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Summary 

 

In orthopaedic surgery, implants such as cancellous screws are used in bone 

fracture treatment to stabilise the fractured bone to assist bone healing. The 

screws are implanted into the bone with the aid of torque. The bone as a host 

material provides site for the anchorage of the screw threads. Most mechanical 

failures experienced in screw fixation occur at the bone-screw construct 

anchorage due to the collapse of bone structures. The host bone quality therefore 

plays a pivotal role in determining the success of screw fixation. 

In clinics, a patient’s bone quality is assessed by measuring areal bone mineral 

density (aBMD) using dual-energy x-ray absorptiometry (DXA) technology, and 

aBMD is widely used in the assessment of bone fracture risk. The assessment of 

bone micro-architecture in clinics is still however limited to peripheral anatomical 

sites, such as the wrist or ankle using peripheral Quantitative Computed 

Tomography (pQCT). However, with the current rate of technological 

developments, it may be possible in the future to assess micro-architecture at 

other anatomical sites, such as the hip. 

During fracture fixation using screws, surgeons rely on their judgement to 

determine the point at which to stop screw tightening. However, it has been 

shown that inconsistencies exist among surgeons, leading to overtightening and 

stripping of the bone around the screw threads. This might be linked to variations 

in the quality of the host bone among patients. 

The overall objective of this thesis was to investigate the respective roles of 

aBMD and micro-architecture of trabecular bone of human femoral heads on 

FPullout and TInsert (including plateau torque or TPlateau — torque at screw head 
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contact) in a laboratory environment. FPullout is defined as the maximum uniaxial 

tensile force (Newton) needed to produce failure in the bone and TInsert refers to 

the torque applied during cancellous screw insertion. 

Fifty-two excised human femoral heads obtained from hip replacement surgery 

and cadavers were used. Femoral heads were chosen because of their rich 

trabecular content and the common clinical occurrence of hip fractures 

particularly in osteoporosis. The aBMD and micro-architecture of each specimen 

were evaluated using DXA and micro-computed tomography (micro-CT). A 

partially threaded cancellous screw was inserted in each femoral head specimen 

using an automated micro-mechanical test device to the point at which the screw 

head contacted the bone, and the torque at this point was recorded (TPlateau). Screw 

insertion was then continued to a point between screw head contact and failure, 

after which a pullout test was performed and FPullout recorded. Micro-CT images 

were obtained both at head contact and just prior to pullout. 

These experiments were used to address three aims: 

Aim #1: To determine the relationships between TPlateau and aBMD and micro-

architecture. The results indicate that TPlateau exhibited the strongest correlation 

with the structure model index (SMI, R = - 0.82, p < 0.001), followed by bone 

volume fraction (BV/TV, R = 0.80, p < 0.01) and aBMD (R = 0.76, p < 0.01). 

Stepwise forward regression analysis showed an increase for the prediction of 

TPlateau when aBMD was combined with microarchitectural parameters, i.e., 

aBMD combined with SMI (R2 increased from 0.58 to 0.72) and aBMD 

combined with BV/TV and bone surface density (BS/TV) (R2 increased from 0.58 

to 0.74). 
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Aim #2: To determine the relationships between the FPullout and insertion torque 

prior to pullout (TInsert), aBMD and micro-architecture. Results showed that FPullout 

exhibited strongest correlations with TInsert (R = 0.88, p < 0.001), followed by 

SMI (R = - 0.81, p < 0.001), BV/TV (R = 0.73, p < 0.001) and aBMD (R = 0.606, 

p < 0.01). Combinations of TInsert with microarchitectural parameters and/or 

aBMD did not improve the prediction of FPullout.   

Aim #3: To determine the effect of three different insertion torque levels after 

head contact on the holding strength of the trabecular bone surrounding the 

cancellous screw. FPullout for screws tightened to an average of 80% TMax was 

significantly greater than for screws tightened to an average of 90% TMax (FPullout 

= 2.07 ± 0.28 kN vs. 1.48 ± 0.40 kN, p = 0.019), but was not significantly 

different to screws tighten to an average of 70% TMax (FPullout = 1.79 ± 0.31 kN, p 

= 0.33). FPullout at 70% TMax was greater than FPullout at 90% TMax (p = 0.019), but 

not significantly different (p = 0.27), which could be due to sample size.  

In conclusion, TPlateau, which has previously been shown to be a strong predictor 

for insertion failure torque is significantly dependent on bone micro-architecture, 

particularly SMI and BV/TV, followed by aBMD. Bone with low SMI or that 

contains a more plate-like trabecular structure, high BV/TV and aBMD, is likely 

to offer a structural environmental in which the screw threads cut into more 

material, leading to an increase in TPlateau. FPullout of cancellous screws depends 

most strongly on the applied TInsert, followed by micro-architecture and aBMD of 

the host bone. This indicates that for a bone specimen with a given trabecular 

bone micro-architecture and density, increases in applied TInsert beyond screw 

head contact within the linear range will increase FPullout of the screw. However 
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the strength of the construct reduces as insertion levels approach failure torque, 

probably due to yielding of the bone around the screw threads. 
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Chapter I  

Introduction 

 

1.0 About the Thesis 

 

This PhD research is part of a larger research project supported by a National 

Health and Medical Research Council (NHMRC) grant entitled “The 

Development and Validation of a Finite Element Model for Orthopaedic Screw 

Insertion into Trabecular Bone” (Grant ID 595933).   

 

The overall aim of this research was to understand the role of insertion torque 

(TInsert) and the cofounding factors of bone quality — bone mineral density and 

micro-architecture measured by dual-energy x-ray absorptiometry (DXA) and 

micro-computed tomography (micro-CT) on the screw fixation or pullout strength 

(FPullout) in trabecular bone of femoral head specimens, harvested from patients 

who had undergone total hip arthroplasty surgery. 

 

Data for the research study were obtained through biomechanical testing of screw 

insertion and pullout tests, which were conducted in the Biomechanics 

Laboratory, Flinders University. Screw insertion and pullout tests were performed 

with the aid of a micro-mechanical test device and an Instron mechanical testing 

machine respectively. DXA and micro-CT scans of the femoral head specimen to 

obtain aBMD and bone morphology data were performed at the Royal Adelaide 

Hospital and Adelaide Microscopy of the University of Adelaide, respectively. 
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It is hoped that the outcome of this research will be to provide further insight into 

the bone-screw construct, which will in the future help in the design of surgical 

tools for orthopaedic surgery (e.g., screws and surgical drills), improve screw 

fixation techniques, and allow the overall management of the orthopaedic 

treatment to cater to the different bone qualities of incoming patients. 

 

2.0 Thesis Structure 

 

The thesis is comprised of eight chapters and a brief summary of those chapters is 

provided below.  

 

Chapter I - Introduction  

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

 

Chapter II – Bone Biology, Structure and Disease 

Chapter II provides an overview of bone biology and the structure of the human 

skeletal system. The unique hierarchical structure, biological and chemical 

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

bone undergoes modeling and remodeling to maintain its functions and health. 

However, bone loss can occur, whether due to age or to disease, which can 

deteriorate bone quality, compromise its strength, and can lead to the risk of bone 

fracture. For this thesis, knowledge of bone micro-architecture and its 

biomechanical properties that contribute to bone quality and strength is 

considered fundamental in understanding the mechanisms that affect the pullout 

strength of a bone screw in trabecular bone during fracture fixation. 
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Chapter III – Biomechanical Study of Screw Fixation  

Chapter III reviews previous studies performed by other researchers with respect 

to screw fixation in bone. The topics include bone screw, the effect of screw 

design, insertion technique, insertion torque, and cofounding factors of bone 

quality (such as bone mineral density and micro-architecture) on the pullout 

strength of a bone screw in human, animal, and synthetic bone models. 

 

Chapter IV – Research Aim  

The current challenges experienced by clinicians during screw fixation in 

orthopaedic surgery and the shortcoming of previous studies that have led to the 

research aims of the thesis are described in chapter IV. 

 

Chapter V to VII detail the three studies performed to answer the three main 

questions addressed by this thesis, namely: 

Chapter V – Study 1: Does Cancellous Screw Plateau Torque Depend on Bone 

Mineral Density and/or Micro-architecture?  

Chapter VI – Study 2: Does the Pullout Strength of Cancellous Screws in Human 

Femoral Heads Depend on Applied Insertion Torque, Trabecular Bone Micro-

architecture and Areal Bone Mineral Density? 

Chapter VII – Study 3: Comparison between the Pullout Strength of Cancellous 

Screws at Three Levels of Tightening Torque in Human Femoral Head.  

Chapter VIII – Conclusion and Future Work 

This chapter contains the conclusions that synthesise the overall key findings and 

suggestions for potential future research directions. 
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 Chapter II   

Bone Biology, Structure and Disease 

 

2.0  The Human Skeletal System 

 

Bone is a living tissue that can perform highly complex and diverse functions, 

including biological, chemical, and mechanical functions. In a human adult, there 

are 206 bones which form the skeletal system (Figure 2.0), providing support and 

shape for the body, protection for the internal organs, and sites for muscles 

attachments, storage for minerals (calcium and potassium) and for producing 

blood cells for body functions (Ortner and Turner-Walker, 2003; Starr and 

McMillan, 2013; Steele and Bramblett, 1988).  

 

2.1  Bone Function and Composition 

 

Bone acts as a primary load-bearing structure for the skeletal system and as a 

lever for movements. Therefore, the bone’s structure needs to be; stiff (e.g., long 

bone), exhibiting resistance to deformation, flexible (e.g., end part of long bone 

and vertebra), having the capability to absorb energy by deforming, and light in 

weight for facilitating movements (Bartl and Frisch, 2009).  

 

Bone is an inhomogeneous material, composed of 50% to 70% mineral, 20% to 

40% organic matrix, 5% to 10% water and < 3% lipids (Clarke, 2008). The 
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mineral content of bone is mostly hydroxyapatite [Ca10 (PO2)6 (OH)2], with small 

amounts of carbonate, magnesium, and acid phosphate (Clarke, 2008; Cowin, 

2001). The organic matrix consists of 90% collagen type I and about 10% non-

collagenous proteins (Cowin, 2001).  

 

 

 

 

     

           

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 2.0:  An overview of a major human skeleton, (Rhodes, 2014). 
Reproduced with permission from Elsevier. 

Femoral heads 
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2.2  Bone Structure and Hierarchy 

 

The structure of bone can be divided into six hierarchical levels, spanning from 

whole bone to the molecular structures, at different length scales, from 

macroscopic (whole organ) to sub-nanostructure (Figure 2.1). This thesis focuses 

on the bone structure at the micro-architectural level, particularly for trabecular 

bone. 

 

 

 

 

 

 

 

 

 

Figure 2.1: The hierarchical structure of different length of scales, from whole 
bone structure at macroscopic level to the molecular structure at sub-
nanostructure, (Burr and Allen, 2013). Reproduced with permission from 
Elsevier. 
 

2.2.1  Whole Bone Organ 

Bone as an organ (e.g., whole vertebra, femur, tibia), represents the largest scale 

of bone structure in the hierarchy, at the macro-structure level, encompassing both 

cortical and trabecular types of bone. The biomechanical characteristics of a 

whole bone depend on its geometry, size and composition.  
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2.2.2 Bone Micro-architecture 

At the next hierarchical level, that is the micro-structure level, bone organ is 

distinguished into trabecular bone and cortical bone. The structural unit that 

presents in both trabecular and cortical bones is known as lamellar bone. Lamellar 

bone is composed of 3 to 70 µm thick unit layers of lamellae that contain collagen 

fibres parallel to each other. Osteons on the other are present only in cortical bone 

(Cowin, 2001). 

 

Different bones and skeletal sites within bones have different compositions of 

trabecular and cortical bones. In healthy bone, the adult human skeleton is 

composed of 20% trabecular bone and 80% cortical bone (Clarke, 2008; Eriksen 

et al., 1994). Biologically, the proximal femur comprises the majority of 

trabecular bone, particularly in the neck and femoral head, while cortical bone 

forms a thin layer surrounds the neck and becomes thicker as the bone progress 

distally. 

 

2.2.3 Bone Cellular Mechanism 

Bone Modeling 

Bone modeling occurs during birth to adulthood. In bone modeling, bone 

formation and resorption take place on different surfaces (not coupled). During 

the phase of bone modeling, skeletal mass is gained and changed to the overall 

skeletal form (Cowin, 2001).  
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Bone Remodeling 

Bone remodeling mainly occurs in the adult skeleton to maintain bone mass by 

replacing old bone tissues with new bone tissues. Unlike bone modeling, bone 

remodeling involves coupling of bone formation and bone resorption (Cowin, 

2001). 

 

2.3  Trabecular Bone  

 

Trabecular bone (“trabecula” from Latin “small beam”) (Figure 2.2), also known 

as spongy or cancellous bone, is formed in the interior of vertebral bodies, the 

epiphysis and metaphysis of long bones (such as the femoral head), and flat bones 

(such as the skull, pelvis and scapula) (Gibson, 2005). Trabecular bone is made of 

interconnecting trabeculae resembling a honeycomb-network of trabecular rods 

and plates, ranging from 50 to 400 µm in thickness with interconnected bone 

marrow compartments interspersed (Clarke, 2008; Gibson, 2005). At low density, 

the trabecular network is primarily comprised of rod-like structures while at high 

density trabecular bone is mostly comprised of plate-like structures (Gibson, 

2005). Trabecular bone has a greater range of porosity (30% to 95%) compared to 

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

 

Bone grows and remodels in response to load, and thus the density of trabecular 

bone adapts to the magnitude of the loads and the orientation of the trabeculae 

adapts to the direction of the loading to which it is subjected. The orientations of 

the trabecular struts at different anatomical sites (such as in the proximal femoral 

and in the vertebral) can vary considerably. Because of the variations in trabecular 
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architecture, there is more variation in the stiffness and strength of trabecular 

bone than in many other types of cellular materials (Gibson 2005).  

 

 

 

 

 

 

 

 

 
Figure 2.2: Section of human proximal femur revealing trabecular bone and 
cortical bone. Reprinted from Numerical Procedure from the Multiscale Bone 
Adaptation Prediction based on Neural Networks and Finite Element Simulation, 
(Hambli, 2011). Reproduced with permission from Elsevier. 
 

2.3.1  Trabecular Bone Morphology (Micro-architecture Parameters) 

The quantification of trabecular bone morphology can be performed by several 

methods such as using the traditional two dimensional (2D) histomorphometric 

methods or based on three dimensional (3D) reconstructions of x-ray images 

obtained from micro-computed tomography or other imaging modalities with 3D 

capabilities such as peripheral quantitative computed tomography (pQCT) 

(Hildebrand et al., 1999; Parkinson et al., 2008; Perilli et al., 2007; Perilli et al., 

2012b):  

 

Among the 3D-morphometric parameters of trabecular bone micro-architecture 

that can be calculated are:  
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• Bone volume fraction (BV/TV, %) is the ratio of bone volume to total volume 

by dividing the sum of voxels marked as bone by the sum of voxels composing 

the volume of interest and multiplied by 100. 

• Structure model index (SMI) is a topological parameter indicating a ratio of 

rod-like to plate-like trabecular structures, with typical values ranging from 0 

(ideal plate-like) to 3 (ideal rod-like), and values in between representing a 

mixture of plate- and rod-like structures. Negative values of SMI can be found 

in bone with high bone volume fraction as SMI is very strongly confounded by 

BV/TV through the fraction of the surface that is concave, and the magnitude 

of the concavity (Salmon et al., 2015).  

• Trabecular thickness (Tb.Th, µm) is the average thickness of individual 

trabeculae, calculated using the sphere-fitting method. The sphere-fitting 

method is realised by means of distance transform.   

• Trabecular separation (Tb.Sp, µm) is the average distance between the edges 

of two trabeculae. 

• Trabecular number (Tb.N, mm-1) is a measure of trabecular plates per unit 

length. 

• Bone surface fraction (BS/TV, mm-1) is 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 (although it is not really completely 

“compact”), forms the outer layer of the bone, particularly of the shaft of long 
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bones in the skeleton. Cortical bone is dense and surrounds the marrow space. 

The cortical bone is the main structure responsible for the mechanical strength of 

the skeleton. It can withstand a greater stress, but less strain before failure, than 

trabecular bone. Cortical osteons are called Haversian systems. Haversian systems 

are cylindrical in shape, approximately 400 mm long and 200 mm wide at their 

base, and their canals form a branching network within the cortical bone (Figure 

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

skeleton (Clarke, 2008).  

 

 

 

 

 

 

 

 

 

 

Figure 2.3: The micro-architecture of cortical bone, which consists of Haversian 
systems and osteons. The arrangement of circular-shaped osteons provides the 
compact nature of cortical bone, (Doblaré et al., 2004). Reproduced with 
permission from Elsevier. 
 

A possible distinction between cortical and trabecular bone can be made based on 

porosity. Cortical bone can be defined as bone tissue that has a porosity P of less 

than 30 percent or, equivalently, a volume fraction Vf of greater than about 0.70 
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(Vf = 1 – P). Volume fraction is the ratio of the volume of actual bone tissue to the 

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

 

2.5  Bone Quality  

 

Bone quality is a composite of multiple properties — bone mass, geometry and 

tissue material that defines the bone strength, the ability to resist fracture. The 

geometric properties of the bone that contribute to the quality of bone include the 

whole bone macroscopic geometry and the trabeculae microscopic architecture or 

micro-architecture. The tissue material properties include the constituent tissues 

emerging from the composition and arrangement of the primary microstructural 

constituents, collagen and mineral as described in Section 2.1 as well as micro-

damaged and microstructural discontinuities such as micro-porosity and lamellar 

boundaries (Donnelly, 2010; Gordon et al 1998; Gourion-Arsiquaud et al., 2009; 

Van der Meulen et al., 2001). 

 

Despite the multiple properties contributing to bone quality, bone mass is the 

primary property that can be measured in clinics presently to assess patient’s bone 

strength or fracture risk. Bone mass measurement is generally categorised by the 

bone mineral density (BMD) or the areal bone mineral density (aBMD) if 

assessed by dual-energy x-ray absorptiometry.  The inclusion of other bone 

quality properties such as bone micro-architecture and material properties in 

addition to BMD (or aBMD) may improve the assessment of bone strength and 

fracture risk, as well as the evaluation of screw fixation performance relative to 

that from BMD alone.  
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Therefore, the interest among researchers has increased in the complementary 

measures of bone quality properties, particularly micro-architecture that may 

improve the assessment of bone strength and screw fixation strength at the bone-

screw construct. From herein, the working term of bone quality throughout this 

thesis implies to its composite properties, aBMD (or BMD) and/or micro-

architecture.  

 

2.6  Biomechanical Properties of the Bone 

 

From a biomechanical perspective, the composition of bone comprising bone 

mineral and an organic matrix is comparable to that of a composite material — 

the bone mineral provides mechanical rigidity and load-bearing strength, whereas 

the organic matrix  provides elasticity and flexibility (Clarke, 2008; Cowin, 

2001). The composition of bone material varies with age, sex, type of bone, 

anatomical location, and presence of bone disease. A heterogeneous porous 

cellular solid built of trabecular bone has anisotropic biomechanical properties 

that depend on the porosity of the bone as well as the architectural arrangement in 

space and connectivity of the individual trabeculae (Keaveny et al., 2003).  

 

Like any engineering material, the mechanical properties of bone are measured 

experimentally by performing mechanical tests under various loading (such as 

compression, tension, or torsion) and environmental (temperature and hydration) 

conditions. Force versus Deformation (structural properties) (Figure 2.4[a]) 

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

characterise some of the biomechanical properties of the bone can be calculated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.4:  
(a) The load versus deformation (structural) curve obtained from compressive 
tests on whole bone.  The curve exhibits three distinct regimes, classified as 
elastic deformation, plastic deformation (within the post-yield region), and 
failure.  
(b) The stress versus strain (material) curve resembles the load versus 
deformation curve, but provides insight into the biomechanical properties of bone 
material, (Morgan and Bouxsein, 2008). Young’s Modulus is defined by the slope 
of the stress-strain curve in the linear region prior to yield. Reproduced with 
permission from Elsevier. 
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Stiffness 

Bone stiffness refers to a structural property influenced by the geometry (cross-

sectional area and length) of the bone as well as the materials of which it is 

comprised. It is a measure of resistance to deformation (rigidity) during loading. 

Bone stiffness is derived by calculating the slope in the elastic region (linear 

region) of the load-displacement curve, i.e., by the ratio between load and 

deformation (Figure 2.4[a]). Typically, the mean values of the femoral head 

trabecular bone stiffness measured in compression are around 15-20 GPa (Cowin, 

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

 

Elasticity 

Bone elasticity is described by the Young’s modulus (E), which refers to a 

material property that is intrinsic to the material and is not influenced by the 

bone’s geometry. It is a measure of intrinsic stiffness (Turner, 2006). The 

Young’s modulus is defined by the slope in the elastic region of the stress-strain 

curve (Figure 2.4[b]), i.e., the ratio between stress (force/area) and strain 

(elongation/initial length). In general, the value of the femoral head trabecular 

bone E measured in compression is 17 GPa (Bayraktar et al., 2004). 

 

Yield Point 

The yield point of the load-displacement or stress-strain curve indicates the point 

at which the material (bone structure or tissue) begins to undergo permanent 

(plastic) deformation. Typically, the yield point is identified based on the 

observation of the point where the curves become non-linear (Figure 2.4[a]) or by 

an offset method (Figure 2.4 [b]), where a line parallel with the linear portion of 
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the curve is offset by 0.03% to 0.2% strain and drawn to intersect with the load-

displacement or stress-strain curve. The point at the intersection is defined as the 

yield point (Turner, 1989).  

 

Strength  

The strength of bone is defined by the point at which failure (or fracture) occurs 

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

 

Toughness 

The structural toughness of bone is the work/energy required to produce failure 

and is defined as the area under the curve (Figure 2.4[a]) up to the failure load, 

and therefore depends on both the failure load and ultimate displacement. 

Meanwhile, the material toughness of bone is defined as the area under the curve 

(Figure 2.4[b]) up to the ultimate stress, and therefore depends on both the 

ultimate stress and ultimate strain. 

 

Bone is also viscoelastic, which means the biomechanical response is time 

dependent, i.e., the bone response depends on the strain rate at which the loads are 

applied. At higher strain rates, bone exhibits increased 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 all parts of their skeleton, and this 

can affect bone strength. In the human life cycle, bone development undergoes 

several phases; bone mass increases during growth, reaches a plateau in young 

adulthood, and declines after an average age of 30 years. According to the World 

Health Organisation (WHO), men’s bone mass tends to decline at a rate of 

approximately 4% per decade, while women’s bone mass tends to decline at the 

higher rate of approximately 15% per decade, especially after menopause (WHO, 

2003). Additional bone loss takes place in both men and women due to other 

factors such as vitamin D and calcium deficiency, unhealthy lifestyles and natural 

causes. 

 

Osteoporosis originates from the Latin words “osteon” and “porosis,” which 

literally mean ‘“hole” and ‘“passage” in a bone. By definition, “osteoporosis is a 

progressive systemic bone disease characterised by low bone mass and 

deterioration of bone micro-architectural tissue that compromises bone strength 

and increases susceptibility to fragility fracture”  (WHO, 2003). Bone loss affects 

the bone micro-architecture. In trabecular bone, thinning of trabecular struts 

occurs, with fenestration of trabecular bone plates in which a plate-like structure 

is transformed into a rod-like structure. These perforations cause diminishing of 

the bone volume fraction (BV/TV) and can cause loss of trabecular bone 

connectivity. 
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The diagnosis of osteoporosis is performed with the aid of medical imaging 

technology such as dual-energy x-ray absorptiometry (DXA), computed 

tomography (CT), quantitative computed tomography (QCT), magnetic resonance 

imaging (MRI), and ultrasound. The most widely used technology is DXA, 

accepted as the “gold standard” technology by the World Health Organisation 

(WHO) for the assessment of bone mineral density (WHO, 2003).  

 

DXA is a non-invasive procedure performed in clinic. DXA measures a patient’s 

aBMD and then compares it to the average aBMD of a young healthy reference 

population, as per WHO guidelines. The DXA results for clinical interpretation 

are presented as a T-score, expressed in multiples of statistical standard deviation 

(SD) values from the normal reference value. T-scores provide a quantitative 

measure for the diagnosis of osteoporosis, defined as follows:  T-score > -1 

indicative of normal; -1 > T-score > -2.5 indicative of osteopaenia; and T-score < 

2.5 indicating osteoporosis, and increased fracture risk. If measurements are taken 

at various time points, these T-scores can assist clinicians in estimating the 

severity of bone loss and the patient’s responsiveness to bone therapy. 

 

Risk of Osteoporosis 

The main complication of osteoporosis is an increased risk of fragility fractures 

due to loss of bone mass, deterioration of trabecular micro-architecture, and loss 

of bone strength. Fragility fractures can occur even due to low impact trauma, 

e.g., in a normal fall, which is a common cause of bone fracture in elderly 

populations (Compston, 2010; Giangregorio et al., 2006). Skeletal sites that are 
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prone to fragility fractures are the bones of the wrist, spine, and hip (Cummings 

and Melton, 2002).   

 

According to the Australian Institute of Health and Welfare (AIHW), in 2011-12, 

an estimated 652,000 Australians over the age of 50 (9% of this age group; 3% 

among men and 15% among women) were diagnosed with osteoporosis. Out of 

652,000, 19,000 people were hospitalised due to hip fracture (AIHW, 2014). In 

2015, about 25,396 Australians over the age of 50 years had experienced hip 

fractures (women: 17,648 and men: 7,748). Meanwhile in 2016, it is estimated 

this number to increase to 26,322 (4% increase) (Watts et al., 2014). Globally, by 

2025, it is estimated the incidence of fragility fractures as a whole will increase to 

3 million or higher worldwide.    

 

In summary, bone modeling (which occurs during birth to adulthood) and 

remodeling (which occurs throughout life) are responsible for maintaining bone 

health — quality, micro-architecture and strength — while allowing significant 

flexibility without compromising its mechanical strength. Bone’s material 

composition varies with age, sex, type of bone, anatomical sites and disease (e.g., 

osteoporosis), with associated alterations to its quality, aBMD, micro-architecture 

and strength.  
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Chapter III   

Biomechanical Studies of Screw Fixation 

 

This chapter provides a background to fracture treatment, an overview of the 

biomechanics of screw fixation and describes previous studies in the literature 

investigating the fixation strength or pullout strength of bone screws. 

 

3.0  Background - Bone Fracture Treatment 

 

Bone fracture can be treated by both operative and non-operative procedures, 

depending on the criticality of the fracture, degree of fracture fragmentation, site 

of fracture, and condition of the patient (Giannoudis and Schneider, 2006). 

Regardless of the treatment choices, the primary goal of fracture treatment is to 

restore the functional anatomy, allow for early mobilisation and rehabilitation, 

and reinstate the patient’s health to the level prior to fracture with minimal risk of 

complications. 

 

Before the introduction of orthopaedic implants in clinics, bone fracture was 

treated conservatively by non-operative procedures.  A cast, splint and/or traction 

were used externally to stabilise the bone fracture. This mode of treatment usually 

prolonged bed rest and could be a high risk for certain patients, resulting in mal- 

and non-union of the fractured bones. This condition could escalate over time and 

result in high rates of morbidity and mortality (Koval and Zuckerman, 2000).  The 

non-operative treatments of casting and/or splinting are still in practice today, but 
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selective for certain types of fracture cases as well as for patients who are 

medically unfit for surgical procedures. 

 

Today, surgical treatments of bone fracture are aided by better medical 

technology and wide ranges of implant choices, resulting in improved clinical 

outcomes. Fragility fractures, such as in osteoporotic long bones at the femoral 

neck, are either stabilised mechanically by internal screw fixation or by 

arthroplasty which makes use of a prosthesis to replace the damaged/weakened 

bone that is beyond repair. With respect to bone screws, despite better access to 

wider ranges of implant choices, little is yet known about the performance of 

those implants used in different environments, including in different bone 

qualities, and using different insertion techniques, and tightening to different 

levels of insertion torque. 

 

3.1 An Overview: Biomechanics of Screw Fixation and Pullout Strength 

of Screw 

 

For decades (dating back to the 1880s) (Peltier, 1990), fractured bones in 

orthopaedic surgery were stabilised with the use of implants, the most common 

type being the screw. There are so many different applications for bone screws in 

orthopaedic and trauma surgery. Consequently, there are just as many different 

screw designs, dependent on application and anatomical location and size of the 

bone being fixed. Bone screws are manufactured to high quality and precision. 

Brief detail of bone screw design, profiles, types and designs are highlighted in 

the next section. 
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3.2 Bone Screw 

 

The physical attributes or profile of the screws as shown in Figure 3.1[a] are 

designed specifically to gain purchase in bones of different types and sizes. In 

order to use bone screws effectively, the surgeons must be familiar with the 

screw’s design.  

 

3.2.1 Screw Characteristic 

A bone screw typically consists of the head, core, thread and tip constructs. Each 

of these constructs provides an important function in the overall performance of 

the screw to gain purchase. Each of these constructs is briefly described below. 

 

Head 

The head is the top part of the screw construct. Its profile provides the means to 

turn the screw. The main functions of the head are to transmit the applied torque 

to the bone-screw construct, act as a stop to prevent the screw from sinking in the 

bone and stop the insertion. Screw heads also could be threaded such as in locking 

screws to allow locking into plates for angular stability.  

 

Core 

The core is the solid segment of the screw from which the thread profiles form 

outwards. The diameter of the core is the smallest (or narrowest) diameter of the 

screw, which is measured across the base of the threads. The core diameter is also 

known as the minor diameter, inner diameter or root diameter, which influences 

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

Thread 

A screw thread is a ridge of uniform section in the form of a helix wrapped 

around the screw core. The diameter of the thread is also known as outer diameter 

or major diameter. One of the functions of the outer diameter is to maximise 

resistance to pullout failure.     
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Pitch  

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

travelled by a screw for a complete revolution (360°) of the screw. In each 

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

the threads. 

 

Tip 

The tips of the bone screws have three common designs — smooth conical shape 

(non-tapping screw), cutting flutes (self-tapping) and self-tapping and self-drilling 

tipped.  The tip designs determine the need for bone preparation. The non-tapping 

screw needs pre-drilling of a pilot hole and then tapping (the creation of a thread 

in the bone by the use of a separate thread-cutting tool – a tap). The self-tapping 

screw needs pre-drilling of pilot hole, but creates its own thread in the bone. The 

self-tapping and self-drilling-tip screw is able to self-drill and create a thread in 

the bone.   

 

Length 

The nominal length of a screw is measured from the top of the screw head to the 

bottom of the screw tip. The length of screw needs to be carefully chosen 

depending on its intended use.  If the screw length is too short for the intended 

use, it may not achieve full purchase in the bone, hence, could lead to loose 

fixation; and if the screw is too long, it may irritate 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 sizes, they are crafted to two 

basic types, i.e., cancellous screws and cortical screws. Both cancellous and 

cortical screws are used for different functions in trabecular and cortical bones 

respectively, depending on the fractures and anatomical locations. The screws 

either be used on their own or paired with other implants 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 for better purchase in the 

cancellous (or trabecular) bones. The cancellous screw generally has greater 

thread depth and threads are more widely spaced (i.e., larger pitch) compared to 

cortical screws (Figure 3.1). The cancellous screws can be fully threaded or 

partially threaded. The partially threaded cancellous screws can either be solid or 

cannulated.  

 

Cortical Screw 

 The cortical screw is intended for better purchase in the cortical bones. The 

cortical screw has shallow thread depth and threads are closely spaced (i.e., 

smaller pitch) (Figure 3.1). The cortical screw also can 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 inter-fragmentary compression 

between the bone fragments at the fracture (Figure 3.2). The screw can be fully 

threaded or partially threaded. The fully threaded lag screw is commonly used in 

cortical bones, while the partially threaded lag screw is used in trabecular bones.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Illustrations of the two views of surgical technique for partial and full 
threaded cancellous screws fixation of the femoral neck fracture. The upper panel 
view shows the inverted traingle configuration of the lag screw fixations and 
lower panel shows the trochanteric lag screw configuration (Hawks et al., 2013). 
Reproduced with permission from Elsevier.  
 

Despite the widespread use of the lag screws, failure rates in the range of 8 – 17% 

remain common (Mainds and Newman, 1989; Davis et al., 1990; Baumgaertner et 

al., 1995; Madsen et al., 1998; Nordin et al., 2001; Ehmke et al., 2005). The 

dominant failure mode is due to migration of the lag screw, which leads to varus 
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collapse and cut-out of the lag screw from the bone (Baumgaertner et al., 1995; 

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

 

Pedicle screw 

The pedicle screw is one of the most commonly used and rapidly growing forms 

of stabilisation for correcting deformity and/or treating trauma of the vertebral 

pedicle bones (Figure 3.3) The screw can either be used on its own or with rod 

and plate instrumentation, and has various designs and shapes (cylindrical and 

conical). The main failure modes associated with pedicle screw are screw fatigue 

and bending failure with rates ranging from 3 to 7.1% (Cotler and Star, 1990; 

Matsuzake et al., 1990; Dickman et al., 1992; Niu et al., 1996; Chen-Sheng et al., 

2004) and back-out which could lead to loss of fixation. 

 

 

 

 

 

 

 

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

The anchor screw is also called bone anchor or suture anchor. It is used as an 

anchor to wire or suture soft tissues to bone (Figure 3.4).  It is made of absorbable 

or metallic materials. Suture anchors were introduced in 1991 for clinical 

application in open surgeries, and later for arthroscopic repair techniques, 

commonly in the shoulder and knee regions for reattaching ligaments and 

tendons.  

 

 

 

 

 

 

 

 

 

Figure 3.4: (A to E) Illustrations of surgical technique for suture anchor fixation 
of an olecranon (elbow) fracture (Bateman et al., 2015). Reproduced with 
permission from Elsevier. 

 

Different failure modes were reported depending on the material of the anchor 

screws. The absorbable anchor screw may fail due to pullout from bone, eyelet 

failure (cut-out) and degradation (Hecker et al., 1993; Meyer et al., 2003; 

Demirhan et al., 2000; Meyer and Gerber, 2004), while the metallic anchor screw 

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

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

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

reciprocal grooves or screw thread around the plate holes (Figure 3.5). The screw 

has threads around the head that meshes with the screw threads within the plate 

hole to allow the transfer of forces from the bone to the plate without compressing 

the bone, thus enhancing the vascular supply to the fracture site.  It is typically 

used to treat fractures in osteoporotic bones and short metaphyseal bone 

segments.  

 

 

 

 

 

 

 

 

 

Figure 3.5: The image illustrates cannulated bone screws in an inverted triangle 
configuration with a locking plate (Basso et al., 2014). Reproduced with 
permission from Elsevier. 

 

The main failure modes commonly associated with the locking screws are screw 

loosening and disengagement, leading to screw back-out and migration, which 

can have major consequences that lead to surgical re-intervention (Shah et al., 

2002; Cho and Youm, 2009; Rapuri et al., 2011; Thienpont 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 insertion into bone is made possible with 

the use of rotational moment or torque. Traditionally, torque is generated 

manually by hand via a screwdriver, but in recent years it has been generated by 

electric or pneumatic powered drills. It has been clinically established that the use 

of powered drills provides improved coaxial alignment and precision of screw 

insertion (Thomas et al., 2008).   

 

The torque that is produced during screw insertion is converted into a linear 

movement, which can be observed through the advancement of the screw into the 

bone until it attains screw head contact with the bone surface. During the screw 

insertion (prior to screw head contact), cutting or shredding of the bone is 

involved. A study from our laboratory found the insertion torque at plateau level 

prior to head contact was a strong predictor for the bone failure torque (Reynolds 

et al., 2013).  

 

If torque is continued to be applied after the screw reached head contact, this 

creates what is known as a “tightening effect” in which torque is converted to 

compression (or clamping action) under the screw head and between bone 

fragments. No further advancement of the screw into the bone is possible at this 

stage, as it has already reached screw head contact.  

 

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

bone-screw construct. However, complications may develop in the screw fixation 
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during the intraoperative and/or postoperative periods. Among the complications 

of screw fixation are screw loosening, cut-out, migration, breakage, protrusion 

through the femoral head and detachment. 

 

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

situations, quasi-static methods of testing that include pullout are commonly 

carried out to measure the screw fixation strength due to the simplicity of the 

experiment setup and testing protocol. In this mode of testing, the strength of the 

bone-screw construct is generally defined by its resistance to screw pullout in a 

laboratory setting. Screw pullout is thought to be a good predictor of bone screw 

fixation strength (Poukalova et al., 2010; Ramaswamy et al., 2010; Yakacki et al., 

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

 

According to Bechtol et al. (1959), the pullout strength is defined as the 

maximum uniaxial tensile force (Newton) needed to produce failure in the bone. 

It is measured by a pullout test, where tensile force at a predetermined pullout rate 

is applied along the longitudinal axis of the screw until the screw strips off or 

shears out of the fixation site (Bechtol et al., 1959; Frandsen et al., 1984). An 

international standard development organisation, the American Society for 

Testing and Materials (ASTM), stated that the standard pullout rate for the test 

method for determining the axial pullout strength of medical bone screws is at 5 

mm / min (ASTM, F 543-07). From herein, the strength of the bone-screw 

construct will be referred to as the pullout strength. 
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Numerous studies have been conducted to investigate possible factors that affect 

screw pullout strength, such as screw design and dimension, screw material, 

insertion technique, bone quality (bone mineral density and aBMD), and insertion 

torque, in human, animal, and synthetic bones (Ansell and Scales, 1968; Bechtol 

et al., 1959; Charnley, 1960; Frandsen et al., 1984b; Koranyi et al., 1970; 

Reynolds et al., 2013; Ryken et al., 1995; Schatzker et al., 1975; Søreide et al., 

1980). These will be discussed in the following sections. 

 

3.4  Cadaveric Bone versus Animal Bone versus Synthetic Bone  

 

In the bone-implant related research such as the evaluation of screw fixation 

strength (or pullout strength), it is critical to conduct the biomechanical testing on 

bone samples that have close resemblance with those seen clinically to allow 

direct comparison with the clinical scenario. In this respect, performing tests in 

vivo on the live bones are the most ideal choice.  

 

The cellular mechanisms within live bones as mentioned earlier (sub-chapter 

2.2.3) are still functioning to support bone life, thus, provide the actual scenario of 

choice for the investigation of the screw fixation strength at any phases of fixation 

either at the early post-operative (primary fixation strength) phase as well as at the 

time-dependent changes after bone remodeling and osseointegration occurred in 

bones surrounding the screw fixation as (secondary fixation strength). The option 

to use live bones, particularly from the human subject to conduct biomechanical 

testing however may not always be possible due to the testing regimes that are 
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generally invasive, destructive and irreversible, which can be life threatening to 

the humans.    

 

With this constraint, cadaveric bones, animal bones and synthetic bones are the 

common substitutes to live bones for the biomechanical testing, which are 

performed in vitro. The following sections highlight the characteristics of 

cadaveric, animal and synthetic bones and their respective advantages and 

disadvantages in contributing to the findings of bone-implant studies. 

 

Cadaveric Bone  

Cadaveric bones pose the closest resemblance to live bones (in vivo) from the 

human subject in terms of their biological properties and structures compared to 

the other bone substitutes such as animal and synthetic bones. Thus, cadaveric 

bones are the most desirable substitutes for biomechanical testing in bone-implant 

research.  

 

Unlike live bone, cadaveric bones lack the normal bone cellular functions, 

responsible for the remodeling of the bone tissues (sub-chapter 2.2.3); hence, 

time-dependent changes in bone surrounding the screw will not occur. Therefore, 

the biomechanical testing on the bone-implant such as the evaluation of screw 

fixation strength studies are limited to the immediate point (time 0) of screw 

fixation only; and screw fixation strength studies at the time-dependent phase 

cannot be accounted for.  
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Similar to live bones, cadaveric bones are not uniform, resulting in the use of 

bone samples with vastly heterogeneous bone quality and strength, which 

contribute to a large sample size requirement in order to obtain a satisfactory 

significance and power for statistical comparisons (Christifilini et al., 1996; 

Heiner and Brown, 2001; Sommers et al., 2007; Marti et al., 2001). Additionally, 

cadaveric bones are difficult to obtain, costly and require stringent protocols and 

ethics for handling, storage and disposing of the bone samples. These constraints 

have turned some researchers to opt for animal bones or synthetic bone 

substitutes, depending on their respective study objectives. 

 

Animal Bone  

Animal bones are the simplified representations, which they pose the same or 

similar biological functions and structures as of the living human subjects. Using 

animal bones for the biomechanical testing may offer advantages over human 

cadaveric bones since they are often simpler to control and manipulate, and 

ethical concerns may be less troublesome to address. Although the use of bones in 

living animal have been disputed over the last 150 years, they provide a possible 

option to investigate screw fixation strength either at the early stage of screw 

fixation or at time-dependent changes in bone surrounding the screw (Oroszlany 

et al., 2015). 

 

Bones from the sheep, bovines and pigs are the common choices for the 

biomechanical testing, allowing them to be performed in both environments, in 

vivo and in vitro. In selecting the animals however their bones’ phenotypes and 

cross-species biomechanical properties must be carefully considered for 
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comparability with the human subjects and clinical scenarios. The sample size for 

animal bones also still be large to obtain a satisfactory significance and power for 

statistical comparisons and reproducibly. Since there are no established standards 

and there is a wide variety of bone shapes and sizes, a large number of variables 

must be considered when establishing biomechanical testing procedures. The 

need for control groups and the care of animals have contributed to higher costs. 

Due to this, synthetic bones becoming a better option for bone substitutes. 

 

Synthetic Bone Sample 

The Synthetic materials offer a wide range of possibilities as bone materials.  The 

main advantage of the synthetic materials is that they can be engineered to meet 

certain requirements, and will have constant material properties and cut into 

standard sizes. The structures and mechanical properties (e.g., strength and 

stiffness) of the synthetic materials can be made to resemble that of trabecular or 

cortical bones. They provide an uncontaminated, clean test environment, which 

makes them the ideal choice when biological processes in the human body are not 

part of the research. However, the uses of synthetic bones lack the biological 

diversity that exists in live bone of human subjects, which does not allow direct 

comparison to the clinical setting. Thus, key findings obtained through synthetic 

bone testing should be validated on cadaveric bones. 

 

3.5  Pullout Strength: The Effect of Screw Design and Dimension 

 

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

affect the screw pullout strength.  They used two different screw designs and 
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dimensions (cancellous screws: 15 and 30 mm in length, both with outer diameter 

[OD] of 6.5 mm; and hip compression screws: 19.1 and 28.6 mm in length, both 

with OD of 12.7 mm) and performed screw insertions into 40 human cadaveric 

femoral heads, followed by pullout tests for the measurement of pullout strength. 

The results demonstrated that the pullout strength of screws of both designs 

increased with the length and OD. For example, when the screw OD was 

increased from 6.5 mm in cancellous screws to 12.7 mm in hip compression 

screws, a 70% increase in pullout strength was obtained (Frandsen et al., 1984). 

 

Asnis et al. (1996) compared the holding strength of cancellous screws of 

different pitch, OD and inner diameter (ID).  These screws were inserted into 

synthetic bone models of different densities (0.15 g/ml and 0.22 g/ml), and 

holding strengths were measured through screw pushout tests using a servo 

hydraulic testing machine. The cancellous screws with wider OD (6.5 mm) 

demonstrated significantly higher holding strength compared to screws with 

thinner OD (4.5 mm) (p < 0.001). Similarly, a decrease in pitch (or increase in 

threads per inch) also significantly increased the holding strength of the 

cancellous screw (Asnis et al., 1996). 

 

In another study, the pullout strengths of two different designs of bone screws 

(conical pedicle screw versus cylindrical pedicle screw) of similar dimensions 

(thread pitch, area, and contour) were compared. Using porcine lumbar vertebrae, 

Abshire et al. (2001) found that the conical screws provided a 17% increase in the 

pullout strength compared to the cylindrical screws, suggesting that conical screw 

designs engage more bone between the conical screw threads than cylindrical 
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screws (Abshire et al., 2001). Similarly, Ryken et al. (1995) determined in human 

vertebrae that the pullout strength of bicortical screws was significantly higher 

(253 N) (p = 0.008) compared to the pullout strength of unicortical screws (170 

N), suggesting that fixation of bicortical screws provides stronger mechanical 

stability than unicortical screws.  

 

In summary, the factors of screw design and dimension have shown to influence 

the pullout or holding strength of screws as demonstrated by the studies 

mentioned above. Screws with bigger OD and smaller pitch size (or more threads 

per inch) were found to provide greater pullout strength than those screws with 

smaller OD and fewer threads. A likely explanation is that with the varying thread 

designs and dimensions, the contact areas between bone and thread may vary, 

thus altering the distribution of forces, and generating variation in pullout 

strength. However, the anatomical location of insertion and the required function 

of use dictate to a great extent the design and dimensions of the screw chosen for 

the surgery. 

 

3.6  Pullout Strength: The Effect of Screw Material 

 

Many bone screws are constructed from stainless steel due to its biocompatibility 

as well as strength (Burval et al., 2007; Lin et al., 2003; Patel et al., 2010; Shea et 

al., 2014; Taniwaki et al., 2003). Titanium has been widely considered in newer 

designs of screws because it is more flexible (or ductile) and bioactive (tissue 

bonds to the screw), potentially improving bone ingrowth and mechanical 

fixation. It also offers superior compatibility when scanned with magnetic 
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resonance imaging (MRI) and computed tomography (CT), producing images 

with significantly less interference (metal artefacts) compared to stainless steel 

screws (Christensen et al., 2000; Shea et al., 2014; Shi et al., 2012).  

 

To determine whether the characteristics of titanium improves the anchorage of 

screws within osteoporotic bone, Christensen et al. (2000) investigated the effect 

of titanium screws (Ti-6AL-4V) (n = 9) versus stainless steel pedicle screws 

(316L) (n = 9) on the pullout strength and bone in-growth in the vertebra bone of 

18 skeletally mature female Göttingen mini-pigs. The screws were implanted 

while the animals were placed under general anaesthesia. After three months, the 

animals were sacrificed and pullout tests were performed on the screws. Despite a 

significantly different (p < 0.04) osteointegration between the bone and the 

titanium screw (43.8%) compared to the stainless steel pedicle screw (29.4%), 

there was only a 5% increase in pullout strength compared to the stainless steel 

screw (pullout strength: titanium screw = 2232 ± 259 N; stainless screw = 2128 ± 

277 N) and this was not statistically significant (Christensen et al., 2000; Shea et 

al., 2014). 

 

In a similar animal study, the pullout strength of two expandable titanium pedicle 

screws of different elastic modulus (E) were compared, i.e., between Ti-24Nb-

4Zr-7.9Sn (E = 42 GPa) and Ti-6AL-4V (E = 110-114 GPa). These screws were 

implanted into the vertebra of live female sheep (n = 4) with induced osteoporosis 

(bone E = ~13.5 GPa) (Rho et al., 1997; Shea et al., 2014). The study’s hypothesis 

was that the screw (Ti-24Nb-4Zr-7.9Sn) with E closer to that of bone would 

produce greater pullout strength than the screw of higher E.  At six months post-
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screw implantation, the animals were sacrificed for the pullout tests. The 

integration between the bone and screw with E more closely matched to bone was 

highly noticeable and its pullout strength was higher by 19.3% ( p < 0.05), 

compared to the screw with higher E (Shea et al., 2014; Shi et al., 2012). 

 

In summary, the use of titanium screws in osteoporotic bone generally 

demonstrated more bone ingrowth and increase of pullout strength compared to 

stainless steel screws. Titanium screws with E more closely matched to bone 

resulted in better osseointegration at the bone-screw construct, and hence stronger 

fixation. 

 

 3.7 Pullout Strength: The Effect of Pilot Holes  

 

A pilot hole is normally drilled prior to screw insertion so that the screw can be 

easily guided in the direction of interest. In the process, the size of the pilot hole 

must be optimised to prevent undersized or oversized pilot holes. If a pilot is too 

small (undersize), it may increase resistance to screw insertion that could cause 

screw fracture or fracture of surrounding bone structures. However, if a pilot hole 

is too large (oversize), it may decrease contact between the screw and bone 

structures, thus compromising the pullout strength of the screw (Battula et al., 

2008; Steeves et al., 2005).  

 

Pilot holes in synthetic bone: 

To test if different pilot hole sizes affect pullout strength, Battula et al. (2008) 

compared the pullout strength of bone screws inserted into pilot holes of four 
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different sizes: 2.45 mm (70% of the screw OD of 3.5 mm); 2.5 mm (71.5% of 

OD); 2.55 mm (73% of OD); and 2.8 mm (80% of OD) using osteoporotic 

synthetic bone models. The findings were that an increase in pilot hole size 

relative to 2.5 mm reduces the pullout strength as well as the amount of torque 

required for insertion. They suggested using a pilot hole size no larger than 71.5% 

of OD to maximise the pullout strength and minimise iatrogenic damage in 

osteoporotic bone (Battula et al., 2008).  

 

In another similar study, the screw pullout strength from three pilot holes, smaller 

(2.8 mm), similar (3.8 mm) and larger (4.5 mm) than the inner diameter of the 

pedicle screw were compared. This experiment was performed in a Landrace 

breed swine vertebral bone. The results obtained in this study were consistent 

with the findings by Battula et al. (2008), which indicated that an increase in pilot 

hole size reduces the pullout strength of pedicle screws. Based on the findings, 

Leite and colleague suggested that the effect of bone removal during pilot hole 

drilling had affected the ability of the bone-screw contact to create a strong 

anchorage of the screw threads. With an increased pilot hole diameter, a larger 

amount of bone was removed and a smaller amount of bone remained to be 

compacted around the screw, thus reducing the insertion torque and 

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

 

Pilot holes in human bone: 

Steeves et al. (2005) investigated the effects of pilot hole sizes on the pullout 

strength of bone screws in human cadaveric femurs and tibia. The femurs and 

tibia were cut in half through the transverse (or horizontal) plane to provide direct 
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access to the trabecular part of the bone for screw insertion.  The study compared 

the pullout strength of cancellous screws (OD: 6.5 mm and ID: 3.0 mm) from two 

pilot hole sizes, i.e., 3.5 mm (recommended size of pilot hole specified by the 

AO/ASIF (Schatzker, 1991) and 2.5 mm (reduced size of pilot hole). Four pilot 

holes of 3.5 mm and 2.5 mm (two of each size) were randomly, but equally, 

assigned to be drilled at locations in a line along the metaphysis of the femurs and 

tibia respectively, i.e., at the extreme lateral, inner lateral, inner medial, and 

extreme medial metaphysis.  

 

Predictably, cancellous screws demonstrated a significantly (p < 0.05) higher 

screw pullout strength using a smaller size pilot hole (2.5 mm) than the 

manufacturer’s recommended size (3.5 mm) for all the locations of screw 

insertions except at the inner lateral site of the distal femurs and proximal tibia, 

which showed the reverse trend (pullout strength of 2.5 mm pilot hole = 107.4 N; 

pullout strength of 3.2 mm pilot hole = 163.8 N). They suggested that inserting a 

screw into a smaller pilot hole might create the beneficial effect of compressing 

the debris of the cancellous bone’s trabeculae filling the hole, thereby resulting in 

an increased pullout strength of the cancellous screw. 

 

In summary, the overall results from various studies indicate that, whether tested 

in synthetic, animal, or human bones, pullout strengths of bone screws in reduced 

pilot hole sizes are higher compared to pilot hole sizes similar to or larger than the 

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

Holes 

   

Clinically in bone surgery, a non-tapping pilot hole is prepared when self-tapping 

screws are used with the intention to simplify the procedure, avoid additional 

trauma to the patient and shorten the operation time. A pre-tapped pilot hole is 

prepared when non-self-tapping screws are used, typically involving cortical bone 

and attempting to insert a screw obliquely into the bone to lag two bone fragments 

together (Baumgart et al., 1993; Shea et al., 2014). The decision of whether to use 

a non-tapping or pre-tapping pilot hole depends on the surgeon’s judgement for 

each situation.  

 

Thompson et al. (1997) compared the pullout strength of non-cannulated 

cancellous screws in pre-tapped pilot holes, and cannulated cancellous screws in 

non-tapped pilot holes using synthetic polyurethane bone models of apparent 

densities within the range reported for normal human cancellous bone. Their 

results indicated no demonstrable effect on the screw pullout strength when the 

screws were inserted with or without tapping the pilot hole. However, in porous 

material of density similar to osteoporotic bone, they discovered that the screw 

pullout strength decreased in the pre-tapped pilot hole and suggested that this was 

caused by the removal of materials by the tap which enlarged the hole 

considerably. This finding was also in agreement with the other pullout strength 

studies involving pedicle screws in a synthetic bone model with a density similar 

to osteoporotic bone (Chen et al., 2009; Pfeiffer and Abernathie, 2006).  

 



43 

    

 

In a similar study, but performed in seven pairs of femora from immature (1 – 7 

months) foals, Johnson et al. (2004) compared the pullout strength between 6.5 

mm standard cancellous and 7.3 mm self-tapping cannulated bone screws, which 

were inserted in tapped and non-tapped pilot holes respectively at the proximal 

metaphysis, mid-diaphysis and distal metaphysis. The study found 6.5 mm 

cancellous and 7.3 mm cannulated screws had similar pullout properties, but vary 

in insertion properties. For instance, the pullout results showed that the pullout 

strength of the 6.5 mm cancellous screws and 7.3 mm cannulated screws were 

similar at each location of insertion. The pullout power of both screws was 

significantly greater in the mid-diaphysis than in either metaphyseal location. On 

the other hand, insertion torques for the 7.5 mm cannulated screws inserted in the 

tapped pilot holes were greater than in non-tapped pilot holes, but their insertion 

torques were significantly lower than for the 6.5 mm cancellous screws.  

 

Pfeiffer and Abernathie (2006) compared various pedicle screw designs using 

non-tapped and pre-tapped pilot holes in synthetic bone models of density similar 

to osteoporotic bone. A uniform synthetic bone model was utilised in the study to 

provide a consistent test for each screw by eliminating the variability seen in 

human bone. During testing, they observed that tapping some of the pilot holes 

caused degradation of the bone materials. Their results indicated that screw 

pullout strength from the tapped pilot hole in their osteoporotic bone model was 

lower than in the untapped case. They inferred that this 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) investigated the pullout strength of 

cannulated pedicle screws in a synthetic bone model with a density similar to 

severely osteoporotic bone as part of a bigger study. They also discovered that 

pre-tapping of the pilot hole in a low-density bone decreased the screw pullout 

strength, with larger standard deviations, suggesting that the results from the pre-

tapped case results are less repeatable than the non-tapped cases (Chen et al., 

2009).  

 

In summary, for higher-density bone (or normal bone quality), tapping had no 

demonstrable effect on screw pullout strength. Pre-tapping of the pilot hole prior 

to screw insertion, particularly in patients with dense bone, may be a desirable 

option in order to cut the thread profile into the bone.  However, in the case of 

material of lower density, pre-tapping of a pilot hole decreased the pullout 

strength of the bone screw. Pre-tapping of the pilot hole may therefore be 

inadvisable in patients with osteoporotic bone quality. 

 

 3.9 Pullout Strength: The Effect of Bone Quality 

 

Bone serves as a foundation material for the anchorage of screw threads. 

Therefore, its quality (in terms of bone mineral density and micro-architecture) 

coupled with other factors highlighted in previous sections is pivotal in 

contributing to the success of screw fixation.  

 

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

(1994) compared the influence of the pullout strength of 6.5 mm pedicle screws in 
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normal (average aBMD = 1.17 mg/cm2) and osteoporotic (average aBMD = 0.82 

mg/cm2) human cadaveric spines. The pedicle screws were inserted into the spine 

using different insertion methods, untapped pilot holes, tapped pilot holes (size: 

6.5 mm and 5.5 mm) and enlarged pilot holes packed with corticocancellous 

bone, followed by the pullout tests.  

 

Their results showed that the average screw pullout strength in normal bone 

specimens (average pullout strength = 1540 ± 361 N) was approximately 8 times 

greater than in osteoporotic bone specimens (average pullout strength = 206 ± 159 

N). In normal spines, the method of screw insertion did not influence the screw 

pullout strength. In contrast, the method of screw insertion in osteoporotic bone 

did alter the screw pullout strength significantly. In osteoporotic spine, the screw 

pullout strength either from an untapped or a  5.5 mm tapped pilot hole was 

significantly greater than screw pullout with 6.5 mm tapped pilot hole or the 

destroyed pilot hole with packed corticocancellous bone  (pullout strength (N): 

untapped = 350.4 ± 115; 5.5 mm tapped = 400.3 ± 205; 6.5 mm tapped = 63.55 ± 

48.2, and destroyed pilot hole packed with corticocancellous bone = 61.41 ± 47.0  

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

 

Tingart et al. (2006) investigated the effect of bone mineral density on pullout 

strength using a metal screw-like suture anchor in fresh-frozen cadaveric humeri. 

Prior to insertion, pQCT was used to measure total, trabecular, and cortical bone 

mineral densities in different regions of the lesser and greater tuberosities of 

cadaveric humeri. Suture anchors were then inserted into individual regions of the 

humeri, and cyclic loading was applied in order to evaluate the influence of total, 
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trabecular and cortical bone mineral densities on the pullout strength of the 

anchors. Consistent with the previous studies, overall significant positive 

correlations were found between bone mineral densities and pullout strengths 

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

 

Seebeck et al. (2004) investigated the holding strength of uni-cortical screws used 

in an internal fixator system by means of an axial and cantilever bending mode. 

The tibia bone mineral density was determined at the screw’s insertion sites with 

the use of CT images. The screws were inserted at different sites of the 

metaphyseal and diaphyseal regions, followed by axial pullout and cantilever 

bending tests (Figure 3.2). 

 

 

 

 

 

 

 

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

Their stepwise multiple linear regression results revealed that trabecular bone 

density and cortical thickness explained 93% and 98% of the variance of the 

screw pullout strength in axial and cantilever bending modes respectively. 

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

the screw compared to the axial loading situation. 

 

Seebeck associated this phenomenon with the anisotropic material properties of 

the bone in which by using the screws in a cantilever bending mode, the bone was 

loaded along the direction of its highest compressive and tensile strength, while 

pullout in an axial mode produced a loading of the bone in its weakest transverse 

direction. This means that a screw which fails with axially loaded application, 

might still provide enough holding power if loaded in a cantilever bending mode, 

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

 

While most studies have concentrated on measures of bone density such as 

aBMD, only very few studies reported in the literature have investigated the 

influence of the other contributing factors of bone quality, such as the micro-

architecture of trabecular bone on the pullout strength of bone screws in the 

laboratory setting (Poukalova et al., 2010; Yakacki et al., 2010). Poukalova et al. 

(2010) studied the relationships between trabecular micro-architecture and elastic 

modulus, compressive strength and pullout strength of cork-like screw suture 

anchors in the trabecular bone from human humeri.  

 

The study evaluated the micro-architectural parameters and elastic moduli of the 

humeri bones from micro-CT images and stress-strain curve obtained from 

compression tests. After insertions of the cork-like screws to head contact at five 

locations in the greater tuberosity, lesser tuberosity, and humeral head, axial 

pullout tests were performed at a pullout rate of 1mm/sec. Their findings 
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suggested that the pullout strength of cork-like screws and compressive strength 

of the cadaveric humeri show significant correlations to bone volume fraction 

(BV/TV), structure model index (SMI), and trabecular thickness (Tb.Th).  

 

Yakacki et al. (2010) investigated the effect of bone micro-architecture measured 

by micro-CT on the pullout strength of cork-like suture anchors. The cork-like 

screws were inserted in three different locations in human humeri bone 

specimens, i.e., at greater tuberosity, lesser tuberosity and humeral head.  The 

micro-architectural parameters of the bone specimens however were evaluated 

after screw insertions, and thus the evaluated micro-architectural parameters were 

not taken directly from the actual sites of screws implantation, but rather from 

bone areas adjacent to the implantations. Their findings revealed that the 

trabecular bone micro-architecture, particularly the SMI had the highest 

correlation (R = - 0.81) with the pullout strength of the corkscrew, followed by 

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

 

Since the introduction of high resolution imaging technology such as quantitative 

CT (qCT), and MRI in clinics and micro-CT in laboratory environments, finite 

element analysis (FEA) has gained a strong momentum in orthopaedic research, 

particularly in the investigation of the peri-implant augmentation and stability in 

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

 

Wirth et al. (2009) developed micro finite element models (micro-FE) of bone-

screw constructs and compared results of the FEA with data obtained from 

laboratory pullout strength tests performed on sheep vertebral bodies. Their 
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results showed a strong correlation (R2 = 0.87) between laboratory and FEA 

pullout strength measurements and indicated that bone volume fraction (BV/TV) 

measured by micro-CT was a good predictor (R2 = 0.86) of the experimentally 

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

 

In another FEA study, Wirth et al. (2011) investigated implant stability through 

the development of a model of trabecular bone of the humeral heads from micro-

CT images. The screws were digitally inserted into the humeral head finite 

element model and a virtual biopsy of the bone was taken at the implant site to 

quantify bone structural quality (micro-architectural parameters) and the stiffness 

of the bone-screw construct as a measure of implant stability (instead of the 

pullout test). Their findings indicated that the local bone micro-architecture at the 

place of screw implantation accounted for 91% of the variability observed in the 

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

 

In summary, bone quality, particularly aBMD, has shown a significant 

relationship with screw pullout strength. This implies that bone of a high aBMD 

provides better foundation for the anchorage of screw threads, and hence, 

produces a strong fixation. Measures of bone micro-architecture also show a good 

relationship with the screw pullout strength, in particular BV/TV, SMI and Tb.Th.  
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3.10  Pullout Strength: The Effect of Insertion Torque  

 

Once screw head contact is reached, the torque required to further tighten the 

screw and compress the bone fragments increases rapidly. Surgeons typically rely 

on their intuition to judge the torque at which to stop tightening before stripping 

occurs, with the aim of optimising stability of the bone-screw construct, while 

minimising the risk of screw stripping. This is based on the premise that 

continuing tightening beyond head contact increases the strength of the construct.  

 

The question arises then, as to what effect the torque to which the screw is 

tightened beyond head contact has on construct strength. There have however 

been very few studies to address this directly; most studies have concentrated on 

the surgeon’s ability to stop tightening prior to failure and what construct strength 

is achieved as a result of a surgeon’s perceived optimal tightening torque.  

 

In orthopaedic surgery, torque measuring devices are not commonly used; 

however, torque limiting screwdrivers are routinely used particularly for the 

insertion of locking screws in a theatre setting. Surgeons rely on their experience 

and intuition to judge the point at which to stop tightening once head contact has 

been reached. However, according to Stoesz et al. (2013), the ability of surgeons 

to optimise screw insertion torque for a good fixation based on their own 

judgement is not reliable in preventing and detecting screw stripping. In an 

investigation into screw and plate fixation constructs in three densities (0.08, 0.16 

and 0.32 g/cm3) of synthetic trabecular bone, they discovered that surgeons 

stripped 109 (45.4%) of 240 screws and did not recognise stripping 90.8% of the 
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time when it occurred. They also found there was a disparity in the frequency of 

stripping between surgeons, ranging from 16.7% to 83.3% stripped, suggesting 

that proprioception and/or aggression varies between individuals (Stoesz et al, 

2013).  

 

Dinah et al. (2011) investigated the risk factors for unintentional screw stripping 

and over-tightening during fixation of ankle fractures in elderly bone, including 

whether bone density, cortical thickness and screw insertion technique (uni- and 

bicortical purchases) are predictors of unintentional screw stripping and over-

tightening. The study utilised cadaver ankle bones (10 pairs) of varying densities 

(ranging from 186 distally to 1138 mg/L proximally) measured by multi-slice CT 

scanner with self-tapping cortical and cancellous screws (200 screws). The screws 

were tightened to optimal torque judged by the surgeon. Their results showed that 

9% (18 out of 200 screws) of the screws were unintentionally stripped and 12% 

(24 out of 200 screws) were over-tightened (defined by authors as having been 

tightened to a torque ranging from 90% TMax to 99% TMax). Despite 21% of the 

screws being stripped or being at risk for stripping, they found no significant 

predictors to warn of impending screw stripping. 

 

Cordey et al. (1980) undertook a study to measure the tightening levels produced 

by 101 surgeons though a laboratory experiment. Each surgeon was assigned to 

tighten one screw into a cadaveric tibia and femur, respectively, to their judged 

optimal torque (TOpt) for a good fixation. The torque was then increased to strip 

the thread (TMax). The screw insertion parameters, TOpt and TMax, were recorded 

via an instrumented screwdriver. The cortical thickness was measured for both 
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bone types (cortical thickness [mm] mean [SD]: tibia = 5.5 [1.3] and femur = 5.5 

[1.0]). The findings of the investigation revealed that the relationships between 

the TOpt and TMax in tibia and femur are relatively constant, with TOpt in the tibia 

being 84% of TMax and in the femur 88% of TMax, hence, the overall average of 

TOpt as a percentage of TMax in bone (tibia and femur) being 86%. Cordey et al. 

concluded that, in the clinical setting, surgeons typically tighten screws based on 

judgements to an average torque of 86% of TMax in order to achieve the optimal 

force between the screw and bone. 

 

In a different study, Cordey et al. investigated the surgeons’ perceptions in 

judging for the optimal insertion torque (TOpt) for strong fixation in different bone 

qualities (measured by roentgenogram) (Cordey et al., 1980). The screws were 

inserted using three different techniques, that is via small and large pilot holes, 

made visible to surgeons and via pilot holes, which sizes unknown to surgeons 

performing the tests. 36 surgeons of various skills were involved in the study, 

producing a total of 108 screw insertions. The insertion data such as the applied 

torque (T), TOpt, stripping torque (TMax), stripping force (FMax) measured between 

the screw head and bone as well as screw angular displacement (α) were 

recorded.  

 

The findings showed a linear relationship between TOpt and TMax, which indicated 

TOpt is proportional to TMax. Of the 108 insertions, surgeons stripped the screws 

more than 10 times. A strong correlation was found between FMax and bone 

density (R = 0.93) and a weak correlation between FMax and bone cortical 

thickness (R = 0.71). No statistical differences in TOpt, TMax or FMax were found 
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between different insertion methods. Based on these findings, Cordey concluded 

that the FMax at TMax varies between bones; hence, so does TOpt. In general the 

surgeons are able to adapt well to judging the torque at optimal force when 

subjected to different screw insertion methods and in varying bone qualities. 

Nevertheless, Cordey et al. stated that in low-quality (osteoporotic) bone, the 

surgeons’ judgement was found to be inconsistent. 

 

In a later study, Siddiqui et al. (2005) compared screw pullout strength achieved 

by clinicians applying an insertion torque that they felt to be optimal for a good 

fixation. Four clinicians with a range of experience (nurse, senior medical officer, 

registrar, and consultant surgeon) were asked to insert a number of partially 

threaded cancellous screws to a uniform depth into chipboard blocks of non-

uniform properties (density not specified) in which pilot holes of different sizes 

had been drilled previously. After each insertion, the clinician was asked to assign 

a value from 0 to 10, based on how strong the construct would be (in terms of 

expected magnitude of pullout strength).  

 

The results of the four clinicians indicated a strong correlation between the judged 

and true screw pullout strength measured by pullout testing (correlation 

coefficient [R] ranged from 0.47 to 0.67 [p < 0.001]). The consultant of many 

years of experience had a much stronger correlation than the others (R = 0.67). 

All of the measured screw pullout strengths fell between a range of 600 and 1200 

N.  
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Siddiqui et al. concluded that the variation in R values between clinicians 

indicates that some clinicians are better judges of insertion torque than others, 

with experience lending to an improvement in judgement. According to Siddiqui 

et al., the strong correlation between the judged and true screw pullout strength 

implies that the human perception of insertion torque is refined enough and the 

need for torque measuring devices is not a requirement in the operative setting.  

 

Siddiqui et al. however, acknowledged that the correlation may be less strong in 

osteoporotic bone, which they did not study. Furthermore, their study was 

performed in chipboard blocks and its material structure is different from that of 

bone; thus, the correlation between the judged and true screw pullout strength in 

human bone (particularly trabecular bone) could be different. Until it is 

investigated, therefore, a question remains as to how accurate human judgement is 

in controlling the insertional torque of bone screws to achieve good fixation 

strength, particularly in low-bone quality material, such as osteoporotic bone.  

 

A study from our laboratory (Cleek et al., 2007) investigated the effect on pullout 

strength of tightening of cortical screws performed on cortical bone of ovine 

tibiae to three levels of tightening torque (as a percentage of expected failure 

torque), 50%, 70% and 90% of TMax. The results showed an increase in the 

pullout strength tightened at 70% TMax compared to 50% TMax, which was not 

significant. However, the pullout strength of the cortical screw decreased 

significantly by 13% at 90% TMax compared to the pullout strength at 70% TMax.  
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During the screw insertions, Cleek et al. monitored insertion torque via a torque 

transducer. Analysis of the insertion torque to failure curves revealed a linear 

regime at the initial phase of the curve, indicating the bone is behaving elastically 

in response to insertion forces. The subsequent phase of the curve, however, 

became non-linear as the bone began to yield. Cleek et al. therefore suggested the 

lower pullouts at 90% TMax were a result of decreased strength of the construct 

resulting from the bone yielding around the screw threads. This is also in 

agreement with other work in our laboratory Ryan et al. (2015) which confirmed 

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

 

Tankard et al. (2013) replicated the Cleek et al. study in human cortical bone of 

the humeri with varying bone qualities, ranging from normal to osteoporotic. 

They hypothesised that the pullout strength of the self-tapping cortical screw 

inserted in humeri bone would be greatest in screws tightened to 70% TMax, and 

significantly greater than in screws tightened to 50% TMax and 90% TMax. 

However, their results showed that tightening of the screw beyond 50% TMax did 

not significantly increase the pullout strength of the screw in all bone qualities 

tested. The pullout strength value, although greatest at 70% TMax in low-quality 

bone, was not significantly different from that tightened at 50% TMax and 90% 

TMax. Tankard claimed that screws tightened to beyond 50% TMax did not improve 

the pullout strength and their overall findings failed to support the stated 

hypothesis (Tankard et al., 2013). 

 

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

screw pullout strength and insertional torque judged to be optimal at varying bone 
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mineral densities in human cervical spine. Reitman performed the investigation 

on 54 cervical vertebrae in 12 cervical spines. aBMD of the specimens were 

obtained using DXA. Two 3.5 mm OD anterior cervical screws were used in the 

study for unicortical placement in each cervical spine. All screws were inserted 

into bone specimens by a single orthopaedic surgeon using a special screwdriver 

with a torque transducer to enable continuous acquisition of torque measurements 

as the surgeon was placing the screws. One screw was inserted to failure to obtain 

the maximum or failure torque (TMax) (actual peak torque) and the second screw 

was inserted until the surgeon felt a sufficient amount of torque was achieved to 

maximise pullout strength without stripping the bone (perceived peak insertional 

torque), then performed pullout test.   

 

They found that on average, the applied insertion torque produced by the surgeons 

was 85% of TMax. The results showed a stronger correlation between aBMD and 

screw pullout strength (R = 0.710) than between applied insertion torque and 

screw pullout strength (R = 0.422). They concluded that the quality of bone is 

more instrumental in the success or failure of the screws than the insertional 

torque to which screws are placed (Reitman et al., 2004).  

 

Similar to Reitman et al., but using different types of screws (uni- and bicortical 

Casper cervical plating screws), Ryken et al. (1995) investigated the relationships 

of screw pullout strength and insertional torque to varying bone mineral densities 

from 99 cadaveric vertebral bone specimens.  The aBMD of the specimens was 

evaluated using DXA. Unicortical screws were inserted in 51 specimens and 

bicortical screws in 48 specimens at perceived optimal torque for a good fixation. 



57 

    

 

The average applied torque was 0.367 ± 0.243 Nm, and average pullout strength 

was 210.4 ± 158.1 N. Results indicated that the applied insertion torque shows a 

stronger correlation with screw pullout strength (R = 0.88, p < 0.0001) than does 

the aBMD with screw pullout strength (R = 0.54, p < 0.0001). In this study, the 

bone mineral density accounted for 28%, while insertion torque was 77%, of the 

observed variability in screw pullout strength.  

 

Ryken concluded that although both bone mineral density and insertion torque are 

statistically significant variables, torque has the greater influence (Ryken et al., 

1995). The contradiction in the order of strength of correlations between insertion 

torque and pullout strength and aBMD and pullout strength between Ryken et al. 

(1995) and Reitman et al. (2004) could be due to the effect of different screw 

designs used in their studies (Section 3.6). 

 

3.11  Prediction of Point of Screw/Bone Construct Failure  

 

The literature reviewed above shows that the pullout strength of a bone screw is 

related to the level of insertion torque although there is some discordance about 

the exact relationship (Cleek et al., 2007; Reitman et al., 2004; Ryken et al., 1995; 

Siddiqui et al., 2005; Tankard et al., 2013). Regardless of the exact relationship, it 

would appear that the level of torque applied should be controlled to avoid over-

tightening and damaging the surrounding bone structure, leading to poor construct 

strength or complete failure due to stripping of the bone around the screw threads. 

However a simple torque control system (e.g. torque limiting screwdriver) 
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whereby the torque limit does not adapt to bone quality will not succeed due to 

the relationships between pullout strength, insertion torque and bone quality.  

 

It has been demonstrated that torque at failure (TMax) for cancellous screws is 

dependent on the density of the bone (Suhm et al., 2007). Furthermore, the torque 

measured during screw insertion prior to failure has also been found to be directly 

related to bone density and can be used, on its own, as a good predictor of 

ultimate failure torque of the bone.  

 

 

 

 

 

 

 

 
Figure 3.3 Torque and compression profiles of a synthetic bone to failure plotted 
against cancellous screw angular displacement (in revolutions), (Reynolds et al., 
2013). Reproduced with permission from Elsevier. 
 

A previous study from our laboratory (Reynolds et al., 2013) examined the 

torque, compressive forces, and rotations during automated cancellous screw 

insertion into synthetic (n=24), ovine (n=69) and human bone specimens (n=89). 

A typical graph of torque profile (insertion torque to failure versus screw angular 

displacement [revolution]) is shown in Figure 3.3. The plateau in torque just prior 

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

threaded; the plateau commences once all threads are engaged within the bone. 
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Results demonstrated a strong correlation between the torque value just prior to 

head contact (TPlateau) and failure torque TMax (synthetic: R = 0.90, p<0.001; 

ovine: R = 0.848, p<0.001 and human: R = 0.840, p<0.001), and showed that it is 

possible to predict failure torque (TMax) solely from the insertion torque required 

to achieve bone-screw head contact. It was further established that variations 

related to bone density could be automatically detected through the effects of the 

bone on the rotational characteristics of the screw. These results and others 

(Hearn et al., 2004) from our laboratory indicate that it is possible to design an 

automated orthopaedic handpiece able to cease tightening at a safe level that 

avoids over-tightening and stripping and which adapts to bone quality. Further 

studies are warranted to identify the optimal level of tightening torque. 

 

3.12  Summary  

 

This chapter has reviewed the literature to identify a number of parameters that 

affect the fixation strength or pullout strength of bone screws. It has also briefly 

described the type, design and use of the bone screw, as well as possible fixation 

failure at different anatomy locations. Although fixation failure by pullout is 

uncommon among the screws of different types and designs seen in the clinical 

environment, pullout testing was chosen as the means to measure the screw 

fixation strength in vitro because of the simplicity of the experiment setup and 

protocol. The chapter also described different bone types (cadaver, animal and 

synthetic) that are commonly used as surrogates for living bones particularly 

human for the in-vitro testing along with work in our laboratory to develop smart 
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surgical instrumentation capable of adapting to bone density to improve fixation 

outcomes.  

 

Of particular interest to this thesis, the level of applied insertion torque appears to 

influence screw pullout strength. However a surgeon’s ability to identify the point 

at which to cease insertion is limited, and the optimal torque level for a good 

fixation is not established. Furthermore, bone quality has a significant influence 

on the screw pullout strength with higher density bone providing a better 

foundation for the anchorage of screw threads. Measures of bone micro-

architecture also show a good relationship with the screw pullout strength, in 

particular BV/TV, SMI and Tb.Th. 

 

This thesis aims to further our understanding of the actors affecting the stability of 

the bone-screw construct. The specific aims of the thesis will be described in the 

next chapter. 
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Chapter IV   

Research Aims 

 

4.0  Background 

 

Most mechanical failures in screw fixation occur at the bone-screw construct 

interface due to the collapse of bone structure, which seems to suggest that the 

quality of the host bone does play a role in the stability of the bone-screw 

construct (Windolf and Perren, 2012) (see sub-chapter 3.9). Since the early days 

of implant development, many attempts have been made to improve the pullout 

strength of screw as described in chapter 3. However, the challenges still remain, 

particularly pertaining to the host bone quality and those challenges are 

highlighted below. 

 

4.1  Current Challenges 

 

Bone mineral density: 

As previously mentioned, DXA aBMD is used in clinics to measure a patient’s 

bone quality, but with some limitations. aBMD values represent measurements of 

bone mineral of the entire bone in the scan area, rather than the local density 

surrounding the screw implantation site. It is also not a true measure of density as 

it is normalised by the area of the scanned bone, instead of the volume, which can 

be biased to different bone sizes and orientations (Hernandez and Keaveny, 
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2006). Nonetheless, aBMD from DXA is the clinical measure of bone quality 

recognised by the World Health Organisation and globally referred to in the 

assessment of fragility fracture.  Based on this, it is relevant from a clinical 

perspective to study aBMD’s role in screw pullout strength. In addition, although 

measurements of a patient’s aBMD are often lacking prior to surgery (Moroni et 

al., 2006), in some cases it may be available, possibly aiding surgeons in the the 

evaluation of the screw performance.  

 

Bone Micro-architecture: 

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

and SMI also define bone quality (see sub-chapter 2.3.1). Variations in micro-

architectural parameters in human bone have shown to influence the mechanical 

strength of the bone (Cook et al., 2010; Mueller et al., 2009; Öhman et al., 2007; 

Perilli et al., 2012) and it could also be expected that they influence the stability 

of the bone-screw construct (Halvorson et al., 1994; Poukalova et al., 2010; 

Seebeck et al., 2004; Tingart et al., 2006; Wirth et al., 2009; Wirth et al., 2011; 

Yakacki et al., 2010) .  

 

Unlike aBMD, the measurement of bone micro-architecture provides insight into 

the local bone area at which a screw is to be implanted, which is more 

advantageous than aBMD in the evaluation of screw performance. According to 

Seebeck et al. (2004) and Wirth et al. (2011), the quantity and micro-architectural 

quality of the bone in the vicinity of a screw may increase the predictability of 

screw pullout load. Although bone micro-architecture measurement in the clinical 

environment is still limited to peripheral skeletal sites, with the current rate of 
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technological developments, it could be expected that micro-architectural 

parameters may someday be used in the assessment of a patient’s bone quality in 

the future. 

 

Screw Insertion: 

During screw insertion surgeons rely mainly on their personal judgement to apply 

the adequate insertion torque (TInsert) for achieving optimum bone-screw stability 

and hence highest screw pullout strength (FPullout) (see sub-chapter 3.10). 

However, if any of the above mentioned bone micro-architectural parameters 

were found predictive of the insertion torque; these could then be used to predict 

the applied TInsert, instead of relying on the surgeon’s feel, which is subjective and 

inconsistent.  

 

Based on the current challenges mentioned above, thus, there is a need for an 

investigation in laboratory environment to determine the respective roles of the 

cofounding factors of trabecular bone quality — aBMD and micro-architecture in 

contributing to screw FPullout and TInsert (including plateau torque or TPlateau — 

torque at screw head contact).  

 

It is also important to determine the level of TInsert for the optimal screw FPullout 

before yielding occurs in trabecular bone of the femoral head, which has never 

been investigated before. This, therefore, leads to the research aims of this thesis 

and to an investigation of skeletal sites that are rich 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 insertion torque at screw head-contact 

(or plateau torque, TPlateau) and the aBMD and micro-architectural parameters 

of trabecular bone in human femoral heads of varying bone quality; 

2. To determine the relationships between the pullout strength (FPullout) of a 

cancellous screw inserted in human femoral heads and the absolute applied 

insertion torque (TInsert), aBMD and trabecular micro-architectural parameters 

of the bone; 

3. To determine the effect of three different relative insertion torque levels 

(portion of maximum torque or TMax) after head contact on the holding strength 

of the trabecular bone surrounding the cancellous screw, as assessed by screw 

pullout testing. 

 

The aims of the thesis were investigated with partially threaded cancellous 

screws, typically used as lag screw in stabilising fractures at the trabecular rich 

anatomy such as the femoral neck. The partially threaded cancellous screws were 

used alone without a locking plate. This was to optimise contact between the 

screw and bone at tightening, hence, optimise the compression and fixation or 

pullout strength at the bone-screw construct. It is believed that this setup provides 

the precise means to investigate the effect of bone quality on the insertion torque 

and screw pullout strength compared to using a locking screw and plate, through 

which the bone may not be exposed to compressive force to its potential during 
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screw tightening as the forces are transferred rather to the plate (see sub-chapter 

3.2.4 – Locking Screw). 

 

It is hoped that the outcome of the present thesis will provide a valuable 

contribution to knowledge to enhance the understanding of the relationship 

between cancellous screw pullout strength, bone quality (aBMD and micro-

architecture) and insertion torque; but also that these relationships may provide a 

basis to help clinicians to find a reliable mechanism to determine bone-specific 

insertion torque levels for achieving optimum screw pullout strength.   
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Chapter V   

Study 1: Does Cancellous Screw Insertion Torque at Screw Head 

Contact Depend on Bone Mineral Density and/or Micro-

architecture? 

 

This chapter describes the experimental study performed to address the first aim 

of the thesis. That is, to determine the relationship between the absolute insertion 

torque at screw head-contact (plateau torque, TPlateau) and bone quality (aBMD 

and the micro-architectural parameters) of trabecular bone tissue of femoral 

heads.  

 

The results reported in this chapter have been published as Ab-Lazid R, Perilli E, 

Ryan MK, Costi JJ, Reynolds KJ, 2014, “Does cancellous screw insertion torque 

depend on bone mineral density and/or microarchitecture?’ J Biomech, 2014 Jan 

22; 47(2): 347-53. doi: 10.1016/j.jbiomech.2013.11.030. Epub 2013 Nov 27. The 

published paper was rewritten for this thesis. 

 

5.0  Introduction 

 

In a previous study from our laboratory, it was shown that during screw insertion 

of a partially threaded cancellous screw into human, ovine, and synthetic bone, 

the insertion torque level reaches a plateau at the engagement of all the screw 

threads prior to head contact (Reynolds et al., 2013) (see sub-chapter 3.11). This 

plateau torque (TPlateau) was found to be a strong predictor of the maximum 
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(failure) torque (TMax) occurring as the bone around the screw threads fails (R > 

0.83 for all investigated bone types). TPlateau also showed strong positive 

correlations with volumetric bone mineral apparent density (g/cm3) in ovine bone 

(R = 0.81, p < 0.001) and synthetic bone samples (R = 0.98, p = 0.001).  

 

Based on these relationships, Reynolds et al. (2013) suggested that the measured 

TPlateau can be used to predict the point of failure during screw insertion and use 

this information to cease tightening of the screw before reaching TMax or bone 

failure. However, their study did not explore the correlations between TPlateau and 

aBMD and between TPlateau and bone micro-architecture, and this was the aim of 

the present study. Human femoral heads were chosen for this study because of 

their high trabecular bone content and clinical relevance due to the high incidence 

of hip fractures (for example, intertrochanteric and femoral neck fractures) and 

the use of cancellous screws in the fixation of these fractures. 

 

aBMD and bone micro-architecture vary both between and within patients (see 

Section 3.7). A patient’s aBMD is measurable in clinics, and in some cases, is 

available prior to orthopaedic surgery. Micro-architectural parameters of the 

trabecular bone on the other hand, such as bone volume fraction (BV/TV), bone 

surface density (BS/TV), trabecular thickness (Tb.Th), trabecular separation 

(Tb.Sp), trabecular number (Tb.N), and structure model index (SMI), refer to 

measurements of trabecular bone structures obtained from micro-CT, and are 

currently only in use in pre-clinical research studies. However, with future 

technological developments, measurements of bone micro-architecture may 

become available clinically. Variations in micro-architectural parameters in 
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human bone have been shown to influence the stability of the bone-screw 

construct during laboratory failure testing (pull-out and push-in) (Mueller et al., 

2013; Poukalova et al., 2010; Yakacki et al., 2010) (chapter 3) as well as the bone 

strength during bone compressive testing (Cook et al., 2010; Mueller et al., 2009; 

Öhman et al., 2007; Perilli et al., 2012). It could be speculated that these micro-

architectural parameters, as well as aBMD, also influence TPlateau during screw 

insertion in human bone. However, to what extent is still unknown.  

 

Therefore, the aim of this study was to investigate, for the first time, whether 

TPlateau, measured during screw insertion prior to screw head contact, depends on 

aBMD or on bone micro-architectural parameters, or on their combination, in 

human femoral heads. In order to address the specified aims of this study, the 

following experimental procedures were implemented. 

 

5.1  Materials and Methods  

 

5.1.1  Ethics 

Ethics approval was sought and granted from the Southern Adelaide Clinical 

Human Research Ethics Committee (SAC HREC) prior to the commencement of 

the collection and biomechanical testing of human specimens. 

 

5.1.2 Bone Specimens  

Fifty-two femoral heads, 45 retrieved from hip surgery (21 females, 24 males, 

mean [SD] age = 76.6 [10.2] years) due to neck of femur fracture or osteoarthritis, 
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and 7 from cadavers (1 female, 6 males, age = 82.1 [7.4] years) that had no 

history of fragility fracture or osteoarthritis, were collected from SA Pathology 

for testing. 

 

5.1.3 Specimen Storage 

The femoral head bone specimens were kept in a lockable medical freezer unit 

(MDF-U536, Sanyo Oceania Pty. Ltd, North Sydney, New South Wales, 

Australia) in the Biomechanics Laboratory at Flinders University with 

temperature set at - 20 °C. Prior to testing, the specimens were thawed for 24 

hours in a refrigerator at 4°C. 

 

5.1.4 Pre-preparation of Specimen 

A floor-standing bandsaw was used to dissect the excised femoral head specimens 

at the femoral neck prior to DXA scans and biomechanical tests (Figure 5.1). A 

minimum head height of 35 mm was retained to provide sufficient depth and 

access for screw insertion.  

 

 

 

 

 
 
 
 
Figure 5.1: A floor-standing bandsaw was used to cut the excised femoral heads 
from the femoral neck, level jagged edges, and trim off remnants of soft tissues, 
to allow easy access for the insertion of the cancellous screw into the femoral 
head specimens. 
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Remnants of soft tissue and jagged edges of bones that were left from surgery 

were also trimmed and cleaned. Upon completion, the heads were individually 

wrapped in gauze soaked with saline solution (0.9% sodium chloride) and placed 

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

 

5.1.5 DXA Scanning - Measurement of aBMD  

The aBMD of the excised femoral head specimens was measured using a clinical 

DXA scanner (GE Lunar Prodigy, Madison, WI, USA) (Figure 5.2) at the Nuclear 

Medicine & Bone Densitometry Department at the Royal Adelaide Hospital. The 

scanner operates with a narrow fan beam and has a small-animal software 

package, which is ideal for scanning small samples (weight < 2 kg) such as 

femoral head specimens (Bogden et al., 2008; Daley et al., 2010; Kiebzak et al., 

1999).  

 

 

 

 

 

 

 

 
 
 
 
Figure 5.2: A DXA scanner (GE Lunar Prodigy, Madison, WI, USA), used in 
clinical departments for measuring patients’ bone density, was used to measure 
areal bone mineral density (aBMD) of the femoral head specimens in vitro.  
 

Polyoxymethylene 
boards 
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The scans were performed by an expert radiologist trained to perform DXA scans 

on patients. The femoral heads were placed in an anterior-posterior orientation on 

polyoxymethylene boards (Delrin) (DuPont, Wilmington, Delaware, USA) 

(Figures 5.2 and 5.3) supplied with the scanner for simulating soft tissue 

(Farquharson et al., 1997), and scanned at an x-ray exposure of 1.8 µGy. 

 

 

 

 

 

 

Figure 5.3:  (a) The femoral head placed in anterior-posterior orientation on a 
Delrin board (served as soft tissue) for DXA scan. (b) A DXA image of the 
specimen. The areal bone mineral density was calculated based on the measured 
bone mineral content (BMC, g) divided by the bone area (cm2) within the green 
boundary (aBMD = BMC (g)/ area (cm2)). 
 

At the completion of the scan, GE enCORE software (version 13.60, GE 

Healthcare Lunar, Madison, Wisconsin, USA) was used for the evaluation of 

bone mineral content (BMC) (measured in g) and bone area (measured in cm2), 

from which aBMD was calculated (g/cm2). The bone area within the DXA image 

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

morphology of the femoral head by an expert radiologist. 

 

5.1.6 Preparation for Screw Insertion  

Before drilling of the pilot hole, both the femoral heads and specimen holders 

were manually sanded using a fine grade sand paper to provide better surface for 
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cyanocrylate adhesive (Loctite®) (Loctite 454, Henkel Corporation, North 

America) (Figure 5.4) to grip. This task was performed with great care to ensure 

that good contact was achieved between the specimen and holder to prevent them 

from coming unstuck during screw insertion resulting in a failed test. The centres 

of the cut surfaces of the specimens were marked with an “X” by a permanent 

blue marker to indicate the point of screw insertion (Figure 5.4 [b]). Once 

completed, final trimming of bone was performed on those specimens with larger 

head circumference. The bone areas that lay outside the circumference of the 

specimen holder, indicated by the circular blue line (Figure 5.4[b]), were trimmed 

off in order to fit the specimen holder (Figure 5.4 [c]). 

 

 

 

 

 

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

Once completed, the sanded femoral head specimen surfaces were wiped with 

gauze to remove bone debris, while the other surfaces of the specimen were 

covered with gauze soaked with 0.9% saline solution to keep the specimen moist. 

Cyanoacrylate adhesive (Loctite®) was applied onto the specimen holder (Figure 

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

screw insertion.  

 

 

 

 

 
 
 
 
 
Figure 5.5:  (a) Cyanocrylate adhesive (Loctite®) was applied to the surface of 
specimen holder, which the femoral head specimen was glued onto, and (b) the 
mark “X” was placed to face the central hole of the holder to allow for screw 
insertion.  
 

 A G-clamp was used to clamp the glued femoral head and the specimen holder 

together for about 15 to 20 minutes (Figure 5.4 [c]), until the adhesive was 

slightly dried and the bone and specimen holder construct became stabilised. The 

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

the refrigerator at 4°C for the adhesive to set while thawing continued overnight.    

 

Upon completion of 24 hours thawing time, the adhesive was properly set and the 

bone specimen and holder construct was removed from the refrigerator and 

transferred to the bench-top drill press for pilot hole drilling.  

 

5.1.7 Cancellous Bone Screws 

Partially threaded aluminium cancellous screws were used in the study. They 

were fabricated in-house to replicate a current orthopaedic cancellous screw 
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typically used in hip surgery (Smith and Nephew, London, UK [Catalog No. 

7110-7050]).  

 

The cancellous screws were of length 45.5 mm, outer thread diameter 6.9 mm, 

inner thread diameter 5.2 mm, thread length 16.5 mm, and thread pitch 2.0 mm 

(Figure 5.6). They were fabricated out of aluminium material instead of the 

original titanium to avoid artefacts during bone-screw imaging with high 

resolution micro-CT.  

 

 

 

 

 

 

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

 

5.1.8 Pilot Hole Drilling  

Each of the 52 femoral head specimens was subjected to one screw insertion 

using a cancellous screw in a pilot hole. For the preparation of the pilot hole and 

initial placement of the cancellous screw into the pilot hole, a commercial bench-

top drill press (Figure 5.7) from Ledacraft, Leda Machinery Pty. Ltd., North 

Plympton, South Australia was used. A drill bit of size 5.2 mm in diameter (size 
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recommended by Smith and Nephew, the manufacturer of the cancellous screw 

replicated in this study) was selected for drilling the pilot holes. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 5.7:  A commercial bench-top drill press was used for drilling the pilot 
hole and performing initial screw insertion prior to head contact. 
 

Prior to drilling, the positioning and alignment of the femoral head specimens 

were checked with the aid of a spirit level and locator pin as shown in Figure 5.8 

to ensure the pilot hole passage was drilled axially (not angled). Once ready, the 

drill was lowered, penetrating into the bone specimen to create an un-tapped pilot 

hole at the centre (X) of the cut surface (Figure 5.9 [a]) to a depth of 23.5 mm to 

allow penetration of all the screw threads (Figure 5.9 [b]). 
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Figure 5.8:  Photographs illustrating the alignment and positioning checks prior to 
pilot hole drilling. (a) A spirit level placed on top of the bone-specimen holder 
construct ensured that the bone surface was at level (not tilted) position with 
respect to the drill bit. This enabled drilling of the pilot hole into bone in axial 
direction. (b) A locator pin attached to the bench-top drill press was moved up 
and down, passing through the centre hole of the specimen holder to check that 
the locator pin was not touching any sides of the specimen holder’s centre hole. 
This was to ensure no obstruction for the drill bit during drilling of pilot hole, 
preventing errors which might affect the measurement of insertion torque and 
pullout force. 
 

 

 

 

 

 

 
 
 
 
 
Figure 5.9:  Photographs of the pilot hole drilling process, showing (a) the point 
of screw insertion, marked with an “X” at the centre of the femoral head specimen 
by a blue marker, and (b) drilling of pilot hole using 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 into the predrilled pilot hole in 

each specimen with the aid of a drill press and driver bit to a point approximately 

2 to 3 mm between the screw head and washer (Figure 5.10). Further insertion 

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

that had it affixed inside the micro-CT scanner.  

 

 

 

 

 

 

 

 
 
 
 
Figure 5.10:  The photograph illustrates the initial insertion of the partially-
threaded cancellous screw about 2 to 3 mm before reaching head contact. 
 

5.1.10 Micro-Mechanical Test Device 

A micro-mechanical test device (Figure 5.11) was used for an automated screw 

insertion inside a micro-CT scanner. The micro-mechanical test device was 

designed and built for a previous study performed by our group (Reynolds et al., 

2013), using material that is compatible with the micro-CT scanner to avoid 

artefacts in the images of the bone-screw construct. The test device is small in 

size (50 mm in diameter) and can fit within the confined space of the micro-CT 

scanner. The device is able to perform the process of screw insertion inside the 

2mm to 3 mm 

Screw washer 

Screw head socket 
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micro-CT scanner, and the process is controlled via an in-house designed control 

system controlling the motor.   

 

The micro-mechanical test device accommodates several components within it, 

including: a compression load cell (THB-250-S, Temecula, California, USA); 

torque transducer (TRT-100, Transducer Techniques, Temecula, California, 

USA); a digital-signal-processor-based motor and motor controller with rotary 

encoder (Part No. 315360, Maxon Motor Ag, Sachseln, Switzerland); a data 

transfer socket to/from the computer that is linked to a USB carrier (NI USB-

9162, National Instruments, Austin, Texas, USA) placed outside the micro-CT 

scanner. 

 

 

 

 
 
 
 
 
 
 
 
Figure 5.11: A software drive micro-mechanical test device, which is fitted within 
the micro-CT scanner ready to perform screw insertion automatically inside a 
micro-CT scanner. 
 

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

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

transferred via a USB carrier to a laptop placed outside a micro-CT scanner where 
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they are downloadable in a common file format (CSV), which can be easily 

converted to the Microsoft Excel file format (.xlsx) for analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 5.12: A. example of screw insertion profile to bone failure measured by 
the micro-mechanical test device automatically via its operating software:  (a) 
torque vs. screw revolution (b) compression vs. screw revolution. One screw 
revolution corresponds to a full screw rotation over an angle of 360°. Screw 
head contact occurs once compression under the screw head exceeds the value 
of 2N. The profile has three distinct regimes: Plateau, which indicates 
progression of the screw thread purchase in the bone prior to head contact; 
Linear, which indicates that bone exhibits elastic behaviour; and Failure point, 
which indicates the point of bone failure where screw stripping occurs.  
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The 12 V DC motor/ gearbox is used to drive the cancellous bone screw into the 

bone. It is controlled by a digital-signal-processor-based motor controller, and 

software program (µCT Scanner Application, version 2.0vi) developed in-house, 

running on a laptop. The software was designed to enable screw insertions to be 

controlled either via “Torque Control,” “Rotation Control,” or “Position Control” 

modes.  It displays and records the progressions of screw insertion torque and 

compression profiles in real time while the screw insertion is in progress as shown 

in Figure 5.13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 5.13: A screen shot of the micro-mechanical test device software captured 
at screw head contact, indicating “head contact achieved” and prompts to start 
micro-CT scanning. It also shows the screw insertion profile 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 correlate Tplateau with aBMD and 

microarchitectural parameters, it was necessary for the control program to identify 

head contact, measure Tplateau, 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 bone-screw construct was mounted onto 

the micro-mechanical test device (Figure 5.14). The head of the screw was then 

slotted into the screw head socket that is attached to the torque transducer of the 

test device.  

 

 

 

 

 

 

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

“Torque Control” mode was selected with compression threshold set to 2 N via a 

laptop. Then, “Start” button on the software was clicked to activate the micro-

mechanical test device to commence screw insertion until head contact (Figure 

5.15). 
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Screw head contact was defined as the point at which compression between the 

screw head and bone exceeded 2 N (Figure 5.12 [b] and 5.15 [b]), as measured by 

the compression load cell. At this point, the motor was stopped automatically by 

the control program, and TPlateau computed, based on the average of twenty torque 

data points measured at frequency of 500 Hz prior to head contact within the 

plateau region, as shown in the screw insertion profile (Figure 5.12 [a] and 5.15 

[a]).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.15: Screw insertion profiles: (a) torque vs. screw revolution, showing 
plateau torque (TPlateau) prior to screw head contact, and (b) compression vs. screw 
revolution, showing compression force at head contact. The screw head contact 
was defined when the compression between the screw and bone achieved 2N. 
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At this point, the software prompted messages of “Head contact achieved” and 

“Please start scanning”. Subsequently, the micro-CT scans on the bone-screw 

construct were performed. 

 

5.1.12  Micro-computed Tomography (Micro-CT) Scanning – Acquiring 

Micro-CT Images of Bone-screw Construct 

The micro-CT scanner used was a Skyscan model 1076, Skyscan, Kontich, 

Belgium) (Figure 5.16). The scanning protocol selected was; 17.3 µm isotropic 

pixel size, 35 x 35 mm (2024 x 2024 pixels) field of view, x-ray source voltage 

100 kVp, current 80 µA, rotation step 0.4°, four frames averaging, rotation over 

180°, using a 1.0 mm-thick aluminium filter for beam-hardening effect reduction, 

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

 

 

 

 

 

 

 

 

 
 
Figure 5.16:  The high resolution micro-computed tomography (micro-CT) 
scanner (Skyscan model 1076, Skyscan, Kontich, Belgium) that was used in this 
study. It has capability for in vivo and ex vivo scanning of small animals and 
bone specimens.  
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Other scanning protocols were previously tested using four other combinations of 

settings of exposure time, voltage, rotation step, filter, and frame averaging, 

however selected protocol provided the best compromise between noise and 

contrast.  Refer to Appendix A1 for details. 

 

5.1.13  Micro-CT Image Processing 

The acquired projection images of the bone-screw constructs (Figure 5.17[a]) 

from the micro-CT scanner underwent three stages of image processing prior to 

morphometric analysis; cross-section image reconstruction, volume of interest 

(VOI) creation, and VOI image binarisation (segmentation). 

 

Cross-section Image Reconstruction 

Cross-sectional images, each 35 x 35 mm in size (2024 x 2024 pixels), and 

centred over the inserted screw, were reconstructed (NRecon software, version 

1.6.6.0, Skyscan, Kontich, Belgium) and saved as 256 grey-level images (bitmap 

format files, 8 bit). For each femoral head, a stack of 900 cross-section slices, 

corresponding to a total height of 15.6mm, was reconstructed with slice thickness 

of 1 pixel (17.3 µm) (Figure 5.17[b]). Refer to Appendix A2 for detailed 

reconstruction protocols. 

 

Volume of Interest (VOI) Selection  

A ring-like region of interest (ROI), centered over the screw and consisting of two 

concentric circles, with outer diameter (D1 = 14 mm) and inner diameter (D2 = 7.5 

mm) respectively, was first created to define the region of interest for bone 

morphology analysis (Figure 5.18 [top]) (software CT Analyser version 1.11, 
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Skyscan Bruker). Refer to Appendix A3 for the detailed creation of the ROI or 

mask template. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 5.17: Micro-CT images of the bone-screw construct: (a) X-ray projection 
of the bone-screw construct. (b-d) Corresponding reconstructed cross-section 
images, (b) coronal view, (c) transaxial view (d) sagittal view. Images are at 17 
µm pixel size. 
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The ROI’s inner diameter (D2 = 7.5 mm) was slightly bigger than the cancellous 

screw diameter (7.0 mm) to exclude bone debris adjacent to the screw produced 

during screw insertion. The ROI outer diameter (D1 = 14 mm) was twice the 

screw diameter, since the trabecular structure within this proximity to the screw 

could be significantly strained during a screw push-in testing (Mueller et al., 

2013; Wirth et al., 2011).  

 

The ring-like ROI was placed centred on the screw cross-section images at three 

different heights along the screw (in a top, middle, and bottom slice), and 

interpolated over the entire stack of 694 slices (height = 12 mm) (Figure 5.18). 

This way a cylindrical VOI was created and saved, consisting of a trabecular bone 

annulus of height 12 mm, outer diameter 14 mm and inner diameter 7.5 mm 

(annulus thickness = 3.25 mm). 

 

Binarisation and Three-Dimensional (3-D) Model 

The binarisation (or segmentation) of the selected VOIs was performed using 

CTAnalyser software (version 1.11, Skyscan, Kontich, Belgium). A global three-

dimensional Otsu thresholding algorithm was used for segmenting bone as a solid 

and removing the background consisting of air and marrow (bone minimum 

values: average [SD]: 65[4.5], maximum value = 255) (Otsu, 1987; Parkinson et 

al., 2008). Upon binarisation, the VOIs were transformed into 3D models via 

CTAnalyser software for morphological analysis of trabecular bone micro-

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

binarisation of the VOI. 

 



87 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

Figure 5.18:  Top: Micro-CT images, process of extracting an annular volume of 
interest (VOI) from the stack of two-dimensional reconstructed images of the 
bone-screw construct. Bottom: 3D rendering of the annular VOI of trabecular 
bone surrounding the screw (left images), obtained from micro-CT images of the 
specimen (right image), over which morphometric parameters were quantified. H 
(12 mm) is the height of the VOI; D1 (14 mm), outer diameter of the VOI; D2 (7.5 
mm), inner diameter of the VOI. 
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5.1.14  Bone Morphology Analysis 

Morphological analysis was performed using CT Analyser software over the VOI 

of micro-CT images to calculate the following micro-architecture parameters of 

trabecular bones surrounding the screw: 

 

• BV/TV (%)  

• SMI  

• Tb.Th (µm) 

• Tb.Sp (µm) 

• Tb.N (mm-1) 

• BS/TV (mm-1) 

 

5.1.15  Statistical Analysis 

IBM SPSS Statistics software, version 20 was utilised for the statistical analyses. 

All data distributions were tested for assumptions of normality (Shapiro-Wilks 

test), homogeneity of variance (Levene’s test), linearity and homoscedasticity 

(scatter plot of residuals).  

 

Descriptive statistics were used to summarise the bone parameters measured from 

DXA (aBMD) and micro-CT (micro-architectural parameters), and the 

mechanical parameter TPlateau. Pearson’s correlation coefficient (R) was used to 

evaluate the associations between TPlateau, aBMD and the micro-architectural 

parameters.  
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Pearson’s correlation coefficient was also used to evaluate the interrelationships 

between aBMD and the measured micro-architectural parameters, and the 

interrelationships among the micro-architectural parameters themselves. 

Correlation coefficients of |R| ≥ 0.68 were interpreted empirically as strong, those 

of 0.36 ≤ |R| ≤ 0.67 as medium, and |R| ≤ 0.35 as weak (Taylor, 1990).  

 

Stepwise forward multiple regression analysis was performed to evaluate whether 

a combination of aBMD and micro-architectural parameters would improve the 

prediction of TPlateau beyond the regressions with single parameters. The 

significance level of all the tests was set to p = 0.05. 

 

5.2  Results 

5.2.1 Biomechanical Testing and Imaging 

Of the 52 femoral heads, 46 (17 females, 29 males, mean [SD] age = 78.2 [9.6]) 

successfully underwent DXA scanning, micro-CT scanning and biomechanical 

testing. Six femoral heads did not complete the study due to technical errors 

encountered during specimen preparation (such as premature setting of adhesive 

that caused specimens to break away from the sample holder of the automated 

micro-mechanical test device), and were excluded from the analysis. Refer to 

Appendix A5 for detailed results performed on the femoral head specimens. 
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Table 5.1:  Summary of aBMD obtained by DXA, micro-architectural parameters 
obtained by micro-CT, and TPlateau measured by the micro-mechanical test device, 
over the femoral heads (n = 46).  
 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1 presents a summary of the values measured by DXA (aBMD), micro-

CT (micro-architectural parameters), and biomechanical testing (TPlateau). In all of 

the measured parameters, the tests for assumptions of normality, homogeneity of 

variance, linearity and homoscedasticity, revealed no violations (p > 0.05 for all 

the tests).  

 

5.2.2 Correlation between TPlateau, aBMD and Micro-architectural 

Parameters 

TPlateau exhibited significant correlations with aBMD, as well as with each of the 

investigated micro-architectural parameters (Table 5.2). TPlateau 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) (Table 5.2 and Figure 5.19). 

TPlateau exhibited moderate but significant correlations with the remaining micro-

architectural parameters (BS/TV, Tb.Th, Tb.Sp, and Tb.N, with |R| ranging from 

0.38 to 0.48) (Figure 5.20).  

 

Table 5.2:   Summary of correlation coefficient (R), coefficient of 
determination (R2), and p-value, of TPlateau vs. aBMD and micro-architectural (n = 
46). 
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Figure 5.19:  Scatter plots and best-fit line of the linear regression between TPlateau 
versus SMI, BV/TV and aBMD (a, b, and c, respectively).  
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Figure 5.20:  Scatter plots and best-fit line of the linear regression between TPlateau 
versus BS/TV, Tb.N, Tb.Sp and Tb.Th (a, b, c, and d, respectively).  
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5.2.3 Inter-correlation Between aBMD and Micro-architectural 

Parameters, and Among Micro-architectural Parameters 

The inter-correlations between aBMD and the examined micro-architectural 

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

“Tb.Sp vs. Tb.Th” and “Tb.N vs. Tb.Th” (Table 5.3). aBMD exhibited the 

strongest correlation with BV/TV (R = 0.80, p < 0.001), followed by SMI (R = - 

0.74, p < 0.001), and moderate correlations with BS/TV (R = 0.55), Tb.Th (R = 

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

 

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

 

 

 

 

 

 

 

Among the micro-architectural parameters, BV/TV exhibited the strongest 

correlation with SMI (R = - 0.90, p < 0.001), followed by BS/TV (R = 0.77, p < 

0.001) and Tb.Sp (R = 0.74, p < 0.001), and moderate correlations with Tb.N (R = 

0.52) and Tb.Th (R = 0.31) (Table 5.3). The parameter SMI, apart from the strong 

correlation with BV/TV (R= - 0.90), exhibited moderate correlations with the 

remaining micro-architectural parameters, respectively, BS/TV (R = - 0.55), 
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Tb.Th (R = - 0.50), Tb.Sp (R = 0.45) and Tb.N (R = - 0.37). Among the other 

inter-correlations, a strong correlation between BS/TV and Tb.Sp was found (R = 

- 0.92, p < 0.001). 

 

5.2.4 Stepwise Forward Regression Analysis: TPlateau vs. aBMD and Micro-

architectural Parameters 

Stepwise forward regression analysis revealed an increase for the prediction of 

TPlateau when micro-architecture was combined with aBMD. In particular “TPlateau 

vs. SMI + aBMD” (R2 = 0.72) and “TPlateau vs. BV/TV + BS/TV + aBMD” (R2 = 

0.74) showed an increase in prediction, compared to the single regressions 

“TPlateau vs. SMI” (R2 = 0.67), “TPlateau vs. BV/TV” (R2 = 0.64) or “TPlateau vs. 

aBMD” R2 = 0.58) (Table 5.2 compared to Table 5.4). Including the other 

parameters into the analysis did not increase the prediction of TPlateau beyond the 

single regression model; hence these parameters were removed from the analysis. 

 
Table 5.4:  Summary of stepwise regression analysis, with TPlateau as dependent 
variable, and   aBMD and micro-architectural parameters as independent 
variables. The R2 increased, compared to the single regression model (Table 5.2). 
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5.3  Discussion 

 

This study investigated whether TPlateau, a strong predictor of failure torque 

(Reynolds et al., 2013), depends on aBMD and/or micro-architecture in bone 

from the human femoral head. To the best of our knowledge, this is the first study 

that relates the TPlateau measured experimentally during screw insertion to aBMD 

and micro-architectural measurements in human trabecular bone. 

 

TPlateau exhibited significant correlations with all the examined bone parameters, 

the strongest correlations being with SMI, followed by BV/TV and aBMD. The 

remaining correlations, between TPlateau and BS/TV, Tb.Th, Tb.Sp and Tb.N, were 

moderate which suggests that variations in those parameters were not as 

influential. Furthermore, stepwise forward regression analysis showed that by 

combining aBMD with micro-architecture, there was an increase in TPlateau 

prediction, i.e., aBMD combined with SMI (R2 increased from 0.58 to 0.72) and 

aBMD combined with BV/TV and BS/TV (R2 increased from 0.58 to 0.74), 

compared to the models with single parameters (Table 5.2 compared to Table 

5.4).  

 

Strong inter-correlations between aBMD and micro-architectural parameters 

(Table 5.3) indicated that aBMD, a sole measurement for bone strength in clinics, 

can be a good surrogate parameter for bone micro-architecture in predicting bone 

strength. At present, measuring patient’s bone micro-architecture in clinics is still 

hampered by limitations in medical imaging technology. Additionally, a strong 

inter-correlation between SMI and BV/TV also prompted collinearity problems if 



98 

    

 

SMI and BV/TV were paired in the stepwise multiple regression models (Table 

5.4). Thus, two models were formed: model 1, comprised of SMI, aBMD and 

other micro-architectural parameters as predictor variables, while model 2, 

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

 

The findings of SMI, BV/TV and aBMD having the strongest correlations with 

TPlateau during screw insertion, and the signs of the respective correlation 

coefficients, are in line with findings from screw pullout-testing or compressive 

testing of bone reported in the literature, where specimens exhibiting plate-like 

structure and high density (BV/TV or aBMD) exhibit higher pull-out strength 

(Poukalova et al., 2010; Yakacki et al., 2010) or higher compressive failure load 

than specimens with rod-like structure, low BV/TV and low aBMD (Gibson, 

2005a; Karim and Vashishth, 2011; Perilli et al., 2008). Moreover, the finding 

that the combination of aBMD and micro-architectural parameters in a regression 

model exhibits an increase in prediction of TPlateau is also consistent with findings 

on the prediction of failure load in compressive testing of trabecular bone 

reported in the literature (Majumdar et al., 1998; Mittra et al., 2005; Roux et al., 

2013; Wegrzyn et al., 2010). 

 

Overall, these findings suggest that specimens characterized by a higher bone 

volume fraction and a more plate-like structure, likely offer a structural 

environment in which the screw threads have to cut into more material, which 

leads to an increased TPlateau as illustrated in Figure 5.21. As a result, this type of 

bone structure might offer an environment for increased maximum or failure 
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torque given the previous findings that TPlateau was directly proportional to the 

maximum torque (Reynolds et al., 2013). 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 
 
Figure 5.21: 3-D rendering of bone-screw constructs developed from micro-CT 
images using ParaView software (Sandia Corporation, Kitware Inc), visualising 
the trabecular bone (grey) and cancellous screw (orange) constructs:  
 
(a) bone-screw construct showing trabecular bone of mostly plate-like structure 
(SMI = 0.33) and high bone volume fraction (BV/TV = 32.69%) and density 
(aBMD = 102.30 g/cm2) . The screw is embedded within the bone. 
 
(b) bone-screw construct showing trabecular bone of mostly rod-like structure 
(SMI = 1.68), low BV/TV (17.26%) and aBMD (62.60 g/cm2).  

 
(c, d) cuts through the bone of (a), (b), respectively, performed in inferior-
superior direction. The screw has been left complete. 
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A limitation of the present study is that the bones used were taken from only one 

anatomic location, i.e., femoral head. Bone mechanical properties differ among 

anatomic locations (Goldstein, 1987; Helgason et al., 2008; Keaveny et al., 2001). 

Further research is required to investigate the effect of anatomic locations on 

TPlateau. Another limitation is that the measurement of aBMD from DXA was done 

on excised specimens in vitro and did not account for the surrounding tissue 

variability among different patients. Hence, the measurements of aBMD represent 

rather a best-case scenario. Further studies are needed to explore aBMD from 

DXA on cadavers to account for this variability. Nonetheless, a strong 

relationship was found between TPlateau and aBMD measurements obtained with a 

device (DXA) commonly used in clinics. 

 

5.4  Conclusion 

 

In conclusion, our study indicates that TPlateau, shown previously to be a strong 

predictor for bone failure torque (TMax) during screw insertion, is significantly 

dependent on micro-architecture, particularly SMI and BV/TV, followed by 

aBMD. This implies that bone with a more plate-like structure and high bone 

amount produces higher TPlateau at screw head contact compared to bone 

composed of a more rod-like structure (or less plate-like structures) and lower 

bone volume. Overall, the study demonstrates that TPlateau detected from the screw 

insertion profile in human trabecular bone of the femoral head is directly related 

to bone quality, particularly micro-architecture and aBMD.  
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Chapter VI   

Study 2: Does the Pullout Strength of Cancellous Screws in 

Human Femoral Heads Depend on Applied Insertion Torque, 

Trabecular Bone Micro-architecture and/or Areal Bone Mineral 

Density? 

 

This chapter describes the experimental study performed to address the second 

aim of the thesis, that is, to determine whether the pullout strength (FPullout) of 

cancellous screws in femoral heads depends on applied insertion torque (TInsert), 

trabecular bone micro-architecture and/or aBMD. 

 

The results reported in this chapter have been published in Journal of Mechanical 

Behavior of Biomedical Materials: Ab-Lazid, R, Perilli, E, Ryan MK, Costi JJ, 

Reynolds KJ, 2014, “Pullout strength of cancellous screws in human femoral 

heads depends on applied insertion torque, trabecular bone micro-architecture and 

areal bone mineral density.” J Mech Behav Biomed Mater. 2014 Dec; 40: 354-61. 

doi: 10.1016/j .jmbbm,.2014.09.009. Epub 2014 Sep 16. The published paper was 

rewritten for this thesis. 

 

6.0  Introduction 

 

Despite the body of published scientific literature, it is still unknown whether 

higher TInsert values applied during cancellous screw insertion correspond with 

higher pullout strength values — that is, whether tightening indeed improves the 



102 

    

 

mechanical stability of the bone-screw construct, nor how this relates to the 

quality of the underlying bone with respect to bone’s micro-architecture and 

density.  

 

As described in chapters 2 and 3, variations in bone quality including mechanical 

properties, mineral density, and micro-architecture exist between patients and 

within patients (Bouxsein, 2003; Hernandez and Keaveny, 2006; Keaveny et al., 

2001; Perilli et al., 2008; van der Meulen et al., 2001; van Rietbergen et al., 2002) 

and it was suggested that these variations influence the stability of the bone-screw 

construct during pullout and push-in testing in the laboratory (Mueller et al., 

2013; Poukalova et al., 2010; Ruffoni et al., 2012; Yakacki et al., 2010) along 

with other factors relating to screw geometry, material, size, and insertion 

technique (e.g., tapping versus non-tapping and size of pilot hole) (Battula et al., 

2006; Frandsen et al., 1984; Johnson et al., 2004; Muller et al., 1992; Oktenoglu 

et al., 2001; Ramaswamy et al., 2010; Seller et al., 2007; Tingart et al., 2006). 

However, the influence of TInsert on FPullout was not examined in those studies. In 

fact, in a recent study performed in the diaphysis of human humeri, the authors 

concluded that the relationship between applied screw insertion torque and 

pullout strength still remains undetermined (Tankard et al., 2013).  

 

Furthermore, previous investigations have led to inconsistent conclusions, 

particularly, regarding the order of importance between aBMD and the applied 

insertion torque (TInsert) in predicting FPullout (Reitman et al., 2004; Ryken et al., 

1995) (see sub-chapter 3.10). Those studies also did not investigate the effect of 

micro-architecture (another subset of bone quality) on FPullout. Even more so, the 
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values of the applied TInsert used in the correlation with FPullout were not clearly 

described. Reitman and colleagues described their applied TInsert as based on a 

surgeon’s perception of an “optimal” tightening torque (Reitman et al., 2004). 

Ryken and colleagues on the other hand, described their applied TInsert as based on 

the clinician’s perception of the utmost tightening before stripping (Ryken et al., 

1995). It can be speculated that the applied TInsert used in those studies could have 

been of different magnitude (whether in absolute or % TMax values) and this might 

explain their inconsistent findings on the order of importance between aBMD and 

TInsert in predicting FPullout. Also, those studies evaluated the FPullout using 

unicortical and bicortical screws in human cervical spines, which might not apply 

to cancellous screws and to other anatomical sites, such as human femoral heads. 

 

Previous studies as described in sub-chapter 3.10 have discovered that surgeons 

of different experiences and skills perceived the TInsert for an optimum FPullout 

differently (Cordey et al., 1980; Siddiqui et al., 2005). Therefore, it can be 

assumed that in the clinical environment, surgeons of different experiences may 

have been judging TInsert for the optimum FPullout at varying torque values, which 

can span anywhere between shortly after screw head contact to prior to screw 

stripping. To address this, our study was designed to include FPullout measurements 

at varying TInsert values, covering TInsert values between 55% (shortly after screw 

head contact) to 99% (prior to screw stripping) of the maximum torque with the 

aid of a micro-mechanical test device.   

 

According to our previous study using an automated micro-mechanical screw-

insertion device on human femoral heads (sub-chapters 5.1.10 and 5.1.11), the 
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TInsert measured at screw head contact (TPlateau) is influenced by the micro-

architecture and aBMD of the host bone. In particular, bone specimens having a 

more plate-like trabecular micro-architecture and higher density (higher bone 

volume fraction and aBMD) exhibited higher TInsert at screw head contact 

compared to those with a more rod-like structure and lower density. It could be 

reasonable to expect that these specimens would also withstanding higher TInsert to 

exhibit greater pullout strength. However, to the best of our knowledge, this has 

not been studied before, particularly over a wide range of TInsert values.  

 

Thus, the aim of this study performed on cancellous bone screws inserted in 

excised human femoral heads was to determine the relationship between pullout 

strength (FPullout), insertion torque (TInsert), aBMD, and micro-architectural 

parameters when cancellous screws are inserted into trabecular bone tissues of 

femoral head. 

 

6.1  Materials and Methods 

 

The laboratory tests performed in Study 2 were a continuation of the laboratory 

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

 

6.1.1 Human Femoral Head Specimens, DXA and Micro-architectural Data 

The same cohort of human femoral head specimens (46 femoral heads retrieved 

from hip replacement surgery (17 females, 29 males, mean [SD] age = 78.2 [9.6]), 

with DXA and micro-architectural data shown in Table 5.1 were used in this 

pullout study. 
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6.1.2 Screw Insertion 

The screw insertions (tightenings) in this study resumed from where they had 

stopped in Study 1, i.e., from screw head contact. Once the micro-CT scan of the 

bone-screw construct at head contact was completed (sub-chapter 5.1.11), each 

screw was then further tightened randomly by the micro-mechanical test rig to a 

torque level or TInsert, ranging from 55% to 99% of the predicted maximum torque 

(TMax) (Figure 6.0), while the specimens were still in the scanner This was 

followed by a micro-CT scan of the bone-screw construct.  

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 6.0:  Screw insertion profile (“Torque (Nm) vs. Screw Revolutions”) 
recorded by the micro-mechanical test device. Plateau torque (TPlateau) is the 
insertion torque measured at screw head contact, while maximum torque (TMax) is 
the predicted failure torque (stripping). The applied screw insertion torque (TInsert) 
was within the linear region of the graph TMax – TPlateau, and ranged from 55% to 
99% of TMax. As an example, a dotted arrow points to an applied TInsert of 60% of 
TMax. 
 

The micro-CT images of bone-screw constructs that were subjected to tightening 

torque were not used for this thesis to study the deformation behaviour of the 
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bone tissues surrounding the screws as this was beyond the scope of the thesis. 

Nevertheless, these bone-screw construct images will provide good resources for 

the Flinders bone research team to conduct such a study in the future.  

 

The previously published study by our group (Reynolds et al., 2013) 

demonstrated that it is possible to predict the torque at which the screw will strip 

(TMax) based on measurement of TPlateau through a linear relationship between 

TPlateau and TMax (R = 0.840, p < 0.001). The linear relationship applied in this 

study for the prediction of TMax was derived from 21 tests performed on human 

femoral head samples, and was given by the equation: TMax = 1.56 TPlateau + 698 

mNm. This linear relationship was used to develop an algorithm for the prediction 

of TMax. This algorithm was programmed into the controller for the mechanical 

test rig, and allowed the user to select a torque level (as a percentage of predicted 

TMax) at which to stop insertion. This allows stoppage at any point during screw 

insertion before failure.  

 

6.1.3 Screw Pullout Test 

After tightening, the femoral heads were transferred to a servo hydraulics material 

testing machine (Model 8511, Instron Pty. Ltd., High Wycombe, UK) for screw 

pullout tests (Figure 6.1). To secure the femoral head specimen and screw 

construct onto the mechanical testing machine, custom-made fixtures were 

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

2007; Farrera and Ryken, 1999) to firmly grasp the bone-screw construct during 

the screw pullout tests. 
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Figure 6.1:  A mechanical testing machine (Model 8511, Instron Pty. Ltd., High 
Wycombe, UK) was in operation for the pullout test and the acquisition software 
displayed on the computer screen captured the displacement of screw and pullout 
force (FPullout) data. A custom-made fixture was mounted onto the testing machine 
(illustrated inside the yellow dotted box) to firmly grip the specimen during 
testing. 
 

The time between screw insertion and pullout test was standardised to 5 hours. In 

between procedures, the bone specimens were kept moistened in gauze soaked 

with saline solution. At the beginning of the tests, a preload of 10 N was applied, 

followed by screw pullout to failure at a displacement rate of 5 mm/min (Figure 

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

tensile force (FPullout) exerted on the load cell were recorded.  
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Figure 6.2:  A close-up view of the custom-made fixture used to firmly grip the 
bone-screw construct during pullout tests performed with the Instron mechanical 
testing machine as illustrated in the red box in Figure 6.1. 
 

 

 

 

 

 

 

 

 

Figure 6.3:  Illustration of screw pullout testing using a servo-hydraulic materials 
testing machine. The bone-screw construct was mounted into the custom-made 
fixture. The screw underwent tensile loading at a ramp rate of 5 mm/min until 
stripping occurred. The tensile force exerted on the load cell and the displacement 
of the actuator (reflecting the displacement of the screw) during the pullout tests 
were recorded, as shown in the graph “Tensile Force (kN) vs. Displacement of 
screw (mm)”. The maximum tensile force achieved in the experiment is defined 
as the screw pullout strength (FPullout).       
 



109 

    

 

6.1.4 Statistical Analysis 

IBM SPSS Statistics software (version 20) was utilised for the statistical analyses. 

All data distributions were tested for assumptions of normality (Shapiro-Wilks 

test), homogeneity of variance (Levene’s test) and linearity (scatter plot of 

residuals).  

 

Descriptive statistics were applied to summarise the aBMD measured from DXA, 

micro-architectural parameters from micro-CT, and measurements from 

biomechanical testing (TInsert and FPullout). The Pearson’s correlation coefficient 

(R) and the coefficient of determination (R2) were used to evaluate the 

relationships “FPullout vs. aBMD”, “FPullout vs. micro-architectural parameters”, and 

“FPullout vs. TInsert.”  

 

In chapter 5 (study 1), it was found that TInsert measured at screw head contact 

(TPlateau) was significantly correlated with SMI, BV/TV and aBMD. Thus, in the 

correlations and regressions with FPullout in the present study, we investigated the 

applied TInsert first without, and then with, normalisation by each of these three 

bone quality parameters separately to evaluate if there is added predictive value to 

TInsert that is independent of aBMD and micro-architecture (SMI and BV/TV). 

Correlation coefficients of |R| ≥ 0.68 were interpreted empirically as strong, those 

of 0.36 ≤ |R| ≤ 0.67 as medium, and |R| ≤ 0.35 as weak. 

 

Stepwise forward multiple regression analysis was performed to evaluate whether 

the combination of aBMD with micro-architectural parameters and TInsert would 
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improve the prediction of FPullout beyond the regressions with single parameters. 

The significance level of all tests was set to p = 0.05. 

 

6.2  Results 

 

6.2.1 Biomechanical Testing of Screw Pullout 

All of the 46 femoral heads (17 females, 29 males, mean [SD] age = 78.2 [9.6]) 

successfully underwent screw pullout tests. The descriptive statistics of TInsert 

applied with the micro-mechanical testing device, and FPullout obtained from 

tensile testing in the materials testing machine are summarised in Table 6.0. In all 

the measured parameters, the tests for assumptions of normality, homogeneity of 

variance, and linearity, revealed no violations (p > 0.05 for all).  

 

Table 6.0:  Descriptive statistics of the values of screw insertion torque (TInsert) 
applied by using the micro-mechanical testing device, and pullout strength 
(FPullout) obtained from tensile testing in the material testing machine. 
 
  

 

 

 

 

 

6.2.2 Correlations Between FPullout, aBMD and Micro-architectural 

Parameters 

FPullout exhibited statistically significant correlations with all the investigated bone 

parameters (Table 6. 1). FPullout showed the strongest correlation with SMI (R= -
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0.81, p < 0.001), followed by BV/TV (R = 0.73, p<0.001) and aBMD (R = 0.66, p 

< 0.001). FPullout exhibited moderate correlations with the remaining micro-

architectural parameters (BS/TV, Tb.Th, Tb.Sp and Tb.N, with |R| ranging from 

0.31 to 0.46). Figure 6.4 shows scatter plots and best fit lines for “FPullout vs. 

SMI”, “FPullout vs. BV/TV,” and “FPullout vs. aBMD,” respectively.  Figure 6.5 

shows scatter plots and linear regression lines between “FPullout vs. BS/TV”, 

“FPullout vs. Tb.N”, “FPullout vs. Tb.Sp” and “FPullout vs. Tb.Th.” 

 

Table 6.1: Pearson correlation coefficients (R) and coefficients of determination 
(R2) for FPullout vs. aBMD from DXA, and for FPullout vs. micro-architectural bone 
parameters from micro-CT. 
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Figure 6.4:  Scatter plots and linear regression lines between FPullout versus SMI 
(a), BV/TV (b) and aBMD (c). 
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Figure 6.5:  Scatter plots and linear regression lines between FPullout versus BS/TV 
(a), Tb.N (b), Tb.Sp (c) and Tb.Th (d). 
 
 

6.2.3 Correlations Between FPullout, TInsert and Normalised TInsert 

FPullout exhibited a significant correlation with TInsert (R = 0.88, p < 0.001), as well 

as with TInsert after normalisation for SMI, BV/TV and aBMD (R = 0.76, R = 0.75, 

and R = 0.68 respectively, p < 0.001 for all) (Table 6.2). Figure 6.6 shows scatter 

plots and best fit lines for “FPullout vs. TInsert,” and “FPullout vs. normalised TInsert,” 

respectively.  
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Figure 6.6:  Scatter plots and linear regression lines of “FPullout vs. TInsert” (a), and 
“FPullout vs. TInsert normalised for aBMD, BV/TV and SMI” (b, c, d, respectively), 
i.e., the bone quality parameters that are highly correlated with TInsert at head-
contact (TPlateau). 
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6.2.4 Stepwise Forward Regression Analysis: FPullout vs. aBMD, Micro-

architectural Parameters and TInsert  

Stepwise forward regression analysis revealed that the combination of aBMD and 

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

not improve the prediction of FPullout compared to the single regression of “FPullout 

vs. SMI” (R2 = 0.65, Table 6.1).  

 

Stepwise forward regression analysis also revealed that by combining TInsert with 

aBMD and micro-architectural parameters, there was no improvement in the 

prediction of FPullout beyond the single regression model “FPullout vs. TInsert” (R
2 = 

0.77, Table 6.2).  

 
Table 6.2:  Pearson correlation coefficients (R) and coefficients of determination 
(R2) for “FPullout vs. TInsert”, and for “FPullout vs. TInsert normalised for aBMD, 
BV/TV, and SMI”, i.e., the bone quality parameters that have strong correlations 
with TInsert at head-contact (TPlateau) (Table 5.3). 
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6.3  Discussion 

 

Overall, the present findings confirm that FPullout is significantly influenced both 

by the level of applied insertion torque, as well as by the quality of the host bone. 

In particular, the FPullout of cancellous screws exhibited the strongest correlations 

with TInsert (R = 0.88), followed, in order of decreasing |R| values, by the micro-

architectural parameters SMI (R = - 0.81) and BV/TV (R = 0.73), and moderate 

correlation with aBMD (R = 0.66).  

 

The correlations between FPullout and the remaining micro-architectural parameters 

BS/TV, Tb.Th, Tb.Sp, and Tb.N were significant but lower (|R| = 0.31 - 0.46), 

suggesting that variations in those parameters were not as influential. Using the 

TInsert combined with micro-architectural parameters and aBMD did not improve 

the prediction beyond the single regression model “FPullout vs. Tinsert,” which 

confirms TInsert as the overall best predictor of FPullout.  

 

Furthermore, the correlations between FPullout and TInsert remained significant even 

after normalizing TInsert by aBMD, BV/TV, and SMI. This suggests that TInsert is 

the primary factor affecting FPullout, and that for a specimen with a given bone 

micro-architecture and density, increases in the applied TInsert will lead to 

increases of FPullout.  

 

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

Nm), those bone specimens presenting a more plate-like structure and higher 
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density (i.e., lower SMI, higher BV/TV and aBMD), will have a higher Fpullout. 

There have been mixed findings regarding the relationships “FPullout vs. TInsert” and 

“FPullout vs. aBMD” in human bones reported in the literature; some studies have 

shown statistically significant relationships, yet contradict the order of correlation 

strength (Reitman et al., 2004; Ryken et al., 1995), hence leaving the question still 

open to further investigate the effect of TInsert and bone quality such as aBMD on 

FPullout.  

 

In the present study, an important experimental difference from the previous 

studies is that an insertion test device was used, which can automatically measure 

bone-specific TInsert in a percentage of TMax during screw insertion, providing 

greater reliability and flexibility to include a wide range of TInsert values in the 

investigation of FPullout compared to the previous studies by Reitman et al. (2004) 

and Ryken et al. (1995) (sub-chapter 3.10). Reitman and Ryken each performed 

FPullout measurements at only one level of torque based on surgeon’s subjective 

perceived TInsert for the optimal fixation strength. Reitman et al. (2004) measured 

FPullout at torque value of mean ± SD = 2.16 ± 1.28 Nm or 85% TMax; while Ryken 

et al. (1995) measured FPullout at torque of 0.312 ± 0.230 Nm. Furthermore, the 

torque value published in Ryken’s study lacked standard unit of measure of % of 

TMax, which hampered one-to-one comparison in regards to their FPullout findings 

with respect to bone’s failure torque or TMax. Thus, this limitation may be the 

reason for their conflicting findings, particularly on the importance of insertion 

torque and aBMD for predicting FPullout.
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A recent study conducted on cortical screws in the diaphysis of human humeri 

concluded that the relationships “FPullout vs. TInsert” and “FPullout vs. aBMD” still 

remain to be determined (Tankard et al., 2013). Tankard et al. (2013) also 

suggested that the FPullout does not significantly increase with the applied TInsert 

when the screw is tightened beyond head contact, in apparent contradiction with 

the present findings on cancellous bone screws. An explanation for this difference 

might be that cortical bone as used by Tankard et al. (2013) (diaphysis, human 

humeri) is compact and dense, compared to specimens containing mainly 

trabecular bone as used in this study (human femoral head).  

 

Theoretically, during screw insertion in a compact solid, at the point of screw 

head contact, an optimal purchase of all the screw threads has already been 

achieved, and further tightening is unlikely to improve screw thread purchase. In 

trabecular bone however, which has high porosity compared to diaphyseal cortical 

bone (Morgan et al., 2013; Samuel et al., 2009), further tightening of a cancellous 

screw (below stripping torque) after head contact may cause deformation of the 

bone surrounding the screw, which in turn may cause compaction of any bone 

debris caused by cutting of the screw threads. As a result, the anchorage 

conditions are changing during the tightening phase, which may explain the 

increased FPullout of the screw.  

 

However, excessive tightening can lead to bone yielding and beyond that, to 

screw stripping. A previous study using cortical screws on the diaphysis of ovine 

tibiae suggested that the yield torque is beyond 70% of predicted TMax (Cleek et 



122 

 

    

 

al., 2007). In human trabecular bone, the insertion torque of a cancellous screw 

after which the bone yields has yet to be explored (next chapter).  

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

densitometry data from our donors' clinical records; hence measurements of 

aBMD were performed on the excised femoral heads in-vitro, which represent a 

best-case scenario environment, where the same amount of soft tissue was 

simulated (with polyoxymethylene board) for each sample.  

 

6.4  Conclusion 

 

In conclusion, this study used a computer-controlled micro-mechanical screw 

insertion device, micro-CT and DXA imaging, and experimental pullout testing 

on a cancellous bone screw in human femoral heads to investigate the effect of 

bone micro-architecture, aBMD, and the applied TInsert on the FPullout of cancellous 

screws. We found, in descending order of importance, that the FPullout was most 

strongly correlated with the applied TInsert, the micro-architectural parameters (in 

particular SMI and BV/TV), and aBMD of the host bone. The combination of 

applied TInsert with micro-architectural parameters and/or aBMD did not improve 

the prediction of FPullout beyond the single regression model “FPullout vs. TInsert.” 

The applied TInsert remained significantly correlated with FPullout even after 

normalisation for SMI, BV/TV, and aBMD.  

 

This indicates that, for a bone specimen with a given trabecular bone micro-

architecture and density, increases in applied tightening torque beyond head 
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contact within the linear range will increase FPullout of the screw. Thus, this implies 

that tightening of a screw after screw head contact improves screw fixation 

strength in stabilising the fractured bones, stabilisation being a primary factor for 

fracture healing. The level of tightening torque after which bone yielding occurs, 

and how FPullout will be affected once this level is reached, should however be 

examined in greater detail in future studies on cancellous bone screws in human 

bone. 
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Chapter VII   

Study 3: Comparison between the Cancellous Screws Pullout 

Strength at Three Levels of Tightening Torque in the Human 

Femoral Head 

 

This chapter describes the study performed to address the third (final) aim of this 

thesis, that is, to compare the FPullout (pullout strength) of cancellous screws in 

human trabecular bone of the femoral head at three relative insertion torque levels 

(TInsert) (portion of maximum torque or TMax), i.e., tightened to an average of 70% 

TMax, 80% TMax, and 90% TMax.  

 

The results reported in this chapter have been published as Ab-Lazid, R, Perilli, E, 

Ryan, MK, Costi, JJ, Reynolds, KJ, 2015, “Comparison between the cancellous 

screws pullout strength at three levels of tightening torque in the human femoral 

head” as an abstract in Proceeding of the Australian and New Zealand 

Orthopaedic Research Society (ANZORS) 21st Annual ANZORS conference, 2-4 

October 2015, University of Auckland, New Zealand. Website: 

http://www.anzors.org.au. The published abstract was rewritten for this thesis. 

 

7.0  Introduction 

 

Unintentional screw stripping may go undetected during fracture repair surgery 

and this poses concern among surgeons about poor fixation. Clinically, surgeons 

estimate the level of tightening torque required for optimal fixation based on their 
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perception. According to a study, a surgeon’s perception of optimal tightening 

torque is not reliable for detecting and preventing stripping of the bone around the 

screw. Out of 340 tests performed on synthetic trabecular bones, 109 (45%) 

screws were inadvertently stripped by the surgeons, and in 91% of these cases the 

surgeons did not recognise that stripping had occurred (Stoesz et al., 2014) (sub-

chapter 3.10).    

 

Dinah et al. (2011) (sub-chapter 3.10) found that 9% of screws inserted into 

human cadaveric ankle bones were inadvertently stripped, while 12% were over 

tightened. No significant predictors such as bone mineral density, bone micro-

architecture, or insertion torque were found that could warn of impending screw 

stripping (Dinah et al., 2011). The Reynolds study later found TPlateau (or torque at 

screw head contact) was a significant predictor of bone stripping torque, which 

can be used as a control parameter to cease screw tightening before bone failure 

(Reynolds et al., 2013). Yet, clinically during screw tightening surgeons are still 

relying on their perceptions in engaging what is thought to be “optimal” torque, 

which is suggested as reaching 86% of the bone’s maximum torque (TMax) 

(Cordey et al., 1980). The question arises as to how much more tightening is 

required after the screw reaches head contact in order to obtain an optimum FPullout 

of cancellous screw. 

 

A previous study by our group suggested that tightening of screws to 70% TMax in 

cortical bone ovine tibiae resulted in the highest FPullout compared to torque at 50% 

TMax and 90% TMax; but tightening of screws beyond 70% TMax had lowered 
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FPullout, from which it was concluded that tightening of cancellous screws past 

70% TMax (including the perceived “optimal” torque of 86% TMax),  exceeded the 

yield point of the cortical bone, which can cause damage leading to compromised 

pullout strength (Cleek et al.,  2007). 

 

In a similar study, Tankard et al. (2013) found that tightening of screws to 50% 

TMax in the cortex of cadaveric humeri bone resulted the highest FPullout, and 

concluded that tightening of screws beyond 50% TMax did not significantly 

increase the FPullout of the screw compared to tightening to 70% TMax and 90% 

TMax. Tankard also suggested that tightening of screws beyond 50% TMax may 

place bone at risk from damage, which might result in loss of fixation (Tankard et 

al., 2013). 

 

Although previous studies have compared FPullout at different tightening torque 

levels, mixed findings were demonstrated, contradicting each other. Moreover, the 

investigations were performed on cortical bone samples from animals and humans 

(Cleek et al., 2007; Tankard et al., 2013). It is still unknown whether a similar 

relationship exists in human anatomical sites that are rich in trabecular bone, such 

as the femoral head. Therefore, the aim of this study is to determine the effect of 

three tightening torque levels, i.e., group 1: TInsert = 70% TMax; group 2: TInsert = 

80% TMax; and group 3: TInsert = 90% TMax 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 completed the biomechanical testing in 

the previously described studies was selected for this study. The specimens (n = 6 

per group) were selected to meet the three tightening torque levels specified in the 

aims (Table 7.0). The specimens were chosen among those having similar aBMD 

and BV/TV (Table 7.1).   

 
Table 7.0:  The applied tightening torque of the 3 groups (n = 6 specimens per 
group), expressed as mean value, standard deviation (SD), minimum and 
maximum value. 
 

 

 

 

 

 
 
 
Table 7.1:  aBMD and BV/TV, of the 3 groups (n = 6 specimens per group), 
expressed as mean value, standard deviation (SD), minimum and maximum value. 
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7.1.2 Statistical Analysis 

IBM SPSS Statistic software (version 20) was utilised for the statistical analyses. 

All data distributions were tested for assumptions of normality (Shapiro-Wilks 

test), homogeneity of variance (Levene’s test) and linearity (scatter plot of 

residuals).  

 

Descriptive statistics were applied to summarise the data such as aBMD, BV/TV, 

tightening torque (%TMax) and FPullout. A one-way ANOVA analysis with Tukey 

HSD post-hoc was performed to compare the means of aBMD, BV/TV and FPullout 

between the three groups and quantify significance level between the means.  

 

Post-experimental power analysis — t tests, Means; Difference between two 

dependent means (matched pair) was performed with G*power software (version 

3.0.10) to determine the sample size of the specimens that would be required to 

show a significant effect of the pullout strength between groups (n = 3). A 

medium effect size of f = 0.5 which is common in orthopaedic research 

(Freedman et al., 2001), an α error prob = 0.0166, and a power (1-β err prob) = 

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

 

7.2  Results 

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

Descriptive statistics of the specimens’ aBMD and BV/TV mean (SD) [min – 

max]) and p-values of mean differences among groups from the one-way 

ANOVA analysis are summarised in Table 7.1.  
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The one-way ANOVA analysis indicated that the mean values of aBMD and 

BV/TV among the groups were not significantly different (aBMD, p = 0.06 and 

BV/TV, p = 0.54, respectively), while FPullout values indicated significant 

differences among the groups (p = 0.03).  

 

Table 7.2:  The one-way ANOVA analysis was performed to compare aBMD, 
BV/TV and FPullout (means [SD] [min – max]) among the groups. The p-values of 
aBMD (p = 0.54) and BV/TV (p = 0.06) suggested no significant difference in 
aBMD and BV/TV among the groups, while p-value of FPullout (p = 0.03) 
suggested FPullout was significantly different among the groups (p < 0.05 for both). 

 

 

 

 

 

 

7.2.2 Comparisons of FPullout between groups 

 

FPullout for cancellous screws tightened to 80% TMax was greater than FPullout for 

screws tightened to 70% TMax, although not statistically significant (p = 0.33). 

FPullout of screws tightened to 90% TMax was significantly lower than for screws 

tightened to 80% TMax (p = 0.02), and also lower than screws tightened to 70% 

TMax, although not significantly different (p = 0.27) (Figure 7.0) 
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Figure 7.0:  Boxplot of the FPullout of screws tightened to TInsert = 70 %TMax, 80% 
TMax and 90% TMax.  FPullout of screws tightened to 80% TMax was significantly 
different to FPullout of screw tightened to 90% TMax (*p = 0.019). 

 

7.2.3 Post-experimental Power Analysis 

The post-experimental power analysis revealed that the total sample size (n) of 69 

(or 23 per group) are required to show a significant effect of the pullout strength 

between the groups for this study. Refer to Appendix A6 for the post-

experimental power analysis screen shot.  
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7.3  Discussion 

 

This study compared the effect of three torque levels on the pullout strength 

(FPullout) of cancellous screws in the femoral head bones of similar range of quality 

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

 

The results showed that FPullout of the cancellous screws tightened to 80% TMax 

was significantly greater than for screws tightened to 90% TMax (FPullout = 2.07 ± 

0.28 kN vs. 1.48 ± 0.40 kN, p=0.019) and it tended to be greater than for screws 

tightened to 70% TMax (1.79 ± 0.31 kN, p=0.33) (Figure 7.0). Although FPullout at 

70% TMax was greater than at 90% TMax, the difference was not significant 

(p=0.27). Based on these results, it could be speculated that tightening of screws 

beyond 80% TMax led the trabecular bone around the screw to yield. As mentioned 

previously (sub-chapter 3.10), another study in our laboratory confirmed that 

yielding of the trabecular bone of the femoral heads occurs at approximately 85% 

of TMax (Ryan et al., 2015).  

 

Overall, the results of the current study are in line with Cleek in which FPullout 

increased when the screws were tightened past 50% TMax, but, FPullout decreased 

between 70% and 90% of TMax of tightening, which Cleek attributed to the 

yielding of bone structures (Cleek et al., 2007). In contrast, the results from 

Tankard et al. (2013) indicated that tightening of screws beyond 50% TMax in 

human humerus cortical bone did not significantly increase the screw FPullout and 

in fact they suggested that tightening of screws beyond 50% TMax may expose the 
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cortical bone to the risk of yielding and consequently loss of fixation (Tankard et 

al., 2013).  

 

In this case, it is hard to make a direct comparison between each of these three 

studies due to the screws and nature of bones used — Cleek used cortical screws 

in animal cortical bone (ovine tibiae), Tankard used cortical screws in human 

cortical bone (humeri), while the current study used cancellous screws in human 

trabecular bone (femoral heads). Thus, differences between results from the 

studies may be due to the characteristics of the specimens, particularly the bone 

quality and nature of the bone, as well as the screw designs. Tankard claimed the 

bone densities of the ovine tibiae used in the Cleek study were more 

homogeneous than those of the human humeri from their study, which had a wide 

range of densities (normal, osteopenic and osteoporotic). In addition, the average 

cortical thickness of the human humeri (mean ± SD = 8.60 mm ± 0.92) used in 

Tankard’s study was about twice the thickness of the ovine tibiae (mean ± SD = 

4.23 mm ± 0.42) used in Cleek’s study; thus, the bones may have been less ductile 

and shown to fail at lower torque.  

 

Szabó et al. (2011) indicated that bovine trabecular bone fails at a higher strain 

when subjected to force, and hence is more ductile; and the bone is accompanied 

by significantly increased micro-damage accumulation prior to failure compared 

to cortical bone. Thus, they suggested that these could contribute to the trabecular 

bone’s ability to withstand higher damage tolerance compared to cortical bone 

(Szabó et al., 2011).   
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Similar occurrences could also happen during screw fixation. The ductile nature 

of the trabecular bone, coupled with the accumulation of micro-cracks prior to 

failure, may prevent the bone from yielding earlier. However, subsequent 

tightening of a screw beyond 80% TMax resulted in significant reduction of screw 

FPullout, which is likely to be due to bone yielding.   

 

Limitations of this study include small sample size to reach statistical significance 

in all comparisons and use of a single screw type. According to the post-

experimental power analysis it was suggested that a sample size of 23 specimens 

per group (i.e., total specimens of 69 for the three groups) would be required to 

show a significant effect of the pullout strength between the groups for this study. 

Meanwhile, the aspect of the screw, such as the design (fully threaded cancellous 

screw) and dimension (length, diameter, pitch, thread profile, etc.) have been 

shown to influence the FPullout (sub-chapter 3.5). Further study is required to 

investigate the effects of different screw designs and dimensions and in larger 

sample size. 

 

7.4  Conclusion 

 

In this study, the significantly reduced FPullout for screws tightened to 90% TMax 

compared to 80% TMax may be a result of yielding of trabecular bone structures. 

FPullout at 80% TMax tightening was greater than FPullout at 70% TMax, although not 

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

considers the yield factor of the trabecular bones.  
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Chapter VIII  

Summary, Conclusion and Future Work 

 

8.0  Summary 

 

Study 1 (chapter 5) results suggested that strong relationships exist between 

TPlateau and bone micro-architecture and aBMD of the femoral heads. This implies 

that TPlateau detected from the screw insertion profile is directly related to the 

quality of the host bone. Specimens exhibiting a more plate-like structure (as 

measured by SMI) and higher bone volume fraction (BV/TV), and also a higher 

aBMD, likely offer a structural environment in which the screw threads can cut 

into more material for better anchorage, which leads to an increase of TPlateau. 

Thus, the applied TInsert based on the percentage of maximum torque (% TMax) can 

be predicted during screw insertion using the TPlateau value, instead of relying 

solely on the surgeon’s feel for the prediction of the TInsert, which is subjective. 

Additionally, the same type of structure might offer an environment for increased 

pullout strength, which was investigated in Study 2 (chapter 6).  

 

In Study 2, the findings suggested that FPullout of the cancellous screws has a strong 

relationship with TInsert, followed in order of strength of the coefficient of 

determination, by bone micro-architecture and aBMD. This implies that for a 

bone specimen with a given trabecular bone micro-architecture and density, 

increases in applied tightening torque (TInsert) beyond head contact within the 

torque-versus-screw rotation linear range will increase FPullout of the screw. The 
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level of tightening torque after which bone yielding occurs (post linear range), and 

how FPullout will be affected once this level is reached, yet remained unknown. 

This was investigated in Study 3. 

 

In Study 3, the results suggested that FPullout reaches a maximum when screws are 

tightened to an average of 80% TMax and FPullout was significantly greater than for 

screws tightened to an average 90% TMax.  FPullout at an average of 80% TMax was 

also greater compared to FPullout at an average of 70% TMax (although not 

significantly), which could be due to small sample size. The significantly reduced 

FPullout at an average 90% TMax may be due to the yield of trabecular bone 

structures.  

 

Overall, TPlateau and FPullout of cancellous screws depend on bone micro-

architecture and aBMD of the trabecular bone of the femoral heads. The TInsert to 

be applied before stripping, based on the percentage of predicted maximum torque 

(% TMax), can be predicted during screw insertion using the TPlateau value 

determined by the micromechanical screw insertion device, instead of relying on 

the surgeon’s feel. In trabecular bone, increases in applied TInsert beyond screw 

head contact to 80% TMax were found to increase FPullout of the screw. Further 

increases in TInsert (or tightening) beyond 80% TMax to 90% TMax however resulted 

in significant decrease of screw FPullout (FPullout at 80% TMax = 2.07 ± 0.28 kN 

versus FPullout at 90% TMax = 1.48 ± 0.40 kN; p=0.019). This is likely to be a result 

of yielding of the bone when exposed to TInsert beyond 80% TMax, consequently 

reducing the screw fixation strength. 
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8.1  Conclusion 

 

The ability of surgeons to optimise screw insertion torque in cancellous screw 

fixation is important for fixation stability. Although the finding of this study 

suggested that fixation or pullout strength (FPullout) increases with an increase in 

insertion torque (TInsert), it may however be limited by the bone yield point and 

could vary between bones. There is no mechanism currently in place to quantify 

the yield point of the bone while it is subjected to screw insertion. Nevertheless, 

the findings of this study also suggested that bone undergoes yielding when 

insertion torque exceeds 80% of the maximum torque (TMax). Thus, at the present 

time, this value can be used as a point at which to stop screw tightening. 

 

With current screw fixation methods, it requires manual intervention to estimate 

the optimal screw torque, as it cannot be standardised due to the variation in bone 

quality within and between patients. The current method depends on the feeling of 

screw purchase, which is assessed based on surgeon’s perception that the screw is 

getting tightened rather than stripping. This method however is subjective and 

may vary between surgeons, depending on skills and experiences, hence, may not 

be reliable for optimal tightening and preventing and detecting screw stripping.  

 

Therefore, a new approach on how to control screw insertion/ tightening torque 

may needed to improve screw fixations for better reliability and prevent 

complications such as accidental screw stripping during screw fixation in bone 

fracture surgery. Based on the findings of this thesis, the new approach to control 



138 

 

    

 

insertional torque for the optimal pullout strength could be adapted using torque at 

head contact or plateau torque (TPlateau), the predictor of TMax, which is also 

specific to bone density (measured by DXA) and micro-architecture (measured by 

micro-CT). The measured TPlateau can be used to determine torque levels based on 

the percentage of TMax (% TMax), which is specific to bone density and micro-

architecture.  

 

Since the bone mineral density or areal bone mineral density (aBMD) and local 

bone micro-architecture are highly correlated with TPlateau, hence, TMax, they also 

can be used as surrogate for TMax to determine the % TMax torque level. This 

option however currently is limited by the irregularity of aBMD measurement 

availability prior to surgery and lack of technology to measure bone micro-

architecture in the clinical environment.  

 

In conclusion, TPlateau could be the best option to use as surrogate parameter for 

TMax to control for an optimal insertion torque and prevent from accidental screw 

stripping. This approach could also be the solution to replace 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 strength of trabecular bone is site 

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

TPlateau and FPullout.  

 

Cadaver Testing 

The present study was performed using aBMD measured on the excised femoral 

head specimens without accounting for the surrounding soft tissues’ variability 

between different patients. The measurements of aBMD performed in this thesis 

represent rather a best-case scenario as they were all done in vitro, with the same 

amount of soft tissue (polyoxymethylene board). Therefore, it could be 

worthwhile to replicate the study using aBMD measured on cadavers with intact 

soft tissues to explore this variability. 

 

Use of Various Screw Designs 

The aspect of screw designs (geometry, length, pitch, and thread profile) is 

reported to influence the TInsert and FPullout measurement (sub-chapter 3.5). For 

trabecular bones, there are two designs of screws typically used clinically, which 

are partially threaded (used in the present study) and fully threaded screws. 

Therefore, by replicating this work on different screw designs, particularly on the 

fully threaded screws, this could be beneficial to know how different designs of 

screws affect the TPlateau and FPullout. 

 

Study on the Propagation of Micro-damage Surrounding the Bone and Screw 

The present study had obtained multiple slices of micro-CT images of bone-screw 

constructs at different intervals of screw insertion torques and from different bone 
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qualities. These images provide a large dataset of bone-screw constructs, which 

are valuable to facilitate further studies particularly on the investigation of the 

propagation of micro-damage surrounding the bone and screw, which was not 

designed as part of the present thesis aims. Hopefully this future study will 

provide new insight into the factors leading to screw fixation failure. 

 

Development of Finite Element (FE) Trabecular Bone Model 

Also, the micro-CT images of the bone-screw constructs can be utilised for the 

development of FE model of the femoral head trabecular bone that can be used to 

investigate other parameters that may affect the mechanical stability of the bone-

screw construct.  
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Appendix A1: Micro-CT Scanning Protocols 

Micro-CT Scanning Protocol 

• The purpose of the micro-CT scanning test was to determine the appropriate 
scanning settings/ protocols, which produced high x-ray attenuation, less 
noise, hence good image quality. 

• This task was performed after having received the induction training by Ruth 
Williams from Adelaide Microscopy. 

• Two sessions of micro-CT scanning were performed (on the 20th December 
2011 and 13th January 2012), trying four different settings, to determine the 
appropriate scanning protocol to be used. 

• Datasets of Tiff images obtained were saved at Rlazid\ PhD performed 
experiment_RL\ MicroCT_20_Dec_2011 and Rlazid\ PhD performed 
experiment_RL\ MicroCT_13_Jan_2011 

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

 Experiment Date: 20th December 2011 

 Location: Adelaide Microscopy 

 
Data storage: external hard drive. (rlazid:\PhD performed 

experiment_RL\ MicroCT_20_Dec_2011) 

No. Material and Task Lists Yes No Remarks 
 Materials:    

1. ESKE �   

2. Plasticine �   

3. Masking tape �   

4. Tool box –scissor, knife, test pen and ruler   �  
5. Laboratory log book, pen and camera �   

6. External hard-drive �   

 Tasks:    

a. 
Thaw femoral head specimen in a 
refrigerator for 24 hours. 

�  

Thawed for 24 
hours, inside a 
refrigerator 
(4°C)prior to 
scanning  

b. 

Place femoral head and plasticine in 
ESKE, lock and tape ESKE lid with 
masking tape. 
 
 
 

�  
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Title: Testing micro-CT scanning protocol on femoral head specimen 

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

�  
 

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

�  
 

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

�  
 

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

�  
 

g.  Wear gloves and laboratory gown. �   

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

�  
 

i. 

Place femoral head onto the specimen 
holder of micro-CT. Secure it with 
masking tape and plasticine as shown in 
Figure 1. 

�  

 

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

�  
 

k. Record any observations. �   

 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 protocol test list 

Scanning 
Protocols 

Setting  
#1 

Setting 
#2 

Setting 
#3 

Setting 
#4 

X-ray source: 100kV 100kV 80kV 80kV 
Current 80µA 80µA 120µA 120µA 

Pixel size: 17µm/pix 17µm/pix 17µm/pix 17µm/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 20sec 43min 35sec 43min 32aec 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 

FOV: 
yes yes yes yes 

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 
auto-max): 

0.0239 0.0250 0.0287 0.0330 

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 
auto-max): 

0.0251 Nil 0.0288 0.0328 
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The reconstructed micro-CT image (from projection image) of 
the femoral head showing the screw at the centre of the bone 

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

• At line 510, Setting #1 and #2 (min: 7.1%, max: 21.2% and avg: 12.1%, for 
both settings) produced slightly higher x-ray intensities compared to settings #3 
(min: 5.1%, max: 17.3% and avg: 8.7%) and #4 (min: 3.1%, max: 12.8% and 
avg: 6.5%)  

• Setting #2 had higher frame averaging (4 compared to 2) and smaller rotation 
step (0.4° compared to 0.5°) compared to setting #1. 

 

Conclusion 

• Scanning protocol # 2 produced reasonably high x-ray attenuation compared 
with the other scanning protocols (#1, #3 and #4) 

• Hence, scanning protocol #2 was utilised in the micro-CT 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 images by NRecon software  
 
Excerpt from Nrecon reconstruction log 
 
 Reconstruction settings undelined with red markers. 
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Reconstructed Micro-CT Images of Bone-Screw Construct Using Reconstruction 
Settings Highlighted in Yellow. 
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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 of interest (ROI) and volume of 

interest (VOI) that was used to remove screw image from 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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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. 
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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-like or Annulus VOI: 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   

 

 

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

Used the entire image 
as ROI 
 
 

At the ROI 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 ROI and VOI. 
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     (Reconstruction protocol) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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. 
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(Morphology analysis protocol) 
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Appendix A5: The Overall Results from DXA and Micro-CT Scans and Biomechanical Testing (TInsert and FPullout) 
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Appendix A6: Post-experimental Power Analysis 

 
 

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