.

3.1 An Overview: Biomechanics of Screw Fixation and Plut Strength

of Screw

For decades (dating back to the 1880s) (PeltieBO) 9fractured bones in
orthopaedic surgery were stabilised with the usengiants, the most common
type being the screw. There are so many differppli@ations for bone screws in
orthopaedic and trauma surgery. Consequently, thergust as many different
screw designs, dependent on application and aneabhoication and size of the
bone being fixed. Bone screws are manufacturedgbo Quality and precision.

Brief detail of bone screw design, profiles, ty@esl designs are highlighted in

the next section.
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3.2 Bone Screw

The physical attributes or profile of the screwssaswn in Figure 3.1[a] are
designed specifically to gain purchase in bonesdifiéérent types and sizes. In
order to use bone screws effectively, the surgennst be familiar with the

screw’s design.

3.2.1 Screw Characteristic
A bone screw typically consists of the head, ctiresad and tip constructs. Each
of these constructs provides an important funciiothe overall performance of

the screw to gain purchase. Each of these constisibtiefly described below.

Head

The head is the top part of the screw construstpibfile provides the means to
turn the screw. The main functions of the headtarteansmit the applied torque
to the bone-screw construct, act as a stop to ptelie screw from sinking in the
bone and stop the insertion. Screw heads also deuldreaded such as in locking

screws to allow locking into plates for angulaibdity.

Core

The core is the solid segment of the screw fromciithe thread profiles form
outwards. The diameter of the core is the smaftmsharrowest) diameter of the
screw, which is measured across the base of thadbr The core diameter is also
known as theninor diameter, inner diameter or root diameter, which influences

the size of the pilot hole required to accommodagescrew in the bone.
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Figure 3.1: Bone screws, cortical and cancellousves with their respective
design parameters (White et al., 2016). Reproduegti permission from
Elsevier.

Thread

A screw thread is a ridge of uniform section in foem of a helix wrapped
around the screw core. The diameter of the threatkd known asuter diameter

or major diameter. One of the functions of the outer diameter ismtaximise

resistance to pullout failure.
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Pitch

The thread geometry includes the pitch profile. Piteh is the linear distance

travelled by a screw for a complete revolution (3606f the screw. In each

complete revolution, the screw travels by a distaequal to the distance between

the threads.

Tip

The tips of the bone screws have three common mesig smooth conical shape
(non-tapping screw), cutting flutes (self-tappiagyd self-tapping and self-drilling
tipped. The tip designs determine the need foelmeparation. The non-tapping
screw needs pre-drilling of a pilot hole and thapping (the creation of a thread
in the bone by the use of a separate thread-cutiimlg- a tap). The self-tapping
screw needs pre-drilling of pilot hole, but createssown thread in the bone. The
self-tapping and self-drilling-tip screw is able gelf-drill and create a thread in

the bone.

Length

The nominal length of a screw is measured fromtapeof the screw head to the
bottom of the screw tip. The length of screw neemsbe carefully chosen
depending on its intended use. If the screw lemgtioo short for the intended
use, it may not achieve full purchase in the bdrexce, could lead to loose
fixation; and if the screw is too long, it may iate the surrounding soft tissues or

protrude subcutaneously.
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3.2.2 Screw Type and Design

Although bone screws have various designs and,sikeyg are crafted to two

basic types, i.e., cancellous screws and corticegws. Both cancellous and
cortical screws are used for different functionstrimbecular and cortical bones
respectively, depending on the fractures and anatdnocations. The screws

either be used on their own or paired with otheplants such as plates, rods or

nails to support and stabilise a fracture.

3.2.3 Type of Bone Screw

Cancellous Screw

As name implies, a cancellous screw is intended biefter purchase in the

cancellous (or trabecular) bones. The cancellouswsagenerally has greater
thread depth and threads are more widely spaced l@rger pitch) compared to
cortical screws (Figure 3.1). The cancellous screas be fully threaded or

partially threaded. The partially threaded caneellecrews can either be solid or

cannulated.

Cortical Screw

The cortical screw is intended for better purcheséhe cortical bones. The
cortical screw has shallow thread depth and threadsclosely spaced (i.e.,
smaller pitch) (Figure 3.1). The cortical screwoalsan be fully threaded or

partially threaded.
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3.2.4 Uses of Bone Screw

Lag Screw

The lag screw is commonly used to provide integiinantary compression
between the bone fragments at the fracture (Fi§uze The screw can be fully
threaded or partially threaded. The fully threatdgscrew is commonly used in

cortical bones, while the partially threaded lagescis used in trabecular bones.

Figure 3.2: lllustrations of the two views of swd@i technique for partial and full
threaded cancellous screws fixation of the femoeak fracture. The upper panel
view shows the inverted traingle configuration bé tlag screw fixations and
lower panel shows the trochanteric lag screw caoméigion (Hawks et al., 2013).
Reproduced with permission from Elsevier.

Despite the widespread use of the lag screws réarates in the range of 8 — 17%
remain common (Mainds and Newman, 1989; Davis.efi@B0; Baumgaertner et
al., 1995; Madsen et al., 1998; Nordin et al., 20Bfimke et al., 2005). The

dominant failure mode is due to migration of thg &&rew, which leads to varus
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collapse and cut-out of the lag screw from the b@eimgaertner et al., 1995;

Baumgaertner et al., 1997; Haynes et al., 1997;Kehenal., 2005).

Pedicle screw

The pedicle screw is one of the most commonly @setirapidly growing forms

of stabilisation for correcting deformity and/oedting trauma of the vertebral
pedicle bones (Figure 3.3) The screw can eitheudsel on its own or with rod

and plate instrumentation, and has various desigs shapes (cylindrical and
conical). The main failure modes associated witthgle screw are screw fatigue
and bending failure with rates ranging from 3 t&%.(Cotler and Star, 1990;
Matsuzake et al., 1990; Dickman et al., 1992; Nialg 1996; Chen-Sheng et al.,

2004) and back-out which could lead to loss oftfo@

Figure 3.3: Placement of a pedicle screw into teetebral pedicle and the
direction of the imposed insertion angles in trensverse plane (Amirouche et
al., 2016). Reproduced with permission from Elsevie
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Anchor Screw

The anchor screw is also called bone anchor orewnchor. It is used as an
anchor to wire or suture soft tissues to bone (f@@u4). Itis made of absorbable
or metallic materials. Suture anchors were intreduén 1991 for clinical

application in open surgeries, and later for agbopic repair techniques,
commonly in the shoulder and knee regions for aehihg ligaments and

tendons.

Figure 3.4: (A to E) lllustrations of surgical tesue for suture anchor fixation
of an olecranon (elbow) fracture (Bateman et aQl5). Reproduced with
permission from Elsevier.

Different failure modes were reported dependingtluen material of the anchor
screws. The absorbable anchor screw may fail dymiliout from bone, eyelet
failure (cut-out) and degradation (Hecker et ab93; Meyer et al.,, 2003;
Demirhan et al., 2000; Meyer and Gerber, 2004))entiie metallic anchor screw

may fail due to pullout of the anchor or cutting thle suture at the eyelet

(Rossouw et al., 1997; Meyer et al., 2003; Meyer Gerber, 2004).
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Locking screw

The locking screw is used in combination with ackHmg’ plate that has

reciprocal grooves or screw thread around the lakes (Figure 3.5). The screw
has threads around the head that meshes with tee sisreads within the plate
hole to allow the transfer of forces from the bem¢he plate without compressing
the bone, thus enhancing the vascular supply tdréwoture site. It is typically

used to treat fractures in osteoporotic bones damort smetaphyseal bone

segments.

Figure 3.5:The image illustrates cannulated bone screws imwagrted triangle
configuration with a locking plate (Basso et alQl12). Reproduced with
permission from Elsevier.

The main failure modes commonly associated withldoking screws are screw
loosening and disengagement, leading to screw batkand migration, which

can have major consequences that lead to surgeatervention (Shah et al.,
2002; Cho and Youm, 2009; Rapuri et al., 2011; iijpoant et al., 2013; Sanders

and Raeymaekers, 2014).
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3.3 Fixation of Bone Screw

The screw is a mechanical device and its insenitmbone is made possible with
the use of rotational moment or torque. Traditibnatorque is generated
manually by hand via a screwdriver, but in recesdrg it has been generated by
electric or pneumatic powered drills. It has belemaally established that the use
of powered drills provides improved coaxial alignthe@nd precision of screw

insertion (Thomas et al., 2008).

The torque that is produced during screw insertomonverted into a linear
movement, which can be observed through the adwagteof the screw into the
bone until it attains screw head contact with tbedsurface. During the screw
insertion (prior to screw head contact), cutting sbrredding of the bone is
involved. A study from our laboratory found theenson torque at plateau level
prior to head contact was a strong predictor ferlibne failure torque (Reynolds

et al., 2013).

If torque is continued to be applied after the wcreached head contact, this
creates what is known as a “tightening effect” ihieh torque is converted to
compression (or clamping action) under the screwdhand between bone
fragments. No further advancement of the screw tinéobone is possible at this

stage, as it has already reached screw head contact

The aim of the screw fixation is to achieve theirapin fixation strength at the

bone-screw construct. However, complications maselbp in the screw fixation
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during the intraoperative and/or postoperativeqasi Among the complications
of screw fixation are screw loosening, cut-out, raign, breakage, protrusion

through the femoral head and detachment.

Although pure pullout is not a common mode of scfaiure seen in clinical

situations, quasi-static methods of testing thafuishe pullout are commonly
carried out to measure the screw fixation strerdyth to the simplicity of the

experiment setup and testing protocol. In this mofdiesting, the strength of the
bone-screw construct is generally defined by itsstance to screw pullout in a
laboratory setting. Screw pullout is thought todbgood predictor of bone screw
fixation strength (Poukalova et al., 2010; Ramaswairal., 2010; Yakacki et al.,

2010; Batulla et al., 2013; Mueller et al., 2013).

According to Bechtol et al. (1959), the pulloutestgth is defined as the
maximum uniaxial tensile force (Newton) needed fodpce failure in the bone.
It is measured by a pullout test, where tensiledat a predetermined pullout rate
is applied along the longitudinal axis of the scremtil the screw strips off or
shears out of the fixation site (Bechtol et al.599Frandsen et al., 1984). An
international standard development organisatiore &merican Society for
Testing and Materials (ASTM), stated that the séadcpullout rate for the test
method for determining the axial pullout strengthmedical bone screws is at 5
mm / min (ASTM, F 543-07). From herein, the strénglf the bone-screw

construct will be referred to as the pullout stténg
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Numerous studies have been conducted to investogeeible factors that affect
screw pullout strength, such as screw design antemBion, screw material,
insertion technique, bone quality (bone mineralsitgrand aBMD), and insertion
torque, in human, animal, and synthetic bones (hasel Scales, 1968; Bechtol
et al., 1959; Charnley, 1960; Frandsen et al., b98doranyi et al., 1970;

Reynolds et al., 2013; Ryken et al., 1995; Schatekel., 1975; Sgreide et al.,

1980). These will be discussed in the followingtiees.

3.4  Cadaveric Bone versus Animal Bone versus Symtic Bone

In the bone-implant related research such as tladuatwon of screw fixation
strength (or pullout strength), it is critical tor@luct the biomechanical testing on
bone samples that have close resemblance with themse clinically to allow
direct comparison with the clinical scenario. Imsthespect, performing tests in

vivo on the live bones are the most ideal choice.

The cellular mechanisms within live bones as meeiib earlier (sub-chapter
2.2.3) are still functioning to support bone lifleus, provide the actual scenario of
choice for the investigation of the screw fixatgirength at any phases of fixation
either at the early post-operative (primary fixatgirength) phase as well as at the
time-dependent changes after bone remodeling asebwdegration occurred in
bones surrounding the screw fixation as (seconfiteayion strength). The option
to use live bones, particularly from the human sabjo conduct biomechanical

testing however may not always be possible dudeotésting regimes that are
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generally invasive, destructive and irreversibléjol can be life threatening to

the humans.

With this constraint, cadaveric bones, animal bomed synthetic bones are the
common substitutes to live bones for the biomedantesting, which are
performed in vitro. The following sections highligithe characteristics of
cadaveric, animal and synthetic bones and theipects/e advantages and

disadvantages in contributing to the findings ofdamplant studies.

Cadaveric Bone

Cadaveric bones pose the closest resemblanceedydimes (in vivo) from the
human subject in terms of their biological propestand structures compared to
the other bone substitutes such as animal and etymthones. Thus, cadaveric
bones are the most desirable substitutes for bibamecal testing in bone-implant

research.

Unlike live bone, cadaveric bones lack the normahéb cellular functions,
responsible for the remodeling of the bone tissised-chapter 2.2.3); hence,
time-dependent changes in bone surrounding thevseié not occur. Therefore,
the biomechanical testing on the bone-implant saglthe evaluation of screw
fixation strength studies are limited to the imnaeipoint (time 0) of screw
fixation only; and screw fixation strength studigsthe time-dependent phase

cannot be accounted for.
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Similar to live bones, cadaveric bones are notaumf resulting in the use of
bone samples with vastly heterogeneous bone qualiy strength, which
contribute to a large sample size requirement oheloto obtain a satisfactory
significance and power for statistical comparisq@ristifilini et al., 1996;
Heiner and Brown, 2001; Sommers et al., 2007; Maral., 2001). Additionally,
cadaveric bones are difficult to obtain, costly @aeduire stringent protocols and
ethics for handling, storage and disposing of theebsamples. These constraints
have turned some researchers to opt for animal sbamwe synthetic bone

substitutes, depending on their respective stugsctilzes.

Animal Bone

Animal bones are the simplified representationsiciwtiney pose the same or
similar biological functions and structures asle# tiving human subjects. Using
animal bones for the biomechanical testing mayrodfidgvantages over human
cadaveric bones since they are often simpler tdragbmand manipulate, and
ethical concerns may be less troublesome to addkétbsugh the use of bones in
living animal have been disputed over the last yi&érs, they provide a possible
option to investigate screw fixation strength eitla¢ the early stage of screw
fixation or at time-dependent changes in bone suding the screw (Oroszlany

et al., 2015).

Bones from the sheep, bovines and pigs are the comamoices for the
biomechanical testing, allowing them to be perfainme both environments, in
vivo and in vitro. In selecting the animals howetegir bones’ phenotypes and

cross-species biomechanical properties must be fullgreconsidered for
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comparability with the human subjects and clineanarios. The sample size for
animal bones also still be large to obtain a sattsky significance and power for
statistical comparisons and reproducibly. Sinceetlage no established standards
and there is a wide variety of bone shapes and,siz&arge number of variables
must be considered when establishing biomechanesilng procedures. The
need for control groups and the care of animal® ltntributed to higher costs.

Due to this, synthetic bones becoming a betteoagdbr bone substitutes.

Synthetic Bone Sample

The Synthetic materials offer a wide range of dubkses as bone materials. The
main advantage of the synthetic materials is thay tan be engineered to meet
certain requirements, and will have constant matguroperties and cut into
standard sizes. The structures and mechanical piegpde.g., strength and
stiffness) of the synthetic materials can be madeesemble that of trabecular or
cortical bones. They provide an uncontaminatedarchest environment, which
makes them the ideal choice when biological praessthe human body are not
part of the research. However, the uses of symath®mines lack the biological
diversity that exists in live bone of human sulgeethich does not allow direct
comparison to the clinical setting. Thus, key fing obtained through synthetic

bone testing should be validated on cadaveric bones

3.5 Pullout Strength: The Effect of Screw Designral Dimension

In 1984, Frandsen and colleagues explored how sdesign and screw size

affect the screw pullout strength. They used twitei@nt screw designs and
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dimensions (cancellous screws: 15 and 30 mm irthetgth with outer diameter
[OD] of 6.5 mm; and hip compression screws: 19.d 28.6 mm in length, both
with OD of 12.7 mm) and performed screw insertiant® 40 human cadaveric
femoral heads, followed by pullout tests for theameement of pullout strength.
The results demonstrated that the pullout stremftlscrews of both designs
increased with the length and OD. For example, wtlen screw OD was
increased from 6.5 mm in cancellous screws to T2n7 in hip compression

screws, a 70% increase in pullout strength wasmddaFrandsen et al., 1984).

Asnis et al. (1996) compared the holding strengthcancellous screws of
different pitch, OD and inner diameter (ID). Thes®ews were inserted into
synthetic bone models of different densities (Odigl and 0.22 g/ml), and
holding strengths were measured through screw mistests using a servo
hydraulic testing machine. The cancellous screwth wiider OD (6.5 mm)
demonstrated significantly higher holding strengtbmpared to screws with
thinner OD (4.5 mm) (p < 0.001). Similarly, a deage in pitch (or increase in
threads per inch) also significantly increased tmdding strength of the

cancellous screw (Asnis et al., 1996).

In another study, the pullout strengths of two efiéint designs of bone screws
(conical pedicle screw versus cylindrical pedicteesv) of similar dimensions

(thread pitch, area, and contour) were comparethgysorcine lumbar vertebrae,
Abshire et al. (2001) found that the conical screws/ided a 17% increase in the
pullout strength compared to the cylindrical scresugygesting that conical screw

designs engage more bone between the conical dbreads than cylindrical
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screws (Abshire et al., 2001). Similarly, Rykerakt(1995) determined in human
vertebrae that the pullout strength of bicorticalesvs was significantly higher
(253 N) (p = 0.008) compared to the pullout strbngft unicortical screws (170
N), suggesting that fixation of bicortical screwsoyades stronger mechanical

stability than unicortical screws.

In summary, the factors of screw design and dineenkave shown to influence
the pullout or holding strength of screws as derrated by the studies
mentioned above. Screws with bigger OD and smplteh size (or more threads
per inch) were found to provide greater pullouesgth than those screws with
smaller OD and fewer threads. A likely explanat®that with the varying thread
designs and dimensions, the contact areas betwaas dnd thread may vary,
thus altering the distribution of forces, and gatiag variation in pullout
strength. However, the anatomical location of itieserand the required function
of use dictate to a great extent the design anermsmons of the screw chosen for

the surgery.

3.6  Pullout Strength: The Effect of Screw Material

Many bone screws are constructed from stainless$ dte to its biocompatibility
as well as strength (Burval et al., 2007; Lin et 2003; Patel et al., 2010; Shea et
al., 2014; Taniwaki et al., 2003). Titanium hasrb@adely considered in newer
designs of screws because it is more flexible (actite) and bioactive (tissue
bonds to the screw), potentially improving bonerawgh and mechanical

fixation. It also offers superior compatibility wmescanned with magnetic
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resonance imaging (MRI) and computed tomography),(@foducing images
with significantly less interference (metal artéggccompared to stainless steel

screws (Christensen et al., 2000; Shea et al.,; Z8Hi4et al., 2012).

To determine whether the characteristics of titanitnproves the anchorage of
screws within osteoporotic bone, Christensen ef28l00) investigated the effect
of titanium screws (Ti-6AL-4V) (n = 9) versus sti@ss steel pedicle screws
(316L) (n = 9) on the pullout strength and bongiawth in the vertebra bone of
18 skeletally mature female Gottingen mini-pigs.eTécrews were implanted
while the animals were placed under general anesisthAfter three months, the
animals were sacrificed and pullout tests weregoeréd on the screws. Despite a
significantly different (p < 0.04) osteointegratidretween the bone and the
titanium screw (43.8%) compared to the stainlesselgpedicle screw (29.4%),
there was only a 5% increase in pullout strengtimpgared to the stainless steel
screw (pullout strength: titanium screw = 2232 § 2§ stainless screw = 2128 +
277 N) and this was not statistically significa@h(istensen et al., 2000; Shea et

al., 2014).

In a similar animal study, the pullout strengthhwb expandable titanium pedicle
screws of different elastic modulus (E) were corapai.e., between Ti-24Nb-
47r-7.9Sn (E = 42 GPa) and Ti-6AL-4V (E = 110-11Rd}. These screws were
implanted into the vertebra of live female sheepg @) with induced osteoporosis
(bone E = ~13.5 GPa) (Rho et al., 1997; Shea,e2@l14). The study’s hypothesis
was that the screw (Ti-24Nb-4Zr-7.9Sn) with E close that of bone would

produce greater pullout strength than the scretigiier E. At six months post-
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screw implantation, the animals were sacrificed fbe pullout tests. The
integration between the bone and screw with E rnlmgely matched to bone was
highly noticeable and its pullout strength was bkiglhy 19.3% ( p < 0.05),

compared to the screw with higher E (Shea et @lLl42Shi et al., 2012).

In summary, the use of titanium screws in ostedpordone generally
demonstrated more bone ingrowth and increase ddyiustrength compared to
stainless steel screws. Titanium screws with E nubosely matched to bone
resulted in better osseointegration at the bonewsconstruct, and hence stronger

fixation.

3.7 Pullout Strength: The Effect of Pilot Holes

A pilot hole is normally drilled prior to screw iegion so that the screw can be
easily guided in the direction of interest. In grecess, the size of the pilot hole
must be optimised to prevent undersized or ovellsmi®t holes. If a pilot is too
small (undersize), it may increase resistance tewsansertion that could cause
screw fracture or fracture of surrounding bonecitmes. However, if a pilot hole
is too large (oversize), it may decrease contativéen the screw and bone
structures, thus compromising the pullout strengftihe screw (Battula et al.,

2008; Steeves et al., 2005).

Pilot holes in synthetic bone:
To test if different pilot hole sizes affect pultostrength, Battula et al. (2008)

compared the pullout strength of bone screws iedentto pilot holes of four
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different sizes: 2.45 mm (70% of the screw OD & Bim); 2.5 mm (71.5% of
OD); 2.55 mm (73% of OD); and 2.8 mm (80% of OD)ngsosteoporotic

synthetic bone models. The findings were that areimse in pilot hole size
relative to 2.5 mm reduces the pullout strengthval as the amount of torque
required for insertion. They suggested using & pitde size no larger than 71.5%
of OD to maximise the pullout strength and minimisgrogenic damage in

osteoporotic bone (Battula et al., 2008).

In another similar study, the screw pullout strénfgbm three pilot holes, smaller
(2.8 mm), similar (3.8 mm) and larger (4.5 mm) thha inner diameter of the
pedicle screw were compared. This experiment wafoneed in a Landrace

breed swine vertebral bone. The results obtainethis1 study were consistent
with the findings by Battula et al. (2008), whicfdicated that an increase in pilot
hole size reduces the pullout strength of pedicltewgs. Based on the findings,
Leite and colleague suggested that the effect oklremoval during pilot hole

drilling had affected the ability of the bone-scr@entact to create a strong
anchorage of the screw threads. With an increaset Iple diameter, a larger
amount of bone was removed and a smaller amouritoné remained to be
compacted around the screw, thus reducing the tiosertorque and

compromising pullout strength (Leite et al., 2008).

Pilot holes in human bone:
Steeves et al. (2005) investigated the effectsilot pole sizes on the pullout
strength of bone screws in human cadaveric femuodstiéia. The femurs and

tibia were cut in half through the transverse (orizontal) plane to provide direct
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access to the trabecular part of the bone for sarsertion. The study compared
the pullout strength of cancellous screws (OD:rérB and ID: 3.0 mm) from two
pilot hole sizes, i.e., 3.5 mm (recommended siz@ilot hole specified by the
AO/ASIF (Schatzker, 1991) and 2.5 mm (reduced sizpilot hole). Four pilot
holes of 3.5 mm and 2.5 mm (two of each size) warelomly, but equally,
assigned to be drilled at locations in a line aldrgmetaphysis of the femurs and
tibia respectively, i.e., at the extreme lateraher lateral, inner medial, and

extreme medial metaphysis.

Predictably, cancellous screws demonstrated afwignily (p < 0.05) higher
screw pullout strength using a smaller size pilaleh(2.5 mm) than the
manufacturer's recommended size (3.5 mm) for ad tbcations of screw
insertions except at the inner lateral site ofdigtal femurs and proximal tibia,
which showed the reverse trend (pullout strengt®.6fmm pilot hole = 107.4 N;
pullout strength of 3.2 mm pilot hole = 163.8 Nh€el suggested that inserting a
screw into a smaller pilot hole might create thedfrial effect of compressing
the debris of the cancellous bone’s trabeculaadilthe hole, thereby resulting in

an increased pullout strength of the cancellousvecr

In summary, the overall results from various stadmaicate that, whether tested
in synthetic, animal, or human bones, pullout gjties of bone screws in reduced
pilot hole sizes are higher compared to pilot tsates similar to or larger than the

screw’s ID.
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3.8  Pullout Strength: The Effect of Non-Tapped andPre-Tapped Pilot

Holes

Clinically in bone surgery, a non-tapping pilot @a$ prepared when self-tapping
screws are used with the intention to simplify ffrecedure, avoid additional
trauma to the patient and shorten the operatioe.tdnpre-tapped pilot hole is
prepared when non-self-tapping screws are usetatjypinvolving cortical bone

and attempting to insert a screw obliquely intoltbee to lag two bone fragments
together (Baumgart et al., 1993; Shea et al., 200# decision of whether to use
a non-tapping or pre-tapping pilot hole dependghensurgeon’s judgement for

each situation.

Thompson et al. (1997) compared the pullout stkengt non-cannulated
cancellous screws in pre-tapped pilot holes, amhwated cancellous screws in
non-tapped pilot holes using synthetic polyurethboae models of apparent
densities within the range reported for normal hancancellous bone. Their
results indicated no demonstrable effect on thevegullout strength when the
screws were inserted with or without tapping thetpnole. However, in porous
material of density similar to osteoporotic bortegyt discovered that the screw
pullout strength decreased in the pre-tapped pit¢ and suggested that this was
caused by the removal of materials by the tap whectarged the hole
considerably. This finding was also in agreemerthwhe other pullout strength
studies involving pedicle screws in a syntheticdamdel with a density similar

to osteoporotic bone (Chen et al., 2009; Pfeiffet Abernathie, 2006).
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In a similar study, but performed in seven pairdeshora from immature (1 — 7
months) foals, Johnson et al. (2004) compared thleut strength between 6.5
mm standard cancellous and 7.3 mm self-tappingwated bone screws, which
were inserted in tapped and non-tapped pilot hadepectively at the proximal
metaphysis, mid-diaphysis and distal metaphysise $Study found 6.5 mm
cancellous and 7.3 mm cannulated screws had sipuléout properties, but vary
in insertion properties. For instance, the pulleegults showed that the pullout
strength of the 6.5 mm cancellous screws and 7.3canmmulated screws were
similar at each location of insertion. The pullqudwer of both screws was
significantly greater in the mid-diaphysis thareither metaphyseal location. On
the other hand, insertion torques for the 7.5 mmukated screws inserted in the
tapped pilot holes were greater than in non-tagpled holes, but their insertion

torques were significantly lower than for the 6.B.roancellous screws.

Pfeiffer and Abernathie (2006) compared variousigledscrew designs using
non-tapped and pre-tapped pilot holes in synth®iiee models of density similar
to osteoporotic bone. A uniform synthetic bone naedes utilised in the study to

provide a consistent test for each screw by elitmgathe variability seen in

human bone. During testing, they observed thatitgppome of the pilot holes
caused degradation of the bone materials. Theiltsesndicated that screw
pullout strength from the tapped pilot hole in thesteoporotic bone model was
lower than in the untapped case. They inferred thit could be due to the

degradation of the bone by the tapping action.
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In a similar study, Chen et al. (2009) investigathé pullout strength of
cannulated pedicle screws in a synthetic bone maatbl a density similar to
severely osteoporotic bone as part of a biggerystliley also discovered that
pre-tapping of the pilot hole in a low-density boshecreased the screw pullout
strength, with larger standard deviations, sugggdtiat the results from the pre-
tapped case results are less repeatable than th&apped cases (Chen et al.,

2009).

In summary, for higher-density bone (or normal baguelity), tapping had no
demonstrable effect on screw pullout strength.tBpging of the pilot hole prior
to screw insertion, particularly in patients witende bone, may be a desirable
option in order to cut the thread profile into thene. However, in the case of
material of lower density, pre-tapping of a pilobldn decreased the pullout
strength of the bone screw. Pre-tapping of thetpiole may therefore be

inadvisable in patients with osteoporotic bone ifyal

3.9 Pullout Strength: The Effect of Bone Quality

Bone serves as a foundation material for the amgj®rof screw threads.
Therefore, its quality (in terms of bone minerahsiéy and micro-architecture)
coupled with other factors highlighted in previogections is pivotal in

contributing to the success of screw fixation.

To investigate the effect of aBMD on screw pulletitength, Halvorson et al.

(1994) compared the influence of the pullout stteraf 6.5 mm pedicle screws in
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normal (average aBMD = 1.17 mg/@nand osteoporotic (average aBMD = 0.82
mg/cnf) human cadaveric spines. The pedicle screws weggted into the spine
using different insertion methods, untapped pilolehk, tapped pilot holes (size:
6.5 mm and 5.5 mm) and enlarged pilot holes packitd corticocancellous

bone, followed by the pullout tests.

Their results showed that the average screw puktigngth in normal bone
specimens (average pullout strength = 1540 + 36Wv&Y approximately 8 times
greater than in osteoporotic bone specimens (aggraliput strength = 206 + 159
N). In normal spines, the method of screw insertiach not influence the screw
pullout strength. In contrast, the method of scresertion in osteoporotic bone
did alter the screw pullout strength significantly.osteoporotic spine, the screw
pullout strength either from an untapped or a B tapped pilot hole was

significantly greater than screw pullout with 6.5nnmtapped pilot hole or the

destroyed pilot hole with packed corticocancelltmosie (pullout strength (N):

untapped = 350.4 + 115; 5.5 mm tapped = 400.3 = @@mm tapped = 63.55 £
48.2, and destroyed pilot hole packed with cor@cmellous bone = 61.41 + 47.0

p<0.0003) (Halvorson et al., 1994).

Tingart et al. (2006) investigated the effect ohéanineral density on pullout
strength using a metal screw-like suture anchdrash-frozen cadaveric humeri.
Prior to insertion, pQCT was used to measure tathecular, and cortical bone
mineral densities in different regions of the lesaad greater tuberosities of
cadaveric humeri. Suture anchors were then insertedndividual regions of the

humeri, and cyclic loading was applied in ordeetaluate the influence of total,
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trabecular and cortical bone mineral densities lo@ pullout strength of the
anchors. Consistent with the previous studies, allvesignificant positive
correlations were found between bone mineral dessénd pullout strengths

with coefficient of correlation R values rangingrn 0.65 to 0.74 (p < 0.01).

Seebeck et al. (2004) investigated the holdinghgtreof uni-cortical screws used
in an internal fixator system by means of an aaia cantilever bending mode.
The tibia bone mineral density was determined atsttrew’s insertion sites with
the use of CT images. The screws were insertediftgramt sites of the
metaphyseal and diaphyseal regions, followed bwlagullout and cantilever

bending tests (Figure 3.2).

i=

Figure 3.2 Experimental set-up for the axial pullgleft) and the cantilever
bending tests (right), (Seebeck et al., 2004). &dyred with permission from
John Wiley and Sons.

Their stepwise multiple linear regression resuéigenled that trabecular bone
density and cortical thickness explained 93% anth 98 the variance of the
screw pullout strength in axial and cantilever begdmodes respectively.

Additionally, the study also found that loading thie screw in the cantilever
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bending mode led to a significant increase, alrdosbling the holding power of

the screw compared to the axial loading situation.

Seebeck associated this phenomenon with the ampsotmaterial properties of
the bone in which by using the screws in a cargilddending mode, the bone was
loaded along the direction of its highest compressind tensile strength, while
pullout in an axial mode produced a loading of bbee in its weakest transverse
direction. This means that a screw which fails wathally loaded application,
might still provide enough holding power if loadeda cantilever bending mode,

since it better uses the strength potential obthee (Seebeck et al., 2004).

While most studies have concentrated on measuresooné density such as
aBMD, only very few studies reported in the litewrat have investigated the
influence of the other contributing factors of bomeality, such as the micro-
architecture of trabecular bone on the pulloutrgjte of bone screws in the
laboratory setting (Poukalova et al., 2010; Yakaatkal., 2010). Poukalova et al.
(2010) studied the relationships between trabecaularo-architecture and elastic
modulus, compressive strength and pullout stremdtltork-like screw suture

anchors in the trabecular bone from human humeri.

The study evaluated the micro-architectural pararsetnd elastic moduli of the
humeri bones from micro-CT images and stress-stcairve obtained from

compression tests. After insertions of the cork-lgcrews to head contact at five
locations in the greater tuberosity, lesser tubgrosnd humeral head, axial

pullout tests were performed at a pullout rate aini/sec. Their findings
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suggested that the pullout strength of cork-likeews and compressive strength
of the cadaveric humeri show significant correlasido bone volume fraction

(BVITV), structure model index (SMI), and trabeautaickness (Tb.Th).

Yakacki et al. (2010) investigated the effect oh&anicro-architecture measured
by micro-CT on the pullout strength of cork-liketste anchors. The cork-like
screws were inserted in three different locations human humeri bone
specimens, i.e., at greater tuberosity, lesserrdsiig and humeral head. The
micro-architectural parameters of the bone specirtfewever were evaluated
after screw insertions, and thus the evaluateda¥acchitectural parameters were
not taken directly from the actual sites of scramgplantation, but rather from
bone areas adjacent to the implantations. Theidirfgs revealed that the
trabecular bone micro-architecture, particularlye tisMI had the highest
correlation (R = - 0.81) with the pullout strengththe corkscrew, followed by

Tb.Th (R =0.71) and BMD (R = 0.64) (Yakacki et 2010).

Since the introduction of high resolution imagiegtinology such as quantitative
CT (gCT), and MRI in clinics and micro-CT in labtyey environments, finite

element analysis (FEA) has gained a strong momeiriuonthopaedic research,
particularly in the investigation of the peri-imptaaugmentation and stability in

different bone quality (Wirth et al., 2011).

Wirth et al. (2009) developed micro finite elemembdels (micro-FE) of bone-
screw constructs and compared results of the FE# wWata obtained from

laboratory pullout strength tests performed on pheertebral bodies. Their
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results showed a strong correlation? (R 0.87) between laboratory and FEA
pullout strength measurements and indicated thaé wolume fraction (BV/TV)
measured by micro-CT was a good predictof £€R0.86) of the experimentally

measured pullout strength (Wirth et al., 2010).

In another FEA study, Wirth et al. (2011) investeghimplant stability through
the development of a model of trabecular bone efhilnmeral heads from micro-
CT images. The screws were digitally inserted itttie humeral head finite
element model and a virtual biopsy of the bone ta&sn at the implant site to
guantify bone structural quality (micro-architeectuparameters) and the stiffness
of the bone-screw construct as a measure of imgatiility (instead of the
pullout test). Their findings indicated that thedbbone micro-architecture at the
place of screw implantation accounted for 91% ef thariability observed in the

bone-screw stiffness, compared to 52% from theaijlbbne micro-architecture.

In summary, bone quality, particularly aBMD, hasowh a significant

relationship with screw pullout strength. This imeglthat bone of a high aBMD
provides better foundation for the anchorage ofewcthreads, and hence,
produces a strong fixation. Measures of bone macobitecture also show a good

relationship with the screw pullout strength, imtgallar BV/TV, SMI and Th.Th.
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3.10 Pullout Strength: The Effect of Insertion Toque

Once screw head contact is reached, the torquereeqto further tighten the
screw and compress the bone fragments increase$yrapurgeons typically rely
on their intuition to judge the torque at whichstop tightening before stripping
occurs, with the aim of optimising stability of th®ne-screw construct, while
minimising the risk of screw stripping. This is bdson the premise that

continuing tightening beyond head contact increffsestrength of the construct.

The question arises then, as to what effect thqueorto which the screw is
tightened beyond head contact has on construatgitre There have however
been very few studies to address this directly;trstglies have concentrated on
the surgeon’s ability to stop tightening prior &ldire and what construct strength

Is achieved as a result of a surgeon’s perceivéichaptightening torque.

In orthopaedic surgery, torque measuring devices raot commonly used,;
however, torque limiting screwdrivers are routinelged particularly for the
insertion of locking screws in a theatre settingtggons rely on their experience
and intuition to judge the point at which to stgghtening once head contact has
been reached. However, according to Stoesz e2@l3], the ability of surgeons
to optimise screw insertion torque for a good fxatbased on their own
judgement is not reliable in preventing and detectscrew stripping. In an
investigation into screw and plate fixation constsun three densities (0.08, 0.16
and 0.32 g/cm3) of synthetic trabecular bone, tbesgcovered that surgeons

stripped 109 (45.4%) of 240 screws and did notgese stripping 90.8% of the
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time when it occurred. They also found there walisparity in the frequency of
stripping between surgeons, ranging from 16.7%3@3% stripped, suggesting
that proprioception and/or aggression varies batwadividuals (Stoesz et al,

2013).

Dinah et al. (2011) investigated the risk factas dnintentional screw stripping
and over-tightening during fixation of ankle fraes in elderly bone, including
whether bone density, cortical thickness and sansertion technique (uni- and
bicortical purchases) are predictors of unintergioscrew stripping and over-
tightening. The study utilised cadaver ankle bofd€spairs) of varying densities
(ranging from 186 distally to 1138 mg/L proximally)easured by multi-slice CT
scanner with self-tapping cortical and cancellars\ws (200 screws). The screws
were tightened to optimal torque judged by the sang Their results showed that
9% (18 out of 200 screws) of the screws were untideally stripped and 12%
(24 out of 200 screws) were over-tightened (defibgdauthors as having been
tightened to a torque ranging from 90% .1 t0 99% Tuax). Despite 21% of the
screws being stripped or being at risk for strigpithey found no significant

predictors to warn of impending screw stripping.

Cordey et al. (1980) undertook a study to measwdightening levels produced
by 101 surgeons though a laboratory experimenth Sacgeon was assigned to
tighten one screw into a cadaveric tibia and femegpectively, to their judged
optimal torque (&py) for a good fixation. The torque was then increas®estrip
the thread (Wiax). The screw insertion parametergpidand Tuax, were recorded

via an instrumented screwdriver. The cortical thieks was measured for both
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bone types (cortical thickness [mm] mean [SD]:aibi5.5 [1.3] and femur = 5.5
[1.0]). The findings of the investigation revealdtt the relationships between
the Topt and Tuax in tibia and femur are relatively constant, withylin the tibia
being 84% of Tiax and in the femur 88% ofykx, hence, the overall average of
Topt @s a percentage ofudx in bone (tibia and femur) being 86%. Cordey et al.
concluded that, in the clinical setting, surgeonsdally tighten screws based on
judgements to an average torque of 86% wf;Tn order to achieve the optimal

force between the screw and bone.

In a different study, Cordey et al. investigate@ thurgeons’ perceptions in
judging for the optimal insertion torquedyl) for strong fixation in different bone

gualities (measured by roentgenogram) (Cordey .etl8B0). The screws were
inserted using three different techniques, thatiassmall and large pilot holes,
made visible to surgeons and via pilot holes, whides unknown to surgeons
performing the tests. 36 surgeons of various skise involved in the study,

producing a total of 108 screw insertions. The ritnse data such as the applied
torque (T), bpe Stripping torque (Wax), Strippingforce (Fuax) measured between
the screw head and bone as well as screw angutgladement ) were

recorded.

The findings showed a linear relationship betwegg dnd Tuax, Which indicated
Topt is proportional to fiax. Of the 108 insertions, surgeons stripped the screws
more than 10 times. A strong correlation was folnetween Rkax and bone
density (R = 0.93) and a weak correlation betwegix land bone cortical

thickness (R = 0.71). No statistical differencesTip, Tmax Or Fvax were found
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between different insertion methods. Based on tfiedegs, Cordey concluded
that the max at Tuax varies between bones; hence, so dags Th general the
surgeons are able to adapt well to judging theu®rgt optimal force when
subjected to different screw insertion methods andiarying bone qualities.
Nevertheless, Cordey et al. stated that in lowigugbsteoporotic) bone, the

surgeons’ judgement was found to be inconsistent.

In a later study, Siddiqui et al. (2005) compareew pullout strength achieved
by clinicians applying an insertion torque thatytlielt to be optimal for a good
fixation. Four clinicians with a range of experien@urse, senior medical officer,
registrar, and consultant surgeon) were asked gertina number of partially
threaded cancellous screws to a uniform depth ahipboard blocks of non-
uniform properties (density not specified) in whigifiot holes of different sizes
had been drilled previously. After each insertithe clinician was asked to assign
a value from 0 to 10, based on how strong the oactstvould be (in terms of

expected magnitude of pullout strength).

The results of the four clinicians indicated a sty@orrelation between the judged
and true screw pullout strength measured by pulldting (correlation
coefficient [R] ranged from 0.47 to 0.67 [p < 0.p0IThe consultant of many
years of experience had a much stronger correldkian the others (R = 0.67).
All of the measured screw pullout strengths fetlmen a range of 600 and 1200

N.
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Siddiqui et al. concluded that the variation in Rlues between clinicians
indicates that some clinicians are better judgemsértion torque than others,
with experience lending to an improvement in judgam According to Siddiqui

et al., the strong correlation between the judged taue screw pullout strength
implies that the human perception of insertion terdgs refined enough and the

need for torque measuring devices is not a req@nem the operative setting.

Siddiqui et al. however, acknowledged that theedation may be less strong in
osteoporotic bone, which they did not study. Furtiwe, their study was
performed in chipboard blocks and its materialtree is different from that of
bone; thus, the correlation between the judgedtaredscrew pullout strength in
human bone (particularly trabecular bone) could d#erent. Until it is
investigated, therefore, a question remains agwdtcurate human judgement is
in controlling the insertional torque of bone scsetw achieve good fixation

strength, particularly in low-bone quality mateyisdich as osteoporotic bone.

A study from our laboratory (Cleek et al., 200A)aatigated the effect on pullout
strength of tightening of cortical screws performaa cortical bone of ovine
tibiae to three levels of tightening torque (aseacpntage of expected failure
torque), 50%, 70% and 90% ofyk. The results showed an increase in the
pullout strength tightened at 70%uk compared to 50% fx, Which was not
significant. However, the pullout strength of thertcal screw decreased

significantly by 13% at 90% \f.x compared to the pullout strength at 70%axI"
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During the screw insertions, Cleek et al. monitaoregkrtion torque via a torque
transducer. Analysis of the insertion torque tdufai curves revealed a linear
regime at the initial phase of the curve, indicgine bone is behaving elastically
in response to insertion forces. The subsequenseplod the curve, however,
became non-linear as the bone began to yield. G&eak therefore suggested the
lower pullouts at 90% Wax were a result of decreased strength of the caststru
resulting from the bone yielding around the scréweads. This is also in
agreement with other work in our laboratory Ryamle{2015) which confirmed

that yield occurs at approximately 85% .l (Ryan et al., 2015).

Tankard et al. (2013) replicated the Cleek et taldysin human cortical bone of
the humeri with varying bone qualities, rangingniraormal to osteoporotic.
They hypothesised that the pullout strength of ¢ke#-tapping cortical screw
inserted in humeri bone would be greatest in scrgytdened to 70% pJax, and
significantly greater than in screws tightened @5 Tyax and 90% Tax-
However, their results showed that tightening & $sksrew beyond 50%ywlx did
not significantly increase the pullout strengthtleé screw in all bone qualities
tested. The pullout strength value, although getade 70% Tiax in low-quality
bone, was not significantly different from thathigned at 50% \Jax and 90%
Tuvax- Tankard claimed that screws tightened to beyd@%@ By« did not improve
the pullout strength and their overall findingslddi to support the stated

hypothesis (Tankard et al., 2013).

Reitman et al. (2004) and Ryken et al. (1995) exeld the relationships between

screw pullout strength and insertional torque jutiggebe optimal at varying bone
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mineral densities in human cervical spine. Reitrparformed the investigation
on 54 cervical vertebrae in 12 cervical spines. 8Bbf the specimens were
obtained using DXA. Two 3.5 mm OD anterior cervisatews were used in the
study for unicortical placement in each cervicahsep All screws were inserted
into bone specimens by a single orthopaedic surgeory a special screwdriver
with a torque transducer to enable continuous adgqn of torque measurements
as the surgeon was placing the screws. One screving@rted to failure to obtain
the maximum or failure torque f(jix) (actual peak torque) and the second screw
was inserted until the surgeon felt a sufficientoant of torque was achieved to
maximise pullout strength without stripping the bdiperceived peak insertional

torque), then performed pullout test.

They found that on average, the applied inserbogue produced by the surgeons
was 85% of Tiax. The results showed a stronger correlation betvediD and
screw pullout strength (R = 0.710) than betweenliegpgnsertion torque and
screw pullout strength (R = 0.422). They conclutlteat the quality of bone is
more instrumental in the success or failure of sheews than the insertional

torque to which screws are placed (Reitman e2@04).

Similar to Reitman et al., but using different tgp&f screws (uni- and bicortical
Casper cervical plating screws), Ryken et al. (}99%estigated the relationships
of screw pullout strength and insertional torquedoying bone mineral densities
from 99 cadaveric vertebral bone specimens. ThdxBf the specimens was
evaluated using DXA. Unicortical screws were insgrin 51 specimens and

bicortical screws in 48 specimens at perceivedhagdtiorque for a good fixation.
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The average applied torque was 0.367 + 0.243 Nuh,aaerage pullout strength
was 210.4 + 158.1 N. Results indicated that thdieghpnsertion torque shows a
stronger correlation with screw pullout strength5R.88, p < 0.0001) than does
the aBMD with screw pullout strength (R = 0.54, ©.€001). In this study, the
bone mineral density accounted for 28%, while igertorque was 77%, of the

observed variability in screw pullout strength.

Ryken concluded that although both bone minerasiteand insertion torque are
statistically significant variables, torque has treater influence (Ryken et al.,
1995). The contradiction in the order of strendtiearrelations between insertion
torque and pullout strength and aBMD and pullotgrggth between Ryken et al.
(1995) and Reitman et al. (2004) could be due &sdtfiect of different screw

designs used in their studies (Section 3.6).

3.11 Prediction of Point of Screw/Bone Construct &lure

The literature reviewed above shows that the pulkteength of a bone screw is
related to the level of insertion torque althoulgaré is some discordance about
the exact relationship (Cleek et al., 2007; Reitriaal., 2004; Ryken et al., 1995;
Siddiqui et al., 2005; Tankard et al., 2013). Rdlgss of the exact relationship, it
would appear that the level of torque applied stidodl controlled to avoid over-
tightening and damaging the surrounding bone siracteading to poor construct
strength or complete failure due to stripping & bone around the screw threads.

However a simple torque control system (e.g. tordjugting screwdriver)
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whereby the torque limit does not adapt to bondityuaill not succeed due to

the relationships between pullout strength, ingartorque and bone quality.

It has been demonstrated that torque at failugg,fTfor cancellous screws is
dependent on the density of the bone (Suhm €2@0.7). Furthermoreht torque

measured during screw insertion prior to failure Ao been found to be directly
related to bone density and can be used, on its ewna good predictor of

ultimate failure torque of the bone.

----- Torque _ _
ewsees Compression Failure Point

p—
o
1

Torque (Nm)
%
Compression (N)

Plateau

‘/\,AM 5 ., 100
Head contact
L I L | L 1 L \: 1 O

6 7 8 9 10 1 12 13 14
Screw Revolutions

o
(8]
L

Figure 3.3 Torque and compression profiles of atsfic bone to failure plotted

against cancellous screw angular displacemente(inlutions), (Reynolds et al.,

2013). Reproduced with permission from Elsevier.

A previous study from our laboratory (Reynolds &t 8013) examined the

torque, compressive forces, and rotations duringpraated cancellous screw
insertion into synthetic (n=24), ovine (n=69) andran bone specimens (n=89).
A typical graph of torque profile (insertion torqteefailure versus screw angular
displacement [revolution]) is shown in Figure 3[Be plateau in torque just prior

to head contact is a consequence of the fact tiedet screws are partially

threaded; the plateau commences once all threadmgaged within the bone.
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Results demonstrated a strong correlation betweenarque value just prior to
head contact Hawea) and failure torque Wax (synthetic: R = 0.90, p<0.001;
ovine: R = 0.848, p<0.001 and human: R = 0.840,@3D, and showed that it is
possible to predict failure torque ) solely from the insertion torque required
to achieve bone-screw head contattwhs further established that variations
related to bone density could be automatically atetethrough the effects of the
bone on the rotational characteristics of the scréaese results and others
(Hearn et al., 2004) from our laboratory indicatattit is possible to design an
automated orthopaedic handpiece able to ceaseenigigt at a safe level that
avoids over-tightening and stripping and which aslap bone quality. Further

studies are warranted to identify the optimal lesfeightening torque.

3.12 Summary

This chapter has reviewed the literature to idgrdifnumber of parameters that
affect the fixation strength or pullout strengthbaine screws. It has also briefly
described the type, design and use of the bonavsasewell as possible fixation
failure at different anatomy locations. Althouglxdiion failure by pullout is

uncommon among the screws of different types arsigjde seen in the clinical
environment, pullout testing was chosen as the mdanmeasure the screw
fixation strength in vitro because of the simpiicdf the experiment setup and
protocol. The chapter also described different boypes (cadaver, animal and
synthetic) that are commonly used as surrogatedivimmg bones particularly

human for the in-vitro testing along with work inrdaboratory to develop smart
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surgical instrumentation capable of adapting toebdansity to improve fixation

outcomes.

Of particular interest to this thesis, the levebpplied insertion torque appears to
influence screw pullout strength. However a surggeabhility to identify the point
at which to cease insertion is limited, and theirogt torque level for a good
fixation is not established. Furthermore, bone itpdlas a significant influence
on the screw pullout strength with higher densignd providing a better
foundation for the anchorage of screw threads. Mreas of bone micro-
architecture also show a good relationship with sheew pullout strength, in

particular BV/TV, SMI and Tb.Th.

This thesis aims to further our understanding efabtors affecting the stability of
the bone-screw construct. The specific aims ofthiesis will be described in the

next chapter.
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Chapter IV

Research Aims

4.0 Background

Most mechanical failures in screw fixation occurtiaé bone-screw construct
interface due to the collapse of bone structurdchvBeems to suggest that the
quality of the host bone does play a role in thabifity of the bone-screw
construct (Windolf and Perren, 2012) (see sub-@rap®). Since the early days
of implant development, many attempts have beenentadmprove the pullout
strength of screw as described in chapter 3. Howéhe challenges still remain,
particularly pertaining to the host bone qualitydathose challenges are

highlighted below.

4.1  Current Challenges

Bone mineral density:

As previously mentioned, DXA aBMD is used in cligito measure a patient’s
bone quality, but with some limitations. aBMD vauepresent measurements of
bone mineral of the entire bone in the scan araher than the local density
surrounding the screw implantation site. It is alet a true measure of density as
it is normalised by the area of the scanned bars¢éead of the volume, which can

be biased to different bone sizes and orientatiphesrnandez and Keaveny,
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2006). Nonetheless, aBMD from DXA is the clinicakasure of bone quality
recognised by the World Health Organisation andalg referred to in the
assessment of fragility fracture. Based on thidsirelevant from a clinical
perspective to study aBMD’s role in screw pulloresgth. In addition, although
measurements of a patient's aBMD are often lackingr to surgery (Moroni et
al., 2006), in some cases it may be available,iplyssaiding surgeons in the the

evaluation of the screw performance.

Bone Micro-architecture:

Bone micro-architectural parameters such as BVBS/TV, Tb.Th, Th.Sp, Tb.N

and SMI also define bone quality (see sub-chapt@rlp Variations in micro-

architectural parameters in human bone have shovmfluence the mechanical
strength of the bone (Cook et al., 2010; Muellealgt2009; Ohman et al., 2007;
Perilli et al., 2012) and it could also be expedfest they influence the stability
of the bone-screw construct (Halvorson et al., 199dukalova et al., 2010;
Seebeck et al., 2004; Tingart et al., 2006; Wittlale 2009; Wirth et al., 2011,

Yakacki et al., 2010) .

Unlike aBMD, the measurement of bone micro-architex provides insight into
the local bone area at which a screw is to be intpth which is more
advantageous than aBMD in the evaluation of screrfopnance. According to
Seebeck et al. (2004) and Wirth et al. (2011),qis@ntity and micro-architectural
quality of the bone in the vicinity of a screw mizgrease the predictability of
screw pullout load. Although bone micro-architeetameasurement in the clinical

environment is still limited to peripheral skelettes, with the current rate of
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technological developments, it could be expectedt thnicro-architectural
parameters may someday be used in the assessnmeepabtént’'s bone quality in

the future.

Screw Insertion:

During screw insertion surgeons rely mainly onttipeirsonal judgement to apply
the adequate insertion torquen(dy for achieving optimum bone-screw stability
and hence highest screw pullout strengthhuds) (see sub-chapter 3.10).
However, if any of the above mentioned bone micahidectural parameters
were found predictive of the insertion torque; thesuld then be used to predict
the applied Fsers iNnstead of relying on the surgeon’s feel, whiglsubjective and

inconsistent.

Based on the current challenges mentioned abowus, there is a need for an
investigation in laboratory environment to deterenthe respective roles of the
cofounding factors of trabecular bone quality — dBléind micro-architecture in
contributing to screw fgout and Tinsert (including plateau torque orpkieau—

torque at screw head contact).

It is also important to determine the level ofsd: for the optimal screw dgjout

before yielding occurs in trabecular bone of theadeal head, which has never
been investigated before. This, therefore, leadbdaesearch aims of this thesis
and to an investigation of skeletal sites thatrade in trabecular bone (e.g., that

which is found in human femoral heads).
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4.2 Research Aims

The aims of the thesis are:

1. To determine the relationships between insertiogu® at screw head-contact
(or plateau torque, plaea) and the aBMD and micro-architectural parameters
of trabecular bone in human femoral heads of vgripone quality;

2. To determine the relationships between the pullstuéngth (BFuiow) Of a
cancellous screw inserted in human femoral headstla® absolute applied
insertion torque (fiser), aBMD and trabecular micro-architectural paramsete
of the bone;

3. To determine the effect of three different relativesertion torque levels
(portion of maximum torque oryky) after head contact on the holding strength
of the trabecular bone surrounding the cancellousvwg as assessed by screw

pullout testing.

The aims of the thesis were investigated with pHytithreaded cancellous
screws, typically used as lag screw in stabilidnagtures at the trabecular rich
anatomy such as the femoral neck. The partiallgatied cancellous screws were
used alone without a locking plate. This was toimjge contact between the
screw and bone at tightening, hence, optimise tmpcession and fixation or
pullout strength at the bone-screw construct. ltabeved that this setup provides
the precise means to investigate the effect of lopradity on the insertion torque
and screw pullout strength compared to using aimgckcrew and plate, through

which the bone may not be exposed to compressiee fio its potential during
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screw tightening as the forces are transferreceraththe plate (see sub-chapter

3.2.4 — Locking Screw).

It is hoped that the outcome of the present thesls provide a valuable
contribution to knowledge to enhance the understanef the relationship
between cancellous screw pullout strength, bonditqugaBMD and micro-
architecture) and insertion torque; but also thaseé relationships may provide a
basis to help clinicians to find a reliable meclamito determine bone-specific

insertion torque levels for achieving optimum scpawlout strength.
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Chapter V
Study 1: Does Cancellous Screw Insertion Torque &crew Head
Contact Depend on Bone Mineral Density and/or Micre

architecture?

This chapter describes the experimental study pedd to address the first aim
of the thesis. That is, to determine the relatignsletween the absolute insertion
torque at screw head-contact (plateau torqug:d) and bone quality (aBMD

and the micro-architectural parameters) of trakscllone tissue of femoral

heads.

The results reported in this chapter have beenighdd as Ab-Lazid R, Perilli E,
Ryan MK, Costi JJ, Reynolds KJ, 2014, “Does cancellscrew insertion torque
depend on bone mineral density and/or microarchite@’ J Biomech, 2014 Jan

22; 47(2): 347-53. doi: 10.1016/j.jbiomech.20130BD. Epub 2013 Nov 27. The

published paper was rewritten for this thesis.

5.0 Introduction

In a previous study from our laboratory, it waswhdhat during screw insertion
of a partially threaded cancellous screw into hunoine, and synthetic bone,
the insertion torque level reaches a plateau attigagement of all the screw
threads prior to head contact (Reynolds et al. 32Qdee sub-chapter 3.11). This

plateau torque (Fawea) Was found to be a strong predictor of the maximum



67

(failure) torque (Tiax) Occurring as the bone around the screw threatis(f >
0.83 for all investigated bone types)piakas also showed strong positive
correlations with volumetric bone mineral apparéensity (g/crm) in ovine bone

(R =0.81, p <0.001) and synthetic bone samples @8, p = 0.001).

Based on these relationships, Reynolds et al. (28d@gested that the measured
TriateauC@n be used to predict the point of failure dursecgew insertion and use
this information to cease tightening of the scresfobe reaching fiax or bone
failure. However, their study did not explore thlwrelations betweenpkeasand
aBMD and between pliieauand bone micro-architecture, and this was theafim
the present study. Human femoral heads were chiosethis study because of
their high trabecular bone content and clinicatvahce due to the high incidence
of hip fractures (for example, intertrochantericd&emoral neck fractures) and

the use of cancellous screws in the fixation of¢hieactures.

aBMD and bone micro-architecture vary both betwaed within patients (see
Section 3.7). A patient’'s aBMD is measurable imick, and in some cases, is
available prior to orthopaedic surgery. Micro-atebiural parameters of the
trabecular bone on the other hand, such as boneneofraction (BV/TV), bone
surface density (BS/TV), trabecular thickness (T, Ttrabecular separation
(Tb.Sp), trabecular number (Th.N), and structuredehandex (SMI), refer to
measurements of trabecular bone structures obtdno@d micro-CT, and are
currently only in use in pre-clinical research $tsd However, with future
technological developments, measurements of bonerorarchitecture may

become available clinically. Variations in micrazhitectural parameters in



68

human bone have been shown to influence the gtatwhi the bone-screw
construct during laboratory failure testing (pulit@and push-in) (Mueller et al.,
2013; Poukalova et al., 2010; Yakacki et al., 2Qt0papter 3) as well as the bone
strength during bone compressive testing (Cook.e2@10; Mueller et al., 2009;
Ohman et al., 2007; Perilli et al., 2012). It coblel speculated that these micro-
architectural parameters, as well as aBMD, alstuémice Fjaeau during screw

insertion in human bone. However, to what extestilsunknown.

Therefore, the aim of this study was to investigébe the first time, whether
Triateaw Measured during screw insertion prior to screadheontact, depends on
aBMD or on bone micro-architectural parametersportheir combination, in
human femoral heads. In order to address the sgpeaims of this study, the

following experimental procedures were implemented.

51 Materials and Methods

5.1.1 Ethics
Ethics approval was sought and granted from theth®owu Adelaide Clinical
Human Research Ethics Committee (SAC HREC) pridghébocommencement of

the collection and biomechanical testing of humagcanens.

5.1.2 Bone Specimens
Fifty-two femoral heads, 45 retrieved from hip smg (21 females, 24 males,

mean [SD] age = 76.6 [10.2] years) due to necleofur fracture or osteoarthritis,
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and 7 from cadavers (1 female, 6 males, age = B24] years) that had no
history of fragility fracture or osteoarthritis, veecollected from SA Pathology

for testing.

5.1.3 Specimen Storage

The femoral head bone specimens were kept in abbekmedical freezer unit
(MDF-U536, Sanyo Oceania Pty. Ltd, North Sydney,wN&outh Wales,
Australia) in the Biomechanics Laboratory at FliredeUniversity with

temperature set at - 2. Prior to testing, the specimens were thawed2fbr

hours in a refrigerator af@.

5.1.4 Pre-preparation of Specimen

A floor-standing bandsaw was used to dissect tkesed femoral head specimens
at the femoral neck prior to DXA scans and biomedd tests (Figure 5.1). A
minimum head height of 35 mm was retained to prwdofficient depth and

access for screw insertion.

=

. i S
Figure 5.1: A floor-standing bandsaw was used totloe: excised femoral heads
from the femoral neck, level jagged edges, and tfhremnants of soft tissues,
to allow easy access for the insertion of the démee screw into the femoral
head specimens.



70

Remnants of soft tissue and jagged edges of bdvatsaere left from surgery
were also trimmed and cleaned. Upon completion,hieds were individually
wrapped in gauze soaked with saline solution (0s@tium chloride) and placed

in ziplock bags that were labelled with identificat details (specimen number).

5.1.5 DXA Scanning - Measurement of aBMD

The aBMD of the excised femoral head specimensmeasured using a clinical
DXA scanner (GE Lunar Prodigy, Madison, WI, USAjdiire 5.2) at the Nuclear
Medicine & Bone Densitometry Department at the Ré\@elaide Hospital. The
scanner operates with a narrow fan beam and hasali-animal software
package, which is ideal for scanning small samplesight < 2 kg) such as
femoral head specimens (Bogden et al., 2008; Detle}., 2010; Kiebzak et al.,

1999).

Figure 5.2: A DXA scanner (GE Lunar Prodigy, MadisaVI, USA), used in
clinical departments for measuring patients’ boeesity, was used to measure
areal bone mineral density (aBMD) of the femoradspecimens in vitro.
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The scans were performed by an expert radiologistdd to perform DXA scans
on patients. The femoral heads were placed in gerianposterior orientation on
polyoxymethylene boards (Delffh (DuPont, Wilmington, Delaware, USA)
(Figures 5.2 and 5.3) supplied with the scanner dwnulating soft tissue

(Farquharson et al., 1997), and scanned at an &xjagsure of 1.8 uGy.

Figure 5.3: (a) The femoral head placed in antgrasterior orientation on a
Delrin board (served as soft tissue) for DXA scéy). A DXA image of the
specimen. The areal bone mineral density was adtxilbased on the measured
bone mineral content (BMC, g) divided by the boneaa(crd) within the green
boundary (aBMD = BMC (g)/ area (G

At the completion of the scan, GE enCORE softwarersijon 13.60, GE
Healthcare Lunar, Madison, Wisconsin, USA) was uB®dthe evaluation of
bone mineral content (BMC) (measured in g) and hemea (measured in én
from which aBMD was calculated (g/émThe bone area within the DXA image

was defined as a region of interest with size draghs adapted via software to the

morphology of the femoral head by an expert radjisto

5.1.6 Preparation for Screw Insertion
Before drilling of the pilot hole, both the femoraéads and specimen holders

were manually sanded using a fine grade sand pap®ovide better surface for
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cyanocrylate adhesive (Locfie (Loctite 454, Henkel Corporation, North
America) (Figure 5.4) to grip. This task was perfed with great care to ensure
that good contact was achieved between the speameholder to prevent them
from coming unstuck during screw insertion resgjtin a failed test. The centres
of the cut surfaces of the specimens were markéd an “X” by a permanent
blue marker to indicate the point of screw insertig-igure 5.4 [b]). Once
completed, final trimming of bone was performedtlbose specimens with larger
head circumference. The bone areas that lay outBelecircumference of the
specimen holder, indicated by the circular blue [jRigure 5.4[b]), were trimmed

off in order to fit the specimen holder (Figure &9§).

Figure 5.4: Photographs show different stageseofioial head specimen’s
preparation: (a) the initial condition of the ferabrhead specimen before
trimming (levelling and smoothing) process, (beafievelling and smoothing of
the femoral head specimen surface area, furthemtimg of bone was made
around the blue dotted circular line of the speairhelder circumference and (c)
a G-clamp was used to hold the femoral head spe&cand holder together after
application of cyanoacrylate adhesive.

Once completed, the sanded femoral head specinréaces were wiped with
gauze to remove bone debris, while the other sesfarf the specimen were
covered with gauze soaked with 0.9% saline solutokeep the specimen moist.

Cyanoacrylate adhesive (Locfijewas applied onto the specimen holder (Figure

5.5) for gluing the femoral head and specimen holdgether. The “X” on the
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bone surface was carefully placed onto the cehtld of the specimen holder for

screw insertion.

Figure 5.5: (a) Cyanocrylate adhesive (Lo8jiteas applied to the surface of
specimen holder, which the femoral head specimen gl@ed onto, and (b) the
mark “X” was placed to face the central hole of ti@der to allow for screw

insertion.

A G-clamp was used to clamp the glued femoral heatithe specimen holder
together for about 15 to 20 minutes (Figure 5.9, [chtil the adhesive was
slightly dried and the bone and specimen holdesitoot became stabilised. The

G-clamp was then removed and the specimen and modastruct were kept in

the refrigerator at€ for the adhesive to set while thawing continueernight.

Upon completion of 24 hours thawing time, the adleewas properly set and the
bone specimen and holder construct was removed firanrefrigerator and

transferred to the bench-top drill press for pilote drilling.

5.1.7 Cancellous Bone Screws
Partially threaded aluminium cancellous screws wesed in the study. They

were fabricated in-house to replicate a currenhapaedic cancellous screw
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typically used in hip surgery (Smith and Nephewndon, UK [Catalog No.

7110-7050]).

The cancellous screws were of length 45.5 mm, dierad diameter 6.9 mm,
inner thread diameter 5.2 mm, thread length 16.5 amd thread pitch 2.0 mm
(Figure 5.6). They were fabricated out of aluminiumaterial instead of the
original titanium to avoid artefacts during boneese imaging with high

resolution micro-CT.

WINE L -

5.00 16.50 2.00

Figure 5.6: Dimensions of an aluminium cancelloosew that was replicated
from a Smith and Nephew orthopaedic screw, commoséd in hip surgery.

5.1.8 Pilot Hole Drilling

Each of the 52 femoral head specimens was subjeoteshe screw insertion
using a cancellous screw in a pilot hole. For thepgaration of the pilot hole and
initial placement of the cancellous screw into pilet hole, a commercial bench-
top drill press (Figure 5.7) from Ledacraft, LedaadWiinery Pty. Ltd., North

Plympton, South Australia was used. A drill bitssze 5.2 mm in diameter (size
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recommended by Smith and Nephew, the manufactdréreocancellous screw

replicated in this study) was selected for drillthg pilot holes.

K 2

Figure 5.7: A commercial bench-top drill press waed for drilling the pilot
hole and performing initial screw insertion prioritead contact.

Prior to drilling, the positioning and alignment thife femoral head specimens
were checked with the aid of a spirit level andatoc pin as shown in Figure 5.8
to ensure the pilot hole passage was drilled ax{albt angled). Once ready, the
drill was lowered, penetrating into the bone spegirto create an un-tapped pilot
hole at the centre (X) of the cut surface (Figu@[&]) to a depth of 23.5 mm to

allow penetration of all the screw threads (Figau@ [b]).
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Spirit level

Figure 5.8: Photographs illustrating the alignmemd positioning checks prior to
pilot hole drilling. (a) A spirit level placed omp of the bone-specimen holder
construct ensured that the bone surface was at (awe tilted) position with
respect to the drill bit. This enabled drilling thfe pilot hole into bone in axial
direction. (b) A locator pin attached to the bemap-drill press was moved up
and down, passing through the centre hole of tleeisgen holder to check that
the locator pin was not touching any sides of thecsnen holder’s centre hole.
This was to ensure no obstruction for the drill duitring drilling of pilot hole,
preventing errors which might affect the measurdnoéninsertion torque and
pullout force.

Figure 5.9: Photographs of the pilot hole drillipgpcess, showing (a) the point
of screw insertion, marked with an “X” at the centf the femoral head specimen
by a blue marker, and (b) drilling of pilot holeing 5.2 mm drill bit to the depth
of 23.5 mm.
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5.1.9 Manual Screw Placement into Pilot Hole

A partially-threaded cancellous screw was placed the predrilled pilot hole in

each specimen with the aid of a drill press andedrbit to a point approximately
2 to 3 mm between the screw head and washer (Faf®. Further insertion

and tightening of the screw was performed withatiueof a micro-mechanical test

that had it affixed inside the micro-CT scanner.

Screw head socket

Screw washer

Figure 5.10: The photograph illustrates the ihitiesertion of the partially-
threaded cancellous screw about 2 to 3 mm befaehneg head contact.

5.1.10 Micro-Mechanical Test Device

A micro-mechanical test device (Figure 5.11) wasdufor an automated screw
insertion inside a micro-CT scanner. The micro-na@itael test device was
designed and built for a previous study performgair group (Reynolds et al.,
2013), using material that is compatible with themCT scanner to avoid
artefacts in the images of the bone-screw constiitlat test device is small in
size (50 mm in diameter) and can fit within the fooed space of the micro-CT

scanner. The device is able to perform the prooéssrew insertion inside the
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micro-CT scanner, and the process is controllecamian-house designed control

system controlling the motor.

The micro-mechanical test device accommodates aegzemponents within it,
including: a compression load cell (THB-250-S, Tenla, California, USA);
torque transducer (TRT-100, Transducer Techniquesnecula, California,
USA); a digital-signal-processor-based motor andomaoontroller with rotary
encoder (Part No. 315360, Maxon Motor Ag, Sachs8lnijtzerland); a data
transfer socket to/from the computer that is linkeda USB carrier (NI USB-
9162, National Instruments, Austin, Texas, USA)cpth outside the micro-CT

scanner.

Motor/ Encoder

R _____.—-—"‘ bmkel dala lransfegf’

= to/ from computer
lorque controller e

e ——
— m——
e ———

e

Figure 5.11: A software drive micro-mechanical @stice, which is fitted within
the micro-CT scanner ready to perform screw ingerautomatically inside a
micro-CT scanner.

Data from the torque transducer, compression Igatstiucer, and rotary encoder

captured at a sampling rate of 500 Hz during saresertion (Figure 5.12) are

transferred via a USB carrier to a laptop placetdida a micro-CT scanner where
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they are downloadable in a common file format (CSWhich can be easily

converted to the Microsoft Excel file format (.X)dor analysis.

3.5 - Failure point
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Screw Revolutions

Figure 5.12: A. example of screw insertion profibeebone failure measured by
the micro-mechanical test device automatically itgaoperating software: (a)
torque vs. screw revolution (b) compression vsewcrevolution. One screw
revolution corresponds to a full screw rotation roae angle of 360 Screw
head contact occurs once compression under thes $@ad exceeds the value
of 2N. The profile has three distinct regimes: ®dat which indicates
progression of the screw thread purchase in thes hwior to head contact;
Linear, which indicates that bone exhibits elabghaviour; and Failure point,
which indicates the point of bone failure whereegcstripping occurs.
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The 12 V DC motor/ gearbox is used to drive thecelaus bone screw into the
bone. It is controlled by a digital-signal-procasbased motor controller, and
software program (UCT Scanner Application, versiddvi) developed in-house,
running on a laptop. The software was designechéble screw insertions to be
controlled either via “Torque Control,” “Rotationo6@trol,” or “Position Control”
modes. It displays and records the progressionsciw insertion torque and
compression profiles in real time while the scregeition is in progress as shown

in Figure 5.13.

=
File Edit Operate Tools Window Help

= = = 4
»[2|@)

Torque Control ‘ Rotation Control | Position Control | Settings [ ] uCT Scanner App v2.0.vi
Compression threshold IZ— N :
Yield torque = W x Torque at contact W (\
Plateau torque W Failure torque [ZOIT \
Screw posmon

Plateau range |60 deg r—

|
Head contact acheived: awaiting user input... |
Power On Move Done

2000~
lm_ _
v
z
S 1000- 100-
=
500- 50_

0-

torque | 793.90 mNmM  Comp max 2.65
compression 15 Torquema4958.9 mNm
-

Torque Step 1212 mNm

D Motor Off Next target 9581  mNm
‘ l Sompress

Compression

Max Compression -

_Eailyre threshold -
X

Please start scanning,
click continue when completed.
Current target torque: 958.128

e e

Figure 5.13: A screen shot of the micro-mechartiestl device software captured
at screw head contact, indicating “head contactezeld” and prompts to start
micro-CT scanning. It also shows the screw insergmofile at screw head
contact.
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5.1.11 Automated Screw Insertion to Head Contact

For the purpose of this study, which was to coteelBaweas With aBMD and
microarchitectural parameters, it was necessarthcontrol program to identify
head contact, measurgdeay and cease tightening at head contact to allow a

micro-CT scan to be performed at this point.

Once transferred from the drill press, the bonessaonstruct was mounted onto
the micro-mechanical test device (Figure 5.14). bad of the screw was then
slotted into the screw head socket that is attatbele torque transducer of the

test device.

Figure 5.14: Mounting a specimen onto the micraimamical test device for an
automated screw insertion inside a micro-CT scanner

“Torque Control” mode was selected with compressioashold set to 2 N via a
laptop. Then, “Start” button on the software waskeld to activate the micro-
mechanical test device to commence screw insettdih head contact (Figure

5.15).
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Screw head contact was defined as the point athmaenpression between the
screw head and bone exceeded 2 N (Figure 5.1 {bbd5 [b]), as measured by
the compression load cell. At this point, the mot@s stopped automatically by
the control program, andeeaccOmMputed, based on the average of twenty torque
data points measured at frequency of 500 Hz poohdad contact within the

plateau region, as shown in the screw insertiofiilprFigure 5.12 [a] and 5.15

[a]).
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Figure 5.15: Screw insertion profiles: (a) torque screw revolution, showing
plateau torque (Hawea) prior to screw head contact, and (b) compresgsscrew
revolution, showing compression force at head ainfBhe screw head contact
was defined when the compression between the samevibone achieved 2N.
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At this point, the software prompted messages addtHcontact achieved” and
“Please start scanning”. Subsequently, the micros€ans on the bone-screw

construct were performed.

5.1.12 Micro-computed Tomography (Micro-CT) Scanmg — Acquiring
Micro-CT Images of Bone-screw Construct

The micro-CT scanner used was a Skyscan model 18Kgscan, Kontich,

Belgium) (Figure 5.16). The scanning protocol seldovas; 17.3 pm isotropic

pixel size, 35 x 35 mm (2024 x 2024 pixels) fieldveew, x-ray source voltage

100 kVp, current 80 pA, rotation step Q.4our frames averaging, rotation over

18C, using a 1.0 mm-thick aluminium filter for beamrti@ning effect reduction,

integration time of 885 ms (Perilli et al., 2012).

Figure 5.16: The high resolution micro-computeanagraphy (micro-CT)
scanner (Skyscan model 1076, Skyscan, Kontich,il®lgthat was used in this
study. It has capability for in vivo and ex vivoasning of small animals and
bone specimens.
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Other scanning protocols were previously testedguur other combinations of
settings of exposure time, voltage, rotation stdper, and frame averaging,
however selected protocol provided the best com@®nbetween noise and

contrast. Refer to Appendix Al for detalils.

5.1.13 Micro-CT Image Processing

The acquired projection images of the bone-scremstrocts (Figure 5.17[a])
from the micro-CT scanner underwent three stagamafie processing prior to
morphometric analysis; cross-section image recocstn, volume of interest

(VOI) creation, and VOI image binarisation (segna¢ion).

Cross-section Image Reconstruction

Cross-sectional images, each 35 x 35 mm in siz4(20 2024 pixels), and
centred over the inserted screw, were reconstru@i&econ software, version
1.6.6.0, Skyscan, Kontich, Belgium) and saved & d®y-level images (bitmap
format files, 8 bit). For each femoral head, a lstat 900 cross-section slices,
corresponding to a total height of 15.6mm, was metrocted with slice thickness
of 1 pixel (17.3 pum) (Figure 5.17[b]). Refer to Appulix A2 for detailed

reconstruction protocols.

Volume of Interest (VOI) Selection

A ring-like region of interest (ROI), centered ovke screw and consisting of two
concentric circles, with outer diameter;(® 14 mm) and inner diameter{B 7.5
mm) respectively, was first created to define thgion of interest for bone

morphology analysis (Figure 5.18 [top]) (softwar@ @nalyser version 1.11,
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Skyscan Bruker). Refer to Appendix A3 for the deticreation of the ROI or

mask template.

Figure 5.17: Micro-CT images of the bone-screw trues. (a) X-ray projection
of the bone-screw construct. (b-d) Correspondingpmstructed cross-section
images, (b) coronal view, (c) transaxial view (dpittal view. Images are at 17
pm pixel size.
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The ROI's inner diameter (D= 7.5 mm) was slightly bigger than the cancellous
screw diameter (7.0 mm) to exclude bone debriscadfato the screw produced
during screw insertion. The ROI outer diameter €014 mm) was twice the
screw diameter, since the trabecular structureinviifis proximity to the screw
could be significantly strained during a screw pirsliesting (Mueller et al.,

2013; Wirth et al., 2011).

The ring-like ROI was placed centred on the screvgszsection images at three
different heights along the screw (in a top, migddkd bottom slice), and
interpolated over the entire stack of 694 slicemglit = 12 mm) (Figure 5.18).
This way a cylindrical VOI was created and savedststing of a trabecular bone
annulus of height 12 mm, outer diameter 14 mm amgkri diameter 7.5 mm

(annulus thickness = 3.25 mm).

Binarisation and Three-Dimensional (3-D) Model

The binarisation (or segmentation) of the seledt€ls was performed using
CTAnalyser software (version 1.11, Skyscan, KontiB&lgium). A global three-

dimensional Otsu thresholding algorithm was usedégmenting bone as a solid
and removing the background consisting of air aralraw (bone minimum

values: average [SD]: 65[4.5], maximum value = 283{su, 1987; Parkinson et
al., 2008). Upon binarisation, the VOIs were transfed into 3D models via
CTAnalyser software for morphological analysis o&becular bone micro-

architectural parameters (Figure 5.18). Refer tpeXulix A4 for the detail of

binarisation of the VOI.
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Figure 5.18: Top: Micro-CT images, process of a&ting an annular volume of
interest (VOI) from the stack of two-dimensionateastructed images of the
bone-screw construct. Bottom: 3D rendering of thaudar VOI of trabecular
bone surrounding the screw (left images), obtaineeh micro-CT images of the
specimen (right image), over which morphometricapagters were quantified. H
(12 mm) is the height of the VOI;;[§14 mm), outer diameter of the VOI» 7.5
mm), inner diameter of the VOI.
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5.1.14 Bone Morphology Analysis
Morphological analysis was performed using CT Asalysoftware over the VOI
of micro-CT images to calculate the following miarchitecture parameters of

trabecular bones surrounding the screw:

+ BV/TV (%)

« SMI

e Tbh.Th (um)
* Th.Sp (um)
o Tb.N (mm?)

« BS/TV (mm?Y)

5.1.15 Statistical Analysis

IBM SPSS Statistics software, version 20 was etlifor the statistical analyses.
All data distributions were tested for assumptiofishormality (Shapiro-Wilks
test), homogeneity of variance (Levene’s test)ednity and homoscedasticity

(scatter plot of residuals).

Descriptive statistics were used to summarise tme parameters measured from
DXA (aBMD) and micro-CT (micro-architectural parames), and the
mechanical parametersficayw Pearson’s correlation coefficient (R) was used to
evaluate the associations betweeg by aBMD and the micro-architectural

parameters.
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Pearson’s correlation coefficient was also usedvauate the interrelationships
between aBMD and the measured micro-architectueiarpeters, and the
interrelationships among the micro-architectural rapseters themselves.
Correlation coefficients of |R{ 0.68 were interpreted empirically as strong, those

of 0.36< |[R|< 0.67 as medium, and [RP.35 as weak (Taylor, 1990).

Stepwise forward multiple regression analysis warsgomed to evaluate whether
a combination of aBMD and micro-architectural paetens would improve the
prediction of PHaeau beyond the regressions with single parameters. The

significance level of all the tests was set to(@G5.

52 Results

5.2.1 Biomechanical Testing and Imaging

Of the 52 femoral heads, 46 (17 females, 29 matesn [SD] age = 78.2 [9.6])
successfully underwent DXA scanning, micro-CT saagrand biomechanical
testing. Six femoral heads did not complete thalystdue to technical errors
encountered during specimen preparation (suchemgiure setting of adhesive
that caused specimens to break away from the sangblier of the automated
micro-mechanical test device), and were excludednfthe analysis. Refer to

Appendix A5 for detailed results performed on teméral head specimens.
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Table 5.1: Summary of aBMD obtained by DXA, micro-architectuparameters

obtained by micro-CT, andrkeaumeasured by the micro-mechanical test device,
over the femoral heads (n = 46).

Mean (SD) Min-Max
DXA:
aBMD (g/cmg) 0.8 (0.2) 0.5-1.2
MicroCT:
BV/TV (%) 29 (5 17- 42
SMI - 09 (04) -0.12-1.7
BS/TV (mm'l) 4.5 (0.7) 29-59
Tb.Th (pm) 235 {21) 184 - 285
Tb.Sp (pm) 631 (112) 444 - 949
Tb.N (mm'l) 1.2 {0.2) 08-1.7
In-vitro screw insertion:
Totasan (Nm) 1.1 (0.4 0.4-1.9

Table 5.1 presents a summary of the values measyr&XA (aBMD), micro-

CT (micro-architectural parameters), and biomedt@riesting (Fateay. In all of

the measured parameters, the tests for assumpmtior@mality, homogeneity of

variance, linearity and homoscedasticity, revealedsiolations (p > 0.05 for all

the tests).

5.2.2 Correlation between Fjaea, aBMD and Micro-architectural

Parameters

Triateau€Xhibited significant correlations with aBMD, aglwas with each of the

investigated micro-architectural parameters (Tabl@). Tpjateau ShOwed the

strongest correlation with SMI (R=0.82, p < 0.001), followed by BV/TV (R =
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0.80, p < 0.01) and aBMD (R = 0.76, p < 0.01) (®abl2 and Figure 5.19).
Triaeau€Xhibited moderate but significant correlationshvwthe remaining micro-
architectural parameters (BS/TV, Th.Th, Tb.Sp, &bdN, with |R| ranging from

0.38 to 0.48) (Figure 5.20).

Table 5.2: Summary of correlation coefficient (R)coefficient of
determination (B, and p-value, of Fxeauvs. aBMD and micro-architectural (n =
46).

R R’ p-value

Tpiateau vs. aBMD  0.76 0.58  p<0.01
Trlateau vs. BV/TV ~ 0.80 0.64  p<0.01
Triateau vs. SMI -0.82 0.67 p<0.001
Tplatcau vs. BS/TV 043 0.18  p<0.05
Tpiatecauvs. Tb.Th  0.48 023  p<0.05
Tpiateauvs. Tb.Sp ~ -0.48 023  p<0.05

Tpiateau vs. THb.N 0.38 0.14  p<0.05
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Figure 5.19: Scatter plots and best-fit line @& limear regression betweepaleau
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5.2.3 Inter-correlation Between aBMD and  Micro-archtectural
Parameters, and Among Micro-architectural Parametes

The inter-correlations between aBMD and the exadhingcro-architectural

parameters were all significant (p < 0.05 for allmparisons) except between

“Th.Sp vs. Tbh.Th” and “Tb.N vs. Tb.Th” (Table 5.33BMD exhibited the

strongest correlation with BV/TV (R = 0.80, p <019, followed by SMI (R = -

0.74, p < 0.001), and moderate correlations withTB'SR = 0.55), Tb.Th (R =

0.36), Tb.Sp (R = 0.57) and Th.N (R = 0.44).

Table 5.3: Correlation coefficient (R) between aBNWheasured by DXA and
micro-architectural parameters by micro-CT.

aBMD BV/TV SMI BS/TV Th.Th Th.Sp

BVIV  0.80%* i
SMI  -074%%F  000ME .

Tb.Th 0.36* 0.31% -0.50%%* -0.34% -
Tb.Sp )% e 0.74%**  0.45%* 0.92%** 0.27 -
Tb.N 0.44%* g. 32 037 0.61%**  -0.15 -0.57%%*

##% p<0.001, ** p<0.01, * p<0.05

Among the micro-architectural parameters, BV/TV ibxkkd the strongest
correlation with SMI (R = 0.90, p < 0.001), followed by BS/TV (R =0.77, p <

0.001) and Th.Sp (R =0.74, p < 0.001), and modaratrelations with Tb.N (R =

0.52) and Tb.Th (R = 0.31) (Table 5.3). The par@m&MI, apart from the strong
correlation with BV/TV (R=- 0.90), exhibited moderate correlations with the

remaining micro-architectural parameters, respebtivBS/TV (R = - 0.55),
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Tb.Th (R = - 0.50), Th.Sp (R = 0.45) and Th.N (R 6.37). Among the other
inter-correlations, a strong correlation betweerfTRSand Th.Sp was found (R =

-0.92, p < 0.001).

5.2.4 Stepwise Forward Regression Analysis:pkeayVS. aBMD and Micro-
architectural Parameters

Stepwise forward regression analysis revealed arease for the prediction of
TriateauWhen micro-architecture was combined with aBMD phrticular “Tpjateau
vs. SMI + aBMD” (R = 0.72) and “BiaeauVs. BV/TV + BS/TV + aBMD” (R =
0.74) showed an increase in prediction, comparedhéo single regressions
“T plateau VS. SMI” (R = 0.67), “Triateau VS. BVITV” (R? = 0.64) 0OF “Tpjateau VS.
aBMD” R? = 0.58) (Table 5.2 compared to Table 5.4). Inclgdihe other
parameters into the analysis did not increase tedigtion of Tpjaeaubeyond the
single regression model; hence these parameteesresg@ioved from the analysis.
Table 5.4: Summary of stepwise regression analysih Tpiaeaua@S dependent

variable, and aBMD and micro-architectural partaree as independent
variables. The Rincreased, compared to the single regression nfddble 5.2).

R’ p

Tptateay VS- SMI+aBMD 072 p<0.001
Totateay VS. BVIV+BS/TV +aBMD 074 p<0.001
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53 Discussion

This study investigated whetherpideay, @ Strong predictor of failure torque
(Reynolds et al., 2013), depends on aBMD and/oravacchitecture in bone
from the human femoral head. To the best of ounkedge, this is the first study
that relates the plaeaumeasured experimentally during screw insertioaBMD

and micro-architectural measurements in human ¢tdbebone.

Triaeau€Xhibited significant correlations with all the exaed bone parameters,
the strongest correlations being with SMI, followag BV/TV and aBMD. The

remaining correlations, betweepeayand BS/TV, Th.Th, Tb.Sp and Tb.N, were
moderate which suggests that variations in thoseinpeters were not as
influential. Furthermore, stepwise forward regressanalysis showed that by
combining aBMD with micro-architecture, there was Bicrease in dateau

prediction, i.e., aBMD combined with SMI {fncreased from 0.58 to 0.72) and
aBMD combined with BV/TV and BS/TV (Rincreased from 0.58 to 0.74),
compared to the models with single parameters €rékit compared to Table

5.4).

Strong inter-correlations between aBMD and micrchdectural parameters
(Table 5.3) indicated that aBMD, a sole measurerfeerttone strength in clinics,
can be a good surrogate parameter for bone mictotacture in predicting bone
strength. At present, measuring patient’s bone ovéechitecture in clinics is still
hampered by limitations in medical imaging techggloAdditionally, a strong

inter-correlation between SMI and BV/TV also proeygpcollinearity problems if
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SMI and BV/TV were paired in the stepwise multipégression models (Table
5.4). Thus, two models were formed: model 1, cosgatiof SMI, aBMD and
other micro-architectural parameters as predictariables, while model 2,

comprised of BV/TV, aBMD and other micro-architeetuparameters.

The findings of SMI, BV/TV and aBMD having the stigest correlations with
Triateau during screw insertion, and the signs of the retspe correlation
coefficients, are in line with findings from screwllout-testing or compressive
testing of bone reported in the literature, whgvecgmens exhibiting plate-like
structure and high density (BV/TV or aBMD) exhilhiigher pull-out strength
(Poukalova et al., 2010; Yakacki et al., 2010) ghkr compressive failure load
than specimens with rod-like structure, low BV/TVidalow aBMD (Gibson,
2005a; Karim and Vashishth, 2011; Perilli et aDP&). Moreover, the finding
that the combination of aBMD and micro-architectyp@ameters in a regression
model exhibits an increase in prediction ef,fauiS also consistent with findings
on the prediction of failure load in compressivetiteg of trabecular bone
reported in the literature (Majumdar et al., 198Bttra et al., 2005; Roux et al.,

2013; Wegrzyn et al., 2010).

Overall, these findings suggest that specimensackenized by a higher bone
volume fraction and a more plate-like structurekelly offer a structural
environment in which the screw threads have toimiat more material, which
leads to an increase@feauas illustrated in Figure 5.21. As a result, tlyiset of

bone structure might offer an environment for iased maximum or failure
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torque given the previous findings thatkayWas directly proportional to the

maximum torque (Reynolds et al., 2013).

Figure 5.21: 3-D rendering of bone-screw constraegeloped from micro-CT
images using ParaView software (Sandia Corporatigtware Inc), visualising
the trabecular bone (grey) and cancellous screan() constructs:

(a) bone-screw construct showing trabecular bone oftlgnpdate-like structure
(SMI = 0.33) and high bone volume fraction (BV/TV 32.69%) and density
(aBMD = 102.30 g/crf) . The screw is embedded within the bone.

(b) bone-screw construct showing trabecular bone oftljneed-like structure
(SMI = 1.68), low BV/TV (17.26%) and aBMD (62.60cgf).

(c, d) cuts through the bone of (a), (b), respetyivperformed in inferior-
superior direction. The screw has been left coreplet
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A limitation of the present study is that the boneed were taken from only one
anatomic location, i.e., femoral head. Bone medsmroperties differ among
anatomic locations (Goldstein, 1987; Helgason .e28I08; Keaveny et al., 2001).
Further research is required to investigate thecefbf anatomic locations on
Triateaw ANOther limitation is that the measurement of dBiom DXA was done
on excised specimens in vitro and did not accoonttlie surrounding tissue
variability among different patients. Hence, theasi@ements of aBMD represent
rather a best-case scenario. Further studies adedeto explore aBMD from
DXA on cadavers to account for this variability. métheless, a strong
relationship was found betweepJeauand aBMD measurements obtained with a

device (DXA) commonly used in clinics.

54 Conclusion

In conclusion, our study indicates that.fau, Shown previously to be a strong
predictor for bone failure torque \fx) during screw insertion, is significantly
dependent on micro-architecture, particularly Shhid aBV/TV, followed by
aBMD. This implies that bone with a more plate-likgucture and high bone
amount produces higherplieay @t screw head contact compared to bone
composed of a more rod-like structure (or lesseplie structures) and lower
bone volume. Overall, the study demonstrates thgt[detected from the screw
insertion profile in human trabecular bone of teembral head is directly related

to bone quality, particularly micro-architecturedaaBMD.
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Chapter VI
Study 2: Does the Pullout Strength of Cancellous &aws in
Human Femoral Heads Depend on Applied Insertion Tajue,
Trabecular Bone Micro-architecture and/or Areal Bone Mineral

Density?

This chapter describes the experimental study pedd to address the second
aim of the thesis, that is, to determine whether ghllout strength @gou) Of
cancellous screws in femoral heads depends oneappisertion torque (Jer),

trabecular bone micro-architecture and/or aBMD.

The results reported in this chapter have beenighéd inJournal of Mechanical

Behavior of Biomedical Materials: Ab-Lazid, R, Perilli, E, Ryan MK, Costi JJ,
Reynolds KJ, 2014, “Pullout strength of cancell@mesews in human femoral
heads depends on applied insertion torque, tralebohe micro-architecture and
areal bone mineral densityJ’'Mech Behav Biomed Mater. 2014 Dec; 40: 354-61.
doi: 10.1016/j .jmbbm,.2014.09.009. Epub 2014 S&prhe published paper was

rewritten for this thesis.

6.0 Introduction

Despite the body of published scientific literatuiteis still unknown whether

higher Tnsert Values applied during cancellous screw insertiorrespond with

higher pullout strength values -that is, whether tightening indeed improves the
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mechanical stability of the bone-screw construay how this relates to the
quality of the underlying bone with respect to bBenmicro-architecture and

density.

As described in chapters 2 and 3, variations irebqunality including mechanical
properties, mineral density, and micro-architectarist between patients and
within patients (Bouxsein, 2003; Hernandez and i€egy 2006; Keaveny et al.,
2001; Perilli et al., 2008; van der Meulen et 2001; van Rietbergen et al., 2002)
and it was suggested that these variations inflaéine stability of the bone-screw
construct during pullout and push-in testing in teboratory (Mueller et al.,
2013; Poukalova et al., 2010; Ruffoni et al., 20¥2kacki et al., 2010) along
with other factors relating to screw geometry, matg size, and insertion
technique (e.qg., tapping versus non-tapping anel gizilot hole) (Battula et al.,
2006; Frandsen et al., 1984; Johnson et al., 20@dler et al., 1992; Oktenoglu
et al.,, 2001; Ramaswamy et al., 2010; Seller et28l07; Tingart et al., 2006).
However, the influence of ket ON Fpyiout Was not examined in those studies. In
fact, in a recent study performed in the diaphgdgiiuman humeri, the authors
concluded that the relationship between applieckvecimsertion torque and

pullout strength still remains undetermined (Tadketral., 2013).

Furthermore, previous investigations have led teomsistent conclusions,
particularly, regarding the order of importancewsstn aBMD and the applied
insertion torque (ffser) IN predicting buiout (Reitman et al., 2004; Ryken et al.,
1995) (see sub-chapter 3.10). Those studies atsadatiinvestigate the effect of

micro-architecture (another subset of bone quabty)eui: Even more so, the
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values of the applied et used in the correlation withpfnout Were not clearly
described. Reitman and colleagues described tippiica T.set as based on a
surgeon’s perception of an “optimal” tighteninggoe (Reitman et al., 2004).
Ryken and colleagues on the other hand, descriteedapplied T.sertas based on
the clinician’s perception of the utmost tightenimgfore stripping (Ryken et al.,
1995). It can be speculated that the appliggdused in those studies could have
been of different magnitude (whether in absolut&oofyax values) and this might
explain their inconsistent findings on the orderoportance between aBMD and
Tinsert IN predicting uiout Also, those studies evaluated theybu: using
unicortical and bicortical screws in human cervgaines, which might not apply

to cancellous screws and to other anatomical sited) as human femoral heads.

Previous studies as described in sub-chapter 36 Hiscovered that surgeons
of different experiences and skills perceived thged for an optimum Byjout
differently (Cordey et al.,, 1980; Siddiqui et a20Q05). Therefore, it can be
assumed that in the clinical environment, surgemfndifferent experiences may
have been judging ke for the optimum BFyjout at varying torque values, which
can span anywhere between shortly after screw heathct to prior to screw
stripping. To address this, our study was desigaeadclude byjout Mmeasurements
at varying Tnsert Values, covering fsert values between 55% (shortly after screw
head contact) to 99% (prior to screw stripping}the maximum torque with the

aid of a micro-mechanical test device.

According to our previous study using an automatedro-mechanical screw-

insertion device on human femoral heads (sub-chafd.10 and 5.1.11), the
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Tinset Measured at screw head contacpi(k) is influenced by the micro-
architecture and aBMD of the host bone. In paréicubone specimens having a
more plate-like trabecular micro-architecture anghér density (higher bone
volume fraction and aBMD) exhibited highern,sl: at screw head contact
compared to those with a more rod-like structure kamver density. It could be
reasonable to expect that these specimens woudnatisstanding higher fsert to
exhibit greater pullout strength. However, to thestbof our knowledge, this has

not been studied before, particularly over a watege of T,sert Values.

Thus, the aim of this study performed on cancellbase screws inserted in
excised human femoral heads was to determine thgoreship between pullout
strength  (Buiou), insertion torque (fser), @aBMD, and micro-architectural
parameters when cancellous screws are insertediradtecular bone tissues of

femoral head.

6.1 Materials and Methods

The laboratory tests performed in Study 2 were raigoation of the laboratory

tests performed in Study 1, and described in detalb-chapter 5.1.

6.1.1 Human Femoral Head Specimens, DXA and Microrahitectural Data

The same cohort of human femoral head specimenge(d6ral heads retrieved
from hip replacement surgery (17 females, 29 matesn [SD] age = 78.2 [9.6]),
with DXA and micro-architectural data shown in Tal8.1 were used in this

pullout study.
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6.1.2 Screw Insertion

The screw insertions (tightenings) in this studgureed from where they had
stopped in Study 1, i.e., from screw head contante the micro-CT scan of the
bone-screw construct at head contact was comp(stdatchapter 5.1.11), each
screw was then further tightened randomly by therommechanical test rig to a
torque level or TFsert, ranging from 55% to 99% of the predicted maximongtie
(Tmax) (Figure 6.0), while the specimens were still re tscanner This was

followed by a micro-CT scan of the bone-screw catst

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Screw Revolutions

Figure 6.0: Screw insertion profile (“Torque (Nm$. Screw Revolutions”)
recorded by the micro-mechanical test device. Rlat®rque (Pawea) IS the
insertion torque measured at screw head contade wiaximum torque (Wax) IS
the predicted failure torque (stripping). The apglscrew insertion torque jfder)
was within the linear region of the grapliaf — Triateaw and ranged from 55% to
99% of Tvax. AS an example, a dotted arrow points to an agliger of 60% of

TMaX-

The micro-CT images of bone-screw constructs trexevsubjected to tightening

torque were not used for this thesis to study te®rhation behaviour of the
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bone tissues surrounding the screws as this wasndethe scope of the thesis.
Nevertheless, these bone-screw construct imagépmitide good resources for

the Flinders bone research team to conduct suttidg m the future.

The previously published study by our group (Regleolet al., 2013)
demonstrated that it is possible to predict thgquerat which the screw will strip
(Tmax) based on measurement of.fa through a linear relationship between
Tpiateau@nd Tvax (R = 0.840, p < 0.001). The linear relationship legabin this
study for the prediction of \fax was derived from 21 tests performed on human
femoral head samples, and was given by the equdlign = 1.56 Tjateaut 698
mNm. This linear relationship was used to develoalgorithm for the prediction

of Tmax. This algorithm was programmed into the controftar the mechanical
test rig, and allowed the user to select a torquell(as a percentage of predicted
Tmax) at which to stop insertion. This allows stoppag@ny point during screw

insertion before failure.

6.1.3 Screw Pullout Test

After tightening, the femoral heads were transfétoea servo hydraulics material
testing machine (Model 8511, Instron Pty. Ltd., HMyycombe, UK) for screw

pullout tests (Figure 6.1). To secure the femoraadh specimen and screw
construct onto the mechanical testing machine, ooushade fixtures were

specially designed and built (Figure 6.2), accaydm ASTM, F543 (Cleek et al.,

2007; Farrera and Ryken, 1999) to firmly grasplibae-screw construct during

the screw pullout tests.
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Figure 6.1: A mechanical testing machine (ModelB3nstron Pty. Ltd., High
Wycombe, UK) was in operation for the pullout tast the acquisition software
displayed on the computer screen captured theatispient of screw and pullout
force (Fruiouy) data. A custom-made fixture was mounted ontadésgng machine
(illustrated inside the yellow dotted box) to fiyngrip the specimen during
testing.

The time between screw insertion and pullout tezt standardised to 5 hours. In
between procedures, the bone specimens were kaptemed in gauze soaked
with saline solution. At the beginning of the testgreload of 10 N was applied,
followed by screw pullout to failure at a displacamrate of 5 mm/min (Figure

6.3) (Cleek et al., 2007; Wirth et al., 2010). Témrew displacement and the

tensile force (Fuiou) €xerted on the load cell were recorded.
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Part A: Fix to actuator

Part B: For pullout gripping

Slide bone-screw assembly
underneath the fixture

Part C: Fix to the load cell

Figure 6.2: A close-up view of the custom-madéuii@ used to firmly grip the
bone-screw construct during pullout tests performed the Instron mechanical
testing machine as illustrated in the red box guFe 6.1.

\_\-
Actuator
5.0 A
4.0 4 / Fl’ulluut
E-—— 3.0 1
o
g e
= 2.0 A1
M
= g
o>
5 1.0 1
]
0.0 == —

0 1 2 3 4 5 6 7 8
Displacement of screw (mm)

Figure 6.3: lllustration of screw pullout testinging a servo-hydraulic materials
testing machine. The bone-screw construct was redumito the custom-made
fixture. The screw underwent tensile loading atmp rate of 5 mm/min until
stripping occurred. The tensile force exerted anltiad cell and the displacement
of the actuator (reflecting the displacement of sheew) during the pullout tests
were recorded, as shown in the graph “Tensile FGtbB vs. Displacement of
screw (mm)”. The maximum tensile force achievedh@ experiment is defined
as the screw pullout strengthe(fouy)-



109

6.1.4 Statistical Analysis

IBM SPSS Statistics software (version 20) wassédifor the statistical analyses.
All data distributions were tested for assumptie@ishormality (Shapiro-Wilks
test), homogeneity of variance (Levene’s test) dindarity (scatter plot of

residuals).

Descriptive statistics were applied to summarigedBMD measured from DXA,
micro-architectural parameters from micro-CT, andeasurements from
biomechanical testing (ke and Fpuiow). The Pearson’s correlation coefficient
(R) and the coefficient of determination Rwere used to evaluate the
relationships “Buiout VS. aBMD”, “Fruiout VS. micro-architectural parameters”, and

“Fpulout VS. Tinsert”

In chapter 5 (study 1), it was found thafsdi measured at screw head contact
(Triatea) Was significantly correlated with SMI, BV/TV araBMD. Thus, in the
correlations and regressions withyfsu: in the present study, we investigated the
applied Thsert first without, and then with, normalisation by baaf these three
bone quality parameters separately to evaluateittis added predictive value to
Tinsert that is independent of aBMD and micro-architect(8®1 and BV/TV).
Correlation coefficients of |R{ 0.68 were interpreted empirically as strong, those

of 0.36< |R|< 0.67 as medium, and [RP.35 as weak.

Stepwise forward multiple regression analysis waxsgomed to evaluate whether

the combination of aBMD with micro-architecturalrgmeters and Jsert Wwould
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improve the prediction of dg0u: beyond the regressions with single parameters.

The significance level of all tests was set to(G5.

6.2 Results

6.2.1 Biomechanical Testing of Screw Pullout

All of the 46 femoral heads (17 females, 29 matesan [SD] age = 78.2 [9.6])
successfully underwent screw pullout tests. Thecrij@s/e statistics oOf sert
applied with the micro-mechanical testing devicad dpyjout Obtained from
tensile testing in the materials testing machirresaimmarised in Table 6.0. In all
the measured parameters, the tests for assummtior@mality, homogeneity of

variance, and linearity, revealed no violations (.05 for all).

Table 6.0: Descriptive statistics of the valuessafew insertion torque (gEer)
applied by using the micro-mechanical testing deviand pullout strength
(Fpuouy) Obtained from tensile testing in the materiatitgsmachine.

units Mean (SD) Min-Max
AT, (Nm) 1.9 (0.6) 0.9-39
sert
1.60 (0.6 05-32
FPullout (k}’]j ( )

*ranging from 55% to 99% of Ty, that is, within the region of Ty = Thiateau

6.2.2 Correlations Between Fuouwt, aBMD and Micro-architectural
Parameters
Fruiout €Xhibited statistically significant correlationsgthwvall the investigated bone

parameters (Table 6. 1)pdmu: Showed the strongest correlation with SMI (R= -
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0.81, p < 0.001), followed by BV/TV (R = 0.73, p801) and aBMD (R = 0.66, p
< 0.001). Buiout €xhibited moderate correlations with the remainmgcro-
architectural parameters (BS/TV, Tb.Th, Tb.Sp abd\T with |R| ranging from
0.31 to 0.46). Figure 6.4 shows scatter plots amst ffit lines for “Fyjout VS.
SMI”, “Fpuiout VS. BVITV,” and “Feuiout VS. aBMD,” respectively. Figure 6.5
shows scatter plots and linear regression linesvdet “Foyjont VS. BS/TV?,

“Fpuliout VS. Th.N", “Feuliout vVS. Th.Sp” and “Fyiiout VS. Th.Th.”

Table 6.1: Pearson correlation coefficients (R) aoefficients of determination
(R?) for Feuiout VS. aBMD from DXA, and for Fyiout VS. micro-architectural bone
parameters from micro-CT.

R R? p-value
Frullout VS. aBMD 0.66 0.44 p<0.001
Fpullout Vs. BV/TV 0.73 0.53 p<0.001
Fpullout VS. SMI -0.81 0.65 p<0.001
Frullout VS, BS/TV 0.35 0.12 p<0.05
Frullout Vs. Tb.Th 0.46 0.21 p<0.01
Fpullout vs. Tb.Sp -0.36 0.13 p<0.05

Frullout vs. Tb.N 0.31 0.1 p<0.05
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Figure 6.4: Scatter plots and linear regressioeslibetweendgjou: Versus SMi
(@), BVITV (b) and aBMD (c).
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Figure 6.5: Scatter plots and linear regressioeslibetweendgjou: versus BS/TV
(@), Tb.N (b), Th.Sp (c) and Th.Th (d).

6.2.3 Correlations Between Fyjiout, Tinsert and Normalised Tinsert

Feuiout €Xhibited a significant correlation with.det(R = 0.88, p < 0.001), as well
as with Tsertafter normalisation for SMI, BV/TV and aBMD (R =/, R = 0.75,
and R = 0.68 respectively, p < 0.001 for all) (Eabl2). Figure 6.6 shows scatter
plots and best fit lines for Haiout VS. Tinsers” and “Fpyiiout VS. Normalised Fsers”

respectively.
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Figure 6.6: Scatter plots and linear regressioesliof “Feujiout VS. Thnsert (a), and
“FpuloutVS. Tinsert NOrmalised for aBMD, BV/TV and SMI” (b, c, d, resgively),
i.e., the bone quality parameters that are higliyretated with Tsert at head-

contact (-Elateat)-
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6.2.4 Stepwise Forward Regression Analysis: piout VS. aBMD, Micro-
architectural Parameters and Tinsernt

Stepwise forward regression analysis revealedtbi@atombination of aBMD and

micro-architectural parameters BV/TV, SMI, BS/TW.Th, Th.Sp, and Th.N did

not improve the prediction ofpfiou: cOMmpared to the single regression ofibut

vs. SMI” (R*= 0.65, Table 6.1).

Stepwise forward regression analysis also revehladby combining Fsert With
aBMD and micro-architectural parameters, there wasimprovement in the
prediction of Buwubeyond the single regression modepiigu: VS. Tser (R% =
0.77, Table 6.2).

Table 6.2: Pearson correlation coefficients (RJ aoefficients of determination
(Rz) for “Fpuiout VS. Tinsert, and for “Feuiout VS. Tinsert NOrmalised for aBMD,

BV/TV, and SMI”, i.e., the bone quality parameténat have strong correlations
with Tsertat head-contact efaea) (Table 5.3).

R R p-value
088 077 p=0.001
Fpuliout VS Tlneart
068 044 p=0.001
Fralout Vs, Tt/ aBMD
075 057 p=0.001
Frullout vs.  Theat/ BV/ITV
0.76 057 p=0.001

Frullout VS, Timeet/ SMI
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6.3 Discussion

Overall, the present findings confirm that,ly: is significantly influenced both
by the level of applied insertion torque, as wslbg the quality of the host bone.
In particular, the Fy0u Of cancellous screws exhibited the strongest @iroas
with Tnsert (R = 0.88), followed, in order of decreasing |Riuea, by the micro-
architectural parameters SMI (R = - 0.81) and BV/R/= 0.73), and moderate

correlation with aBMD (R = 0.66).

The correlations between oy and the remaining micro-architectural parameters
BS/TV, Tb.Th, Tb.Sp, and Th.N were significant boaver (JR| = 0.31 - 0.46),
suggesting that variations in those parameters wetas influential. Using the
Tinsert COMbined with micro-architectural parameters aBMB did not improve
the prediction beyond the single regression modelout VS. Tinsers” Which

confirms Tnsertas the overall best predictor of fout

Furthermore, the correlations betweenéi: and Tnsert remained significant even
after normalizing Fsert by aBMD, BV/TV, and SMI. This suggests thatsdi is
the primary factor affecting dmious @and that for a specimen with a given bone
micro-architecture and density, increases in theliegp Tpnser Will lead to

increases of fFiout

This study also shows that, at a given absoluteriizs torque level (measured in

Nm), those bone specimens presenting a more pkatestructure and higher
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density (i.e., lower SMI, higher BV/TV and aBMD),illshave a higher Fout.
There have been mixed findings regarding the walahips “Fuiout VS. Tinsert @nd
“Fpulout VS. @aBMD” in human bones reported in the literafitgome studies have
shown statistically significant relationships, geintradict the order of correlation
strength (Reitman et al., 2004; Ryken et al., 1988hce leaving the question still
open to further investigate the effect gf.d;: and bone quality such as aBMD on

l:Pullout-

In the present study, an important experimentdaieddhce from the previous
studies is that an insertion test device was usbtth can automatically measure
bone-specific Tsert I @ percentage of ybx during screw insertion, providing
greater reliability and flexibility to include a deé range of jfsert Values in the
investigation of byjout cOmpared to the previous studies by Reitman €RaD4)
and Ryken et al. (1995) (sub-chapter 3.10). Reitarash Ryken each performed
Fpulout Measurements at only one level of torque baseduogeon’s subjective
perceived Tsert fOr the optimal fixation strength. Reitman et @004) measured
Fpulout @t torque value of mean = SD = 2.16 £ 1.28 Nm5%8l.x; While Ryken
et al. (1995) measuredhfru: at torque of 0.312 + 0.230 Nm. Furthermore, the
torque value published in Ryken’s study lacked ddadh unit of measure of % of
Tmax, Which hampered one-to-one comparison in regardbdir Fpyout findings
with respect to bone’s failure torque ot Thus, this limitation may be the
reason for their conflicting findings, particularbn the importance of insertion

torque and aBMD for predicting-fiout
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A recent study conducted on cortical screws indlaphysis of human humeri
concluded that the relationshipspifout VS. Tnsert @and “Fpyiiout VS. @aBMD” still

remain to be determined (Tankard et al.,, 2013).kd&ah et al. (2013) also
suggested that thepfnou: does not significantly increase with the appliggief

when the screw is tightened beyond head conta@pparent contradiction with
the present findings on cancellous bone screwsexjatanation for this difference
might be that cortical bone as used by Tankard.&@13) (diaphysis, human
humeri) is compact and dense, compared to specingensaining mainly

trabecular bone as used in this study (human fdrheeal).

Theoretically, during screw insertion in a compagtid, at the point of screw
head contact, an optimal purchase of all the sdlewads has already been
achieved, and further tightening is unlikely to noye screw thread purchase. In
trabecular bone however, which has high porositygared to diaphyseal cortical
bone (Morgan et al., 2013; Samuel et al., 2009)hé&un tightening of a cancellous
screw (below stripping torque) after head contaal roause deformation of the
bone surrounding the screw, which in turn may cazmapaction of any bone
debris caused by cutting of the screw threads. Aseslt, the anchorage
conditions are changing during the tightening phagkich may explain the

increased Fyiout Of the screw.

However, excessive tightening can lead to bonediigl and beyond that, to
screw stripping. A previous study using corticaleses on the diaphysis of ovine

tibiae suggested that the yield torque is beyorfh 0 predicted Wiax (Cleek et
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al., 2007). In human trabecular bone, the insertayque of a cancellous screw
after which the bone yields has yet to be explénedt chapter).

A limitation in the present study was the unavaligb of apparent bone

densitometry data from our donors' clinical recorience measurements of
aBMD were performed on the excised femoral headstin, which represent a

best-case scenario environment, where the same manojusoft tissue was

simulated (with polyoxymethylene board) for eacimpke.

6.4 Conclusion

In conclusion, this study used a computer-contdolieicro-mechanical screw
insertion device, micro-CT and DXA imaging, and esmental pullout testing
on a cancellous bone screw in human femoral headsvestigate the effect of
bone micro-architecture, aBMD, and the appligdefon the byt Of cancellous
screws. We found, in descending order of importatitat the Byjout Was most
strongly correlated with the applied.sE the micro-architectural parameters (in
particular SMI and BV/TV), and aBMD of the host leoriThe combination of
applied Tnsert With micro-architectural parameters and/or aBMD dot improve
the prediction of Fyiout beyond the single regression modepyibut VS. Tinsert”
The applied Tsert remained significantly correlated withpdoy: €ven after

normalisation for SMI, BV/TV, and aBMD.

This indicates that, for a bone specimen with aegitrabecular bone micro-

architecture and density, increases in appliedtdéighg torque beyond head
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contact within the linear range will increasgky:0f the screw. Thus, this implies
that tightening of a screw after screw head contagiroves screw fixation
strength in stabilising the fractured bones, sisddion being a primary factor for
fracture healing. The level of tightening torquéeafwhich bone yielding occurs,
and how byieu Will be affected once this level is reached, stoubwever be
examined in greater detail in future studies oncedlous bone screws in human

bone.
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Chapter Vi
Study 3: Comparison between the Cancellous Screwsilbut
Strength at Three Levels of Tightening Torque in te Human
Femoral Head

This chapter describes the study performed to addfee third (final) aim of this
thesis, that is, to compare theuku: (pullout strength) of cancellous screws in
human trabecular bone of the femoral head at tlel@éve insertion torque levels
(Tinsery (portion of maximum torque oryky), i.e., tightened tan average of 70%

TMax, 80% TMax, and 90% -Ivlax.

The results reported in this chapter have beenghéd as Ab-Lazid, R, Perilli, E,
Ryan, MK, Costi, JJ, Reynolds, KJ, 2015, “Comparitd@tween the cancellous
screws pullout strength at three levels of tighigriorque in the human femoral
head” as an abstract in Proceeding of the Austrabmd New Zealand
Orthopaedic Research Society (ANZORSY Zhnual ANZORS conference, 2-4
October 2015, University of Auckland, New ZealandWebsite:

http://www.anzors.org.au. The published abstrac seavritten for this thesis.

7.0 Introduction

Unintentional screw stripping may go undetectedrdufracture repair surgery

and this poses concern among surgeons about p@tiofi. Clinically, surgeons

estimate the level of tightening torque requireddptimal fixation based on their
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perception. According to a study, a surgeon’s p®ror of optimal tightening
torque is not reliable for detecting and prevenstrgpping of the bone around the
screw. Out of 340 tests performed on syntheticettatar bones, 109 (45%)
screws were inadvertently stripped by the surgeang,in 91% of these cases the
surgeons did not recognise that stripping had oeduiStoesz et al., 2014) (sub-

chapter 3.10).

Dinah et al. (2011) (sub-chapter 3.10) found th#t 6f screws inserted into
human cadaveric ankle bones were inadvertentlppsd, while 12% were over
tightened. No significant predictors such as boneenal density, bone micro-
architecture, or insertion torque were found thaild warn of impending screw
stripping (Dinah et al., 2011). The Reynolds stladgr found Fiaeau(Or torque at
screw head contact) was a significant predictobarie stripping torque, which
can be used as a control parameter to cease sgieening before bone failure
(Reynolds et al., 2013). Yet, clinically during ear tightening surgeons are still
relying on their perceptions in engaging what isutijht to be “optimal” torque,
which is suggested as reaching 86% of the bone’sitfmuen torque (Tiax)
(Cordey et al., 1980). The question arises as @ hmch more tightening is
required after the screw reaches head contacter o obtain an optimumphoeut

of cancellous screw.

A previous study by our group suggested that tightpof screws to 70%pkx in
cortical bone ovine tibiae resulted in the high&sfieu,: compared to torque at 50%

Tmax and 90% Tax; but tightening of screws beyond 70%y.l had lowered
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Fpuious from which it was concluded that tightening ohcallous screws past
70% Tuax (including the perceived “optimal” torque of 86%.)), exceeded the
yield point of the cortical bone, which can cauaendge leading to compromised

pullout strength (Cleek et al., 2007).

In a similar study, Tankard et al. (2013) foundt thghtening of screws to 50%
Twmax In the cortex of cadaveric humeri bone resulteel tighest Fyouws and
concluded that tightening of screws beyond 50%xTdid not significantly
increase the dgout Of the screw compared to tightening to 70%.xTand 90%
Tmax- Tankard also suggested that tightening of scregyond 50% fFiax may
place bone at risk from damage, which might resulbss of fixation (Tankard et

al., 2013).

Although previous studies have comparegdo: at different tightening torque
levels, mixed findings were demonstrated, conttaticeach other. Moreover, the
investigations were performed on cortical bone damfsom animals and humans
(Cleek et al., 2007; Tankard et al., 2013). Itti anknown whether a similar
relationship exists in human anatomical sites énatrich in trabecular bone, such
as the femoral head. Therefore, the aim of thidysts to determine the effect of
three tightening torque levels, i.e., group kseh= 70% Tvax group 2: Thsert=
80% Tuax; and group 3: fiserr= 90% Tuax ON the pullout strength of cancellous

screws in the human femoral heads.
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7.1 Materials and Methods

7.1.1 Pullout Data Selection

A subset of 18 out of 46 specimens that compldtedbiomechanical testing in
the previously described studies was selectechfsrstudy. The specimens (n = 6
per group) were selected to meet the three tighgetarque levels specified in the
aims (Table 7.0). The specimens were chosen antwsg thaving similar aBMD
and BV/TV (Table 7.1).

Table 7.0: The applied tightening torque of thgr@ups (n = 6 specimens per

group), expressed as mean value, standard dev{&@, minimum and
maximum value.

Tightening Torque
Groups (% Tyay)
Mean SD Min - Max
Group 1: 70 % Ty (n=6) 70 2 65-72
Group 2: 80 % Ty (n=6) 80 2 75-83
Group 3: 90 % Ty (n=6) 90 ) 85-91

Table 7.1: aBMD and BV/TV, of the 3 groups (n =sgecimens per group),
expressed as mean value, standard deviation (SB)nom and maximum value.

aBMD BV/TV
Groups (g/cmz) (%)

Mean SD Min - Max Mean SD Min - Max

Group 1: 70 %Ty,, (m=6) 09 01 07-10 32 2 28 -34
Group 2: 80 %Ty,, (n=6) 09 01 07-10 32 2 29 -35
Group 3: 90 %Ty,. (n=6) 08 05 07-08 30 3 26- 36
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7.1.2 Statistical Analysis

IBM SPSS Statistic software (version 20) was wdigor the statistical analyses.
All data distributions were tested for assumptiefsnormality (Shapiro-Wilks
test), homogeneity of variance (Levene’s test) dindarity (scatter plot of

residuals).

Descriptive statistics were applied to summarisedata such as aBMD, BV/TV,
tightening torque (YoMax) and Fuiou: A one-way ANOVA analysis with Tukey
HSD post-hoc was performed to compare the meaaBMID, BV/TV and Fyjout

between the three groups and quantify significaeeel between the means.

Post-experimental power analysis — t tests, Med@iffgerence between two
dependent means (matched pair) was performed wipow&r software (version
3.0.10) to determine the sample size of the spewntieat would be required to
show a significant effect of the pullout strengtbtvieeen groups (n = 3). A
medium effect size of f = 0.5 which is common inthopaedic research
(Freedman et al., 2001), anerror prob = 0.0166, and a power{{®sr prob) =

0.8 were used. The significance level of all tesis set to p=0.05.

7.2 Results

7.2.1 Comparison of aBMD, BV/TV and Fyieut Among Groups

Descriptive statistics of the specimens’ aBMD and/B/ mean (SD) [min —
max]) and p-values of mean differences among groupsn the one-way

ANOVA analysis are summarised in Table 7.1.
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The one-way ANOVA analysis indicated that the meatues of aBMD and
BV/TV among the groups were not significantly diéfat (aBMD, p = 0.06 and
BV/TV, p = 0.54, respectively), while pfiout values indicated significant

differences among the groups (p = 0.03).

Table 7.2: The one-way ANOVA analysis was perfatnie compare aBMD,
BV/TV and Fyjout (Means [SD] [min — max]) among the groups. Theajues of
aBMD (p = 0.54) and BV/TV (p = 0.06) suggested mgmnsicant difference in
aBMD and BV/TV among the groups, while p-value ofybu: (p = 0.03)
suggested duiout Was significantly different among the groups (p.€5 for both).

70 %TMnx 80 %TMﬂx 90 %TMax
(n=0) (n=0) (n=6)

Parameters p-value

BV/TV (%) 32(2)[28-34] 32(2)(29-35) 30 (3) [26-36] p=10.54
aBMD (g/cmz) 0.90 (0.10) [0.73-1.02]  0.90(0.10) [0.73-0.96]  0.80 (0.50) [0.69-0.82] p=10.06

) 179 (0.31) [1.28-2.16)  2.07(0.28) [1.66-2.45]  1.48(0.40) [0.84-1.89]  p=0.03

7.2.2 Comparisons of byout between groups

Fpulout for cancellous screws tightened to 80%g.Jwas greater thanpfoyt for
screws tightened to 70%1;, although not statistically significant (p = 0.33)
Fpuout Of screws tightened to 90%,Jx was significantly lower than for screws
tightened to 80% ax (p = 0.02), and also lower than screws tightene@Q%

Twmax although not significantly different (p = 0.2°Bigure 7.0)
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Figure 7.0: Boxplot of thedgou: Of screws tightened tojlerr= 70 %Tvax, 80%
Tmax and 90% Tax.  Fpuiout Of Screws tightened to 80%udx was significantly
different to Fpyjout Of screw tightened to 90%udx (*p = 0.019).

7.2.3 Post-experimental Power Analysis

The post-experimental power analysis revealedttigtotal sample size (n) of 69
(or 23 per group) are required to show a signifieffect of the pullout strength
between the groups for this study. Refer to Append6 for the post-

experimental power analysis screen shot.
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7.3 Discussion

This study compared the effect of three torque l&ewm the pullout strength
(Fpunou) Of cancellous screws in the femoral head bonesnafar range of quality

(aBMD and BV/TV) (Tables 7.1 and 7.2).

The results showed thabjru: Of the cancellous screws tightened to 80ffaxT
was significantly greater than for screws tightet@®0% Wax (Feutout = 2.07
0.28 kN vs. 1.48 + 0.40 kN, p=0.019) and it tenttedbe greater than for screws
tightened to 70% pax (1.79 + 0.31 kN, p=0.33) (Figure 7.0). Althoughyl.: at
70% Tuwax Was greater than at 90%yd, the difference was not significant
(p=0.27). Based on these results, it could be dawrlithat tightening of screws
beyond 80% Wiax led the trabecular bone around the screw to yAs$dmentioned
previously (sub-chapter 3.10), another study in almoratory confirmed that
yielding of the trabecular bone of the femoral reeadcurs at approximately 85%

of Twax (Ryan et al., 2015).

Overall, the results of the current study are me lwith Cleek in which fout
increased when the screws were tightened past 5% Aut, Fpuiou decreased
between 70% and 90% ofydx of tightening, which Cleek attributed to the
yielding of bone structures (Cleek et al., 2007).cbntrast, the results from
Tankard et al. (2013) indicated that tighteningsofews beyond 50% vk Iin
human humerus cortical bone did not significantigrease the screwsnou: and

in fact they suggested that tightening of screwhd 50% Ti.x may expose the



132

cortical bone to the risk of yielding and consedlyeloss of fixation (Tankard et

al., 2013).

In this case, it is hard to make a direct comparisetween each of these three
studies due to the screws and nature of bones-us€dkeek used cortical screws
in animal cortical bone (ovine tibiae), Tankard dismortical screws in human
cortical bone (humeri), while the current studydisancellous screws in human
trabecular bone (femoral heads). Thus, differenoesveen results from the
studies may be due to the characteristics of tleeisgens, particularly the bone
guality and nature of the bone, as well as thevsdesigns. Tankard claimed the
bone densities of the ovine tibiae used in the IClséudy were more
homogeneous than those of the human humeri fromghely, which had a wide
range of densities (normal, osteopenic and ostedphrin addition, the average
cortical thickness of the human humeri (mean £+ SB.60 mm + 0.92) used in
Tankard’s study was about twice the thickness efdhine tibiae (mean + SD =
4.23 mm = 0.42) used in Cleek’s study; thus, thegsamay have been less ductile

and shown to fail at lower torque.

Szabd et al. (2011) indicated that bovine trabecdoteae fails at a higher strain
when subjected to force, and hence is more dueliid;the bone is accompanied
by significantly increased micro-damage accumutapoior to failure compared

to cortical bone. Thus, they suggested that thesll contribute to the trabecular
bone’s ability to withstand higher damage toleranoepared to cortical bone

(Szabd et al., 2011).
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Similar occurrences could also happen during sdneation. The ductile nature
of the trabecular bone, coupled with the accumutabf micro-cracks prior to
failure, may prevent the bone from vyielding earli¢towever, subsequent
tightening of a screw beyond 80%.k resulted in significant reduction of screw

Fpuous Which is likely to be due to bone yielding.

Limitations of this study include small sample siageach statistical significance
in all comparisons and use of a single screw tybecording to the post-
experimental power analysis it was suggested tlsaingple size of 23 specimens
per group (i.e., total specimens of 69 for the éhgeoups) would be required to
show a significant effect of the pullout strengttieen the groups for this study.
Meanwhile, the aspect of the screw, such as thigmélly threaded cancellous
screw) and dimension (length, diameter, pitch, atirgrofile, etc.) have been
shown to influence the phout (Sub-chapter 3.5). Further study is required to
investigate the effects of different screw designsl dimensions and in larger

sample size.

7.4 Conclusion

In this study, the significantly reducegfey: for screws tightened to 90%ydx
compared to 80% \Jox may be a result of yielding of trabecular bonectires.
Fpulout at 80% Tuax tightening was greater thamdpu: at 70% Tax, although not

significantly, which might be due to limited sampiee. The result of this study
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could provide useful insight in future work to de@a torque control system that

considers the yield factor of the trabecular bones.
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Chapter VIl

Summary, Conclusion and Future Work

8.0 Summary

Study 1 (chapter 5) results suggested that strehationships exist between
Triateau@nd bone micro-architecture and aBMD of the fernloeads. This implies
that Tpiaeau detected from the screw insertion profile is disecelated to the
quality of the host bone. Specimens exhibiting aenplate-like structure (as
measured by SMI) and higher bone volume fractiod/{®/), and also a higher
aBMD, likely offer a structural environment in whi¢he screw threads can cut
into more material for better anchorage, which $etm an increase ofpkieau
Thus, the applied [Jseitbased on the percentage of maximum torque (%) Tan
be predicted during screw insertion using theyhy value, instead of relying
solely on the surgeon’s feel for the predictiontlod T,ser, Which is subjective.
Additionally, the same type of structure might oféen environment for increased

pullout strength, which was investigated in Studgl2apter 6).

In Study 2, the findings suggested thatb:0f the cancellous screws has a strong
relationship with Tser, followed in order of strength of the coefficient o
determination, by bone micro-architecture and aBMmbis implies that for a
bone specimen with a given trabecular bone miccbigcture and density,
increases in applied tightening torquendd) beyond head contact within the

torque-versus-screw rotation linear range will @ase Fyjou: Of the screw. The
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level of tightening torque after which bone yielglioccurs (post linear range), and
how Fouiout Will be affected once this level is reached, y&ahained unknown.

This was investigated in Study 3.

In Study 3, the results suggested thajdg: reaches a maximum when screws are
tightened to an average of 80%.f and Fyuiwu: Was significantly greater than for
screws tightened to an average 90Rax] Fruiout @t an average of 80%ydx was
also greater compared topyfout at an average of 70% wdx (although not
significantly), which could be due to small samgiee. The significantly reduced
Fruiout @t an average 90%wulx may be due to the yield of trabecular bone

structures.

Overall, Tpiateau and Fyiout Of cancellous screws depend on bone micro-
architecture and aBMD of the trabecular bone offémeoral heads. The e to
be applied before stripping, based on the percergagredicted maximum torque
(% Tuwax), can be predicted during screw insertion using Waeay Value
determined by the micromechanical screw insertieviag, instead of relying on
the surgeon’s feel. In trabecular bone, increaseapplied T.sert beyond screw
head contact to 80%yukx were found to increasepfou Of the screw. Further
increases in Jsert (Or tightening) beyond 80%kx to 90% Tvax however resulted
in significant decrease of screwkout (Fruliout at 80% Tax = 2.07 £ 0.28 kN
versus byiout at 90% Trax = 1.48 £ 0.40 kN; p=0.019). This is likely to beesult
of yielding of the bone when exposed t@sd: beyond 80% f.x, consequently

reducing the screw fixation strength.
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8.1 Conclusion

The ability of surgeons to optimise screw inserttomue in cancellous screw
fixation is important for fixation stability. Althagh the finding of this study
suggested that fixation or pullout strength (k) increases with an increase in
insertion torque (fser), it may however be limited by the bone yield pgoamd
could vary between bones. There is no mechanisnerdly in place to quantify
the yield point of the bone while it is subjectedscrew insertion. Nevertheless,
the findings of this study also suggested that bondergoes yielding when
insertion torque exceeds 80% of the maximum to(Qugy). Thus, at the present

time, this value can be used as a point at whidtdp screw tightening.

With current screw fixation methods, it requiresnual intervention to estimate
the optimal screw torque, as it cannot be stangadddue to the variation in bone
guality within and between patients. The currenthod depends on the feeling of
screw purchase, which is assessed based on susgeoeption that the screw is
getting tightened rather than stripping. This mdtimwever is subjective and
may vary between surgeons, depending on skillssapdriences, hence, may not

be reliable for optimal tightening and preventimgl @etecting screw stripping.

Therefore, a new approach on how to control scresertion/ tightening torque
may needed to improve screw fixations for bettelialbdity and prevent
complications such as accidental screw strippingnduscrew fixation in bone

fracture surgery. Based on the findings of thisithethe new approach to control
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insertional torque for the optimal pullout strengthuld be adapted using torque at
head contact or plateau torquepfa), the predictor of Wk, wWhich is also
specific to bone density (measured by DXA) and oimrchitecture (measured by
micro-CT). The measuredsfeauCcan be used to determine torque levels based on
the percentage of vix (% Tuax), Which is specific to bone density and micro-

architecture.

Since the bone mineral density or areal bone miird=asity (aBMD) and local
bone micro-architecture are highly correlated Withyeas hence, Tax, they also
can be used as surrogate fqfi.d to determine the % wkx torque level. This
option however currently is limited by the irreguty of aBMD measurement
availability prior to surgery and lack of technojogp measure bone micro-

architecture in the clinical environment.

In conclusion, Faeaucould be the best option to use as surrogate Eearnfor
Twmax to control for an optimal insertion torque andvamnat from accidental screw
stripping. This approach could also be the solutionreplace the subjective

method based on surgeon’s perception.

8.2 Future Work

Bone of Different Anatomical Locations

It is known that the quality and mechanical strangt trabecular bone is site

specific. Therefore, it would be beneficial to iepte the current studies using
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trabecular bones from different anatomical locaiom examine how this affects

Tpiateav@Nd Feyiiout

Cadaver Testing

The present study was performed using aBMD measometthe excised femoral
head specimens without accounting for the surroundioft tissues’ variability

between different patients. The measurements of Brformed in this thesis
represent rather a best-case scenario as theyalle@lene in vitro, with the same
amount of soft tissue (polyoxymethylene board). réfee, it could be

worthwhile to replicate the study using aBMD measluon cadavers with intact

soft tissues to explore this variability.

Use of Various Screw Designs

The aspect of screw designs (geometry, lengthhpiénd thread profile) is
reported to influence thenler and Fyieue measurement (sub-chapter 3.5). For
trabecular bones, there are two designs of scrgpisally used clinically, which
are partially threaded (used in the present stwhg fully threaded screws.
Therefore, by replicating this work on differenteae designs, particularly on the
fully threaded screws, this could be beneficiaktmw how different designs of

screws affect the plateav@and FPuiout

Study on the Propagation of Micro-damage Surroundig the Bone and Screw
The present study had obtained multiple slicesiofarCT images of bone-screw

constructs at different intervals of screw insertiorques and from different bone
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gualities. These images provide a large dataséboé-screw constructs, which
are valuable to facilitate further studies par@ely on the investigation of the
propagation of micro-damage surrounding the borg sarew, which was not
designed as part of the present thesis aims. Hibpehis future study will

provide new insight into the factors leading tcescfixation failure.

Development of Finite Element (FE) Trabecular Boné&lodel

Also, the micro-CT images of the bone-screw comssrecan be utilised for the
development of FE model of the femoral head tralaedone that can be used to
investigate other parameters that may affect thehamacal stability of the bone-

screw construct.
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Appendix Al: Micro-CT Scanning Protocols

Micro-CT Scanning Protocol
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The purpose of the micro-CT scanning test was terdene the appropriate

scanning settings/ protocols, which produced highyxattenuation, less

noise, hence good image quality.

This task was performed after having received ldeiction training by Ruth

Williams from Adelaide Microscopy.

Two sessions of micro-CT scanning were performextie 28' December
2011 and 1% January 2012), trying four different settingsdeiermine the
appropriate scanning protocol to be used.
Datasets of Tiff images obtained were saved atiRI&hD performed
experiment_RL\ MicroCT_20_Dec_2011 and Rlazid\ Rieiformed

experiment_RL\ MicroCT_13 Jan_2011

Title: Testing micro-CT scanning protocol on femora head specimen

Experiment Date: 2DDecember 2011

Location: Adelaide Microscopy

Data storage: external hard drive. (rlazid:\PhCiqrened
experiment_RL\ MicroCT_20 Dec 2011)

No. Material and Task Lists Yes| No Remarks
Materials.
1. | ESKE v
2. | Plasticine v
3. | Masking tape v
4. | Tool box —scissor, knife, test pen and ruler v
5. | Laboratory log book, pen and camera | v
6. | External hard-drive v
Tasks:
Thawed for 24
Thaw femoral head specimen in a hou_rs, nside a
| refrigerator for 24 hours d refrigerator
g ' (4°C)prior to
scanning
Place femoral head and plasticine in
ESKE, lock and tape ESKE lid with
b masking tape. v




Title: Testing micro-CT scanning protocol on femora head specimen

Attach a copy of micro-CT scanning
c. | protocols list. v

d At micro-CT department, setup-up the
" | micro-CT scanning machine.

Connect external hard-drive to micro-
CT’s computer.

Enter micro-CT scanning protocols
f. | as listed in the protocol list into the micrp-v'
CT programs

g. | Wear gloves and laboratory gown. v

Remove the femoral head specimen from
h. | ESKE. Unwrap gauze layer from femoral v
head.

Place femoral head onto the specimen
holder of micro-CT. Secure it with

masking tape and plasticine as shown in
Figure 1.

Close the micro-CT and press 'start’ to
begin scanning.

k. | Record any observations. v

Image quality analysis

Analyse image noise (ring artefact)

Femoral head and screw construct undergoing micro-CT
scan to test different scanning protocols to achieve the
optimum image quality
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Scanning Setting Setting Setting Setting
Protocols #1 #2 #3 #4
X-ray source: 100kV 100kV 80kV 80kV
Current 80uA 80uA 120pA 120pA
Pixel size: 17pum/pix | 17um/pix 17pm/pix 17pm/pix
Filter: 1.0A1 1.0A1 1.0A1 0.5A1
Exposure Time: 885ms 885ms 885ms 590ms
Frame Averaging: 2 4 4 4
Rotation Step: 0.5° 0.4 0.4 0.4
Scan Duration: 23min 20sec43min 35seg¢ 43min 32aeq  29min
06sec
Line 510
attenuation
Min: 7.1% 7.1% 5.1% 3.1%
Max: 21% 21.2% 17.3% 12.8%
Avg: 12.1% 12.1% 8.7% 6.5%
Start scan time: 10:12am| 10:50am 12:23pm 11:44am
Finish scan time: 10:35am 11:33am 1:06pm 12.13pm
Reconstruction
protocols
Smoothing: 5 5 5 5
Ring Artefact: 10 10 10 10
Beam Hardening: 20 20 20 20
Object larger than yes yes yes yes
FOV:
Grey level floating
point
Auto_Min: 0.001533 0.001603 0.001843 0.002119
Auto_Max: 0.042935 0.044884 0.051593 0.059339
Set Min: 0 0 0 0
Set_Max (55.6% of 0.0239 0.0250 0.0287 0.0330
auto-max):
Scanned on
20/12/2011
Auto_Min: 0.001609 Nil 0.001847 0.002106
Auto_Max: 0.045066 Nil 0.051717 0.058965
Set_Min: 0 Nil 0 0
Set_Max (55.6% of 0.0251 Nil 0.0288 0.0328
auto-max):




& SkyScan1076 micro-CT

e

T BEDR  ls@®

EX{PHD perf MicroCT_{3_Jan_2012{New 18 um,Al 1.0 mm , ot step=0.40°, (HUs441)

Micro-CT projection image of the bone screw construct scannidseiting
# 1, showing x-ray intensity profile at line 510

The reconstructed micro-CT image (from projection image) of
the femoral head showing the screw at the centre of the bone
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Results

e At line 510, Setting #1 and #2 (min: 7.1%, max:224.and avg: 12.1%, for
both settings) produced slightly higher x-ray irsiéies compared to settings #3
(min: 5.1%, max: 17.3% and avg: 8.7%) and #4 (18id%, max: 12.8% and
avg: 6.5%)

» Setting #2 had higher frame averaging (4 compawe) tand smaller rotation
step (0.4 compared to 05 compared to setting #1.

Conclusion

» Scanning protocol # 2 produced reasonably highyxatenuation compared
with the other scanning protocols (#1, #3 and #4)

» Hence, scanning protocol #2 was utilised in theroal€T scans of the femoral
head and screw construct for research.
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Appendix A2: Reconstruction Protocols of Micro-CT Images

Settings of reconstruction protocols of micro-CT inages by NRecon software

Excerpt from Nrecon reconstruction log

Reconstruction settings undelined with red markers

econstruction]
Reconstruction Program=NRecon
Program Version=Version: 1.6.6.8
Program Home Directory=C:\Skyscan_SW\Nrecon\nreconlocal
Reconstruction engine=NReconServer
Engine version=Version: 1.6.6
Reconstruction from batch=Yes
Reconstruction servers= E418B
Option for additional F4F float format=0FF
Reconstruction mode=Standard
Dataset Origin=Skyscanl876
Dataset Prefix=NF_B]429 11 56p_
Dataset Directory=F:\2012_Nov_PhD_Experimental_Data_Backup \RL_PHD performed experiment_2011-2013\FemoralHea
Output Directory=F:\2@12_Nov_PhD_Experimental_Data_Backup_ \RL_PHD performed experiment_2811-2013\FemoralHead
Time and Date=Nov 3@, 2012 22:58:11
First Section=67
Last Section=966
Reconstruction duration per slice (seconds)=5.218889
Total reconstruction time (988 slices) in seconds=4597.000000
Postalignment=-1.5@
Section to Section Step=1
Sections Count=900
Result File Type=BMP
Result File Header Length (bytes)=1134
Result Image Width (pixels)=2000
Result Image Height (pixels)=2000
Pixel Size (um)=17.30254
Reconstruction Angular Range (deg)=196.80
Use 180+=0FF
Angular Step (deg)=0.4860

Smoothing=5

m&% (Asymmetrical boxcar)

Ring Artifact Correction=20

TeTE e

Obiject Bigger than FOV=0N

Filter cutoff relative to Nyguisit frequency=100

Filter type=08

Filter type meaning(1l)=8: Hamming (Ramp in case of optical scanner); 1: Hann; 2: Ramp; 3: Almost Ramp;
Filter type meaning(2)=11: Cosine; 12: Shepp-Logan; [10@,200]: Generalized Hamming, alpha=(iFilter-16@)/18@
Undersampling factor=1

Threshold for defect pixel mask (%)=8

Beam Hardening Correction (%)=20

(S Static Rotation (deg)=0.088
ipd Image Conversion=0.005000

dntin for s co Inage sonve-sion-¢.805800
ﬂiﬁimum for (S to Image Conversion=0.0823000
HU Calibration=

BMP LUT=1

Cone-beam Angle Horiz.(deg)=16.275816
Cone-beam Angle Vert.(deg)=8.570329
[File name convention]

Filename Index Length=4

Filename Prefix=NF_B1429_11 5@p_ rec
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Reconstructed Micro-CT Images of Bone-Screw Constiet Using Reconstruction

Settings Highlighted in Yellow.

@ Head-Contact

o ety
“_—\\_,.,-:p“.—}'
— '.- -

e i

Reconstruction Settings:
Smoothing

FF_BJ440_11

=20;

Ring artefact correction

:5;

=20%

Beam Hardening Correction
Object bigger than FOV

Min_Floatin

=ON

g_Point = 0.0050

=0.0230

g_Point

Max_Floatin
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Appendix A3: ROI, VOI and Mask Creations

Creations of ROI, VOI and Mask

Creation of mask of ring-like region of region otérest (ROI) and volume of
interest (VOI) that was used to remove screw imiage the entire micro-CT

images of bone-screw construct.

Load (2000 x 2000 pixel) image

Used the entire image (2000 x
2000 pixel) as ROI (indicated
by the blue region)
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Then, threshold the image,
min: 0 and max: 255.

The result, white image of
size 2000 x 2000 pixel
image

Then, create a round shape
ROI, diameter = 14 mm
(indicated with blue colour at
the centre of the white image
(2000 x 2000 pixel)
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File name: bj588_12_hc_rec_min0_max255_bin_voi

[0 ] oo Bt Save the image as ROI and

VOI. When saving for VOI,
select black background, from
the  background  selection,
indicated by a red circle.

Load the VOI image with outer
diameter of 14 mm (643 x 643
pixel)

Create another round shape
ROI, diameter = 7.51 mm
(diameter of the screw that was
slightly dilated) at the centre of
14 mm circle (indicated by blue
colour). Save this as a new ROI.



4

P
Save bitmaps

Apply o | Image inzide RO -
File farmat: |a-1P - |

[¥] Comvert ta monochrome [1 bit)
[¥] Copy shadow projection

[] Copy dataset log file

[l Ingert scale bar

["] Resize ta the ROl bounds

|| Save only the current zlice

Ok | I Cancel
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Load again the VOI image,
outer diameter = 14 mm (643 X
643 pixel).

Place a 7.51 mm round shape
ROI at the centre of the image.

Then, subtract the 7.51 mm ROI
off the 14 mm (643 x 643 pixel)
image and save as VOI with
black background.

This forms the ring-like shape
of VOI.

To transform VOI to a mask:

Threshold the ring-like VOI
using a global threshold
values, min: 255 and max:
255 via CTAn custom
processing or via BATMAN.

Convert the ring-like VOI to
monochrome (1 bit) image,
and save in BMP image
format.

This mask of ring-like shape
can now be applied to
remove screw image from
the entire  bone-screw
micro-CT images.
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Appendix A4: Binarisation/Segmentation of Ring-likeor Annulus VOI:

Load the bone-screw
construct micro-CT images
(2000 x 2000 pixel)

Used the entire image
as ROI

At the ROl menu (CTan), click

on ‘Image’, then load the mask,
a monochrome image as the ROI
at the centre of the 2000 x 2000
pixel image

Interpolate the ROI across the
stack of micro-CT images.

Save as new ROl and VOI.
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Load the ring-like
reconstructed image  for
morphological analysis using
either CTan custom
processing or BATMAN.

Screen shot of the settings
used to segment the ring-like
reconstructed image of the
trabecular bone via CTan is
highlighted in yellow.

(Reconstruction protocol)

CT Analyser

Version: 1.11.8.0

[ G:\MicroCT_Data\FRAGILITY\FF_70pc\FF_BJ521_12\BJ521_12 HC\VOI_Morph_Maoving\bj521_12 hc_ rec_voi????.bmp |

[ 01/19/13 01:33:16 |ROI

ROI filena G:\MicroCT_Data\FRAGILITY\FF_70pc\FF_BJ521_12\BJ521_12_HC\VOI_Morph_Moving\bj521_12_hc_ rec_voi.roi

[01/19/13 01:33:56 ] Thresholding (3D space) inside VOI
Made Automatic (Otsu method)

Backgrour Dark
Lower gre 65
Upper gre 255

[ 01/19/13 01:33:59 | Thresholding done

[ 01/19/13 01:33:59 | Save bitmaps(image inside ROI):

Destination folder: G:\MicroCT_Data\FRAGILITY\FF_70pc\FF_BJ521_12\BI521_12 HC\WVOI_Morph_Moving\bj521_12_hc_ rec_voi(1)
File format: bmp

Resize to the ROl bounds: Off

Number of saved files: 701

[ 01/19/13 01:34:20 | Despeckle
Type: Sweep (3D space)

Remove: all exept the largest object
Apply to: Image

[01/19/13 01:34:27 | Despeckle done

[ 01/19/13 01:34:27 | Save bitmaps(image inside ROI):

Destination folder: G:\MicroCT_Data\FRAGILITY\FF_70pc\FF_BJ521_12\BI521_12 HC\WVOI_Morph_Moving\bj521_12_hc_ rec_voi(2)
File format: bmp

Resize to the ROl bounds: Off

Number of saved files: 701
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(Morphology analysis protocol)

E Collection Task list | @ lnteira l & Em"a]l The global read-only CTAn preferences are in use
Name Description Status Add
2 Thiesholding Segment the foreground from backgro... Remave
'? Save bitmaps Save images to new folder,
i/ Despeckle Remave speckles from images. Move Up
ey e o
analysis e 20 parameters of binary ima...
2 30 analysis Calculste 30 parameters of binaty ima...
Configuration About Help
Dataset Region of interest Status Results Report
Remave
ROI
Flesults
Report
Properties
Expoit

Start [ Overwite output fles Tum Off Computer at end of processing




Appendix A5: The Overall Results from DXA and Micro-CT Scans and Biomeganical Testing (Tinsert and Fpuiiout)
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Appendix A6: Post-experimental Power Analysis

File Edit View Tests Calculator Help

Central and noncentral distributions | Protocol of power ;malysesi

critical t = 2.4906

Test family Statistical test

| Z 3
!t tests W Means: Difference between two independent means (two groups)

Type of power analysis

|A priori: Compute required sample size — given o, power, and effect size

Input Parameters Qutput Parameters

Tail(s) | Two L | Moncentrality parameter & 3.3811650
__Determigl Effect size d 1 | Critical t 2.4905987
o err prob 0.0IGSJ Df 4

Power (1-p err prob) O.B" Sample size group 1

Allocation ratio N2 /N1 1 | Sample size group 2

Total sample size

Actual power 0.8117279

X-Y plot for a range of values | | Calculate

Screen shot of the post-experimental power analysis using G*Power software
(version 3.1.9.2)
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