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Abstract 

Bone remodelling is an important process with numerous clinical implications. It is generally 

assumed that the bone will experience the same bone remodelling response to the stimulus under 

tension and compression. However, laboratory studies suggest that the bone could exhibit 

alternative bone remodelling under tension and compression as the result of different bone 

remodelling mechanisms; where alternative bone remodelling is defined as two or more 

different/alternative bone remodelling responses in relation to the same stimulus. Here, tension 

and compression are assumed to be the same stimulus, where the absolute value of the strain 

stimulus is used. Very little research has been conducted into this phenomenon and if it occurs 

under physiologically applied loading conditions. Therefore, it is unclear how prevalent alternative 

bone remodelling is under physiological loading conditions.  

To investigate if the bone does exhibit alternative bone remodelling under tension and compression 

under physiological loading conditions, this study examined the bone remodelling behaviour of 

the proximal femur of 11 male subjects (mean age ± SD: 70.91 ± 2.78) taking part in a one-year 

hopping clinical exercise trial. This was achieved by comparing the change in density of each 

subject, measured by quantitative computerised tomography, against the mechanical stimulus, 

determined by subject specific finite element simulations. Here the stimulus was determined to be 

the principal strain experienced in hopping minus the principal strain experienced during everyday 

activities which were either walking or stair climbing. The stimulus-remodelling relationships 

were determined by comparing the change in density and stimulus using a previously published 

bone remodelling algorithm.  

This study managed to demonstrate consistent differences in the bone remodelling observed under 

tension and compression. Where it was observed that at lower stimuli the compressive regions 

experience a higher change in density in relation to the stimulus in comparison to the tensile 

regions, until a cross-over point where tension experiences a higher change in density in 

comparison to compression (p < 0.01). This cross over point occurs at a stimulus of approximately 

670 µε which corresponds to a change in density of approximately 3.5%, which is higher than the 

typical change in density experienced in the cortical bone during exercise. This cross over between 

the two stimulus-remodelling relationships is thought to be the result of the Hueter-Volkmann law. 
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It was also observed that the bone remodelling under compression has a higher variance in the 

change in density in relation to the stimulus, in comparison to tension (p < 0.01), which is thought 

to the be result of linear microdamage formation and subsequent remodelling initiation under 

compression. This high variance in the change in density under compression causes for the 

stimulus-remodelling relationships under tension and compression to merge somewhat at lower 

stimuli, which can give the impression of a single stimulus-remodelling relationship. Furthermore, 

differences in the residual regression biases under tension and compression was observed, where 

the bone remodelling under tension demonstrated significantly lower regression biases in 

comparison to the bone remodelling under compression (p = 0.141). 

Evidence from this study also suggests that the tensile and compressive stimulus-remodelling 

relationships are independent of each other, but correlations of varying strength were made 

between the observed characteristics and the subjects’ age and BMI, with the correlations being 

typically stronger under tension. However further research is warranted into these correlations due 

to the small sample size and population demographic used in this study.  
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Nomenclature 

2D Two Dimensional 

3D Three Dimensional 
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BMI Body mass index 

c Remodelling constant, y-axis intercept 

cm Centimetre  

CL  Control Leg 

CT Computerised Tomography 

D, d Distance 

e Mathematical constant ≈ 2.71828 

E Elastic Modulus 

EL Exercise Leg 

EMG Electromyography 

f Loading frequency 

F, fn Function 

FAB Abductor muscle force (applied to the greater trochanter) 

FHC Hip contact force 

Fx Force in the x-axis 
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Fy Force in the y-axis 

Fz Force in the z-axis 

FE Finite Element 

FD Forward Dynamics 

g Grams  

HCF Hip contact force 

H-S Hop-Stair loading scenario (see Definitions) 

HU Hounsfield units 

H-W Hop-Walk loading scenario (see Definitions) 

ISB International Society of Biomechanics 

JCF Joint contact force 

k Rate constant, used in the bone remodelling algorithm 

LµCr Linear Microdamage 

m Meter 

MES Minimally effective strain 

n Number of different loading conditions 

N Newtons 

Ni Number of loading cycles 
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P(x,t) Osteoblast recruitment stimulus at the surface location x, as a function of time, t 

p, p(x,t) Percentage probability of an area/region/element initiating bone remodelling due 

to microdamage 

p p-value 

qCT Quantitative Computerised Tomography 

roc Relative amount of bone mineral absorbed by osteoclasts 

RSED SED rate 

RsSp Resorption Space 

RMSE Root Mean Square Error 

S Bone remodelling stimulus 

S+ Positive bone remodelling stimulus threshold 

Smax Maximum strain stimulus 

SD Standard deviation 

SED Strain Energy Density 

SO Static optimisation 

SPSS Statistical Package for the Social Sciences 

SRtrue The stimulus-remodelling relationship experienced by the areas of the bone 

undergoing remodelling 
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STP Standard temperature and pressure 

t Time 

T Temperature, Tunnelling 

To Thermostat set point 

V Volume proportion of the bone experiencing bone remodelling 

ε Strain 

εhop Strain due to hopping 

εo Pre-set remodelling strain threshold 

ε𝑟 Reference strain 

εstair Strain due to stair climbing  

εwalk Strain due to walking 

∂ Change in 

ρash Bone ash density  

µ Micro (10−6) 

μ𝑎 Linear attention coefficient 

μi Mechanosensitivity of the osteocyte 

θ Angle 
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ρi New bone density 

ρo Original bone density 

τ Time constant, representing time required for osteocytes to accommodate to the 

new loads 

ω Accumulated microdamage (does not differentiate between linear microdamage 

and diffuse damage) 

ωr Reference level of accumulated microdamage (does not differentiate between 

linear microdamage and diffuse damage) 
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Definitions 

Within this thesis the following definitions are used to define bone remodelling, its characteristics 

and any subsequent observations:  

Alternative Bone Remodelling: This is the term used to describe two or more different bone 

remodelling behaviours, in relation to the same stimulus. The term ‘alternative’ was used as it 

infers a continual difference in the bone remodelling behaviour which can be observed and 

quantified; however, it also infers that no two subjects have the same bone remodelling behaviour 

or difference.  

Alternative Bone Remodelling Mechanism: Any bone remodelling mechanism, which affects 

one or more stages in the bone remodelling cycle, to cause alternative bone remodelling behaviour. 

Atypical Stimulus-Remodelling Relationship: The atypical stimulus-remodelling relationship, 

is a stimulus-remodelling relationship which has a power law constant less than 1, observed when 

using a nonlinear remodelling algorithm, resulting in the relationship shown in Figure P-1-1. This 

relationship is explored throughout the study and is not a sign of abnormality. It is called “atypical” 

because it shows a stimulus-remodelling relationship which is not typically associated with bone 

remodelling.  

 

Figure P-1-1: The atypical stimulus-remodelling relationship 

 



Preface 

xxxi 

b value: Through conducting this study, it was found that using the power law constant from the 

remodelling, denoted by the letter ‘b,’ shown in equation P-1, was the most useful comparison tool 

for exploring the differences in the tensile and compressive bone remodelling behaviour. This 

power law constant, was thus denoted the b value.  

𝜕𝜌

𝜕𝑡
= 𝑘(𝜀 − 𝜀0)𝑏 P-1 

Bone Remodelling: Bone remodelling is the continuous, lifelong cellular process of removing and 

depositing bone, where any change in bone density or properties as a result of this process is in 

response to an external stimulus, of lack thereof, be it mechanical or hormonal.  

Bone Remodelling Behaviour: This is an all-encompassing term which describes any behaviour 

or characteristics of the bone which involves the change in bone density in response to a stimulus. 

This term is generally used in circumstances where a difference in bone remodelling between two 

regions is known/observed, however differences in bone remodelling can involve multiple 

different behaviours.  

Hop-Stair Loading Scenario: The Hop-Stair loading scenario describes the strain stimulus 

produced by subtracting the strains caused by applying stair climbing loads from the strains 

produced by applying hopping loads. 

 Hop-Walk Loading Scenario: The Hop-Walk loading scenario describes the strain stimulus 

produced by subtracting the strains caused by applying walking loads from the strains produced 

by applying hopping loads. 

k value: The k value is the name given to refer to the rate constant used in bone remodelling 

algorithms, which are denoted by the letter ‘k.’ 

Negative Bone Remodelling: Bone remodelling where the bone density decreases, which is 

typically in response to a lack of a stimulus or alternative bone remodelling mechanism.  
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Physiological Loading Conditions: This describes any loading applied to bone which can be 

expected to be applied under everyday conditions and has not been externally manipulated. 

Examples of this is loading applied during activities such as walking and exercise.  

Positive Bone Remodelling: Bone remodelling where the bone density increases.  

Stimulus: The stimulus is what drives and causes bone remodelling. In this study, following the 

literature, the stimulus is mechanically based strain stimulus and is defined by subtracting the old 

‘target’ strain from the new strain, as described in Chapter 2. 

Stimulus-Remodelling Relationship: This describes the mathematical relationship which best 

defines the change in density (plotted in the y-axis) in relation to the stimulus (plotted in the x-

axis). Therefore, the stimulus-remodelling relationship is best defined using a bone remodelling 

algorithm. Bone remodelling algorithms are explored in Chapter 2 and the stimulus-remodelling 

relationship in the areas of the bone under tension and compression are explored in Chapter 4. 

Stimulus-Remodelling Plots: Plotting the raw data for each subject used in this study, where the 

change in density (y-axis) is plotted against the mechanical stimulus (x-axis) on a single graph.  

Strain Environment: Any area in which the bone is experiencing strain.  

Strain Data Set: Three strain data sets in the proximal femur are explored in this study, the general 

(the whole proximal femur), the tensile (only the part of the bone where tension is the dominant 

principal strain) and the compressive (only the part of the bone where compression is the dominant 

principal strain). The general data set comprises of both the tensile and compressive strain data 

sets and does not describe nor include any other data set or area in addition to the tensile and 

compressive.  

Typical Stimulus-Remodelling Relationship: The typical stimulus-remodelling relationship, is 

a stimulus-remodelling relationship which has a power law constant more than or equal to 1, 

observed when using a power law bone remodelling algorithm, resulting in the relationship shown 
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in Figure P-1-2. This relationship is explored throughout the study and is called “typical” because 

it shows a stimulus-remodelling relationship which is typically associated with bone remodelling.  

 

Figure P-1-2: The typical stimulus-remodelling relationship 
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Chapter 1. Introduction 
 

The skeletal system is critical for locomotion and load bearing, and as a result, a substantial amount 

of research has been conducted into its mechanical strength and adaptation to mechanical loading. 

The concept that the bone adapts its mechanical properties to the loads which it experiences stems 

from the observations of Julius Wolff (1896), and as so is often referred to as “Wolff’s law.” This 

adaptation is achieved through bone remodelling, which is the lifelong, continuous, change of the 

bone through cellular processes (Robling and Turner 2009). It is currently assumed that the bone 

experiences the same bone remodelling behaviour under tensile and compressive loads, an 

assumption which is inherently used by bone remodelling algorithms, which are used to predict 

future bone remodelling.  

Alternative bone remodelling behaviour can be described as two or more different/alternative bone 

remodelling responses to the same stimulus, a phenomenon which has been identified in laboratory 

(Rubinacci, Black et al. 1988, Stokes 2002, Herman, Cardoso et al. 2010) and pathological 

conditions (Lin 2010). An ageing population has seen a rise in demand for orthopaedic implants 

(Morrison, N Kashlan et al. 2015, Wong 2016), research into orthopaedic fractures (Keyak 2001) 

and methods to increase bone density (Kukuljan, Nowson et al. 2011, Allison, Folland et al. 2013, 

Christen, Ito et al. 2014, Troy, Mancuso et al. 2018). With this, bone remodelling algorithms are 

becoming increasingly relied upon to determine future bone remodelling in response to implants, 

exercise, or lack thereof. Numerous bone remodelling algorithms are based on the biological 

mechanisms which have been demonstrated to cause alternative bone remodelling behaviour under 

tension and compression (Frost 1987, McNamara and Prendergast 2007, Fernández, García-Aznar 

et al. 2012). However, to the author’s knowledge, no study has been conducted to determine if 

alternative bone remodelling behaviour under tension and compression occurs under physiological 

loading conditions and in the absence of disease. It is therefore unclear how prevalent tensile and 

compressive alternative bone remodelling is under physiological loading conditions, and what, if 

any, impact it may have on bone remodelling algorithms. 
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Tensile and compressive loads are currently considered to be the same stimulus in bone 

remodelling, coming under the categorisation of mechanical stimuli. Furthermore, the bone under 

both tension and compression are considered to have the same mechanical properties and stress-

strain response under these loads as shown in Figure 1-1. Therefore, any difference in bone 

remodelling behaviour observed between tension and compression is currently considered to be 

alternative bone remodelling. This can lead to confusion depending on which article is being cited 

and the aim of the study. Tensile and compressive loads are considered to be the same stimulus 

because generally, they have the same effect on the bone remodelling processes and 

mechanotransducive signalling described in Chapter 2. As shown in Chapter 2, assuming the same 

bone remodelling behaviour under tension and compression has resulted in accurate stimulus-

remodelling relationships and simulations. As a consequence, often any difference between tension 

and compression, mechanically or otherwise is not acknowledged in bone remodelling studies, 

where only the “stimulus” as a singular entity is mentioned.  

In mechanics, as shown in Figure 1-1, tensile stress/strain is often modelled as positive, and 

compressive stress/strain is modelled as negative. This mechanical difference between tension and 

compression is overcome in bone remodelling studies by assuming the stimulus is an absolute 

value, and therefore both tensile and compressive stimuli are always considered positive values. 

These assumptions are present in both engineering simulation studies which typically focus on 

mathematical algorithms, and in laboratory studies which typically focus on in vivo and ex vivo 

observations. However, it is often subtle differences in the bone remodelling processes and 

mechanotransducive signalling which result alternative bone remodelling behaviour (Rubinacci, 

Black et al. 1988, Stokes 2002, Herman, Cardoso et al. 2010). In the case of this study, subtle 

differences in bone remodelling behaviour, in different bone remodelling stages under tension and 

compression, are what result in alternative bone remodelling. But the studies which have observed 

alternative bone remodelling, generally only focus on specific scenarios and/or a single stage in 

the bone remodelling cycle, making it difficult to apply them to the whole bone remodelling 

process, and as such are often overlooked.  
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Figure 1-1: Representation of the tensile and compressive stress/strain experienced by the bone, where the bone 

follows the same stress/strain gradient under tension and compression. Here 𝜀𝑐
𝑇 and 𝜀𝑡

𝑇are the compressive and tensile 

yield strains and 𝐸𝑢 is the post yield modulus (Gong, Wang et al. 2020).  

This study set out to conduct an initial investigation into if alternative bone remodelling in tension 

and compression can be observed under physiological loading conditions. To achieve this, an 

observational-based study was conducted utilising data from the Allison, Folland et al. (2013) 

clinical exercise trial, where thirty-four healthy men, mean ± SD age of 69 ± 4.0 years, hopped 50 

times a day, every day for a year. The clinical exercise trial achieved an average increase in cortical 

bone density of 2.7% which is similar to that achieved by other exercise studies. Of the subjects 

from the Allison, Folland et al. (2013) clinical exercise trial, 11 passed an inclusion criteria to be 

used in this study. For these 11 subjects, the subject specific change in density in different locations 

along the proximal femur was measured from the pre and post exercise quantitative CT (qCT) 

scans, using Materialise Mimics Research version 19.0 software. This was compared against the 

mechanical stimulus, calculated using subject specific finite element simulations run in Simulia 

Abaqus/CAE 2017. The tensile and compressive stimulus-remodelling relationships were then 

determined using regression analysis against a previously established remodelling algorithm 

ቀ
∂ρ

∂t
= k(ε − εo)bቁ, and compared against each other. The results were then compared against 

different anthropometric, physiological and experimental parameters to determine if there were 

any external, measurable influences on the results of this study. 
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1.1 Overview of Findings 

At the onset of this study, with no previous similar studies, the researcher was unsure of what 

results they would obtain, and what, if any, difference in the bone remodelling between tension 

and compression would be observed. Previous studies into pathological conditions and laboratory 

experiments have revealed that alternative bone remodelling between tension and compression 

occurs. However, there are wide gaps between observations and no direct studies which apply 

alternative bone remodelling to physiological loading. Nonetheless, using 11 subjects from the 

Allison, Folland et al. (2013) clinical exercise trial, which passed an inclusion criteria, differences 

in bone remodelling behaviour under tension and compression in the cortical bone were observed. 

These differences were characterised by consistent observations, being: 1. Using the equation 
∂ρ

∂t
=

k(ε − εo)b, tension was observed to consistently have a higher b value than compression (p = 

0.054), with the k value calculable by the b value for both tension and compression (p < 0.01); 2. 

Differences in the RMSE and R2 values, where tension has a lower RMSE (p = 0.164) and higher 

R2 value (p < 0.01), and, 3. Differences in the observed regression biases, where tension has a 

significantly lower regression bias (p = 0.141).  

The results of this study suggest that the stimulus-remodelling relationships under tension and 

compression are independent of each other; however, correlations of varying strength were 

observed between the aforementioned alternative bone remodelling characteristics and the subjects 

age and BMI, with stronger correlations typically being observed under tension. Due to the small 

sample size and limited population demographic further research is required to better understand 

these correlations. A further notable observation was that, beyond a cross-over point, the difference 

in stimulus-remodelling relationships cause for increasing deviation in the change in density under 

tension and compression in response to the stimulus. Before this cross-over point, the tensile and 

compressive stimulus-remodelling relationships are harder to differentiate. This cross-over point 

occurs at a stimulus and a change in density which is higher than the typical change in density 

experienced by the cortical bone during exercise, suggesting that alternative bone remodelling 

becomes more of an issue in very high loading conditions. 

Whilst this study cannot directly observe any bone remodelling mechanisms, the results of this 

study were compared against known characteristics of previously identified bone remodelling 
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mechanisms which are known to cause alternative bone remodelling. Through this comparison, it 

was postulated that the high RMSE, low R2 , and significant regression biases observed in 

compression in relation to tension could be the result of different microdamage production and 

subsequent bone remodelling initiation experienced under tension and compression. It was thought 

that the random production and random initiation of bone remodelling as a result of linear 

microdamage caused random variations in the volume of the bone experiencing remodelling, 

effecting the measured change in density under compression. It was further postulated that the age 

of the subjects could be a factor, particularly in the high R2 value observed under compression, 

due to the increase in residual linear microdamage which is associated with age. Furthermore, it 

was postulated that the Heuter-Volkmann law could be a contributor to the difference in the tensile 

and compressive b values, where it suppresses the change in density under compression as the 

stimulus increases. 

1.2 Thesis Structure 

This thesis is split into six chapters and two appendices.  

Chapter 1. Introduction. This chapter introduces the rationale behind the study and its method, 

along with providing overviews of the study findings and structure.  

Chapter 2. Literature Review. In this chapter, the current literature regarding bone remodelling 

and its quantification is examined along with any observations and/or evidence towards alternative 

bone remodelling being experienced under tensile and compressive loads. It examines the 

musculoskeletal models of the proximal femur and continues to introduce bone remodelling data 

of the proximal femur from the Allison, Folland et al. (2013) clinical exercise study. The chapter 

finishes with a study aim and objectives.  

Chapter 3. Finite Element Model and Simulated Strains. Finite element simulation is a key 

factor in this study, where it allows the determination of the strain stimulus experienced by the 

proximal femur, without the use of any invasive strain gauges. This chapter introduces the subjects 

used in the Allison, Folland et al. (2013) clinical exercise study and, how the subject specific finite 

element models were set up. This chapter continues to examine the simulated strain experienced 
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by each of the subjects and compares the results against previously in vivo measured and simulated 

strains during similar activities.  

Chapter 4. Bone Remodelling Observations. This chapter carries out the aim of this study and 

investigates, details and summarises the bone remodelling observations made in the tensile and 

compressive strain data sets of the 11 subjects used from the Allison, Folland et al. (2013) clinical 

data.  

Chapter 5. Discussion. This chapter compares the observations of this study against identified 

bone remodelling mechanisms known to cause alternative bone remodelling behaviour in an 

attempt to derive which mechanisms may have had an influence on the observed results. It 

continues to discuss the potential effect of any parameters and limitations of the study.  

Chapter 6. Conclusion. This chapter concludes the findings of this study, examines their impact, 

makes reference to the limitations of this study and introduces any required future work.  

Appendix A. Statistical Tests. Here, the statistical tests used in this study are introduced and 

explained.  

Appendix B. Material Transfer Agreement. This appendix displays the material transfer 

agreement signed with Allison, Folland et al. (2013) to allow this study to use its data.  
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Chapter 2. Literature Review 
 

2.1 Introduction 

Whilst it is accepted that a variety of factors can cause the bone remodelling to be different in 

different people (Parfitt 2004), bone remodelling is generally considered to follow the same 

behaviour. Previous studies have provided evidence towards alternative bone remodelling 

behaviour under tension and compression as a result of different biological mechanisms within the 

bone in laboratory and pathological conditions (Rubinacci, Black et al. 1988, Bentolila, Boyce et 

al. 1998, Stokes 2002, Herman, Cardoso et al. 2010): Where alternative bone remodelling can be 

defined as the differential bone remodelling response to the same mechanical stimulus. If 

alternative bone remodelling behaviour under tension and compression occurs under physiological 

loading conditions, this could introduce problems to remodelling algorithms under the assumption 

that the bone remodelling is the same. The aim of this chapter is to explore the literature regarding 

bone remodelling, alternative bone remodelling, finite element simulation, musculoskeletal 

models, bone remodelling study methods and introduce the Allison, Folland et al. (2013) clinical 

exercise trial. 

2.2 Skeletal Adaptation to Mechanical Loading 

Bone is classified into two types, which are defined by its molecular structure, these are cortical 

(compact) and trabecular (cancellous/spongy) bone, as shown in Figure 2-1. The mechanical 

properties and histology of the two types of bone are different (Rhoa, Kuhn-Spearingb et al. 1998); 

where cortical bone is much more densely packed than trabecular bone and is generally found in 

areas of high stress. Both types of bone adapt and change in response to the mechanical 

environment, in a process called bone remodelling. In the bone remodelling response to a 

mechanical stimulus, trabecular bone experiences change in microarchitecture and density 

(Huiskes, Ruimerman et al. 2000, Adachi, Kameo et al. 2010) whilst cortical bone only 

experiences a change in density (Rhoa, Kuhn-Spearingb et al. 1998, Turner 1998, Nobel, Peet et 



Literature Review 

8 

al. 2003, Hansen, Zioupos et al. 2008). However, both cortical and trabecular bone undergo the 

same cellular remodelling process (Schindeler, McDonald et al. 2008, Eriksen 2010, Qin 2013). 

 
Figure 2-1: Structure of cortical and trabecular bone (BoneAndSpine.com 2018)  

 

The bone remodelling process, also known as the bone remodelling cycle, has four clear cellular 

stages: activation, resorption, reversal and formation (Eriksen 2010, Drevelle and Faucheux 2013, 

Qin 2013) as shown in Figure 2-2. These stages can only occur in this order and no two stages can 

occur in the same location simultaneously (Robling and Turner 2009). Once the remodelling 

process has been initiated (activation), the full cycle will occur, with each stage signalling for the 

next. During the resorption stage, the osteocyte and the surrounding extracellular matrix are 

removed by osteoclasts (Schindeler, McDonald et al. 2008, Robling and Turner 2009). Following 

reversal, new bone is deposited by osteoblasts in formation. The result of this process can be either 

an increase (positive remodelling) or a decrease (negative remodelling) in the in bone’s mechanical 

strength. This is characterised by a change in density which can be internal (intrinsic remodelling) 

or on the surface of the bone resulting in a change in the cross-sectional area (extrinsic 

remodelling). The cellular process which carries out bone remodelling is the same for both positive 

and negative remodelling (Eriksen 2010).  
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Figure 2-2: Image of the bone remodelling cycle from Hill (1998) 

 

2.2.1 Mechanotransduction 

Mechanotransduction is the process in which the mechanical energy applied to the bone is 

transferred into cellular biochemical signals which control the different stages of bone 

remodelling. This is an essential process, without which the bone would not be able to adapt to its 

mechanical environment. It is usually referred to as an all-encompassing process for the whole of 

the bone remodelling cycle. However, each stage of bone remodelling has its own independent 

biological signals, despite in many cases the mechanotransductive process being incredibly alike 

(Robling and Turner 2009, Webster, Schulte et al. 2015).  

Numerous mechanotransductive outputs, such as the change in density or resorption area, have 

been correlated with mechanical inputs to a high degree of accuracy, yet little is still known about 

the biochemical signals. This is partly due to high complexity of the mechanotransductive process 

where numerous biochemicals are involved, and the inability to isolate and study the effect of these 

biochemicals individually (Ruimerman, van Rietbergen et al. 2005, Robling and Turner 2009, 

Shahi, Peymani et al. 2017). Furthermore, difficulties arise in studying individual bone 
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remodelling stages. For example, studying the effects of mechanical loads on stages such as 

resorption in humans is much more difficult than studying the effect they have on formation. To 

observe a bone remodelling stage, the bone has to be harvested from a host at the correct time. 

Therefore, the majority of studies investigating the effects of mechanical loading on the bone use 

rodents, which mainly due to their size, can experience different remodelling processes than 

humans (Robling and Turner 2009). There has been substantial progress using in vitro methods to 

study individual bone remodelling processes and the influence of different biochemicals (Plotkin, 

Mathov et al. 2005, Plotkin 2014). However, these are often criticised, including by the 

experimenter themselves, as the experimental setup may  not accurately represent in vivo 

environments, both mechanically and biochemically (Plotkin, Mathov et al. 2005, Robling and 

Turner 2009, Kotiya and Silva 2013).  

2.2.2 Shear Flow Hypothesis 

The current leading mechanotransductive theory is the shear flow hypothesis. This theory 

postulates that shear forces applied via interstitial fluid flow in the medullary canal are detected 

by mechanoreceptors on the osteocyte surface, as shown by Figure 2-3. This then activates genes 

which in turn, control different stages of bone remodelling, as shown by Figure 2-4 (Turner 1998, 

Burr, Robling et al. 2002, McGarry, Klein-Nulend et al. 2005, Plotkin, Mathov et al. 2005, Robling 

and Turner 2009, Adachi, Kameo et al. 2010, Eriksen 2010, Li, Jacox et al. 2018). It is thought 

that the flow of the interstitial fluid is not caused by shear stresses/strains in the bone, but is induced 

by differential pressure gradients in the interstitial fluid, caused by the deformation of the bone 

due to mechanical loads, where the interstitial fluid flows from regions of compression (high 

pressure) to regions of tension (low pressure) as demonstrated in Figure 2-5 (Burr, Robling et al. 

2002).  

 
Figure 2-3: Application of shear forces to the mechanoreceptors by the interstitial fluid in the medullary canal 
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Figure 2-4: Image from Li, Jacox et al. (2018), demonstrating the shear flow hypothesis mechanotransductive process 

in dentistry, with the tooth pushing on the mandible bone, where fluid flow of the interstitial fluid around osteocytes 

causes shear strain on mechanoreceptors, resulting in altered gene expression. Where the ECM is the extra cellular 

matrix, DNA is Deoxyribonucleic acid, integrins are receptors, and FAK and ILK and biochemical signals. NOTE: 

The shear flow mechanotransductive process is the same throughout the bone, in both density and general 

orthopaedics.  

 

  

Figure 2-5: The deformation of the bone causing fluid flow through the canalicular channels from regions of 

compression to regions of tension, applying shear stress against the osteocyte lying within the lacunae (Burr, Robling 

et al. 2002).  
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There is strong experimental evidence supporting the shear flow hypothesis, with strong 

correlations between the pressure gradient and bone remodelling (Turner, Forwood et al. 1994, 

Knothe Tate and Knothe 2000, Qin, Kaplan et al. 2003). The mapping and measurement of 

pressure gradients is complicated due to the number of variables which affect the interstitial fluid 

pressure (Ciani, Doty et al. 2005). Nonetheless, evidence suggests that the influence of the pressure 

gradient on the fluid flow has an effective diameter of a few millimetres (Qin, Kaplan et al. 2003), 

suggesting that the bone remodelling mechanotransductive signalling through the shear flow 

hypothesis is highly localised. Furthermore, during bone deformation the overall volume of the 

bone is assumed to remain constant, therefore the sum of the change in interstitial fluid pressures 

also remains constant. If at any point the change in deformation stops, the interstitial pressure will 

quickly equalise and experience relaxation, returning back to its original value 

(Papathanasopoulou, Fotiadis et al. 2004). This means that the mechanical deformation must be 

continuously applied in a dynamic manner to have any bone remodelling response. This is 

particularly true for mechanotransduction of signals for bone formation, where the bone does not 

experience positive remodelling under static loading (Lanyon and Rubin 1984, Rubin and Lanyon 

1984). 

As discussed later in this chapter, bone remodelling algorithms typically use local strain as a 

stimulus to determine bone remodelling, as strain can more easily be calculated and measured, and 

has far fewer variables. This substitution of interstitial fluid pressure gradients for strain is suitable 

since the local strain environment has been strongly correlated to the local pressure gradient 

(Pollack, Korostoff et al. 1977, Owan, Burr et al. 1997, Mak and Zhang 2001) enabling a high 

bone remodelling prediction ability using the strain.  

2.2.3 Additional Factors to Bone Remodelling 

Numerous hormonal/systemic stimuli have been demonstrated to affect each stage of the bone 

remodelling process (Murrills, Stein et al. 1990, Kalervo Väänänen and Härkönen 1996). Systemic 

remodelling factors affect the whole skeletal system and in some cases can have a profound effect 

on the bone, causing degenerative diseases such as osteoporosis, especially in females (Seeman 

2003); where hormones such as estrogens, androgens and parathyroid hormone have been 
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demonstrated to attenuate osteocyte, osteoclast and osteoblast apoptosis (Murrills, Stein et al. 

1990, Jilka, Weinstein et al. 1999, Jilka, Noble et al. 2013, Plotkin 2014).  

Being reliant on cellular processes, the overall health of an individual is known to influence the 

bone remodelling process, with some evidence suggesting that the body mass index (BMI) and 

bone remodelling can be interrelated, where the BMI has been correlated to different bone 

remodelling processes (Cao 2011). However, this assertion comes with numerous caveats; where 

it is postulated that BMI cannot be directly correlated to bone remodelling but is simply 

representative, or a result of other factors which are also influencing bone remodelling. 

Furthermore, there are inconsistencies in the correlation of the BMI with the factors which are 

thought to influence bone remodelling, for example, the use of the BMI as an indicator of a 

subject’s overall health which has been demonstrated to have flaws (Bell, Carslake et al. 2018, 

NHS 2019). As such the relationship between the BMI (and/or its contributing factors, e.g body 

fat mass) and bone remodelling is highly complex (Hou, He et al. 2020), and any correlations 

and/or connections between the two continues to be researched (Mosca, Goldberg et al. 2017, Hou, 

He et al. 2020). Nonetheless, the BMI continues to be a good general indicator of how the overall 

bone remodelling metabolic processes should be responding, and therefore is still measured and 

correlated against results in studies examining the overall bone remodelling process (Allison, 

Poole et al. 2015, Mosca, Goldberg et al. 2017, Hou, He et al. 2020). 

Non-naturally occurring factors have also been demonstrated to influence bone remodelling, with 

two common factors being smoking and alcohol. Smoking is known to be detrimental to bone 

remodelling, where tobacco has been demonstrated to increase bone resorption, particularly in men 

(Supervia, Nogues et al. 2006). Alternatively, alcohol has been demonstrated to have mixed 

effects. Whilst its influence on younger individuals is still uncertain, light alcohol consumption 

has been demonstrated to have beneficial effects on older individuals, whereby slowing the bone 

remodelling process, it slows the loss of bone density with age. Alternatively, heavy alcohol 

consumption is associated with decreased bone density and increased fracture risk (Gaddini, 

Turner et al. 2016). 
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2.3 Alternative Bone Remodelling 

It is generally thought that bone remodelling follows the same remodelling response in relation to 

the stimulus throughout the bone. Whilst it is accepted that different people can experience 

different bone remodelling rates (Parfitt 2002, Parfitt 2004), it is generally considered that the bone 

will experience the same stimulus-remodelling relationship. An assumption which is carried 

forward into bone remodelling algorithms.  

Alternative bone remodelling can be defined as two or more different bone remodelling responses 

to the same stimulus, resulting in two or more different changes in density in response to the same 

stimulus. There are numerous cellular mechanisms which influence each stage of the bone 

remodelling process. The majority of these act systemically effecting the whole skeletal system 

equally: However alternative bone remodelling mechanisms, cause alternative bone remodelling 

behaviour by differently affecting one or more of the bone remodelling stages, either by 

influencing mechanotransduction or through other processes, in one or more locations. There are 

two essential ways in which alternative bone remodelling mechanisms achieve this: 1) 

Amplification, where one or more stages of the bone remodelling cycle is aided, increased, 

supported or helped in some way. 2) Suppression, where one or more stages of the bone 

remodelling cycle is prevented, slowed down or restrained in some way.  

Alternative bone remodelling under tension and compression is not a new or novel concept. 

Different independent mechanisms have been demonstrated or suggested to cause alternative 

remodelling in tension and compression (Rubinacci, Black et al. 1988, Bentolila, Boyce et al. 1998, 

Stokes 2002). However, the studies which have identified alternative bone remodelling behaviour 

have all been in laboratory or pathological (e.g. scoliosis) conditions. There has been no study into 

alternative bone remodelling behaviour under physiological loading conditions. This makes it 

difficult to determine what, if any, effect alternative bone remodelling has under physiological 

loading conditions. Furthermore, whilst numerous remodelling algorithms are based on 

mechanisms which have been demonstrated to cause alternative remodelling behaviour (Frost 

2003, Taylor and Lee 2003, McNamara and Prendergast 2007, Vahdati and Rouhi 2009, 

Fernández, García-Aznar et al. 2012, Cerrolaza, Duarte et al. 2017), the effect of alternative bone 

remodelling behaviour on remodelling algorithms has not been investigated.  
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Here, for this study, a distinction needs to be made between bone remodelling pathological 

conditions and physiological loading conditions. With a focus on alternative bone remodelling, the 

stimulus-remodelling relationships under tension and compression need to be examined. The 

physiological loading conditions are the loads applied to the bone in vivo, in normal conditions, 

without any additional external influence. Pathological conditions which effect bone remodelling 

can come in a wide variety, and can affect both the biomechanical and metabolic/cellular processes 

essential to bone remodelling. In fact, many pathological conditions can occur under physiological 

loading conditions (Stokes 2002). However, bone remodelling pathological conditions result in 

abnormal bone remodelling behaviour, and thus effect the stimulus-remodelling relationship. It is 

these abnormalities in the bone remodelling behaviour which are studied and quantified, often 

without reference to the initial stimulus-remodelling relationship which would have been present 

without the pathological condition. Therefore, the stimulus-remodelling relationships observed in 

pathological conditions cannot be applied to the bone remodelling experienced under physiological 

loading in normal conditions. Nonetheless, it should be noted that the bone remodelling 

mechanisms which are identified in pathological conditions which contribute to alternative bone 

remodelling, may also be present in normal conditions, but less have less of an effect, and therefore 

still need to be acknowledged when examining alternative bone remodelling under physiological 

loading in normal conditions.  

In the literature, the researcher has identified three bone remodelling mechanisms which have been 

attributed to causing alternative bone remodelling in tension and compression. These are 

microdamage production, the piezoelectric effect and the Hueter-Volkmann law, all of which are 

explored in detail in this section and are summarised in Table 2-1. A comparison of these identified 

mechanisms against the results of this study is made in Chapter 5. The alternative bone remodelling 

experienced as a result of these mechanisms is different and independent to each mechanism. The 

mechanisms themselves are also independent of each other, and therefore all may be acting at the 

same time (Cerrolaza, Duarte et al. 2017). This is in addition to other bone remodelling processes, 

acting systemically, which also may be occurring at the same, where the resultant bone 

remodelling and stimulus-remodelling relationships is a superposition of the influence of all 

mechanisms and processes. 
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Table 2-1: Individual characteristics of alternative bone remodelling mechanism on the stimulus-remodelling 

relationship based on the literature review 

Mechanism 

Observations Stage of Bone 

Remodelling Tension Compression 

Microdamage  No effect  Initiates remodelling  
Initiation 

Piezoelectric  
Electropositive potential 

signals for resorption  

Electronegative potential 

signals for formation  

Resorption and 

Formation 

Hueter-

Volkman 

Increase in bone 

remodelling 

Retards bone growth by up 

to 40% 

Resorption and 

Formation 

 

2.3.1 Microdamage  

Skeletal microdamage or micro-fractures are microscopic fractures within the bones’ extracellular 

matrix. Fractures are commonly only thought of as complete fractures that require medical 

intervention; however, at any point in time, the human bone can contain thousands of microscopic 

fractures. These microscopic fractures follow the laws of fracture mechanics and fatigue and 

therefore are often referred to as microscopic fatigue damage (O'Brien, Taylor et al. 2003, Taylor 

and Lee 2003, Seref-Ferlengez, Kennedy et al. 2015). Several theories state that microdamage 

initiates bone remodelling through processes such as: The microdamage removal theory where the 

cellular process of removing microdamage initiates remodelling (Turner 1998, Turner and Akhter 

1999, Huiskes, Ruimerman et al. 2000, Burr, Robling et al. 2002, Frost 2003, Burr 2014); and the 

microdamage criticality theory where remodelling is initiated when the amount of microdamage 

reaches a critical value (Prendergast and Taylor 1994, Vahdati and Rouhi 2009).  

Until recently, it was thought that there was only one type of microdamage in the bone. However, 

developments in microdamage detection techniques and technology have enabled a closer look 

into the bone and have revealed that there are two types of microdamage, which have been called: 

1) Linear microdamage, and 2) Diffuse damage (Herman, Cardoso et al. 2010). The two types of 

microdamage are initially distinguished and subsequently named by their geometry. Linear 

microdamage is a sharply defined crack/cracks which form on the lamella level and are typically 

30 – 100 µm in length before its growth is halted, most likely due to anatomical features (Burr and 

Martin 1993, Boyce, Fyhrie et al. 1998, Seref-Ferlengez, Basta-Pljakic et al. 2014). It can form 

either longitudinally or transversely against the grain structure (O'Brien, Taylor et al. 2003). 

Alternatively diffuse damage is a cluster or “diffuse” of cracks on the sub-lamellar level which are 
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typically no longer than 1 µm (Herman, Cardoso et al. 2010). It is characterised as being practically 

out of control, separating mineral aggregates from each other and the surrounding organic matrix. 

Linear microdamage can only be produced under dynamic, continually changing, compressive 

loading (Boyce, Fyhrie et al. 1998, Taylor and Lee 2003, Karim and Vashishth 2013) while diffuse 

damage can be produced under any tensile load (Karim and Vashishth 2013). For diffuse damage, 

the tensile loading can be applied via time-dependent creep like loading and/or cycle-dependant 

fatigue like loading (Bentolila, Boyce et al. 1998). However, creep appears to be the dominant 

stimulus (Seref-Ferlengez, Basta-Pljakic et al. 2014). This causes compartmentalisation of the two 

types of microdamage, which has been demonstrated to be true to p-values between <0.001 and 

<0.03 (Bentolila, Boyce et al. 1998, Boyce, Fyhrie et al. 1998, Herman, Cardoso et al. 2010, Karim 

and Vashishth 2013, Seref-Ferlengez, Basta-Pljakic et al. 2014). Nonetheless, some studies have 

demonstrated a small amount of cross-production, where linear microdamage is formed under the 

tensile dominant region and diffuse damage is produced under compressive dominant region, as 

shown in Figure 2-6 (Karim and Vashishth 2013). 

 

Figure 2-6: Production and compartmentalisation of diffuse damage and linear microdamage under tension and 

compression. Image adapted from Karim and Vashishth (2013) 
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The compartmentalisation of the two types of microdamage is further assisted by the bone’s 

fracture toughness properties in response to microdamage production. Linear microdamage lowers 

the fracture toughness of the bone (Burr, Turner et al. 1998, Karim and Vashishth 2013) while 

diffuse damage increases the bone’s fracture toughness (Parsamian and Norman 2001). Fracture 

toughness is the amount of energy an object can absorb per volume before fracture and is 

independent of elastic modulus, stiffness and other strength parameters. Microdamage 

accumulation has been demonstrated to have a larger effect on fracture toughness than bone 

strength (Currey, Brear et al. 1996). It has been proposed that the presence of diffuse damage does 

not suppress the initiation of linear microcracks, but does suppress their propagation (Karim and 

Vashishth 2013). Parsamian and Norman (2001) demonstrated an almost linear correlation 

between fracture toughness and diffuse damage up to a 60% increase in fracture toughness at a 

volume of approximately 0.05 mm2/mm2 diffuse damage.  

Both diffuse damage and linear microdamage are the result of dissipation of the built up elastic 

strain energy through the production of new surface cracks (Wang 2013). Therefore, both types of 

microdamage occur at yield, which takes place locally in the bone (Biewener 1993, Schaffler, 

Pitchford et al. 1994, Wang 2013). Due to the different yield strains of the bone under tension and 

compression, diffuse damage is always produced before linear microdamage (Karim and 

Vashishth 2013). In the cortical bone, tensile yield strain has been measured to be between 4000 

and 7000 µε (Currey 2004, Wang and Nyman 2007) and compressive yield strain has been 

measured to be between 6000 and11000 µε (Biewener 1993, Niebur, Feldstein et al. 2000, Nyman, 

Ni et al. 2008, Zioupos, Hansen et al. 2008, Leng, Dong et al. 2009) as shown in Table 2-2.  

Table 2-2: Measured human cortical tensile and compression yield strains in literature.  

Location Tensile Yield 

Strain (µε) 

Compressive 

Yield Strain (µε) 

References 

Femoral 6000 – 7000 - (Currey 2004) 

Femoral 4000 – 7000 - (Wang and Nyman 2007) 

Femoral - 6000 – 11,000 (Biewener 1993, Niebur, Feldstein et al. 

2000) 

Femoral - 7000 – 8000 (Nyman, Ni et al. 2008, Leng, Dong et 

al. 2009) 

Femoral - ~7500 (Zioupos, Hansen et al. 2008) 
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The measured yield strain of bone differs depending on testing method (Wang 2013) sample size, 

testing orientation (Hansen, Zioupos et al. 2008) wetness (Sasaki and Enyo 1995, Yanashita, Li et 

al. 2002), potential resorption cavities (Hernandez, Gupta et al. 2006), and potential prior 

microdamage (Burr, Turner et al. 1998). Age appears to have very little or no effect on the yield 

strain of either cortical or trabecular bone (Kopperdahl and Keaveny 1998, Wang 2013).  

2.3.1.1 Apoptosis 

As shown by Figure 2-7 and Table 2-3, by inducing microdamage production and observing the 

subsequent remodelling, in vivo studies have shown an alternative bone remodelling response in 

compression and tension as a result of microdamage production. A remodelling response is 

observed under compression due to linear microdamage (Bentolila, Boyce et al. 1998, Herman, 

Cardoso et al. 2010). Alternatively, absolutely no remodelling response was observed under 

tension as a result of diffuse damage production (Bentolila, Boyce et al. 1998, Herman, Cardoso 

et al. 2010, Seref-Ferlengez, Basta-Pljakic et al. 2014, Seref-Ferlengez, Kennedy et al. 2015). In 

these studies, this caused a change in density under compression, but not under tension.  

 

 

 

 

 

 

 

 

 

 

 
Figure 2-7: (A) Cross section of a rat unlar after fatigue loading. Showing resorption spaces (RsSp) in association 

with linear microdamage (LµCr) and osteoclastic tunnelling (T) from the periosteal surface (Bentolila, Boyce et al. 

1998). (B) Diffuse Damage in the bone with no remodelling initiation (Seref-Ferlengez, Kennedy et al. 2015) 

 

100 µm 
10 µm 
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Table 2-3: Summary of in vivo differential bone remodelling responses to linear microdamage and diffuse damage 

observed in the literature 

Stimulus Observation Reference 

3800 ± 500 µε Linear microdamage initiates remodelling. 

Diffuse damage does not initiate remodelling. 

(Herman, Cardoso et 

al. 2010) 

16.1 ± 1 N applied 

until 15% stiffness 

loss 

Diffuse damage does not initiate remodelling. 

Bone repairs itself back to the original state in 

an unknown process. 

(Seref-Ferlengez, 

Basta-Pljakic et al. 

2014) 

4000 ± 495 µε Linear microdamage removed by osteoclasts. 

No remodelling activity due to Diffuse 

damage. 

(Bentolila, Boyce et 

al. 1998) 

 

The cause for the alternative remodelling response to linear microdamage and diffuse damage is 

the initiation of bone remodelling through apoptosis, which initiates the bone remodelling process 

by signalling for osteoclasts through the apoptosis signalling pathway (Robling and Turner 2009, 

Jilka, Noble et al. 2013, Burr 2014, Plotkin 2014). Of the two types of microdamage, only the 

compressive formed linear microdamage causes osteocyte apoptosis, which it achieves through 

either: damaging the osteocyte, removing the osteocyte from the extracellular matrix or damaging 

the extracellular matrix disrupting the essential fluid flow for osteocyte survival (Plotkin, Mathov 

et al. 2005, Jilka, Noble et al. 2013, Plotkin 2014). All of these linear microdamage processes 

disrupt the essential delivery of oxygen causing the effected osteocytes to become hypoxic 

(Plotkin, Mathov et al. 2005) which results in apoptosis (Dodd, Raleigh et al. 1999). An osteocyte 

takes approximately 24 hours to become hypoxic (Plotkin, Mathov et al. 2005); however, osteocyte 

hypoxia has multiple factors, such as the distance from the Harversian canal.  

Diffuse damage alternatively does not alter osteocyte integrity, remove the osteocyte from the 

extracellular matrix or damage the extracellular matrix disrupting the essential fluid flow (Seref-

Ferlengez, Basta-Pljakic et al. 2014, Seref-Ferlengez, Kennedy et al. 2015). Therefore, diffuse 

damage does not cause osteocyte apoptosis and cannot trigger bone remodelling (Bentolila, Boyce 

et al. 1998, Herman, Cardoso et al. 2010, Seref-Ferlengez, Basta-Pljakic et al. 2014, Seref-

Ferlengez, Kennedy et al. 2015). 

Both Burr and Martin (1993) and Taylor and Lee (2003) attempted to quantify and predict where 

linear microdamage would be produced and initiate bone remodelling. Both studies found it 

difficult to determine this due to the number of unmeasurable factors; such as crack growth halting 
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due to cement lines and other microdamage being present. Therefore, linear microdamage 

production and bone remodelling initiation are considered almost ‘random.’ It should also be 

noted, that neither linear microdamage nor diffuse damage have been demonstrated to have any 

effect on any other stage of bone remodelling, the difference in microdamage only causes 

alternative bone remodelling through the initiation stage.  

2.3.2 Piezoelectric 

It has long been reported that the bone has piezoelectric properties where electrical potentials are 

generated under both compressive and tensile loads (Andrew A. Marino 1971). It is thought that 

the piezoelectric effect is a major source of bioelectrical activity within the bone (Cerrolaza, Duarte 

et al. 2017). When the bone undergoes mechanical deformation, it experiences electrical 

polarization from two mechanisms: 1.) Piezoelectric collagen; where the collagen molecules have 

a high crystallinity and are highly oriented (Fukada and Yasuda 1957). And 2.) Fluid in the 

calcified matrix which is forced to move from areas of compression to tension, causing a stream 

of potentials in the same direction (Eriksson 1974). The piezoelectric properties occur throughout 

the bone; as the bone walls are full of multiple fine fibrous sheets where collagen molecules are 

unidirectionally oriented with crystals of hexagonal symmetry (Martin 1979).  

The piezoelectric effect is not a mechanotransductive mechanism, but instead a marker of 

mechanical loads and fluid flow, a known mechanotransductive process (Gusmão and Belangero 

2015). With the high complexity in mechanotransduction and some processes not being fully 

understood, the potential role of piezoelectricity is nonetheless debated by some authors (Stroe, 

Crolet et al. 2011). Mathematical models calculating the piezoelectric signals have been 

demonstrated to accurately determine the resorption and formation sites within the bone 

(Fernández, García-Aznar et al. 2012, Cerrolaza, Duarte et al. 2017). It worth considering that the 

accuracy achieved in these remodelling calculations may be the result of the piezoelectricity being 

a marker of the mechanical loads, not bone remodelling being a result of piezoelectricity.  

Nonetheless, piezoelectric properties have been demonstrated to assist in fracture healing (Kuzyk 

and Schemitsch 2009) and as a result they are utilised in orthopaedic growth therapy, as a method 

to aid in fracture repair (Orthofix Holdings 2019). Currently, piezoelectric material is being 
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investigated as a viable third generation orthopaedic implant scaffold to stimulate bone growth 

aiding osseointegration (Navarro, Michiardi et al. 2008, Tandon, Blaker et al. 2018). It is thought 

that the piezoelectric potentials could be “hijacking” different stages of mechanotransduction, 

impacting on cellular ion channels within the fluid flow (Gusmão and Belangero 2015).  

Piezoelectricity of the bone has not been directly linked with causing alternative remodelling 

between tension and compression. However, tensile and compressive loads have been linked to 

alternative electrical potentials; where compression generates electronegative potentials and 

tension generates electropositive (Becker, Bassett et al. 1964, Kuzyk and Schemitsch 2009). It has 

been demonstrated that bone formation is signalled for under electronegative potentials while 

resorption is signalled for under electropositive potentials (Rubinacci, Black et al. 1988). It is 

thought that this could cause a higher amount of formation under compression and a higher amount 

of resorption under tension. However, there is a severe lack of evidence into this effect and further 

research is required before any conclusions can be made.  

2.3.3 Hueter-Volkmann Law 

The Hueter-Volkmann law is a mechanism which effects the resorption and formation stages of 

the bone remodelling cycle, causing bone growth retardation under compression and bone growth 

acceleration under tension (Stokes 2002, Villemure, Aubin et al. 2004, Kim, Kim et al. 2010). As 

demonstrated by Figure 2-8 it can cause severe deformation and curvature of the spine. It has also 

been linked with clinical conditions such as scoliosis, Blount's disease, club foot, Scheuermann's 

kyphosis, compensatory growth associated with fractures, spondylolisthesis and slipped capital 

femoral epiphysis (Stokes 2002, Kim, Kim et al. 2010).  
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Figure 2-8: Image of scoliosis of the spine used to train physicians of the potential effect of the Hueter-Volkmann law 

where the bone has been demonstrated to experienced retarded growth under compression and higher amounts of 

growth under tension (Kim, Kim et al. 2010), 

 

The Hueter-Volkmann law is typically associated with continual static loading (Stokes 2002, 

Stokes, Gwadera et al. 2005); however, it has been demonstrated to occur under everyday dynamic 

conditions, and as a consequence it is often described as idiopathic (Villemure, Aubin et al. 2004, 

Lin 2010). A possible explanation for the ability of the Hueter-Volmann law to occur under 

dynamic loading could be found via the strain shift; where the mean strain can drift away from 
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zero in dynamic loading, as shown in Figure 2-9. Here, assuming that the loading pattern is 

sinusoidal, the mean strain experienced by the bone is that shown in equation 2-1. 

𝜀𝑚𝑒𝑎𝑛 =
𝜀𝑚𝑎𝑥 −  𝜀𝑚𝑖𝑛

2
 2-1 

Where 𝜀𝑚𝑒𝑎𝑛  is the mean strain, 𝜀𝑚𝑎𝑥  is the maximum strain and 𝜀𝑚𝑖𝑛  is the minimum strain. 

Therefore, if the sinusoidal strain is not around zero, the mean strain experienced by the bone 

during loading shifts. This would suggest that as the bone experiences sinusoidal compressive 

strain, it will also experience a mean compressive strain, possibly inducing the Hueter-Volkmann 

effects.  

 

Figure 2-9: Strain shift in a sinusoidal compressive loading wave of 2000 µε 

 

There is substantial in vivo and clinical research into the Hueter-Volkmann law due to the potential 

clinical severity of the deformation (Stokes and Laible 1990, Stokes 2002, Villemure, Aubin et al. 

2004, Stokes, Gwadera et al. 2005). These studies have indicated that the Hueter-Volkmann law 

appears to have a much more significant effect on the bone under compression, than it does on the 

bone under than tension: Where, a sustained static compressive load of a physiological magnitude 
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has been demonstrated to retard bone growth by up to 40% (Stokes, Gwadera et al. 2005). The 

bone growth acceleration rate under tension appears to be significantly less (Stokes 2002). 

Furthermore, it must be noted that the influence of the Hueter-Volkmann law under compression 

can occur under any loading (static or dynamic) due to its idiopathic nature, however, the influence 

the Hueter-Volkmann law under tension can only occur under dynamic loading. This is due to 

bone formation only occurring under dynamic loading (Lanyon and Rubin 1984, Rubin and 

Lanyon 1984). 

There is currently no generally accepted theory for the cause of the Hueter-Volkmann law, 

although many authors have proposed ideas (Villemure, Aubin et al. 2004) and it is possible that 

more than one aetiology exists. With this in mind, most theories for the Heuter-Volkmann law are 

medically based, focusing on pathological pathways (one pathological condition leading to 

another) for conditions such as scoliosis, usually theorising that it initiates with an initial 

abnormality or instability (Villemure, Aubin et al. 2004).  

A mechanically based theory of how the Hueter-Volkmann law is caused is the flow restriction 

theory which is originated in density/orthodontics (Li, Jacox et al. 2018). The theory states that the 

compressive loads restrict the blood flow causing regional mild hypoxia, which in-turn causes 

hypoxia-inducible factor-1 to stimulate cell proliferation and angiogenesis (Niklas, Proff et al.). 

This theory states that the tensile and compressive loads effect the shear flow mechanotransduction 

of the bone (see 2.2.2 Shear Flow Hypothesis), where compression is thought to increase the 

signals for resorption whilst tension is thought to decrease the signals for resorption and increase 

signals for formation through different cellular biochemical processes (Li, Jacox et al. 2018). In 

dentistry and orthodontics this allows for the tooth to move towards the compressive side, a 

phenomenon utilised by orthodontic braces. It also compliments observations made in the study 

of the Hueter-Volkmann law in general bone remodelling (Stokes, Gwadera et al. 2005). 

2.4 Bone Remodelling Investigations 

There are numerous different methods in which bone remodelling is studied, each have their own 

advantages and disadvantages. The typically employed methods of bone remodelling investigation 

can be split into self-design simulations and observational, both of which are explored here.  
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2.4.1 Self-Design Simulations 

Self-design simulations are a commonly used, finite element-based method to study bone 

remodelling in certain conditions/environments (Beaupré, Orr et al. 1990, Bitsakos, Kerner et al. 

2005, Turner, Gillies et al. 2005, van der Meulen and Hernandez 2013). Here, a finite element 

mesh model is set up, which is typically ‘blank’ (a homogenously applied single density, single 

mechanical property distribution) such as that shown in Figure 2-10. Each element is assigned a 

bone remodelling algorithm, such as those discussed in 2.5 Bone Remodelling Algorithms, where 

following the application of musculoskeletal loads, the model is left to produce its own internal 

density distribution over a number of iterations, until an equilibrium is reached and the density in 

the elements stops changing. Depending on the model, 10’s to 100’s and in some cases 1000’s of 

iterations may be required to reach an equilibrium. In some cases if the data is available, the output 

density distribution of the self-design simulation is qualitatively compared to clinical data to 

validate the model and its inputs (Turner, Gillies et al. 2005). 

 

Figure 2-10: Self-design simulation example, with (A) the finite element mesh and the results from one iteration (B) 

and 30 iterations (C) (van der Meulen and Hernandez 2013) 
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The use of the self-design simulation has numerous advantages over other bone remodelling 

investigations, namely that numerous factors can be isolated and investigated quickly, safely and 

independently, without the need to operate on, or manipulate, the bone of any animal or human 

subjects. As a result, the self-design method has proven to be a useful tool in determining the 

change in density around orthopaedic implants (Bitsakos, Kerner et al. 2005, Turner, Gillies et al. 

2005). However, the downside of self-design simulations is that they are completely reliant on the 

initial bone remodelling algorithms and other assumptions used in the simulation being correct. 

2.4.2 Observational Studies 

Observational studies can be split into laboratory and clinically based, which involve the direct 

measurement of an output in relation to different stimuli and/or variables. For laboratory-based 

observational studies, these can be split into further two categories of in vitro and in vivo. In vitro 

experimentation offers a “sterile” investigatory platform, where parameters can be controlled. 

Therefore typically, in vitro studies are used to investigate functions of specific stimuli or variables 

on induvial live cells which cannot be otherwise observed in vivo (Plotkin, Mathov et al. 2005, 

Plotkin 2014). However, whilst in vitro studies have allowed insight into numerous bio-chemical 

pathways, it has been criticised for not accurately representing the in vivo environment. 

Alternatively, in vivo laboratory and clinically based studies perfectly represent the true 

environment; but, with this comes intersubjectivity and numerous uncontrollable biological 

variables, which affect the results and cannot be eliminated. These uncontrollable variables can 

also themselves be intersubjective and are typically based on individual circumstances. For bone 

remodelling these typically include age, sex, overall health and lifestyle including activeness, the 

presence of medication and/or other substances and the presence of any pathology (Hou, He et al. 

2020). As a result, the variables, for example can include things such as endocrinal and 

haemopoietic factors, the effectiveness of the osteoblasts, osteoclasts and intermediary cells along 

with any and all signalling processes and the metabolic speed (rate of remodelling) of the 

individual cells. For example, a subject with low calcium concentration in the blood will 

experience a higher resorption rate in bone remodelling than usual (Kukuljan, Nowson et al. 2011). 

Nonetheless, these uncontrollable biological variables, whilst can influence the observed result, 

typically do not render the results unusable. A good example of this is osteoporosis. The 
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progression of this degenerative disease in an individual can be effected by numerous factors, 

however it still follows a predictable path (Seeman 2003). 

In vivo laboratory-based studies are typically carried out on small animals and usually involve the 

external application of mechanical loads and the removal of the bone from the host (Bentolila, 

Boyce et al. 1998, Kotiya and Silva 2013). Whilst this is highly informative, there are differences 

between the orthopaedic physiology of the small animal and the human, which makes the results 

not always completely transferable (Robling and Turner 2009). Clinical-based studies carried out 

on humans cannot observe the individual bone remodelling processes with current technology, so 

can only measure the output density using non-invasive measurement techniques (Allison, Folland 

et al. 2013, Troy, Mancuso et al. 2018) and measure the chemicals in the blood known to be 

associated with bone remodelling (Eriksen 2010). Furthermore, clinical studies in humans require 

the participation of numerous subjects, which requires stringent screening, recruitment and ethics, 

and the outcome is not guaranteed. Furthermore, in human-based studies, participants can drop out 

of the study and circumstances can change, such as additional pathologies becoming a factor, all 

of which can impact the output of the results.  

Due to the large number of variables which can influence observational studies and the time and 

money it takes to set up and conduct an observational study, self-design simulations are becoming 

an increasingly more popular method to investigate bone remodelling output in different 

conditions in replace of observational studies. However, as previously mentioned, self-design 

simulations rely on the bone remodelling algorithms being correct. These remodelling algorithms, 

although in some cases are based on theory, the fundamental basics need to be based on 

observations. Therefore, observational studies are essential for the correct running of self-design 

simulations. 

2.4.3 Change in Density Over Time 

Bone remodelling is a relatively slow process, where in humans, depending on the location, the 

remodelling cycle can take 120-150 days (Eriksen 2010). This period is highly affected by 

endocrine and other systemic factors, for example in situations such as Myxedema and during 

bisphosphonate treatments, the bone remodelling cycle can take exceed 1,000 days (Eriksen 1986). 
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Furthermore, there are intervals of approximately 2.5 years for successive bone remodelling events 

in the same location (Hart, Newton et al. 2020). This causes the time for the bone to respond and 

adapt to a stimulus to go into the period of years (Zehnder, Risi et al. 2004, Cheung, Tile et al. 

2008, Bergmann, Body et al. 2011). 

Bone remodelling algorithms which are used to quantify the change in density in response to a 

stimulus, such as those shown in 2.5 Bone Remodelling Algorithms, can be summarised as 

equation 2-2. 

𝜕𝜌

𝜕𝑡
= 𝑘𝑆 2-2 

Where S is the stimulus of the particular remodelling algorithm, k is a remodelling constant, 𝜕𝑡 

represents the time of a single iteration/cycle, 𝜕𝜌 is the change in bone density, and 
∂ρ

∂t
 represents 

the change in density over that one iteration/cycle. Using the self-design method, the 
∂ρ

∂t
 output of 

the bone remodelling algorithm changes as the iterations progress, with the typical change in 

density output from the self-design iterations being shown in Figure 2-11. These demonstrate a 

period of rapid change in density until the equilibrium is reached. However, with the need for some 

self-design simulations to use hundreds of iterations, the 
∂ρ

∂t
 is arbitrary and not representative of a 

true bone remodelling cycle.  
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Figure 2-11: Outputs from a self-design simulation using different initial bone densities (Su, Yuan et al. 2019). 

 

Observational-based clinical trials demonstrate a measured, and therefore true, change in density 

over time in response to stimuli (Zehnder, Risi et al. 2004, Cheung, Tile et al. 2008, Bergmann, 

Body et al. 2011). This shows a change in density over time which is much slower than those 

predicted by most self-design simulations, with examples of clinical observations shown by Figure 

2-12. The same bone remodelling algorithms used in self-design simulations, such as those shown 

in 2.5 Bone Remodelling Algorithms, can also be used in observational-based studies to compare 

the change in density against different stimuli. However, based on the steady change in bone 

density over time, the 𝜕𝑡  for a single iteration of bone remodelling algorithms used in 

observational-based clinical trials, to represent the rate of bone remodelling ቀ
∂ρ

∂t
ቁ, can be 6, 12, 24 

or 36 months.  
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Figure 2-12: Change in bone density over time from a clinical trial in response to endocrinal and mechanical stimuli, 

where BMD is the bone mineral density (Cheung, Tile et al. 2008) 

 

2.4.4 Use of CT Scans for Bone Remodelling Investigation 

The main output measured in bone remodelling studies is the bone density as this is the main factor 

which determines the bone strength. Currently, the two main methods for measuring the bone 

density are ex vivo examination and non-invasive image-based techniques (Bentolila, Boyce et al. 

1998, Stokes, Gwadera et al. 2005, Herman, Cardoso et al. 2010, Seref-Ferlengez, Basta-Pljakic 

et al. 2014, Seref-Ferlengez, Kennedy et al. 2015). The ex vivo method requires the removal of the 

bone from the living (or recently euthanised) host, and inspection using microscopy, which renders 

it impossible for re-implantation. For obvious reasons, this method is therefore unsuitable for a 
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study into human bone remodelling. Hence, most studies use non-invasive image-based techniques 

for clinical studies.  

Computerized tomography (CT) scans are a non-invasive imaging technique that uses high energy 

electromagnetic waves to produce an accurate image of the 3D density distribution. The ability to 

provide a 3D image offers distinct advantages over density-based imaging techniques such as x-

rays which can only provide 2D images. The 3D image allows for detailed anatomical and 

physiological observations and as such are often used in clinical studies. Due to the high radiation 

introduced in CT scans, their use is carefully selected. Imaging techniques such as Magnetic 

Resonance Imaging (MRI) provide a much safer form of internal imaging, with no exposure to 

dangerous high energy electromagnetic waves. However, unlike CT scans which produce a picture 

based on the density of the tissue, MRI’s use the magnetic characteristics of Hydrogen atoms. With 

much less water in bone than other tissues, bones are displayed as an almost single shade of black. 

If special conditions are met, MRIs can provide quantitative data on bone density and cross-

sectional geometric properties; but this requires a complex set up and therefore is not-often used 

(Hong, Hipp et al. 1999). 

The accuracy of the CT scan in determining bone density and different bone functions depends on 

three different factors: 1. The required spatial resolution to determine the bone density and/or 

remodelling functions. 2. The spatial resolution capability of the CT device. 3. The calculation of 

the density from the CT output. For the required spatial resolution to determine the bone density 

and/or remodelling functions, guidelines have been produced for the resolution required for the 

assessment of different features in the bone (Bouxsein, Boyd et al. 2010). The spatial resolution 

ability depends on the CT device, where medical CT devices currently have an approximate spatial 

resolution of 0.5×0.5×0.5 mm (Lin and Alessio 2009) which is more than adequate to measure 

bone remodelling. Micro-CTs have a spatial resolution of approximately 0.1 × 0.1 × 0.1 µm 

(0.001×0.001×0.001 mm) (Rueckel, Stockmar et al. 2014) which allows the examination of the 

microarchitecture of the bone in much more detail. It should be noted that for live human-based in 

vivo trials, micro-CTs cannot be used, as they can only be used on samples no larger than a couple 

of centimetres, and as such would require the sample to be removed from the human host. This is 

demonstrated in Figure 2-13, which shows the difference between medical and micro-CT devices. 
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A  

B  
Figure 2-13: Comparison between a medical CT device (A)(Canon) and a micro CT device (B)(AZO 2020),, 

demonstrating that a micro CT device cannot be applied to a large sample.  

 

CT machines do not measure density directly, alternatively the most common output of CTs to is 

the Hounsfield Units (HU), which  measures the linear attenuation coefficient, μa, and compares 

it to that of water at standard temperature and pressure (STP) (HU(WATER) = 0, at STP), as shown 

by equation 2-3 (Helgason, Taddei et al. 2008). 

HU = 1000 ×
μa (MEASURED) − μa (WATER)

μa (WATER) − μa (AIR)
 2-3 

Like any other device, each CT machine is different from each other and works within certain 

tolerances, where measurement variability can be experienced (Mackin, Fave et al. 2015). 

Therefore, each CT scan may give a different density reading for the same sample. Quantitative 
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CT (qCT) scans offer a further advantage in that they provide calibration phantoms to ensure that 

the density measurement remains consistent. This allows for an accurate comparison of changes 

in density in clinical studies. CT imaging can be combined with finite element simulations, which 

can provide results which can be used in both self-design and observational-based studies. In an 

observational-based study, if more than one CT is taken, the change in 3D density can be compared 

against calculated stimuli using finite element simulation (Troy, Mancuso et al. 2018) or used to 

assess the overall effect of a certain exercise (Allison, Folland et al. 2013) or chemical/drug. In a 

self-design simulation, the predicted density output of the simulation can be compared or based on 

the CT image.  

2.4.5 What is Bone Density  

Bone density is a relatively simple, yet complex, concept to define. Simply put, it is the amount of 

bone within a set area/volume, which is measured as mass per area/volume. However, being a 

mixture of cells and calcified features such as the extra cellular matrix, what is defined as ‘bone’ 

in the calculation of the bone density changes. A summary of different definitions is given in Table 

2-4.  

In biomechanics and bone remodelling studies the calculation of the bone density is important for 

two features: 1. The calculation of the change in density, and 2. The calculation of the elastic 

modulus. For the calculation of the change in density, regardless of which density calculation 

method is used, so long as the same one is used throughout then the same percentage change in 

density should be obtained. Alternatively, for the calculation of the elastic modulus, the density 

calculation could have an impact on the output. The elastic modulus is calculated using the bone 

density via a density-elasticity equation, as discussed in sections 2.8.1.2 Density-Elasticity 

Equation, and 3.3.3 Mechanical Properties. As discussed in these sections, there are numerous 

different density-elasticity equations, which have been developed through comparison of different 

samples (Helgason, Perilli et al. 2008). Differences in these samples, which could range in 

anything from differences in age to collection site, result in different density-elasticity equations. 

Studies obtain the best results when using density-elasticity equations which have been derived 

from samples which best match their test population. For cortical and trabecular bone, in the femur 

of men aged approximately 40-90, the ash density has proven reliable (Keller 1994, Eberle, 
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Gottlinger et al. 2013). This density can be obtained non-invasively using the Hounsfield units of 

qCTs through equation 2-4. 

𝜌𝑎𝑠ℎ = 0.0361 + (0.000731311 ∙ 𝐻𝑈) 2-4 

Where HU is the Hounsfield units (Eberle, Gottlinger et al. 2013).  

Table 2-4: Definition of bone density from different articles.  

  Total specimen mass: The specimen mass including marrow.  

Hydrated tissue mass or wet tissue mass: The specimen mass weighted in air after defatting, 

rehydration and centrifuging on a blotting paper.  

Dry tissue mass: The specimen mass weighted in air after defatting and drying at moderate 

temperatures.  

Ash mass: The mineral in bone, which is mostly made up of calcium, which can be obtained as the 

specimen weight after defatting and heating in a furnace at a temperature of 500℃ or mor for 

approximately 24 hours.  

Bone tissue volume: Volume of bone excluding pores.  

 

Density Name Density Definition Reference 

Real density 
𝜌𝑟𝑒𝑎𝑙(𝑔 𝑐𝑚3) =  

ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 𝑡𝑖𝑠𝑠𝑢𝑒 𝑚𝑎𝑠𝑠

𝑏𝑜𝑛𝑒 𝑡𝑖𝑠𝑠𝑢𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
⁄  

(Galante, Rostoker et al. 

1970) 

Apparent density 
𝜌𝑎𝑝𝑝(𝑔 𝑐𝑚3) =  

ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 𝑡𝑖𝑠𝑠𝑢𝑒 𝑚𝑎𝑠𝑠

𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
⁄  

(Galante, Rostoker et al. 

1970) 

Apparent wet 

density 
𝜌𝑤𝑒𝑡(𝑔 𝑐𝑚3) =  

ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 𝑡𝑖𝑠𝑠𝑢𝑒 𝑚𝑎𝑠𝑠

𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
⁄  

(Keyak, Lee et al. 1994) 

Apparent dry 

density 
𝜌𝑑𝑟𝑦(𝑔 𝑐𝑚3) =  

𝑑𝑟𝑦 𝑡𝑖𝑠𝑠𝑢𝑒 𝑚𝑎𝑠𝑠

𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
⁄  

(Keller 1994, Keyak, Lee et 

al. 1994) 

Ash density 
𝜌𝑎𝑠ℎ(𝑔 𝑐𝑚3) =  

𝐴𝑠ℎ 𝑚𝑎𝑠𝑠

𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
⁄  

(Galante, Rostoker et al. 

1970, Keyak and Falkinstein 

2003) 

Actual density 
𝜌𝑎𝑐𝑡𝑢𝑎𝑙(𝑔 𝑐𝑚3) =  

ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 𝑡𝑖𝑠𝑠𝑢𝑒 𝑚𝑎𝑠𝑠

𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
⁄  

(Sharp, Tanner et al. 1990) 

Porosity 
1 − 

𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑟𝑒𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 

(Sharp, Tanner et al. 1990) 

Bone volume 

fraction 

𝐵𝑉

𝑇𝑉
=  

𝐵𝑜𝑛𝑒 𝑡𝑖𝑠𝑠𝑢𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
=  

𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑟𝑒𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 

(Gibson 1985) 
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2.5 Bone Remodelling Algorithms 

Bone remodelling algorithms are used to quantify the change in bone density in relation to a 

stimulus. Bone remodelling algorithms are typically evaluated and developed through empirical 

observations, using either human participants or animals, using the methods described in 2.4 Bone 

Remodelling Investigations. In the case of animals, a more structured study can be set out, where 

external loading of different magnitudes can be applied manually and the change in density can be 

carefully monitored using high resolution CTs. Alternatively, in human-based studies the method 

must be less invasive, therefore in this case, bone remodelling algorithms are applied using 

calculated mechanical stimuli and non-invasive imagery (Christen, Ito et al. 2014, Troy, Mancuso 

et al. 2018). This section explores different strain-based bone remodelling algorithms and critically 

evaluates them.  

2.5.1 Frost’s Mechanostat 

A popular remodelling algorithm is the mechanostat theory, proposed by Frost (1983, 1987, 2001, 

2003). Frost determined that there must be a biological mechanosensory feedback mechanism 

controlling the bone remodelling process, a theory which is universally accepted. Modelled on a 

basic thermostat equation, Frost proposed that change in density as a result of bone remodelling 

can be calculated using a strain-based stimulus, as shown in equation 2-5. 

𝜕𝜌

𝜕𝑡
= 𝑘(𝜀 −  𝑀𝐸𝑆) 2-5 

Where 
∂ρ

∂t
 is the change in density over a period of time, ε is the new absolute, peak, principal strain 

(|𝜀𝑝𝑒𝑎𝑘|), MES is the minimum effective strain for remodelling to occur and k is a rate constant. 

Frost proposed that both positive and negative remodelling will occur either side of MES 

remodelling thresholds, where in the middle, no bone remodelling would occur, in an area dubbed 

the “lazy-zone” as shown in Figure 2-14. 
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Figure 2-14: Strain feedback graph based on Frost (1987)’s mechanostat, where the lazy-zone is between the positive 

and negative bone remodelling MES thresholds.  

 

Based on the idea that microdamage produced in the bone under load initiates positive bone 

remodelling and disuse initiates negative bone remodelling, Frost proposed MES remodelling 

thresholds of < |50| to |200| µε for negative remodelling and > ~|4000| µε for positive remodelling 

based on observations made mostly in small animals. As such equation 2-5 becomes equation 2-6 

which produces the graph shape shown in Figure 2-14. 

𝜕𝜌

𝜕𝑡
= {

𝑘+(𝜀 −  4000) 𝑓𝑜𝑟 𝜀 ≥ 4000 µ𝜀  
0 𝑓𝑜𝑟 200 <  𝜀 < 4000 µ𝜀 

−𝑘−(𝜀 −  200) 𝑓𝑜𝑟 𝜀 ≤ 200 µ𝜀
 2-6 

Where k+ is the rate constant for positive remodelling and k− is the rate constant for negative 

remodelling. It should be noted that Frost (1983, 1987, 2001, 2003) does not differentiate between 

the two types of microdamage formed in the bone (described in 2.3.1 Microdamage). Nonetheless, 

despite not accounting for the different types of microdamage, the use of the mechanostat equation 

to describe bone remodelling in humans has proven highly successful. Similar bone remodelling 

algorithms to the mechanostat equation have been proposed, with slight variations, such as Cowin 

and Hegedus (1976) remodelling algorithm, shown in equation 2-7 which has been used 

successfully in self design simulations (Frehill 2010). 
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𝜕𝜌

𝜕𝑡
= 𝑘(𝜀 − 𝜀𝑇)𝑏 2-7 

 Where 𝜀𝑇 is a pre-set strain threshold and b is a power law constant.  

2.5.2 Cellular Accommodation 

A downfall of equation 2-5 and 2-7 is that they predict if a bone was to suddenly receive little or 

no stimulus, it would undergo continuous negative remodelling and simply resorb away, which is 

contrary to reality (Paker, Bugdayci et al. 2009). This therefore presented a paradox named the 

“disuse fallacy” (Turner 1999). In response to the disuse fallacy, cellular accommodation was 

proposed (Turner 1999, Schriefer, Warden et al. 2005, Vahdati and Rouhi 2009); a theoretical 

mechanism, based on the idea that since bones are poorly innervated and therefore cannot rely on 

the central nervous system, osteocytes must be able to accommodate themselves locally to the 

mechanical stimulus (Turner 1999). This would be achieved through either cytoskeletal 

reorganisation or changing the extracellular microenvironment (Turner 1998, Turner 1999, 

Schriefer, Warden et al. 2005).  

To incorporate cellular accommodation into remodelling algorithms, Turner (1999) proposed two 

different equations. The first equation for the response of the bone to mechanical loading is shown 

in equation 2-8. 

𝜕𝜌

𝜕𝑡
= 𝑘(𝜀 − 𝐹(𝜀, 𝑡)) 2-8 

Where 
∂ρ

∂t
 is the change in density over time, ε is the new peak absolute principal strain, k is a rate 

constant, and F(ε, t) is the cellular accommodation function, given by equation 2-9. 

𝐹(𝜀, 𝑡) = 𝜀𝑜 + (𝜀 − 𝜀𝑜) ቀ1 − 𝑒−𝑡
𝜏⁄ ቁ 2-9 

Where t is the time between the new and original strains, εo is the original peak absolute principal 

strain and τ is a constant for the time taken for osteocytes to accommodate (Turner 1999). The 

second equation for disuse conditions is shown in equation 2-10. 
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𝜕𝜌

𝜕𝑡
= −𝑘𝜀𝑜𝑒−𝑡

𝜏⁄
 2-10 

Where 
∂ρ

∂t
 is the change in density over time, k is a rate constant, t is the time between the new and 

original strains, εo is the original peak absolute principal strain and τ is a constant for the time 

taken for osteocytes to accommodate (Turner 1999). The use of cellular accommodation in 

remodelling algorithms have been proven accurate when compared to clinical and experimental 

data (Vahdati and Rouhi 2009).  

The rate constant used by Turner (1999) in the case of mechanical loading has since been further 

expanded by Schriefer, Warden et al. (2005) to become a function of the specific surface area of 

the bone, as shown in equation 2-11. 

𝜕𝜌

𝜕𝑡
= 𝑘(𝜌)(𝜀 − 𝐹(𝜀, 𝑡)) 2-11 

Where ρ is the bone density, which is related to the specific surface area of the bone using the 

density-area function from Martin (1984). Recently more accurate algorithms relating density and 

surface area have emerged, which suggest that the correlation between bone surface area and 

density is subject-specific (Lerebours, Thomas et al. 2015). However, these algorithms have been 

shown to require micro-CTs, which are not always available.  

2.5.3 Atypical Bone Remodelling 

Based on the principle of cellular accommodation, Turner (1999) describes how the relationship 

between the change in density and the stimulus can be dependent on the sequence of preceding 

mechanical loading. This can cause the stimulus-remodelling relationship to deviate from the norm 

and form relationships which would otherwise be called atypical. However, this is not a sign of 

abnormality. Turner (1999) gives the example of his equation for bone remodelling, which 

assumes a linear stimulus-remodelling relationship. The actual relationship can be anything but 

linear, and therefore Turner added a power law constant to his equation, b, which can have any 

value, as shown by equation 2-12. 
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𝜕𝜌

𝜕𝑡
= 𝑘(𝜀 − 𝐹(𝜀, 𝑡))𝑏 2-12 

Turner uses two examples, one where the change in density is more highly influenced by higher 

stimuli and b = 3, and another where the change in density is more highly influenced by lower 

stimuli and b = 1/3, as demonstrated in Figure 2-15.  

 

Figure 2-15: Two different stimulus-remodelling relationships proposed by Turner (1999) due to cellular 

accommodation, where P-F(P,t) is the connotation used by Turner to describe the change in density in relation to the 

stimulus (𝜀𝑖 − 𝐹(𝜀, 𝑡)). 

 

2.5.4 Continual Remodelling 

The existence of remodelling thresholds and the lazy-zone in response to mechanical stimuli has 

been questioned, with clinical evidence suggesting that that bone is continually remodelling and 

the lazy zone does not exist (Christen, Ito et al. 2014). Nonlinear relationships between the bone 

remodelling response and the mechanical stimulus without the presence of a lazy-zone have been 

proposed (Carter 1982, van der Meulen and Hernandez 2013); where the bone is continually 

remodelling around a single reference stimulus, as shown in Figure 2-16. Here, one could argue 

that the lazy-zone is simply representative of a range of stimuli, where the change in density is 

minutely small and therefore considered to be nil, as shown by Figure 2-17. 
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Figure 2-16: Nonlinear relationship between the bone remodelling response and the mechanical stimulus from van 

der Meulen and Hernandez (2013) 

 

Figure 2-17: Comparison between the continual remodelling theory and the mechanostat stimulus-remodelling 

relationships to demonstrate that the lazy-zone is simply minutely small remodelling and therefore considered nil.  
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Adapting the continual remodelling approach to a strain-based stimulus (van der Meulen and 

Hernandez 2013), a remodelling equation for the nonlinear stimulus-remodelling relationship can 

be expressed, as shown in equation 2-13. 

𝜕𝜌

𝜕𝑡
= 𝑘(𝜀 −  𝜀𝑟)𝑏 2-13 

Where 
∂ρ

∂t
 is the change in density over time, ε is the new peak absolute principal strain, 𝜀𝑟 is the 

reference strain/stimulus, k is the rate constant and b is a power law constant. The reference strain 

in equation 2-13 is location specific. With different areas of the bone experiencing different strains, 

the reference strain is different across the entire skeleton. This allows for areas of the skeletal 

system which do not typically experience load (e.g. the skull) to not be predicted to be in disuse. 

The remodelling algorithms which use thresholds in the stimulus such as the Frost (1987) 

algorithm (equation 2-5) base their thresholds on features such as microdamage production 

initiating remodelling. Microdamage is only produced after a certain strain is reached (Wang 

2013), which gives the thresholds their value. But there are numerous bone remodelling initiation 

pathways (Robling and Turner 2009, Eriksen 2010), for example, the natural apoptosis of 

osteocytes over time, which occurs to approximately 2% of osteocytes per year in normal 

homeostasis (Parfitt 2004). This gives the opportunity for bone remodelling to occur without the 

need for the stimulus to overcome an initial threshold, allowing for any strain value to be used as 

a reference value.  

The use of a reference strain can be aligned with the optimal remodelling theory, which states that 

the bone follows an optimal self-design process, where the bone microarchitecture and density 

distribution are arranged to provide the most optimal strain distribution for the loads being 

experienced (Harrigan and Hamilton 1994, Colloca 2009, Jang, Kim et al. 2009, Andrade-Campos, 

Ramos et al. 2012). Simulations of both cortical and trabecular bone using structural engineering 

topology optimisation equations have been demonstrated to provide strong resemblance to 

observed layouts in the bone. If the bone is considered to be optimally adjusted before bone 

remodelling initiation, the reference strain in equation 2-13 could be considered to be the optimal 

strain.  
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2.5.5 Circulation Strain 

A physiological reason for the bone wanting to maintain a single optimal strain comes from the 

circulation strain, which describes the strain required for the bone to remain alive. Much like every 

other cell in the body, osteocytes need to import oxygen and nutrients and export waste to survive 

(Plotkin, Mathov et al. 2005). In most cases, this is achieved through diffusion exchange with 

blood vessels in the periosteum and Haversian canal. In small, well vascularized bones such as the 

skull, all the osteocytes are close enough to blood vessels to exchange oxygen, nutrients and waste 

without any assistance. However, in larger load-bearing bones, being well vascularized would 

mean that there is less bone (as more area is taken up by the vascularization) and they would not 

be strong enough to sustain the applied loads. Therefore, these larger bones are less vascularized 

and as a result, some osteocytes are too far away from the blood vessels to receive the nutrients 

via diffusion alone. For these larger bones, the exchange of oxygen, nutrients and waste to and 

from the osteocytes is assisted by the movement of the interstitial fluid (Knothe Tate and Knothe 

2000, Plotkin, Mathov et al. 2005) which is achieved through bending/deforming the bone through 

the application of external loads (Knothe Tate and Knothe 2000, Burr, Robling et al. 2002). In 

disuse, the bone does not undergo this deformation, starving the osteocytes of the essential oxygen 

causing them to become hypoxic (Dodd, Raleigh et al. 1999). This in turn causes them to undergo 

apoptosis within 24 hours (Dodd, Raleigh et al. 1999), which signals for the initiation of the 

remodelling cellular process (Robling and Turner 2009, Jilka, Noble et al. 2013, Burr 2014, Plotkin 

2014). The same lack of deformation which starved the osteocytes of oxygen, also does not provide 

a shear flow of interstitial fluid for the mechanotransduction during formation and therefore, the 

bone experiences a decrease in density (Dodd, Raleigh et al. 1999, Nobel, Peet et al. 2003, Plotkin, 

Mathov et al. 2005, Plotkin 2014).  

The further the osteocyte is away from the centre of the Harversian system, the more the bone has 

to deform to provide an adequate amount of interstitial fluid flow to prevent apoptosis. The amount 

of deformation needed to assist interstitial fluid flow so that every osteocyte can survive is the 

circulation strain. Nobel, Peet et al. (2003) produced an apoptotic-strain relationship by applying 

different levels of strain to live rats and measuring the number of apoptotic osteocytes. This 

relationship found a near negative exponential relationship between the surface strain and the 

number of apoptotic osteocytes, which reached an asymptote at approximately 2000 µε. This 
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apoptotic-strain relationship, can be applied to the Harversian layout, to show the amount of strain 

required to enable fluid flow throughout the entire canal, as shown in Figure 2-18.  

A)  

B)  

Figure 2-18: Diagram demonstrating the requirement of deformation for osteocyte survival with A) strain required 

for an osteocyte to survive based on the Nobel, Peet et al. (2003) apoptotic-strain curve plotted against B) a 

Harversian system (BiologyOnline 2001) 
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Whilst there are some osteon size differences between animals and humans (Jowsey 1966); the 

2000 µε value is congruent with the approximate centre of the lazy-zone in remodelling algorithms 

(Frost 1987, Frost 2003). This phenomenon is also more associated with strain than stress (Dodd, 

Raleigh et al. 1999, McGarry, Klein-Nulend et al. 2005, Plotkin, Mathov et al. 2005). This is 

because in a high stress but minimal strain scenario, which could be expected under high loads in 

a highly dense bone would result in minimal movement of the interstitial fluid and therefore is 

more likely to result in minimal bone formation.  

2.5.6 Strain Rate 

In vitro studies into bone remodelling have shown that the strain rate of the mechanical loading 

has an impact on bone formation (O'Connor, Laynon et al. 1982, Turner, Owan et al. 1995). With 

the peak strain rate being proportional to the loading frequency and strain magnitude in a sinusoidal 

loading wave, Turner (1998) proposed that the mechanical stimulus can be expressed as equation 

2-14. 

𝑆 =  𝑘 ∑ 𝜀𝑓 2-14 

Where S is mechanical stimulus, k is remodelling constant, ε is the peak-to-peak strain magnitude, 

and f is the loading frequency in cycles per second. This equation can be applied to any periodic 

loading, using the Fourier method, which expresses periodic loading as a series of different sine 

waves at different frequencies and amplitudes. This equation has been used in bone remodelling 

investigations on its own without a preceding or reference stimulus (Troy, Mancuso et al. 2018), 

such as equation 2-15, or alternatively it can be substituted into another remodelling equation 

where it replaces the strain magnitude, such as equation 2-16. 

𝜕𝜌

𝜕𝑡
 =  𝑘 ∑ 𝜀𝑓 2-15 

𝜕𝜌

𝜕𝑡
 =  𝑘 ∑(𝜀𝑓 − 𝜀𝑜𝑓𝑜) 2-16 

This equation has had a strong correlation with bone formation in applied loading conditions and 

in vitro studies and has implications in bone healing methods such as externally applied, low 
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magnitude, high frequency stimuli for bone repair (Goodship, Lawes et al. 2009). However, it is 

impractical for physiological loading conditions, as it is only applicable for loading environments 

(Warden and Turner 2004) which are not representative of those achieved in physiological loading 

(Lanyon and Rubin 1984, Burr, Milgrom et al. 1996). 

2.5.7 Heterogeneous Bone Remodelling 

One issue with most bone remodelling algorithms is that they assume homogenous bone 

remodelling. This inherently assumes that initiation, resorption and formation occur 

homogeneously across the bone. Bone remodelling does not occur homogeneously, rather it occurs 

heterogeneously under both tension and compression. As demonstrated by Figure 2-19 a single 

linear microdamage crack can cause numerous areas of bone remodelling, but outside of these 

areas, anti-apoptotic proteins are generated preventing further bone remodelling (Jilka, Noble et 

al. 2013).  

 

Figure 2-19: The heterogeneity of bone remodelling in a rat (Bentolila, Boyce et al. 1998) under compression showing 

resorption spaces (RsSp) in association with linear microdamage (LµCr) and osteoclastic tunnelling (T) from the 

periosteal surface (Bentolila, Boyce et al. 1998).  

 

This can cause problems when using bone remodelling algorithms to determine the response to a 

mechanical stimulus in small areas. One method of increasing the determination ability of bone 

remodelling algorithms is to increase the area being examined: Where in comparing the effect of 

sampling volume on the remodelling results, weak correlations have been observed between the 
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change in density and the mechanical environment on the microscale but strong correlations have 

been observed on the macroscale (Kim, Takai et al. 2003, Webster, Wirth et al. 2012). It was 

postulated, that small sample areas/volumes may miss bone remodelling areas causing a high 

variance in the change in density when compared to the stimulus, as shown in Figure 2-20. 

Alternatively, larger sample areas/volumes encapsulate an even distribution of remodelling areas 

and non-remodelling areas, providing less variance. 

 

Figure 2-20: Simple comparison of large and small remodelling sampling areas in the same location, where the 

smaller sample area will experience a higher variance in the change in density than the larger sampler area.  

 

The area required to provide a stable relationship between the mechanical stimulus and the bone 

remodelling response depends on numerous factors, including anatomical location, bone 

biomechanics and species; where, in the human proximal femur sample areas/volumes with 

diameters of approximately 5 to 10 mm are often used to examine the clinical data for bone 

remodelling (Turner, Anne et al. 1997, Bitsakos, Kerner et al. 2005).  

2.5.8 Mechanistic Models 

Mechanistic approaches model cellular biology, which can be used in an attempt to account for 

the heterogeneity of bone remodelling response to mechanical stimuli. Many factors contribute to 

the mechanobiology in the transfer of mechanical load to biological signals (Robling and Turner 
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2009, van der Meulen and Hernandez 2013) and the cellular mechanisms involved in the repose 

to mechanical load are highly complicated (Ruimerman, van Rietbergen et al. 2005). Nonetheless, 

different theoretical models describing the cellular response to mechanical load have been 

developed (Huiskes, Ruimerman et al. 2000) and are constantly being reviewed and updated 

(Ruimerman, van Rietbergen et al. 2005, Vahdati and Rouhi 2009, Gong, Wang et al. 2020).  

A commonly used theory, with different adaptions, was developed by Huiskes, Ruimerman et al. 

(2000) who stated that the bone tissues contain a finite number of osteocytes per area. Huiskes 

proposed that these osteocytes are sensitive to the maximum mechanical signal in a certain area, 

applied in recent loading, a theory which is supported by in vivo experimentation (Rubin and 

Lanyon 1984, Turner 1998, Burr, Robling et al. 2002). It was proposed by Huiskes, Ruimerman 

et al. (2000) that once bone remodelling was initiated, osteocytes signal for osteoclast through the 

sum of the osteocyte signals and a constant reference signal. Using this theory, Huiskes, 

Ruimerman et al. (2000) proposed that the local change in bone density can be determined by 

equation 2-17. 

𝜕𝜌

𝜕𝑡
= 𝑘ሼ𝑃(𝑥, 𝑡) − 𝑆𝑇ሽ − 𝑟𝑜𝑐           𝑓𝑜𝑟      𝑃(𝑥, 𝑡) > 𝑆𝑇  2-17 

Where 
∂ρ

∂t
 is the change in density over time, k is a proportionality constant, ST is a threshold level 

for bone remodelling to occur, similar to the MES used in equation 2-5, roc is the relative amount 

of bone mineral resorbed by osteoclasts per day in the sample volume, and P(x, t) is the osteoblast 

recruitment stimulus at the surface location x, as a function of time, t, given by equation 2-18, 

𝑃(𝑥, 𝑡) =  ∑ 𝑓𝑖(𝑥)𝜇𝑖𝑅𝑆𝐸𝐷,𝑖(𝑡)
𝑁

1
 2-18 

Where, μi is the mechanosensitivity of the osteocyte, i, RSED,i(t) is the SED rate in the location of 

the osteocyte, i, and fi(x) is the function for the influence of the osteocyte on recruiting osteoblasts. 

Whilst Huiskes, Ruimerman et al. (2000) assumed the mechanical load to be the strain energy 

density, other stimuli have been used such as strain magnitude (McNamara and Prendergast 2007). 

It was assumed that the signal from the osteocyte decreases exponentially with distance, and 

therefore fi(x) is given by equation 2-19. 
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 𝑓𝑖(𝑥) = 𝑒−
𝑑𝑖(𝑥)

𝐷⁄
 2-19 

 

Where, di(x) is the distance between the osteocyte, i, and the location, x, and D represents the 

distance from an osteocyte at which the effect of the recruitment has reduced to a certain level 

(Mullender and Huiskes 1995).  

Huiskes, Ruimerman et al. (2000) accommodated for heterogeneity of bone remodelling by 

including a probability of bone remodelling activation; where the probability of activation was 

considered to be spatially random. A probability of bone remodelling initiation of 10% was 

assigned for this spatially random initiation, as shown by equation 2-20. 

Hypothesis I: 𝑝(𝑥, 𝑡) = 10% 2-20 

Where p(x,t) is the percentage change of bone remodelling initiation per iteration. In the disuse 

scenario Huiskes, Ruimerman et al. (2000) set a strain dependant equation, as shown by equation 

2-21. 

Hypothesis II: 𝑝(𝑥, 𝑡) = 𝑐[𝑎 − 𝑃(𝑥, 𝑡)],    𝑖𝑓    𝑃 < 𝑎 2-21 

Where, c and a are constants.  

Due to the increased computer power required by mechanistic models, they are usually only 

applied over small areas, where they are typically used to determine trabecular bone architecture 

and density distribution, as shown by Figure 2-21. Mechanistic models are often used as self-

design simulations, where the model is run over multiple iterations until an equilibrium (called 

homeostasis in Figure 2-21) is reached. Again, much like the self-design simulations used in larger 

models, 100’s to 1000’s of iterations are required to reach an equilibrium. As such, the 
∂ρ

∂t
 function 

of the mechanistic models is arbitrary and does not represent a true bone remodelling cycle.  
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Figure 2-21: A mechanistic model self-design simulation, examining the simulated architectural and density 

distribution in trabecular bone after a different number of iterations using a blank finite element simulation mesh 

(shown in a), with different loads applied in a-d (Huiskes, Ruimerman et al. 2000) 

 

2.5.9 Critical Evaluation of Bone Remodelling Algorithms 

Six different bone remodelling algorithms where strain, or strain energy density, is used as the 

stimulus, have been reviewed in this section. These being the Frost (1987) mechanostat, Cowin 

and Hegedus (1976)’s remodelling algorithm, Turner (1999)’s theory on cellular accommodation, 

the continual remodelling theory (van der Meulen and Hernandez 2013, Christen, Ito et al. 2014), 

the strain rate theory (Turner 1998), and the Huiskes, Ruimerman et al. (2000)’s mechanistic 

model. With the exception of the strain rate theory, all of the remodelling algorithms are applicable 

for physiological loading. The strain rate theory, much like all the other bone remodelling 

algorithms reviewed in this study, was developed and validated through experimental/clinical 

observations (Turner, Owan et al. 1995). However as discussed in section 2.5.6 Strain Rate, the 

processes which are required to take place for this remodelling algorithm to become accurate only 

occur in loading scenarios which are not achieved in physiological loading. It is nonetheless useful, 

as it gives a good insight into bone remodelling processes and provides pathways for non-invasive 

orthopaedic healing treatments, such as low magnitude, high frequency stimuli.  



Literature Review 

51 

In the application of the strain rate bone remodelling algorithm, some researchers apply the 

equation without reference to either a threshold or an initial reference strain, such as that shown in 

equation 2-15. In a single loading application, such as the application of non-invasive, low 

magnitude, high frequency stimuli to the upper limb to encourage positive bone remodelling, 

equation 2-15 yielded a basic correlation to the results due to its own correlation with the bone 

remodelling mechanisms, such as that observed in Troy, Mancuso et al. (2018). However, equation 

2-15, with no reference strain or threshold, predicts that the bone will continually remodel with no 

end point, which is false. As such, this highlights the requirement for a threshold or reference strain 

within bone remodelling algorithms.  

With the exception of the Huiskes, Ruimerman et al. (2000) mechanistic model and Turner's 

(1999) theory on cellular accommodation, all the remodelling algorithms reviewed in this study 

correlate the initial input (mechanical loads) to the output (change in density) without accounting 

for different cellular processes that occur in bone remodelling. This inherently assumes that the 

numerous stages in the bone remodelling cycle follow the same stimulus. Even here, the Huiskes, 

Ruimerman et al. (2000) mechanistic model and Turner's (1999) theory on cellular accommodation 

use statistical probability and assumptions to incorporate some of the cellular processes. Therefore, 

all bone remodelling algorithms follow a single a large assumption, that all cellular processes in 

bone remodelling will follow the singular stimulus input, in this case the strain. Nonetheless, this 

assumption is valid and possible because it is the mechanical loading stimuli experienced by the 

bone which controls and influences the majority of the bone remodelling stages, including the final 

stage of bone remodelling, as shown in Figure 2-22; where the final density of the new bone is 

determined. This makes it possible to predict and quantify bone remodelling using a single 

stimulus, without the need for numerous measurements which in many cases would defeat the 

point of the prediction (e.g. prediction of the bone remodelling around a custom designed 3D-

printed implant for validation and verification purposes).  
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Figure 2-22: Basic overview of the bone remodelling process, showing the basic stages and where the mechanical 

loading influences the cellular processes 

 

Very little has been done to review and compare different bone remodelling algorithms. As such 

there is no standardised remodelling algorithm to be used in research and/or industry. Often the 

bone remodelling algorithm used in a simulation appears to be at the preferred discretion of the 

one running the simulation. Whilst this allows for constant development and improvement of 

remodelling algorithms, it leaves 3D-printed implant manufacturers in uncertainty of what 

remodelling algorithm to use if they should want to use simulation as a validation and verification 

technique (Morrison, N Kashlan et al. 2015). The evaluation of the remodelling algorithm is 

therefore left to the researcher themselves, where virtually all published algorithms report good 

correlation to a combination of clinical and/or experimental data. As such no bone remodelling 

stands out as more accurate than the others.  

Nonetheless, as research progresses, researchers do criticise other remodelling algorithms, where 

there are reports that some remodelling algorithms, such as Frost (1987)’s mechanostat does not 

conform well with certain experimental observations (Turner 1999). Even further criticism of bone 

remodelling algorithms which utilise the lazy-zone, which comes from their requirement to use 

thresholds to determine the lazy-zone. As discussed in section 2.5.1 Frost’s Mechanostat, Frost 

(1987) used a single set of standardised thresholds, which he based off observations. The use of 

standardised thresholds is a typical practice when applying bone remodelling algorithms to a large 

area, for example the femur (Cowin and Hegedus 1976, Frehill, Crocombe et al. 2009). However, 

a simple examination of the strains experienced by the femur alone, as shown in Figure 2-23, 

shows that a range of different strains are experienced in different parts of the femur on a daily 

basis, where no two parts of the femur can be said to experience the same strain as the other. 

Therefore, appling Frost (1987)’s threshold values to the strains experienced by the femur suggests 

that different areas would constantly be in remodelling. This criticism of Frost’s mechanostat was 
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identified by Turner (1999), who as discussed in section 2.5.2 Cellular Accommodation, identified 

that Frost’s mechanostat predicts that areas of the skeletal system which do not experience loading 

on a typical basis (e.g. the skull) would experience constant resorption. Turner (1999) called this 

the disuse fallacy. As a result Turner (1999) incorporated thresholds that accommodate to the 

typical loading experienced by the local area in which the remodelling algorithm is being applied. 

This therefore allows for the remodelling algorithm to adjust/accommodate to induvial 

environments. However, it should be noted that Turner (1999)’s cellular accommodation equation 

is not all-applicable. The accommodation feature, shown in equation 2-10 relies on several 

assumptions and measurements (such as the time taken for osteocytes to accommodate in an 

individual) which are not always known and difficult to obtain without further measurements and 

therefore can be impractical. 

 

Figure 2-23: Femoral micro-strain results for walking using different loading models shown in section 2.8.2 Standard 

Femoral Model,  from Speirs, Heller et al. (2007)  

 

There is further criticism of any remodelling algorithm that uses the lazy-zone and therefore 

thresholds, where clinical evidence in human-based studies has suggested that the lazy-zone does 

not exist (Christen, Ito et al. 2014). As discussed in section 2.5.4 Continual Remodelling and 

shown in Figure 2-15, the presence of the lazy-zone could have been an interpretation of a range 

of stimuli where there is very little amount of bone remodelling response. This could also have 

been influenced by the technology of the day, where earlier X-ray machines, on which Frost 

(1987)’s mechanostat and other lazy-zone based remodelling algorithms were established may not 

have picked up on smaller changes of density as easily as todays qCT scans. Bone remodelling 

theories such as the continual remodelling theory, as discussed in 2.5.4 Continual Remodelling, 

use a reference strain which is location specific and also use non-linear stimulus-remodelling 
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relationships in replace of a lazy-zone with thresholds, like that shown in Figure 2-16. The use of 

a reference strain assumes that the bone remodelling will cease once the strain experienced by the 

bone reaches its original value (the reference strain). This theory is similar to Turner (1999)’s 

cellular accommodation, where both remodelling algorithms are location specific, and is also 

supported by the optimal remodelling theory (Andrade-Campos, Ramos et al. 2012) and 

physiological features such as the circulation strain, as discussed in section 2.5.5 Circulation 

Strain. 

In reference to the circulation strain, the continual remodelling theory and Turner (1999)’s cellular 

accommodation, and all other bone remodelling algorithms, neglect to take into account extreme 

changes in loads and the location of the area/volume being examined in the bone/skeletal system. 

As discussed in section 2.5.5 Circulation Strain, areas of the femur close to the periosteum or any 

vascular canal do not require bone deformation to assist in the circulation of nutrients and waste. 

Therefore, in extreme sudden disuse cases (e.g. sudden coma) the continual remodelling theory 

predicts that the change in density would continue until the original strain is achieved and cellular 

accommodation predicts that the change in density would cease throughout the entire bone/skeletal 

system after a period of time. Both of these are incorrect. Due to the osteocytes requirement for 

nutrients and removal of waste (Plotkin, Mathov et al. 2005), osteocytes which are too far from a 

vascular canal to circulate the nutrients and waste via diffusion alone, cannot simply accommodate 

to the new loads in the case of sudden extreme disuse, as cellular accommodation would predict. 

Additionally, with no loading, the bone would not simply resorb away into nothing, as continually 

remodelling would predict. Instead, the resorption would be based on the location of the bone, 

where osteocytes which are close enough to vascular canals (mainly those close to the periosteum) 

would survive, whilst those which are too far from a vascular canal would die and result in negative 

remodelling.  

In conclusion of the review of bone remodelling algorithms, there is no all-encompassing, perfect, 

all-applicable bone remodelling algorithm. As research continues, and technologies improve, more 

can be incorporated into bone remodelling algorithms which may allow for better prediction of 

individual remodelling stages. However, with this often comes the requirement for more 

measurements, which often introduce impracticality. With this it should be noted that the simpler 

remodelling algorithms, which account for biological process, such as the continual remodelling 
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theory do not appear to introduce any additional error when compared to bone remodelling 

algorithms which incorporate numerous factors. As such, it appears that the best bone remodelling 

algorithm to be used in a particular study, is the one which best suits the setup, requirements and 

applicable data. With this it should also be noted, that in their application, all bone remodelling 

algorithms and application methods bring with them inherited assumptions and limitations.  

2.6 Mechanosensory Saturation  

In a single loading session, the effect of the mechotransductive stimulus on bone formation rate 

will diminish logarithmically with each load due to a phenomenon known as mechanosensory 

saturation (Rubin and Lanyon 1984, Umemura, Ishiko et al. 1997, Turner 1998, Burr, Robling et 

al. 2002). This phenomenon is independent of the deformation and circulatory strain required to 

keep large load bearing bones alive (see 2.5.5 Circulation Strain). After losing its response to 

mechanical stimulus the bone will eventually regain full sensitivity again through mechanosensory 

recovery. The recovery period takes approximately 8 hours for a full recovery; however, some 

mechanosensory recovery occurs within 0.5 – 7 seconds, and after 14 seconds the bone was 

demonstrated to increase formation rate by 50%. It is believed that the recovery period length is 

not proportional to the length of the prior loading (Burr, Robling et al. 2002).   

The effect of mechanosensory saturation has been demonstrated to follow a logarithmic pattern, 

described by equation 2-22. 

𝜕𝜌

𝜕𝑡
 ∝ ∑ 𝑙𝑜𝑔(1 + 𝑁𝑖)𝑆𝑖

𝑛

𝑖=1

 

 

2-22 

Where; 
𝜕𝜌

𝜕𝑡
 is the change in density over time, n is the number of different daily loading conditions, 

N is the number of loading cycles for each loading condition and 𝑆𝑖 is the applied bone formation 

stimulus (Turner 1998). Experimental evidence of mechanosensory saturation has been observed 

by Rubin and Lanyon (1984) and Umemura, Ishiko et al. (1997) on turkey unlae and rat tibiae, as 

shown in Figure 2-24. From this evidence, it is suggested that any loading beyond 50 cycles in a 

single bout is largely ineffective in stimulating any further bone remodelling response (Burr, 

Robling et al. 2002). A secondary side effect of mechanosensory saturation is that the bone will 

respond to the highest magnitude stimulus, even with far fewer loading cycles than a lower load 
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with far more loading cycles, as demonstrated by Figure 2-24. As a result, short intense bouts of 

exercise have a larger impact on the bone than long low intensity activity. 

A   

B  

Figure 2-24: A) Results from Rubin and Lanyon (1984) and Umemura, Ishiko et al. (1997), as presented in Burr, 

Robling et al. (2002) showing the effect of diminishing returns on the change in bone density after a different number 

of loading cycles per day on turkey unlae () and rat tibiae (•). B) Effect of mechanosensory saturation, comparing 

the effect of 50 cycles of 4000 µε (dashed line) against 1000 cycles of 2000 µε (solid line) on the mechanical stimulus. 

 

2.7 Orthopaedic Pathogenesis with Ageing 

Orthopaedic conditions such as osteoporosis are directly associated with age (Seeman 2003) where 

the bone substantially decreases in density which subsequently increases the risk of fracture in 
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multiple locations of the body (van Staa, Dennison et al. 2001). As a result, with an ageing 

population, in 2008 it was estimated that orthopaedic degenerative and inflammatory problems 

account for half of all chronic conditions in developed countries (Navarro, Michiardi et al. 2008). 

Typically, orthopaedic implants are used to correct or solve these problems, however the demand 

is outgrowing the supply. In 2018 the national joint registry had recorded over 2.1 million total 

hip, shoulder, ankle and knee arthroplasties which had been implanted in the UK alone over a 14 

year period (NJR 2018). Furthermore, aside from the risk of the surgery, debris from the implants 

can introduce pathologies such as pseudotumors, granulomas, osteolysis, neuropathy, neoplasia 

and many more (Langkamer, Case et al. 1992).  

Another method used to treat osteoporosis is with drugs such as bisphosphonates which inhibit the 

resorption stage of bone remodelling (Drake, Clarke et al. 2008). However, it is becoming 

increasingly clear that the use of drugs is only delaying the degenerative problem and in many 

cases can create other problems. Resorption is required to remove linear microdamage from the 

bone and formation cannot occur without resorption occurring first. As a result, bisphosphonates 

result in a skeletal system which experiences a build-up of linear microdamage and cannot increase 

in density, even with an increased stimulus (Mashiba and Burr 2001, Drake, Clarke et al. 2008, 

Papapoulos 2008, Seraphim, Al-Hadithy et al. 2012).  

Exercise is becoming an increasingly popular “prescribed” method/treatment to act as prevention 

for orthopaedic degenerative diseases and therefore prevent the need for drugs and implants 

(Milgrom, Finestone et al. 2000, Milgrom, Miligram et al. 2001, Du, Silberschmidt et al. 2018). 

The majority of what we know about bone remodelling is based on the observations of young 

animals and young humans. With this, age is typically associated with negative connotations in 

bone mechanoresponsiveness. This is most likely due to the prevalence of degenerative conditions 

such as osteoporosis, however it is unclear if older bones are less mechanoresponsive than younger 

bones as there is evidence both for and against this view (Kotiya and Silva 2013). It is considered 

that any potential change in bones mechanoresponsive with age is a complicated combination of 

biochemical processes, causing a mixture of different results. Nonetheless, evidence has shown 

that aged bones are adequately mechanoresponsive, providing that the bones receive a suitable 

stimulus (Kotiya and Silva 2013).  
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2.7.1 Allison et al. Clinical Exercise Trial 

With exercise “prescriptions” becoming an increasingly popular method to combat degrative 

diseases, it is important to know which exercises have the best effect. High impact exercises are 

known to cause higher bone densities than exercises with low impact, where runners have a 

significantly higher bone density than swimmers (Scofield and Hecht 2012). However, there is 

limited research into the use of impact exercises as an osteoporosis prevention tool. In response to 

there being little research into the influence of high impact exercises on the change in bone density, 

particularly in older men, Allison, Folland et al. (2013) conducted a clinical exercise trial into the 

use of hopping for men with a mean ± SD age of 69 ± 4.0 years. In this study thirty-four healthy 

human men hopped 50 times a day, every day for one year on a randomly assigned leg, with an 

example shown in Figure 2-25. All subjects in this study were of European origin, with no diseases 

known to influence bone, neuromuscular function or the ability to perform exercises. Before the 

study, anthropometric, lifestyle, physical activity and dietary characteristics were collected and 

assessed, with the mean results shown in Table 2-5. 

 

Figure 2-25: Demonstrative pictures of the hopping exercise being undertaken by one of the subjects from the hopping 

clinical trial, showing: (a) the start position, (b) countermovement initial to take off, (c) flight of hop, (d) landing on 

the exercise leg. Taken from Allison, Folland et al. (2013).  
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Table 2-5: Mean anthropometric, lifestyle, physical activity and dietary characteristics of participants from the 

Allison, Folland et al. (2013) clinical trial 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The density of the proximal femur before and after the one-year trial was measured using 

quantitative CT scans, with a resolution of 0.75 × 0.75 mm in the transverse plane and 2 mm 

axially, which is more than adequate to determine the change in density for bone remodelling 

studies (Gong, Wang et al. 2020). Before the study and in between the hopping exercises the 

subjects from the Allison, Folland et al. (2013) clinical trial were physically active undertaking 

their typical daily activities, but did not include exercise (strength, power, or weight-bearing 

endurance). The clinical study demonstrated an increase in bone density across the proximal femur 

as a result of hopping, with the cortical bone experiencing an average increase in bone density of 

2.7% (p < 0.001) (Allison, Folland et al. 2013, Allison, Poole et al. 2015), with the distribution 

shown in Figure 2-26 and Figure 2-27. The percentage change in density achieved in this exercise 

trial is similar to that achieved in other exercise studies (1.8% and 2.1%) (Kukuljan, Nowson et al. 

2009, Kukuljan, Nowson et al. 2011). Thus the Allison, Folland et al. (2013) clinical trial has made 

an important contribution in demonstrating that hopping is just as an effective tool in preventing 

osteoporosis in the hip as other exercises.  

Parameter       Mean    ±    SD 

Age (years) 69.9  ± 4.0 

Height (m) 1.753  ± 0.063 

Weight (kg) 80.4  ± 8.4 

BMI (kg/m2) 26.2  ± 2.3 

Total body fat (%)  26.9  ± 4.9 

Proportion of men with previous fractures (%) 48.6    

Current physical activity (hrs/wk) 1.8 ± 2.0 

Baecke physical activity questionnaire score:    

 - Work index score 2.7  ± 0.5 

 - Sport index score 2.8  ± 1.0 

 - Leisure index score 2.6  ± 0.5 

 - Total index score 8.2  ± 1.5 

Energy Intake (MJ/day)  9.8  ± 2.1 

Total Fat (% energy)  34.2  ± 7.9 

CHO (% energy) 46.6  ± 6.7 

Protein (% energy) 14.5  ± 2.6 

Alcohol (% energy) 4.6  ± 4.7 

Calcium intake (mg/day) 1068.2 ± 259.6 

Vitamin D intake (µg/day) 3.3  ± 1.8 
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Figure 2-26: Bone density increase as a result of hopping in the exercise (hopping) and control legs, in (A) the cortical 

surface mass density, and (B) the endocortical trabecular density (Allison, Poole et al. 2015). 

 

Figure 2-27: Increase in density in different areas of the proximal femur, observed in the clinical exercise trial 

(Allison, Poole et al. 2015), where; EL is the exercise leg and CL is the control leg.  

 

The age and sex demographic of the Allison, Folland et al. (2013) subjects are at a point where 

changes in the bone physiology begin more resorption than formation (Seeman 2003) however the 

decrease in density has not yet been enough to substantially increase the fracture risk (van Staa, 

Dennison et al. 2001), with a location specific incidence of fracture with age, shown in Figure 

2-28. This makes the age and sex demographic an ideal time to start preventative exercises.  
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Figure 2-28: Age and gender specific incidence of fractures among a population of 5 million as registered in the 

General Research Database 1988-1998, showing: (a) Fractures in locations where risk increases with age. (b) 

Fractures in locations where risk does not increase with age (van Staa, Dennison et al. 2001). 
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2.7.2 Crosstalk  

The concept of crosstalk is a well excepted and observed phenomenon in biological signal 

transduction pathways, which has numerous definitions due to its complex nature. One such 

definition is that crosstalk is where the components of one or more signal transduction pathways 

affects one or more other similar or related systems, causing a biological response of some kind 

(Vert and Chory 2011). A simple example of biomechanical crosstalk is where increased muscle 

tone, results in increased loading on the bone and therefore a bone remodelling response. A more 

complex form of crosstalk was observed in the Allison, Poole et al. (2015) data, where as shown 

in Figure 2-27, the control leg also experienced an increase in bone density, despite not 

experiencing an increase in mechanical loading. This type of crosstalk is well documented in 

exercise, however it is yet unclear which endocrinal, biomechanical, or combination of crosstalk 

pathways is responsible for this observed crosstalk (He, He et al. 2020). Nonetheless, in the case 

of investigations examining the influence of loading on bone remodelling where hopping is 

involved, such as that in Allison, Poole et al. (2015), crosstalk does not interfere with the research 

focusing on the exercise limb. It does however introduce interesting research opportunities to 

observe how crosstalk has influenced the control limb.  

New observations into crosstalk have also introduced possible new treatment pathways where 

research is beginning to reveal that endocrinal and biomechanical orthopaedic crosstalk 

mechanisms result in bone-to-muscle and muscle-to-bone crosstalk mechanisms (Maurel, Jähn et 

al. 2017). These bone and muscle crosstalk mechanisms have introduced exciting new potential 

therapeutic approaches for treating degenerative conditions such as sarcopenia and osteoporosis 

(Maurel, Jähn et al. 2017, He, He et al. 2020). 

2.8 Finite Element Simulation of the Femur 

In the case of the femur, due to the complexity of the anatomy, the number of vital arteries, and 

high amount of soft tissue, the direct in vivo measurement of experienced strain is extremely 

invasive and as such is rarely conducted. In studying the effects of mechanical stresses and strains 

on the bone, some animal studies apply loads via an external mechanism (Bentolila, Boyce et al. 

1998, O'Brien, Taylor et al. 2003, Karim and Vashishth 2013, Seref-Ferlengez, Basta-Pljakic et al. 

2014, Seref-Ferlengez, Kennedy et al. 2015). Though, this is not suitable for humans, and in 
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particular the femur, as a result, finite element simulation is the typically used method to determine 

the physiological strain (Ramos and Simoes 2006, Speirs, Heller et al. 2007). Finite element 

simulation is a commonly used tool in biomedical engineering, where its accuracy in determining 

stresses and strains experienced by both soft and hard biological tissues along with manufactured 

objects has seen it become an increasingly accepted verification and validation method for the 

development of medical devices, including orthopaedic implants (Morrison, N Kashlan et al. 2015, 

Morrison, Pathmanathan et al. 2018). Finite element simulation offers further advantages in that it 

can be conducted at any time, and individual parameters can be isolated and examined.  

For biological materials, finite element simulation can be split into that of soft tissue (Oomens, 

Maenhout et al. 2003) and hard tissue (bone) (Ramos and Simoes 2006, Speirs, Heller et al. 2007). 

In simulating stresses and strains experienced by the bone, the loads applied by the soft tissue 

(muscles) are needed, however, dependant on the study aim, the physical inclusion of the soft 

tissues is not necessarily required. In the case of determining the strains experienced in the femur 

during different activities, such as walking, stair climbing and hopping, the physical inclusion of 

the soft tissue is not required.  

2.8.1 Bone Mechanical Properties 

In order to determine the stress/strains experienced by any object, mechanical properties need to 

be applied. Both the cortical and trabecular bone are orthotropic materials. For the accurate 

assignment of the orthotropic materials, nine independent elastic constants and the spatial 

orientation of the principal axes of the orthotropy are required. Baca, Horak et al. (2008) conducted 

a comparison between the influence of orthotropic and isotropic material assignment of the bone, 

where they found that for an accurate determination of bone stress and strain, orthotropic materials 

are only required for small scale simulations (e.g. 1 × 1 × 1 mm cubes), whilst on a larger scale 

the use of isotropic material distribution provides perfectly accurate results. This assertion is 

supported by numerous studies using isotropic material assignment in the finite element simulation 

of the bone and achieving accurate results (Ramos and Simoes 2006, Speirs, Heller et al. 2007, 

Taddei, Schileo et al. 2007). 
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2.8.1.1 Bone as a Linear Elastic Material 

Both cortical and trabecular bone are well documented as being viscoelastic with their properties 

being affected by the strain rate (Rhoa, Kuhn-Spearingb et al. 1998). As the strain rate increases, 

the elastic modulus increases and the yield strain decreases (Hansen, Zioupos et al. 2008). The 

largest effect is under the tensile loads where a ductile to brittle transition in moderate to high 

strain rates have been reported (Hansen, Zioupos et al. 2008). However, this viscoelastic nature 

for human cortical and trabecular bone is only apparent once the strain rate has exceeded 

approximately 2 s−1 (Hansen, Zioupos et al. 2008, Zioupos, Hansen et al. 2008). As shown in 

Table 2-6, physiological strain rates experienced by humans have been measured to be between 

0.013 – 0.05 s−1 which is similar to those experienced by other animals. The highest measured 

strain rate in humans of 0.05 s−1 was obtained using temporarily implanted strain gauges placed 

on the tibia of a healthy “athletic” participant during “vigorous activities” such as running (Burr, 

Milgrom et al. 1996). Due to the difference in the strain rate required to induce the viscoelastic 

properties of bone and the physiologically applied strain rates, the human bone has been 

demonstrated to act linearly elastic under physiological loading conditions (Juszczyk, Cristofolini 

et al. 2011).  

Table 2-6: In vivo measured physiological strain rates of the skeletal system, measured in humans, horses and dogs.  

Strain Rate (𝐬−𝟏) Method Species Source(s) 

0.005-0.05 Implant Equine, Canine Rubin and Lanyon (1982) 

0.013 Implant Human Lanyon, Hampson et al. (1975) 

0.05 Implant Human Burr, Milgrom et al. (1996) 
 

2.8.1.2 Density-Elasticity Equation 

Consisting of two different types of bone (cortical and trabecular) and with bone remodelling 

adjusting the local mechanical properties, the bone as a whole global model (e.g. the femur) is a 

heterogeneous structure. Numerous studies apply a homogenous distribution of the material 

properties by using singular elastic modulus values for both cortical and trabecular bone. Whilst 

this method has been demonstrated to provide accurate results (Ramos and Simoes 2006, Speirs, 

Heller et al. 2007) local strain distributions are better determined using a heterogeneous material 

distribution as they better account for the local deviations in elastic modulus and density 

(Helgason, Taddei et al. 2008). A subject specific heterogeneous material determination can be 
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determined using the density of the bone, where a density-elasticity equation is used to calculate 

the elastic modulus.  

There are numerous density-elasticity equations which are typically developed through 

comparison of the bone density against mechanical testing of bone harvested from donors. With 

most donors being elderly, there is a gap in literature where the effect of age on the density-

elasticity equation has not been adequately studied. Numerous studies use two different density-

elasticity equations for cortical and trabecular bone (Helgason, Perilli et al. 2008), where currently 

there are two methods used in assigning the material properties/equations to different areas of the 

bone; automatic and manual. Automatic assignment of the material properties is achieved by using 

the density of the bone, where a threshold density is assigned to separate between cortical and 

trabecular bone. However, the automatic assignment of cortical and trabecular density-elasticity 

equations has been demonstrated to produce poor stress/strain distributions through incorrect 

assignment (Helgason, Taddei et al. 2008). Manual assignment of the material properties/equations 

essentially works in the same way as the automatic assignment, however in replace of using a 

density threshold to differentiate between cortical and trabecular bone, it requires a manual user 

input. This therefore relies on the user determining what is cortical and trabecular bone and leaves 

significant room for error. Furthermore, it not uncommon in using the manual method to have gaps 

where no material assignment has been made. With the density-elasticity equations and single 

inputs for cortical and trabecular bone being significantly different (Helgason, Perilli et al. 2008), 

the incorrect assignment of the material properties can have a significant detrimental effect on the 

stress/strain distribution. The risk of incorrect assignment is furthered by the fact the only way to 

truly determine between cortical and trabecular bone is a histological study (Rhoa, Kuhn-

Spearingb et al. 1998) which requires removal of the bone from the host. Alternatively, the use of 

a single density-elasticity equation which encompasses both cortical and trabecular bone 

eliminates incorrect assignment, inconsistencies and does not leave gaps between the bone 

assignment. Using 23 human femur samples, from 14 fresh donors aged 61.5 ± 9.5 years (mean ± 

S.D, full range 48 – 90), with 10 being male and 4 being female, Eberle, Gottlinger et al. (2013) 

investigated if a single density-elasticity relationship can be used. They found that a single density-

elasticity equation can be applied accurately and used in a finite element simulation.  
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2.8.1.3 Partial Volume Effect 

With different bespoke and purchasable software’s, numerous techniques exist in transferring a 

CT scan of a bone to a finite element mesh with subject specific properties such as the elastic 

modulus based on physiological density. Using the software of Materialise Mimics Research 

version 19.0, Materialise 3-matic Research version 18.0 for segmentation and Simulia 

Abaqus/CAE 2017 for finite element analysis, two different meshes must be created. The first mesh 

to be created is the three-dimensional CT voxel mesh, comprised of pixels. This is the layout of 

the density distribution as measured by the CT scan, which is comparable to a photograph from a 

digital camera. The second mesh is the finite element mesh, which is derived from the CT voxel 

mesh. The partial volume effect is where a pixel of the CT voxel mesh covers two mediums which 

results in the pixel assuming the weighted mean density of the two mediums. As a result this 

introduces a potential issue in the density and width determination measurement of the bone, where 

the bone is surrounded by a lower density soft tissue and the voxel mesh pixels on the outer edge 

of the bone can partially cover soft tissue which can cause blurring (Hangartner 2007). The partial 

volume effect has been demonstrated to have an increasing influence as the cross-sectional width 

of the higher density material (bone) decreases. As such it has a larger influence on trabecular bone 

than cortical bone (Hangartner 2007).  

As CT imaging technology progresses, with voxel pixels getting smaller and imaging resolutions 

improving, the influence of the partial volume effect on modern imaging is reducing. In addition, 

most CT imaging software’s offer both CT voxel mesh and finite element mesh generation, with 

inbuilt proprietary programmes to tackle the partial volume effect which. These could be based on 

a combination of numerous mathematical techniques (Treece and Gee 2015). The full details of 

these techniques are often kept secret to protect intellectual property, nonetheless a popular 

technique in which software programmes can be based on is the thresholding technique (Buie, 

Campbell et al. 2007, Hangartner 2007). This technique uses a set HU value threshold, of which 

everything below will be excluded, to determine the correct thickness (Hangartner 2007, Treece 

and Gee 2015). A consideration with the thresholding technique is that for smaller cross-sectional 

widths, it can become unreliable (Treece and Gee 2015). Furthermore, the thresholding technique 

alone does not adjust the density of the pixels on the outer edge which have been affected by the 

partial volume effect despite the thresholding. A method for accounting for possible incorrect 
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density on the outer is the edge nodal interpolation method, which is applied to the finite element 

mesh (Helgason, Taddei et al. 2008). This method redefines any elastic modulus and density of 

any surface element or node if the internal node/element has a higher elastic modulus/density.  

2.8.2 Standard Femoral Model 

The proximal femur has been a focus of bone remodelling, ever since the concept was first 

introduced by Wolff (1896) who noticed that the trabecular distribution of the proximal femur is 

similar to that of stress patterns of a curved crane, as shown by Figure 2-29. 

 

Figure 2-29: Comparison of stress patterns of the curved crane by an engineer Culmann, and von Meyer’s femur, 

showing the trabecular distribution of the proximal femur (Robling and Turner 2009).  

 

The femoral musculoskeletal system is a complex, dense system of muscles surrounding the largest 

bone in the body. The femur is held in place by a ball and socket synovial joint at the femoral head, 

which fits inside the acetabulum of the pelvis. Excluding whole body movement, the femur is 

capable of three degrees of freedom, which are controlled by different muscles. These muscles can 

be split down into four groups: Adductors (pull the thigh toward the body centre line in the frontal 

plane), abductors (pull the thigh away from the body centre line in the frontal plane), flexors (pull 

the thigh away from the body centre line in the sagittal plane) and extenders (pull the thigh towards 

the body centre line in the sagittal plane), with the planes shown in Figure 2-30. The femur is also 

capable of rotation around its axis, which is controlled by several of the muscles.  
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Figure 2-30: Anatomical planes of the human body (NIH 2000) 

 

Despite the complexity of the femur and its muscles, the standard model of the femur and pelvis 

used in finite element simulation and bone remodelling determination, for both 2D and 3D 

simulations is very simple. It consists of the proximal femur which has been truncated and 

constrained at some-point along the femoral shaft, with the hip joint contact force and the gluteal 

abductor muscle forces which are attached to the greater trochanter as shown in Figure 2-31 

(Turner, Anne et al. 1997, Bitsakos, Kerner et al. 2005, Ramos and Simoes 2006, Speirs, Heller et 

al. 2007, Baca, Horak et al. 2008). The gluteal abductors are generally classed as the gluteus 

medius and gluteus minimus, however some studies expand the gluteal abductor muscles to 

include all gluteal muscles (Heller, Bergmann et al. 2005, Speirs, Heller et al. 2007).  
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A    

  B   

Figure 2-31: A) Basic femoral anatomy. B) Finite element simulation to determine the strain distribution for a bone 

remodelling study utilising the standard femoral hip model (van der Meulen and Hernandez 2013) 

In a static environment, the standard femoral model is also often used in biomechanical load 

analysis to determine the hip contact load and abductor muscle forces, where the femoral head is 

treated as the fulcrum, the hip joint contact and gluteal abductor muscle forces are calculated in 

relation to the body weight force (Warrener 2017, Sangeux 2019) as shown in Figure 2-32. But 



Literature Review 

70 

the standard model cannot be used to accurately determine the musculoskeletal forces in a dynamic 

(movement of the femur during ambulation) environment, due to the requirement to include 

additional muscles and the inability of the standard model to account for balance in the sagittal 

and frontal planes. For this a more complex musculoskeletal model is required, as explored in 2.9 

Dynamic Musculoskeletal Loads. 

    

Figure 2-32: Standard model of the femur and pelvis for biomechanical calculations showing a computer simulation, 

including the hop contact force (𝐹𝐻𝑖𝑝), the abductor muscle forces (𝐹𝑎), and the body weight force (𝐹𝑐𝑜𝑚), where 𝑑𝑎 

and 𝑑𝑐𝑜𝑚 represent the distances/lengths of the moment arms (Sangeux 2019).   

 

Nonetheless, biomechanically once the musculoskeletal loads are known, the simplification of the 

pelvis and femur musculature and loads to the standard model in dynamic environments to evaluate 

the effect of loads on the hip is acceptable. This is because other muscles than the gluteal muscles 

have been demonstrated to have little influence on the peak hip joint contact forces in gait (Correa, 

Crossley et al. 2010), with the influence of each muscle shown in Table 2-7. As such, testing of 

orthopaedic hip implants is often designed around the standard femur model (Basu 2017). Other 

muscles in addition to the gluteus muscles, notably the iliopsoas, have been demonstrated to have 
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some notable impact on the hip contact impulse (integral of the hip contact force over time) and 

such are included in some finite element simulations (Speirs, Heller et al. 2007). It should be noted 

though that the hip contact impulse is not important for bone remodelling in the hip joint, as due 

to mechanosensory saturation, bone remodelling only responds to the highest peak loads (Burr, 

Robling et al. 2002). 

Table 2-7: Contributions of key muscle forces and other loading sources on the peak hip contact force and the hip 

contact impulse (integral of the hip contact force over time) on the anterior, superior and medial regions of the femoral 

head during gate (Correa, Crossley et al. 2010) 

 

 

Speirs, Heller et al. (2007) conducted numerous finite element simulations examining the influence 

of different constraint locations and the inclusion of different femoral muscles on the strain 

experienced by the femur during walking and stair climbing, with the constraints and muscles 

described in Table 2-8 and shown in Figure 2-33, where the muscle and joint contact loads were 

taken from Heller, Bergmann et al. (2005). Speirs, Heller et al. (2007) found that the different 

simulations, including the standard model produced highly comparable strain distributions and 

magnitudes, particularly in the proximal femur as shown in Figure 2-34.   
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Table 2-8: Different loading conditions from Speirs, Heller et al. (2007) where the loads were taken from Heller, 

Bergmann et al. (2005) 

Case Loads Constraints 

A Simplified: HCF + abductor Diaphysis 

B Simplified: HCF + abductor + vasti Diaphysis 

C Complex: JCFs + all muscles Diaphysis 

D Complex: JCFs + all muscles Condyles 

E Complex: JCFs + all muscles Joint 

 

Figure 2-33: Boundary conditions used from the Speirs, Heller et al. (2007) where the finite element model is made 

up based on a standardised femur, using tetrahedral elements with cortical and trabecular bone regions with the 

assigned elastic moduli of 17 and 1 GPa respectively. 

 

 

Figure 2-34: Femoral micro-strain results for walking (i) and stair climbing (ii) from Speirs, Heller et al. (2007)  
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Some studies suggest that a wider inclusion of muscles is required for a more stable strain 

distribution in the distal femur (Duda, Heller et al. 1998), an observation backed by Speirs, Heller 

et al. (2007). However, the inclusion of more muscles introduces errors as numerous muscles 

attached to the femoral shaft are hard to accurately position (Duda, Brand et al. 1996) and there is 

discretion in the exact muscle forces. Furthermore, it has been suggested that the attachment sites 

of the muscles introduce strain artefacts in the local vicinity (Modenese, Phillips et al. 2011). 

Nonetheless, the basic strain distribution for the proximal femur appears to remain the same 

regardless of the model (Duda, Heller et al. 1998, Rudman, Aspen et al. 2006, Speirs, Heller et al. 

2007). 

2.9 Dynamic Musculoskeletal Loads 

Musculoskeletal loads are important in determining bone remodelling and fracture risk (Stansfield, 

Nicol et al. 2003, Bitsakos, Kerner et al. 2005, Frehill, Crocombe et al. 2009, Halldin, Jimbo et al. 

2011). The complexity in calculating musculoskeletal forces has resulted in there being two types 

of study: 1) Those which calculate the musculoskeletal forces, and 2) Those which use the pre-

calculated muscular forces from previous studies, where bone remodelling studies usually fall into 

the second category. Those studies which calculate the musculoskeletal forces produce models 

which can be used by those needing to incorporate musculoskeletal forces for other investigations. 

This is usually a singular maximum loading condition, representative of the particular movement 

being studied (Turner, Anne et al. 1997, Bergmann, Deuretzbacher et al. 2001, Heller, Bergmann 

et al. 2005, Cleather, Goodwin et al. 2011, Anderson and Madigan 2013).  

Whilst the standard femoral model can be used to determine the femoral strain and bone 

remodelling outcome, it cannot be used to determine musculoskeletal forces acting in a dynamic 

situation (where the limb is moving). As such a more complex model is required, which includes 

a larger number of muscles. Muscles have multiple roles in the movement of the limb, where it is 

generally accepted that muscles not only apply loads to the bone for movement and stabilisation, 

through agonistic muscle contractions, but they also dampen external forces. This is achieved 

through synergistic and antagonistic muscle contraction and by controlling the angle of the bone 

when the external load is applied (Andreas Hölzera 2013, Helwig, Hindenlang et al. 2013). 

Without numerous invasive implants, which would require multiple surgeries, musculoskeletal 
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loads cannot be directly measured in vivo. This makes invasive measurements of the 

musculoskeletal loads in humans impractical, especially for the proximal femur, where a large 

amount of soft tissue increases the surgical complexity. As a result a substantial amount of research 

has been conducted into computerised musculoskeletal models to calculate the internal loads 

during movement (Erdemir, McLean et al. 2007).  

In these simulations, muscles can be modelled as either passive or active. Passive models describe 

the muscles using a series of non-active mechanical components, such as springs and dampers. 

Examples of these are the Maxwell model, Voigt model and Kelvin model (Romero and Alonso 

2016), as shown in Figure 2-35. Each model increases in complexity in an attempt to account for 

the mechanical behaviour of the muscle. An inherent downside of passive muscle models is that 

they cannot account for both the agonistic and antagonistic muscle forces at the same time. This 

issue was solved by adding a contractile element to the muscle models in the Hill muscle model 

(Hill 1938), as shown in Figure 2-35. Today the Hill muscle model is the most commonly used 

model to determine muscular forces (Erdemir, McLean et al. 2007, Romero and Alonso 2016) and 

has since been expanded to include features such as tendons and pennation angles (the angle of the 

axis of the muscle and its fibres) (Erdemir, McLean et al. 2007).  

 

Figure 2-35: Different muscle models (tendon not included a-d) from Romero and Alonso (2016), showing: (a) 

Maxwell model. (b) Voigt model. (c) Kelvin model. (d) Hill model. (e) Hill muscle model expanded to include tendons. 

Where: SE is the spring elastic element, DE is the damping element, PE is the parallel elastic element, CE is the 

contractile element, 𝛼𝑝 is the pennation angle, and l is length.  
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2.9.1 Inverse and Dynamic Optimization 

The two methods which are used to simulate the muscular forces acting on the bone are inverse 

static optimisation and forward dynamic optimisation. Inverse optimisation-based simulations are 

a commonly used tool to estimate muscle forces in lower extremity movement (Erdemir, McLean 

et al. 2007, Cleather, Goodwin et al. 2011). In an inverse optimisation simulation, the joint torque 

forces are calculated using kinematic and reaction force data for a single point in time/the 

movement, as shown in Figure 2-36. Then using this the muscle forces are calculated, where the 

total muscle force equals the total joint torque force (Erdemir, McLean et al. 2007). Particularly 

for the femur, the number of muscles introduces a load sharing problem, where the system is 

statically indeterminate as the amount of force applied by each independent muscle is unknown. 

This can be solved by minimising an objective function, typically the total muscle force, subject 

to constraints of mechanical equilibrium at the joints and physiological limits of the biological 

tissues (Erdemir, McLean et al. 2007, Modenese, Phillips et al. 2011).  

 

Figure 2-36: Examples of: (A) A musculoskeletal model of the lower extremity used in a forward dynamics solution, 

where Hill muscle model forces generate the movement of the hip, knee and ankle joints (Erdemir, McLean et al. 

2007). (B) An example of an inverse optimisation model, simplified to the just the joint torque angles (Erdemir, 

McLean et al. 2007).  
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There are different methods of inverse optimisation which assign their own parameters and can 

use different equations (Cleather, Goodwin et al. 2011). However, all inverse optimisation models 

are limited by the same constraints; it relies on the accuracy of the kinematic data, where 

measurement errors could be present (Holden, Orsini et al. 1997), it is often based on 

approximations of anthropometric and dynamic force data, and foremost, it cannot differentiate 

between muscles, where different muscles can produce the same movement. Furthermore, 

kinematic data and subsequent kinetic data does not account for the antagonistic muscle 

contractions. The exclusion of antagonistic muscle forces is not as important in ‘typical’ 

ambulation, but is significant in patients suffering from conditions such as neuromuscular 

deterioration (Kostka, Niwald et al. 2019).  

In an attempt to aid the determination of which muscles are being used and when, the comparison 

of musculoskeletal models against electromyography (EMG) in the determination of the femoral 

loads is becoming more common (Duda, Schneider et al. 1997, Duda, Heller et al. 1998, Erdemir, 

McLean et al. 2007, Horsman, Koopman et al. 2007, Modenese, Phillips et al. 2011, Helwig, 

Hindenlang et al. 2013). This has enabled the incorporation of factors such as co-muscle 

contraction (Erdemir, McLean et al. 2007). Whilst EMG is a useful tool to determine which 

muscles are contracting and when, the magnitudes of the detected electrical neuro signals are not 

proportional to muscle contraction force. Furthermore, inaccuracies caused by factors such as 

muscle overlap can produce confusing and often contradicting data (Modenese, Phillips et al. 

2011). 

In a forward dynamic optimisation simulation, the model (see Figure 2-36) is compared against 

kinematic data, where numerous muscle contraction combinations are tested, over numerous 

iterations, until the model produces a best fit to the clinical kinematic data. This process requires 

a significant amount of computing processing power and therefore is not always practical. 

Furthermore, this method produces a theoretical output based on the input parameters and is known 

to produce more than one output for the same kinematic data set (Erdemir, McLean et al. 2007). 

Within both the inverse and forward dynamic simulations/calculations the joint is generally 

assumed to be frictionless and the bone is usually modelled as a rigid body. This is because the 

inclusion of bone strain in estimating muscle forces requires the use of complex finite element 
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simulations, which can require thousands or millions of iterations within numerous routines, where 

each iteration can take hours (Erdemir, McLean et al. 2007, Edwards, Miller et al. 2016). Because 

the strain of the bone is several orders of magnitude lower than that of the musculotendonous 

strain, it is assumed that the strain of the bone has negligible influence on the whole body motion 

and as such can be simulated as a rigid body in muscle force determination (Edwards, Miller et al. 

2016).  

2.9.2 Effect of Age on Muscle and Hip Contact Forces 

It is well documented that muscles deteriorate in quality and strength with age (Lindle, Metter et 

al. 1997). However, this appears to have less of a detrimental effect on the loads experienced by 

the femur as would be expected. Anderson and Madigan (2013) conducted a study examining the 

loads applied to the femur during gait for walking by subjects across a wide age range. Here the 

muscle loads were calculated using inverse optimisation in OpenSim against kinematic and ground 

reaction force data. The subjects were split into two categories of younger (aged 25.0 ± 4.3 years 

old) and older (aged 79.4 ± 4.6 years old), each of which contained 5 subjects. The results from 

this study demonstrated that subjects of the two age groups experienced similar muscle and joint 

contact forces, in magnitude and pattern. This suggests that while the muscles are detreating with 

age, they are still capable of applying the loads required to achieve ambulation.  

2.9.3 Published and Open Source Muscle Force Models 

Several researchers have made publicly available musculoskeletal models and published 

musculoskeletal loads for different activities. This allows for other studies to accelerate their 

research without the complication of setting up an accurate musculoskeletal model, or having to 

calculate the musculoskeletal loads for the activities of interest. Some of these models and 

activities are explored here.  

2.9.3.1 London Lower Limb Model 

A commonly used commercially available inverse optimisation-based model is the London Lower 

Limb Model, a modifiable lower limb musculoskeletal model, shown in Figure 2-37, available on 

OpenSim software. Based on the anatomical models proposed by Delp and Loan (1995) and 

Horsman, Koopman et al. (2007) with the applied criterion of mechanical equivalence proposed 
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by van der Helm and Veenbaas (1991), the London Lower Limb model is considered a particularly 

suitable and accurate musculoskeletal model which can be used for investigation into different 

movements (Modenese, Phillips et al. 2011). With all muscles included, the model is comprised 

of 163 actuators to represent 38 muscles for six bodies (pelvis, femur, patella, tibia, hindfoot, 

midfoot plus phalanxes) with four hinges (patella-femoral joint, tibiofemoral joint, talocrural joint 

and subtalar joint). The model has a total of 12 degrees of freedom with the pelvis having all 6 

degrees of freedom relative to the ground and uses a Hill muscle model type system where it 

assumes a limit of muscle forces between zero and maximum muscle isometric force (Modenese, 

Phillips et al. 2011). Much like any model of the lower limb musculature, a large number of 

actuators are required to accommodate for the curvature and overlap of several muscles, 

particularly the gluteus maximus, which results in an ever-changing muscle moment during 

movement (Modenese, Phillips et al. 2011).  

 

Figure 2-37: Snapshots of the London Lower Limb Model taken in OpenSim 4.0 

 

Typically, two forms of validation are carried out in musculoskeletal models: 1) Comparison 

against the direct measurement of joint contact forces, and 2) comparison against ECG data. Both 

of these validation studies were carried out for the London Lower Limb model (Koopman and 

Horsman 2008, Modenese, Phillips et al. 2011) where the studies concluded the London Lower 

Limb model to be capable of producing appropriately balanced sets of muscle and joint contact 

forces that can be used in a wide range of applications requiring accurate quantification.  



Literature Review 

79 

2.9.3.2 General Activities 

A general activity is any activity which is typically undertaken by an able-bodied person, on a 

daily basis. These are typically considered to be walking and stair climbing as they are the most 

common everyday routine movements undertaken, particularly in older people who do not partake 

in exercise (Heller, Bergmann et al. 2005). They are favoured as rehabilitative and osteoporosis 

prevention exercises as they are the two routine activities which apply the highest musculoskeletal 

loads to the hip (Bergmann, Deuretzbacher et al. 2001) and as such aid with bone remodelling 

stimulation. As a result, the musculoskeletal mechanics for walking and stair climbing are two of 

the most highly studied movements (Duda, Schneider et al. 1997, Bergmann, Deuretzbacher et al. 

2001, Heller, Bergmann et al. 2001, Taylor, Heller et al. 2004, Heller, Bergmann et al. 2005, 

Speirs, Heller et al. 2007, Modenese, Phillips et al. 2011). 

A commonly used model to calculate the musculoskeletal forces during general activities is the 

model from Heller, Bergmann et al. (2001). The model utilises a simplified version of the London 

Lower Limb Model (Modenese, Phillips et al. 2011), produced by grouping several of the muscles 

together, as shown in Figure 2-38 and summarised in Table 2-9. The musculoskeletal loads were 

determined using inverse static optimisation against kinematic and ground reaction force data from 

four subjects, aged 51 to 76 years old, with a body weight range of 703 to 972 N, sex not disclosed. 

From this, a model for a “typical” subject was produced, where typical hip contact and muscle 

force loads were determined, correlated against the subjects’ body weight. This offers a widely 

applicable model, which can be utilised by other studies so long as the body weight is known 

(Ramos and Simoes 2006, Scheerlinck and Casteleyn 2006).  
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Figure 2-38: Comparison of the London Lower Limb Model (A) and the simplified model from Heller, Bergmann et 

al. (2001) which is reproduced in Heller, Bergmann et al. (2005) (B) 

 

Table 2-9: Summary of the simplification of the London lower limb model used in (Heller, Bergmann et al. 2001, 

Heller, Bergmann et al. 2005), showing the muscles used in the London lower limb model (A) and the pooling (B), 

where ‘-‘ signifies that the muscles were not used.  

London Lower Limb Model Simplified model 

Gluteus medius, gluteus minimus, gluteus maximus 

 

Abductor 

Adductor magnus, adductor longus, adductor brevis 

 

Adductor 

Iliopsoas major, pectineus gemellus inferior, superior 

obturator externus, internus piriformis 

- 

 

2.9.3.3 Hopping and Jumping 

Hopping and jumping are two exercises considered to be the same musculoskeletal mechanism, 

which have a high prevalence in sport (Milgrom, Finestone et al. 2000, Augustsson, Thomee et al. 

2006, Cleather and Bull 2010). Athletes who partake in high impact sports, such as those which 

involve running and jumping have been demonstrated to have significantly higher bone density in 
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comparison to those who undertake sports such as swimming (Scofield and Hecht 2012). Because 

of this, alongside its natural application, and ability to be conducted at home unsupervised, studies 

are being conducted into its potential as a osteoporosis prevention exercise (Allison, Folland et al. 

2013, Allison, Poole et al. 2015). It is for these reasons that multiple studies have been conducted 

into its musculoskeletal mechanics (Spägele, Kistner et al. 1999, van der Harst, Gokeler et al. 2007, 

Cleather and Bull 2010, Cleather, Goodwin et al. 2011, Cleather, Goodwin et al. 2013), which 

have demonstrated hopping and jumping to be a reliable (Augustsson, Thomee et al. 2006) and 

easily reproducible (Veilleux and Rauch 2010) exercise in musculoskeletal analysis.  

Cleather, Goodwin et al. (2011) compared different calculation techniques for vertical jumping, 

using inverse static optimisation of kinematic and ground reaction force data of twelve males, aged 

27.1 ± 4.3 years, with a mean mass of 83.7 ± 9.9 kg. Subject specific scaling of the London Lower 

Limb model was created by comparing anthropometric measurements against a cadaveric model 

(Horsman, Koopman et al. 2007), from which Cleather, Goodwin et al. (2011) generalised the 

muscle and joint contact forces experienced by a subject based on their specific body mass. From 

this Cleather, Goodwin et al. (2011) produced a model which can be utilised so long as the body 

mass/weight is known.  

Cleather, Goodwin et al. (2011) found that in all calculation techniques the hip contact force was 

at its highest during landing, whilst the hip muscles forces overall were at their maximum during 

vertical take-off, with there being some differences with the individual muscles. Due to the spring-

like nature of the leg which bends during landing, the maximum hip joint contact force coincides 

with the maximum ground reaction force which occurs approximately 200 – 300 milliseconds after 

initial contact of the ground (van der Harst, Gokeler et al. 2007, Cleather, Goodwin et al. 2011, 

Cleather, Goodwin et al. 2013) where the femur is at an average of 25 degrees flexion and 0 degrees 

adduction (van der Harst, Gokeler et al. 2007, Sinsurin, Vachalathit et al. 2013, Myer, Bates et al. 

2015, Hebert-Losier, Schelin et al. 2018).  

2.10  Study Aim  

Bone remodelling is currently assumed to follow the same general stimulus-remodelling 

relationship throughout the entire bone/skeletal system under physiological loading conditions. 
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Conversely, there is evidence that alternative bone remodelling behaviour can occur between 

tension and compression as the result of alternative bone remodelling mechanisms identified in 

this chapter.  

Numerous bone remodelling algorithms are based on the mechanisms which have been 

demonstrated to, or are thought to, cause alternative bone remodelling behaviour (Frost 1987, 

Taylor and Lee 2003, McNamara and Prendergast 2007, Vahdati and Rouhi 2009, Fernández, 

García-Aznar et al. 2012). Yet, the studies which have examined alternative bone remodelling 

responses under tension and compression have thus far been under laboratory conditions which 

apply extrinsic loading to the bone (Bentolila, Boyce et al. 1998, Stokes 2002, Stokes, Gwadera et 

al. 2005, Karim and Vashishth 2013, Seref-Ferlengez, Basta-Pljakic et al. 2014, Seref-Ferlengez, 

Kennedy et al. 2015) or in pathological conditions (Lin 2010). No study has been conducted into 

if alternative bone remodelling behaviour in tension and compression occurs under physiological 

loading conditions in the absence of disease. Therefore, it is unclear how prevalent alternative bone 

remodelling is under physiological loading conditions.  

The aim of this study was to take the first step into investigating the presence of alternative bone 

remodelling behaviour in tension and compression under physiological loading conditions. For 

this an observational-based clinical study is required, where a measured change in density needs 

to be compared against a mechanical stimulus. Externally applied loads are not applicable for this 

study as they may cause a deviation in the loads from those experienced in physiological 

conditions. As a result, the study requires the use of finite element simulation to determine the 

mechanical stimulus.  

2.10.1  Objectives 

To meet the aim of this study and its investigational requirements, the researcher secured clinical 

data from the Allison, Folland et al. (2013) exercise trial under a material transfer agreement, 

shown in Appendix B. Using the data from the Allison, Folland et al. (2013) exercise trial the 

objectives were as follows.  

The first objective was to set up and create an accurate data set in which to examine the stimulus 

and change in density experienced by the subjects of the Allison, Folland et al. (2013) exercise 
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trial. This consisted of first conducting an inclusion process, examining the clinical data for any 

parameters which may influence the results of this study. Following this, accurate subject specific 

finite element meshes for each selected subject were to be set up and accurate musculoskeletal 

loads applied. Once this was complete, the study needed to develop a reliable way to measure the 

change in density in regions of compression and tension, using the finite element simulation results 

to determine which regions to use.  

The second objective of this study, once the finite element models had been created, was to 

compare the change in density against the stimuli, to determine and compare the stimulus-

remodelling relationships. The objective was to do this for the general (combined, entire proximal 

femur), tensile and compressive strain data set regions, to investigate if there is any difference 

between the tensile and compressive stimulus-remodelling relationships and how they compare to 

the general stimulus-remodelling relationship.  

Following the identification of the tensile and compressive stimulus-remodelling relationships and 

the bone remodelling behaviour, the third objective of the study was to compare the results against 

biological and physiological variables to determine, what, if any, influence they may have.  

The fourth objective of this study was to compare the observations of the stimulus-remodelling 

relationships against identified alternative bone remodelling studies to postulate which 

mechanisms may have had an influence. 
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Chapter 3. Femoral Finite 

Element Model and 

Simulated Strains 
 

3.1 Introduction 

Chapter 2 describes how finite element simulation is combined with musculoskeletal loads to 

determine femoral strains which can be used in bone remodelling studies. The data from the 

Allison, Folland et al. (2013) clinical trial provided qCT scans which allowed for accurate 

measurements in the change in density, however did not detail the strain experienced by the femur. 

Therefore, accurate, subject specific finite element models of the Allison, Folland et al. (2013) 

clinical trial subjects needs to be produced to determine the femoral strains to enable an 

investigation into bone remodelling. The aim of this chapter is to detail the inclusion criteria used 

in this study, development of the subject specific finite element models, the application of 

musculoskeletal loads and evaluate the simulated strains which will be used to determine the 

stimulus-remodelling relationships.  

3.2 Clinical Dataset  

Under a material transfer agreement (see Appendix B) clinical data consisting of the qCT scans of 

the proximal femur, along with subject data such as height, mass, BMI and body fat measurements 

for thirty-four subjects were secured from the Allison, Folland et al. (2013) clinical exercise trial, 

which was introduced in Chapter 2. From the qCT scans, the bone density was considered to be 

measurable to the closest 0.001 g/cm2 (Allison, Folland et al. 2013, Allison, Poole et al. 2015). 

This was considered to be able to comfortably measure a 0.1 % change in density across the entire 

observed density range.  



Femoral Finite Element Model and Simulated Strains 

85 

3.2.1 Inclusion Criteria  

The data from the Allison, Folland et al. (2013) clinical trial was put through an inclusion criteria 

to ensure the highest quality results. The initial inclusion criteria was to exclude any subjects which 

did not have the full anatomy of the proximal femur present in the qCT scan. Some scans were not 

wide enough and did not include the greater trochanter, which was required to allow for adequate 

muscle attachments, without which accurate simulations to determine the strain could not be 

carried out. The second inclusion criteria was that the bone must exhibit a large enough change in 

bone density to allow for a difference in bone remodelling in tension and compression to be 

observed. A figure displaying the subjects which passed and failed this criteria is shown in Figure 

3-1. It was reasoned that if no remodelling occurred, such as in the lazy zone, no difference 

between the remodelling behaviour in tension and compression would be observed. Across the 

entire subject range, the clinical trial demonstrated an average increase in cortical bone density of 

2.7% (p < 0.001) across the entire proximal femur as a result of hopping, however some specific 

regions experienced a higher change in density of > 6% (Allison, Folland et al. 2013, Allison, 

Poole et al. 2015). Other studies into the influence of exercise on the bone density observed similar 

changes in density (1.8% and 2.1% (Kukuljan, Nowson et al. 2009, Kukuljan, Nowson et al. 

2011)). Therefore, it was postulated that if alternative bone remodelling was to occur in 

physiological loading conditions, it would be within this percentage change in density. Therefore, 

to maximise the chances of observing alternative bone remodelling, only subjects who had 

achieved a 2% change in density in at least one location was considered for this study. As shown 

in Table 3-1, out of the original 34 subjects used in the Allison, Folland et al. (2013) study, 11 

(32%) passed the inclusion criteria to be used in this study. No statistical correlation or difference 

was found between the subjects which did or did not pass the inclusion criteria and the other subject 

data recorded by Allison, Folland et al. (2013).  

Table 3-1: Table showing how many subjects from the Allison, Folland et al. (2013) clinical data passed and failed 

the inclusion criteria in this study.  

Criteria Passed Failed 

Criteria 1 30 4 

Criteria 2* 11 19 

Total 11 23 

 *Only those subjects which passed criteria 1 were considered in criteria 2 
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Figure 3-1: Figure displaying subjects which passed (x) and were rejected (o) following criteria 2 of the inclusion 

criteria, with the percentage change of density plotted against the Hop-Walk stimulus (𝜀𝐻 − 𝜀𝑊), as described in 

section 4.2 Methodology. 

 

Using 3-Dimensional comparisons of the qCT scans of the 11 subjects which passed the inclusion 

criteria, no structural change was observed in any of the femurs as a response to the exercise trial, 

meaning that the only response to the hopping trial by the 11 subjects used in this study was a 

change in density. The subject-specific data consisting of the maximum change in density and 

anthropometric data of the 11 subjects used in this study who had passed the inclusion criteria is 

shown in Table 3-2.  
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Table 3-2: Subject specific data for the subjects used in the study, collected by the Allison, Folland et al. (2013) 

clinical trial. 

Subject 

Exercise 

Leg 

Age at trial 

start 

(years) 

Height 

(m) 

Mass 

(kg) 

BMI 

(𝐤𝐠 𝐦𝟐)Τ  

Max. Change in 

Density (%) 

1 Right 67 181.20 89.50 27.26 6.9 

2 Right 69 175.70 71.40 23.13 3.0 

3 Right 73 187.00 82.60 23.62 4.9 

4 Left 70 169.20 87.10 30.42 7.1 

5 Left 70 177.00 80.30 25.63 8.6 

6 Right 70 178.00 80.30 25.34 6.0 

7 Right 70 171.70 72.20 24.49 2.4 

8 Right 78 170.10 76.30 26.37 6.6 

9 Right 73 165.40 81.50 29.79 4.8 

10 Left 71 186.80 81.20 23.27 7.4 

11 Left 69 180.40 77.40 23.78 6.3 

Mean - 70.91 176.59 79.98 25.74 5.8 

SD - 2.78 6.72 5.28 2.41 1.9 

Min. - 67.00 165.40 71.40 23.13 2.4 

Max. - 78.00 187.00 89.50 30.42 8.7 
NOTE: The maximum change in density is the maximum change in density measured at one point in the proximal 

femur, it is not representative of the change in density across the entire proximal femur.  

 

3.2.2 Calibration Phantoms 

Quantitative CT scans are equipped with calibration phantoms to ensure that the density 

measurement remains consistent. These consist of five rods of different pre-set densities, which 

run along the bottom of the CT table, so that they are captured in the scan, as shown in Figure 3-2. 

For each subject which passed the inclusion criteria, the Hounsfield unit of the calibration rods 

was recorded, with the comparison shown in Table 3-3. With the low standard deviation between 

each of the subjects, the calibration phantoms, and therefore the qCT scans were considered 

acceptable for this trial.  
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Figure 3-2: Calibration phantoms in one of the qCT scans taken by Allison, Folland et al. (2013) clinical trial, as 

observed in Materialise Mimics Research version 19.0, with a pixel resolution of 0.75 x 0.75 mm in the observed 

plane.  

 

Table 3-3: Calibration phantom values for the subjects from the Allison, Folland et al. (2013) clinical trial used in 

this study, where HU is the Hounsfield unit.  

Rod 1 2 3 4 5 

Mean HU value 491.00 364.60 198.80 -28.20 -66.40 

S.D (every subject) 1.33 1.08 1.55 1.54 0.84 
 

3.3 Finite Element Model Development 

To determine the mechanical strain experienced by each of the subjects which passed the inclusion 

criteria, subject specific finite element simulations were used. The qCT scans of each subject from 

the Allison, Folland et al. (2013) clinical data set which passed the inclusion criteria were imported 

into Materialise Mimics Research version 19.0 software, shown in Figure 3-3, where the exercise 

bone was segmented.  
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Figure 3-3: Femoral segmentation in Materialise Mimics Research version 19.0, with a pixel resolution of 0.7 x 0.75 

mm in the axial plane, and 0.75 x 2 mm in the coronal and sagittal planes.  

3.3.1 Element Mesh 

The segmented femurs were then exported into Materialise 3-matic research version 18.0; where 

a universal mesh was applied throughout the model using four node tetrahedral elements (C3D4), 

as shown in Figure 3-4. Care was taken to ensure that the element size was as equal as possible 

throughout the model, including both on the surface and internally. Aspect ratios were kept to a 

minimum at all times to ensure the highest quality mesh.  

In setting up a FE mesh, the simulating engineer has a choice of numerous different types of 

elements, all of which have their own pros and cons. For this study, the C3D4 element was chosen 

for numerous reasons. In particular the tetrahedral shape of the C3D4 element has been 

demonstrated to be the most efficient element shape for FE simulation of the bone (Wang, Nelson 

et al. 2004, Ramos and Simoes 2006). Additionally, in complex shapes such as the proximal femur, 

without extra shape functions, hexahedral elements can experience phenomenon such as shear 

locking (Wang, Nelson et al. 2004) and hour-glassing (Burkhart, Andrews et al. 2013), which have 

negative effects on the strain output. The C3D4 element has 4 nodes which are used to calculate 

the strain. A higher number of nodes, which are available in other elements, can provide a higher 
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amount of accuracy through increased strain resolution. However, this increased accuracy depends 

on individual case-by-case models, and therefore is not guaranteed. Furthermore, increasing the 

number of nodes significantly increases the computational time. The C3D4 was determined to be 

suitable for this study, through its proven track record in simulations of the proximal femur (Ramos 

and Simoes 2006), and was confirmed through convergence investigations, as discussed in section 

3.3.2 Optimum Mesh Density. 

 

Figure 3-4: Finite element mesh of a selected subject in this study, showing the C3D4 tetrahedral elements generated 

in Materialise 3-matic research version 18.0. 

 

3.3.2 Optimum Mesh Density 

To determine the optimum mesh density, a displacement convergence study was carried out on the 

subject femurs with a heterogeneous mesh with isotropic linear elastic material properties assigned 

using the density-elasticity equation shown in 3.3.3 Mechanical Properties. The number of 

elements was systematically increased until the cumulative sum of the strain energy density (SED) 

converged to a 1% agreeance (Zannoni, Mantovani et al. 1998, Burkhart, Andrews et al. 2013). 

Using this method an optimum maximum element length of 2 mm was determined and applied to 

all the models, with the averaged convergence study result shown in Figure 3-5. This was 
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considered an appropriate size of element for examination for the regions of interest, which would 

be approximately 5-10 mm2 in size (Turner, Anne et al. 1997, Bitsakos, Kerner et al. 2005). 

 

Figure 3-5: Results from the averaged mesh density (element size) convergence study with error bars displaying 1% 

agreeance in the whole model total strain energy density 

 

The convergence testing method used in this study examines the entire proximal femur, however 

for examining bone remodelling, this study is interested in the local principal strain for regions of 

approximately 5-10 mm2 in size (Turner, Anne et al. 1997, Bitsakos, Kerner et al. 2005). Whilst 

the convergence method used was developed for similar investigations which also focused on local 

strain (Zannoni, Mantovani et al. 1998, Burkhart, Andrews et al. 2013), examining the entire 

proximal femur in the convergence study leaves room for error where the local strain has not been 

specifically examined. However, convergence focusing on the local strain is often avoided as 

results can be misleading, in particular because local convergence of one area does not ensure 

convergence of the rest of the model.  

3.3.3 Mechanical Properties 

Following the research into the mechanical properties of the bone described in Chapter 2, this 

study opted for a single density-elasticity equation incorporating both the cortical and trabecular 

bone. Again, following the research described in Chapter 2, this study applied heterogeneous, 

isotropic, linear elastic properties to the finite element mesh using the material assignment options 

in Materialise 3-matic research version 18.0. To achieve this, each individual element was 
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assigned its own elastic modulus using a density-elasticity equation, from Keller (1994), as shown 

in equation 3-1. 

𝐸 = 10.5𝜌𝑎𝑠ℎ
2.29 3-1 

where E is the elastic modulus and 𝜌𝑎𝑠ℎ is the ash density (𝑔 𝑐𝑚3Τ ), which was calculated using 

equation 2-4. The Poisson’s ratio was set at 0.3 (Helgason, Perilli et al. 2008, Helgason, Taddei et 

al. 2008).  

To further validate the use of Keller (1994) single density-elasticity equation, it was compared 

against typically used density-elasticity equations for cortical (Lotz, Gerhart et al. 1991) and 

trabecular bone (Lotz, Gerhart et al. 1990) and typically used single value inputs for the two types 

of bone (Keller 1994), as shown in Figure 3-6. It was found that the single density-elasticity 

equation had a high convergence with the two independent equations. 

 

 

 

 

 

 

 

Figure 3-6: Comparison of the Lotz, Gerhart et al. (1991) density-elasticity equation for cortical bone, Lotz, Gerhart 

et al. (1990) density-elasticity equation for trabecular bone and the Keller (1994) density-elasticity equation for both 

cortical and trabecular bone, incorporating typical single elastic modulus values for cortical and trabecular bone 

reported in Keller (1994). 
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3.3.4 Femoral Loads 

The role of the femoral loads in this study was to be applied to the subject specific finite element 

meshes to provide accurate mechanical stimuli to be compared against the change in density to 

assess the stimulus-remodelling relationships. To allow for accurate application of the loads, 

subject specific coordinate systems were applied based on the International Society of 

Biomechanics (ISB) recommendations (Wu, Siegler et al. 2002). For this, the femoral head, 

femoral neck, greater trochanter, lesser trochanter and femoral shaft were used as land marks 

(Unlu, Kesmezacar et al. 2011). The origin was set as the femoral head, the x axis was posterior 

to anterior, the y axis was caudal to cranial (distal to proximal) and the z axis was medial to lateral 

as shown in Figure 3-7. The zero hip angle was assumed to be with the subject lying supine, and 

positive rotation was assumed to be abduction and flexion. The mechanical axis from the centre of 

the condyles to the femoral head was assumed to be parallel to the femoral y-axis, at 6 degrees 

from the shaft axis and 3 degrees from the central body vertical axis (Tria 2020) . 

A   B  

Figure 3-7: A) Hip and femur coordinate system based on the International Society of Biomechanics 

recommendations, where the femoral head and acetabulum are considered the origins (Wu, Siegler et al. 2002). B) 

Location of the femoral mechanical axis in relation to the femoral shaft and central body vertical axis (Tria 2020). 
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In the Allison, Folland et al. (2013) clinical exercise study, the subjects hopped 50 times a day, 

every day for a year. Before the clinical exercise study, the subjects were described to be active 

and undertaking ‘general activities’ but not partaking in sports. As described in Chapter 2, general 

loads are considered to be walking and stair climbing. As a result, to most accurately simulate the 

loads experienced by the femurs of the subjects used in this study, three simulations were carried 

out on each femur, utilising loads from previous musculoskeletal studies: 1) The maximum 

walking loads taken from Heller, Bergmann et al. (2005); 2) The maximum stair climbing loads 

taken from Heller, Bergmann et al. (2005); and 3) The maximum hop/jump loads taken from 

Cleather, Goodwin et al. (2011) using the traditional method for inverse calculation. To avoid the 

introduction of strain artefacts (Modenese, Phillips et al. 2011) through the use of too many 

muscles, the decision to use the standard femoral model as described in 2.8.2 Standard Femoral 

Model was made in this study, utilising only the hip contact and abductor muscles forces. The 

application of the loads and the running of the simulations were conducted using Simulia 

Abaqus/CAE 2017 where the hip contact and muscle forces were applied evenly across the surfaces 

of the femoral head ( FHC) and greater trochanter ( FAB ), with the bottom face being fully 

constrained with a Encastré boundary condition  as shown in Figure 3-8 and the magnitude of the 

loads applied in this study being shown in Table 3-4. 

. 
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Figure 3-8: Finite element simulation mesh and applied musculoskeletal loads on a selected subject in this study, 

demonstrating the application of the hip contact and abductor muscle loads across the femoral head and lesser 

trochanter, and the application of the boundary conditions on the femoral shaft. Here the most distal end of the femoral 

shaft is constrained by an Encastré boundary condition, and the 𝐹𝐻𝐶 and 𝐹𝐴𝐵 loads are applied over the areas shown 

in this figure to best match the anatomical attachment areas.  

 

Table 3-4: Femoral head (Hip Contact Force) and greater trochanter (Abductor Muscle Force) loading magnitudes 

in body weight (mass) force for both left and right hand femurs  

Loading Scenario 

Hip Contact Force 

(𝑭𝑯𝑪) 

Abductor Muscle Force 

(𝑭𝑨𝑩) 

Hopping 5.20 2.30 

Stair Climbing 2.51 1.14 

Walking 2.38 1.05 
 

Using the subject specific coordinate system, the direction of the hip contact loads was based on 

previously published data (Bergmann, Deuretzbacher et al. 2001, Heller, Bergmann et al. 2005, 

Bergmann, Bender et al. 2018, Sangeux 2019) and both the load magnitude and direction was 

validated by comparison against the open source data on the Orthoload website 

(https://orthoload.com/database/), made available by Bergmann and colleagues who have been 

https://orthoload.com/database/
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collecting hip contact force data on implants for more than 30 years. Similarly the muscle force 

directions were based on previously published data (Heller, Bergmann et al. 2005, Sangeux 2019) 

and validated by positioning the London Lower Limb model, on OpenSim 4.0 in the kinematic 

positions during maximum loading (Heller, Bergmann et al. 2005, van der Harst, Gokeler et al. 

2007, Lencioni, Carpinella et al. 2019).  

Variations in the ambulatory movements were considered, where it was felt that any significant 

variations would only likely occur during hopping (e.g. hopping to the side). It was determined 

that the load magnitudes and directions accommodated for any variations in hopping due to the 

similarity in the hip contact forces experienced during possible variations of these different 

movements (Bergmann, Bender et al. 2018) representing minimal changes in the musculoskeletal 

loading environment, as shown by Figure 3-9. 

(A)    (B)  

Figure 3-9: In vivo recorded hip contact forces due to jumping in place (A) and jumping side to side (B) (Bergmann, 

Bender et al. 2018) demonstrating the similarity in the hip contact load vector magnitudes and directions from the 

two movements.  

 

3.4 Use of Principal Strains 

Numerous mechanical outputs can be obtained from a finite element simulation, however for this 

study, it is important to focus on the principal strain. Whilst the microstructure of the bone is 

aligned with both the peak principal stress and strain (von Meyer 2011) and some bone remodelling 

algorithms interchange stress and strain as the stimulus (Turner 1998), mechanical failure in the 

bone such as yield (Albogha, Kitahara et al. 2015) and bone remodelling processes (Plotkin, 
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Mathov et al. 2005, Robling and Turner 2009) been demonstrated to be more associated with strain 

over stress. Whilst the two are directly related, the bone can experience a high stress and low strain 

in high density (thus high elastic modulus) areas. Since the main mechanotransducive theory is the 

shear flow hypothesis where signalling for bone formation is caused by bone deformation, not the 

stress being experienced (McGarry, Klein-Nulend et al. 2005), it follows that bone remodelling is 

more associated with strain than stress. As such, when it comes to the bone, focusing on the stress 

can sometimes be misleading.  

Using the assumption of continuum mechanics (Lai, Rubin et al. 2009), a well-accepted and 

utilised mathematical representation of solids in engineering, matter can be regarded as infinitely 

divisible, so that it can be split into a finite number of infinitesimal elements. If the matter 

experiences small deformations, in relation to its size, then the stresses and strains can be 

calculated using the infinitesimal strain theory. Alternatively, if a large deformation is experienced, 

the assumptions of the infinitesimal strain theory become invalidated. Here, the internal stresses 

and strains can be calculated by the finite strain theory. In both the infinitesimal strain theory and 

finite strain theory the elements experience principal strains. 

Using the infinitesimal strain theory, which is applicable to the deformation experienced by the 

bone, principal strains can be explained using the Cauchy Stress Tensor. This is a second-order 

tensor, σ, that relates a direction vector, n, to a traction vector, T(n), across the surface of the 

elements used to represent the matter, in the continuum mathematical assumption. This is defined 

in equation 3-2. 

𝑇(𝑛) = 𝑛. 𝜎 3-2 

The tensor itself consists of nine components, which are the stresses experienced by each element, 

as defined by equation 3-3. 

𝜎 = ൥

𝜎11 𝜎12 𝜎13

𝜎21 𝜎22 𝜎23

𝜎31 𝜎32 𝜎33

൩ 3-3 

Here, being modelled as linear elastic, the stress and strain in the tensor can easily be interchanged 

by using the elastic modulus, as shown in equation 3-4: 
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𝐸 = 𝜎
𝜀Τ  3-4 

Where, E is the elastic modulus, 𝜎 is the mechanical stress and 𝜀 is the mechanical strain. All 

strains and shear strains experienced by any location can be placed into a cartesian coordinate 

system and split into its x, y and z components. Therefore, exchanging stress for strain, and 

substituting, cartesian x,y,z coordinates into equation 3-3, gives equation 3-5:  

𝜀 = ൥

𝜀𝑥 𝜀𝑥𝑦 𝜀𝑥𝑧

𝜀𝑦𝑥 𝜀𝑦 𝜀𝑦𝑧

𝜀𝑧𝑥 𝜀𝑧𝑦 𝜀𝑧

൩ 3-5 

Where, 𝜀𝑥, 𝜀𝑦 and 𝜀𝑧 are the normal strains, and all other strains are shear strains acting parallel to 

the element face. This is demonstrated in a 2D plane strain environment, as shown Figure 3-10, 

where all stresses and strains in one direction equal zero (this is the z-direction in the Figure 3-10 

example). 

 

Figure 3-10: Original strain conditions in the x and y coordinate system (left) and principal strain conditions at angle 

θ from the original coordinate system (right), in plane strain conditions where all strains and shear strains in the z 

axis is 0, where 𝜀𝑥 and 𝜀𝑦 are strains, and 𝜀𝑥𝑦 and 𝜀𝑦𝑥 are shear strains.  

 

In every element, there are three planes (two in a plane strain environment), where the shear strains 

equal 0, and the extremum values of the normal strains are obtained, these are known as the 

principal strains. This is a characteristic of second order tensors, which have three sets of 

independent invariant values, where one set of the invariant values are the principal strains. Here, 

the strains in the tensor are the eigenvalues and the direction vectors are the eigenvectors, also 
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known as the principal directions. This is often obtained at a different orientation to the original 

positioning of the tensor and so is assigned the coordinates x’, y’ and z’. This transformation is 

displayed in Figure 3-10, and the equation for the principal strain tensor is shown in equation 3-6. 

𝜀′ = ቎

𝜀𝑥′ 0 0
0 𝜀𝑦′ 0

0 0 𝜀𝑧′

቏ 3-6 

Where, 𝜀′  is the strain tensor in the principal location, and 𝜀𝑥′, 𝜀𝑦′  and 𝜀𝑧′  are the principal 

(normal) strains. In both 2D and 3D environments, the extremum values are given the names of 

maximum and minimum principal strains, where typically the maximum principal strain is the 

highest magnitude tensile strain, often denoted as positive, and the minimum principal strain is the 

highest magnitude compressive strain, often denoted as negative. For this study, following the 

bone remodelling and mechanical failure in bone literature, the peak (highest magnitude) 

extremum principal strain in any location will be used, εpeak. Therefore, this could be either tension 

or compression. In the examination of the subject specific strains experienced by each femur, the 

positive and negative connotation for tension and compression will be kept. However, to allow for 

these values to be used in the remodelling algorithm without confusion, a note of the orientation 

will be made and the absolute of the values will be used, หεpeakห. 

3.5 Subject Specific Simulated Strains 

The decision was made to focus on the femoral shaft in this study, primarily due to the higher 

presence of cortical bone, making for a much easier determination of the change in density. Using 

the subject specific finite element models and musculoskeletal loads described in this chapter, each 

model was independently simulated for walking, stair climbing and hopping. Then, using 2D paths 

along the surface, the strain in the anterior, posterior, medial and lateral faces of the femoral shaft 

were examined, whilst avoiding loading and boundary condition sites to prevent strain artefacts 

(Gere and Goodno 2009, Modenese, Phillips et al. 2011). The individual and mean, peak 

magnitude principal strains along the 2D path for each anatomical face for each of the 11 subjects 

used in this study are shown in Figure 3-11 to Figure 3-14.  
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MEDIAL FACE 

   

 

Figure 3-11: Highest magnitude, principal strain (𝜀𝑝𝑒𝑎𝑘) on the medial face (shown on the right), for walking (top), 

stair climbing (middle) and hopping (bottom) 
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LATERAL FACE 

  

 

Figure 3-12: Highest magnitude, principal strain (𝜀𝑝𝑒𝑎𝑘) on the lateral face (shown on the left), for walking (top), 

stair climbing (middle) and hopping (bottom) 
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ANTERIOR FACE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-13: Highest magnitude, absolute, principal strain (𝜀𝑝𝑒𝑎𝑘) on the anterior face (shown on the left), for walking 

(top), stair climbing (middle) and hopping (bottom) 
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POSTERIOR FACE 

  

 

Figure 3-14: Highest magnitude, absolute, principal strain (𝜀𝑝𝑒𝑎𝑘) on the posterior face (shown on the right), for 

walking (top), stair climbing (middle) and hopping (bottom)
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3.6 Critical Evaluation of the Finite Element Model and Femoral 

Strains 

This chapter has described the method used, and results obtained in the finite element simulation 

of eleven, subject specific, human proximal femurs, undergoing walking, stair climbing and 

hopping, to enable the calculation of the bone remodelling stimulus in Chapter 4. This section 

critically evaluates the finite element model and the results.  

3.6.1 Model and Strain Validation 

In comparing the strain distributions simulated in this study between walking, hopping and stair 

climbing, slight intersubjective differences were observed, which could be the result of differences 

in subject geometry (Lenaerts, De Groote et al. 2008) and density distribution (Helgason, Taddei 

et al. 2008). However, overall significant similarities were observed in each face between walking, 

stair climbing and hopping. In comparing these strain distributions to those of Speirs, Heller et al. 

(2007), significant similarities were observed on all four faces, for all three activities. This study 

was unable to directly measure any strains in vivo during any of the exercises. Therefore, for the 

model validation, the simulated strain magnitudes in this study, as shown in Figure 3-11 to Figure 

3-14 and Table 3-5, were compared against previously in vivo measured and simulated strains, 

shown in Table 3-6 and Table 3-7. For all four faces, the mean strain simulated in this study for 

walking and stair climbing approximately correlated with the mean simulated femoral strain for 

walking and stair climbing from Speirs, Heller et al. (2007) and the theoretical value for the 

average optimum/reference strain based on the circulation strain (see 2.5.5 Circulation Strain). 

However, the simulated strains are higher than the in vivo measured strains in the femur for both 

walking and stair climbing by Aamodt, Lund-Larsen et al. (1997). They are also higher than the 

tibial in vivo measured strains by Burr, Milgrom et al. (1996) taken during activities such as 

running. With this it should be noted that in vivo measurement of orthopaedic femoral strains have 

been shown to be prone to significant errors which can range between 0.01 – 200%, dependant on 

location, due to factors such as mispositioning and deviations in the direction of the strain gauge 

in relation to the principal strains experienced by the bone (Cristofolini, McNamara et al. 1997). 

Furthermore, the subjects in Aamodt, Lund-Larsen et al. (1997) and Burr, Milgrom et al. (1996) 

are described as athletic and are significantly younger than the subjects used in this study, and 
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therefore would likely apply higher loads to their lower limbs than the subjects of this study on a 

regular basis. With the idea that the bone is optimally adjusted to its typical loads and the 

optimal/reference strain is based on the circulation strain: the subjects of Aamodt, Lund-Larsen et 

al. (1997) and Burr, Milgrom et al. (1996) would experience similar strains during activities such 

as running (which would be their typical loads), as the subjects of this study would during walking. 

As a result, the approximate correlation of the simulated strains in this study with the measured in 

vivo strains of the Aamodt, Lund-Larsen et al. (1997) and Burr, Milgrom et al. (1996) studies is a 

validation of this study’s simulations.  

Table 3-5: Mean absolute peak principal micro strain (ห𝜇𝜀𝑝𝑒𝑎𝑘̅̅ ̅̅ ̅̅ ̅ห) for each of the anatomical faces during each activity 

Activity 

Anatomical Face 

Lateral Anterior Medial Posterior 

All 

Combined 

Walk  2657 2565 2058 1833 2278 

Stair 

climbing 
3005 2421 2387 2448 2565 

Hopping 3990 3046 3464 3973 3618 
 

Table 3-6: In vivo measured strain magnitudes in the human skeletal system during exercise 

Strain 

Range (µε) Location Activity 

Subject(s) 

Age (years) Reference 

1200 – 

4200 
Tibia Hopping/jumping 37 

(Ingrid, Kjartan et al. 1998) 

~ 2000 Tibia Running 42, 49 (Burr, Milgrom et al. 1996) 

~ 1300 
Lateral 

Femur 
Walking 24, 49 

(Aamodt, Lund-Larsen et al. 

1997) 

~ 1300 
Lateral 

Femur 
Stair climbing 24, 49 

(Aamodt, Lund-Larsen et al. 

1997) 
 

Table 3-7: In vivo simulated strain magnitudes in the human skeletal system during exercise 

Strain Range (µε) Location Activity Reference 

~ 0 – 3500 Femur Simulated walking (Speirs, Heller et al. 2007) 

~ 0 – 5000 Femur Simulated stair climbing (Speirs, Heller et al. 2007) 
 

No suitable comparison for hopping in the femur could be found for either simulation or in vivo 

measurement: However, the mean simulated strain for hopping over all four faces roughly 

correlated with the higher end of strain range measured in vivo in the tibia in hopping/jumping 

exercises by Ingrid, Kjartan et al. (1998). In some cases, significantly higher strain magnitudes 
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were achieved by the subjects of this study under hopping, with the maximum being 7694 µε, 

which was achieved by subject 3 in the posterior face. Whilst high, this was felt to still be a 

reasonable prediction, as it is within the microdamage production strain range (Wang 2013). 

Additionally, the subject used in Ingrid, Kjartan et al. (1998) was described as having an active 

lifestyle and is significantly younger than the subjects of this study. Therefore, it is likely that 

subject used in Ingrid, Kjartan et al. (1998) would apply higher loads to their femur during 

everyday use, and therefore would experience lower strains than the subjects of this study during 

activities such as hopping. Overall, after comparison against the available literature, the strain 

distributions and magnitudes obtained by the simulations used in this study were considered to be 

reasonable representations of the strain experienced by the subject specific proximal femurs during 

the different movements.  

3.6.2 Critical Evaluation of the Finite Element Mechanical Properties 

As discussed in this chapter, isotropic, heterogeneous, linear elastic properties were applied to the 

femur in this study, where each element was assigned its own elastic modulus using equation 3-1. 

However, in reality the bone is orthotropic and viscoelaslastic. Nonetheless, as shown in section 

2.8.1.1 Bone as a Linear Elastic Material, the viscoelastic properties of bone only become apparent 

once the strain rate has exceed 2 s−1 before which it is linear elastic (Hansen, Zioupos et al. 2008). 

Since the strain rate in physiological loading does not exceed approximately 0.05 s−1 (Lanyon, 

Hampson et al. 1975, Burr, Milgrom et al. 1996) the bone can be modelled as linear elastic for this 

study, without the introduction of any significant error. In regards to the orthotropic nature of the 

bone, as discussed in section 2.8.1 Bone Mechanical Properties, in comparing finite element 

simulations against physical testing of the proximal femur, Baca, Horak et al. (2008) demonstrated 

that for accurate simulations of the bone, the orthotropic properties only need to be accounted for 

in small scale simulations (approximately 1 mm3). Any simulation examining the bone on scale 

larger than approximately 1 mm3  can be accurately modelled as isotropic. As such it was 

considered appropriate to simulate the bone ignoring the anisotropic properties without introducing 

any significant error.  

The application of material properties to each element individually applies a level of heterogeneity, 

which is in line with the true mechanical properties of the bone. However, within each element 
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there is an inherited material homogeneity which is not in line with the true mechanical properties 

of the bone. Whilst this method introduces a small discrepancy in the distribution of the material 

properties from the true distribution; this method of applying material properties to each element 

individually and accepting a small homogeneity has been thoroughly examined and demonstrated 

to provide accurate results in strain prediction (Taddei, Schileo et al. 2007, Helgason, Perilli et al. 

2008, Helgason, Taddei et al. 2008). Nonetheless, if the elements are too large, too much 

homogeneity can be applied, which could reduce the accuracy of the simulation. Smaller elements 

reduce the amount of inherited homogeneity, however increase the computational time. There is a 

delicate balance between accuracy and computational time, where an optimal mesh density exists 

which provides the maximum accuracy for the smallest computational time. For this study, the 

optimum mesh density was calculated using validated methods as discussed in Burkhart, Andrews 

et al. (2013) and Zannoni, Mantovani et al. (1998), as shown in section 3.3.2 Optimum Mesh 

Density.  

As discussed, the density-elasticity equation 3-1 was used to apply the elastic modulus to each 

element individually. In determining which density-elasticity equation to use, the age of the 

subjects was a major consideration, since the bone is well documented to reduce in strength with 

age (Wang 2013). However, the reduction in bone strength with age appears to be a secondary 

effect, as a result of anatomical changes such as a reduction in bone density, whilst mechanical 

properties such as the yield strain and the elastic modulus remain constant with age (Nyman, Roy 

et al. 2009). Nonetheless, it is unclear if any anatomical changes with age affect the density-

elasticity equation. This is primarily due to a lack of research since most density-elasticity 

equations are determined via mechanical testing of cadavers, which usually come from elderly 

donors. Previous studies have had success in applying a single density-elasticity equation across a 

wide age range of subjects (25 to 79 years old) (Anderson and Madigan 2013). Nonetheless, this 

study used a density-elasticity equation which was obtained using donors of approximately the 

same age and sex demographic of the subjects in this study.  

3.6.3 Critical Evaluation of the Finite Element Musculoskeletal loads 

The setup of the finite element models used in this study was based on the standard femoral model 

as discussed in section 2.8.2 Standard Femoral Model. This is a well utilised model in femoral 
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biomechanical and bone remodelling investigations (Turner, Anne et al. 1997, Bitsakos, Kerner et 

al. 2005, Ramos and Simoes 2006, Speirs, Heller et al. 2007, Baca, Horak et al. 2008). However, 

despite there being numerous muscle attachments on the femur, this model makes the general 

assumption that additional loading sources, apart from hip contact force and abductor muscle 

forces do not influence the strain distribution of the proximal femur. As shown in section 2.8.2 

Standard Femoral Model, this assumption is supported by Speirs, Heller et al. (2007) and Correa, 

Crossley et al. (2010), who demonstrated that additional loading sources outside of the standard 

femoral model have little to no influence on the loads and strains experienced by the proximal 

femur. As such, the standard femoral model has been accepted by the biomechanical society as an 

accurate representation of the strains experienced by the proximal femur and as such is used in hip 

implant design (Basu 2017). 

To accurately represent the loads being applied to the subjects’ femur in this study, the 

musculoskeletal loads were taken from studies which specifically investigated loading during 

walking, stair climbing and hopping/jumping. These are Heller, Bergmann et al. (2005) and 

Cleather, Goodwin et al. (2011); both of which are based on clinical observations and are 

calculated using the body mass of each subject and are discussed in 2.9.3 Published and Open 

Source Muscle Force Models. The use of musculoskeletal loads which incorporated subject 

specific mass was considered to be more accurate than musculoskeletal loads which give the same 

single value loads for every subject, such as those from Turner, Anne et al. (1997). Nonetheless, 

body mass is not a completely intersubjective variable; as there are many factors which contribute 

to it (e.g. height, muscle mass, fat mass), and as such, there may be some deviation from the actual 

and simulated loads.  

The results obtained from these loads are considered to be reasonably accurate following the strain 

validation discussed in section 3.6.1 Model and Strain Validation. Nonetheless, this is an area 

where subject specificness comes at a trade-off with mass-application. To obtain exact femoral 

loading for an individual, the use of internal strain gauges is needed. However, these are time 

consuming, dangerous and not directly applicable to multiple subjects. Studies into the mass 

application of loads, while maintaining subject specificness have found that using subject mass is 

the most accurate method of quantitative mass-application of subject specific loads, however they 

have to be accepted with an error margin (Bergmann, Deuretzbacher et al. 2001, Heller, Bergmann 
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et al. 2001, Heller, Bergmann et al. 2005, Cleather and Bull 2010, Cleather, Goodwin et al. 2011, 

Modenese, Phillips et al. 2011, Cleather, Goodwin et al. 2013). This being said, with the bone 

being linear elastic under physiological loads (Hansen, Zioupos et al. 2008, Juszczyk, Cristofolini 

et al. 2011) and thus modelled as such in this study, any deviation in the calculated loads from the 

actual loads will not influence the strain distribution and will only have a linear effect on the strain 

magnitude, which should not affect the stimulus-remodelling relationship results.  

3.6.4 Strain Artefacts 

Strain artefacts are always a possibility in simulations of the femur, which can be caused by a 

variety of factors, such as presence of a muscle attachment and high bone density pockets. Studies 

have produced methods to minimise the likelihood of encountering artefacts in identifying areas 

of the proximal femur avoid when conducing biomechanical and bone remodelling analysis 

(Bitsakos, Kerner et al. 2005, Modenese, Phillips et al. 2011). Which as described in section 4.2.1 

Change in Density Measurement, are employed in this study. Nonetheless, they can still occur, in 

many cases unpredictably.  

A strain deviation in the form of an artefact was observed in this study, in the medial face of a 

single subject, as shown in Figure 3-11, and highlighted Figure 3-15. As shown in Figure 3-15, 

this artefact is more easily noticed in hopping, however a presence is observable in walking and 

stair climbing. This suggests that the artefact is not the result of an error in the simulation, but 

likely the result of a physiological anomaly in this subject, which is adversely affecting the 

simulation. Therefore, this could be representative of a true strain abnormality experienced by the 

subject, however, one must remain mindful that the simulation may be magnifying this abnormal 

strain. The same subject also experienced a strain shift of the peak principal strain. It is unclear as 

to why this has occurred, and whether it is a result of the identified strain artefact or due to 

individual jumping style, geometry and density distribution, all of which have been demonstrated 

influence the strain distribution (Helgason, Taddei et al. 2008, Lenaerts, De Groote et al. 2008). 
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Figure 3-15: Principal strain of each subject on the medical face (shown in Figure 3-11) for walking, stair climbing 

and hopping, highlighting the strain artefact experienced by a single subject.  
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3.6.5 Strain Magnitude and Bone Remodelling 

Different studies use different definitions of what is included in the bone remodelling stimulus. 

For this study, using equation 4-1, the bone remodelling stimulus (also called the strain stimulus), 

S, is the magnitude of the strain being experienced by the bone during the new loading, ε, minus 

the reference strain, εo, as shown by equation 3-7. 

𝑆 =  (𝜀 − 𝜀𝑜) 3-7 

Using this definition of the bone remodelling stimulus, and using the two stimuli discussed in 

section 4.2 Methodology, of hopping minus walking (εhop − εwalk) and hopping minus stair 

climbing (εhop −  εstair), the strain stimuli in this study are in the order of 10−4. Mechanically, 

this is considered a small, almost infinitesimal, strain magnitude. However, in orthopaedics, this 

is still a relevant magnitude which obtains bone remodelling responses. Once bone remodelling 

has been initiated by the mechanical stimulus, the remodelling stimulus only requires a small strain 

magnitude to elicit a remodelling response (change in density). Numerous different stimuli aside 

from equation 3-7 have been proposed, as such it can be difficult to quantity the exact bone 

remodelling response in relation to a particular stimulus value. Furthermore, the remodelling 

response is dependent on numerous subject specific biological factors, as discussed in Chapter 2. 

Nonetheless, typically when using strain-based stimuli, the positive bone remodelling response 

occurs within the stimulus range of 1000-4000 µε (10-40 ×10−4 ε), as shown in Figure 3-16 (Hsieh 

and Turner 2001, Frost 2003, McGarry, Klein-Nulend et al. 2005, Troy, Mancuso et al. 2018).  
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Figure 3-16: The typical bone remodelling response and stimulus range for positive bone remodelling, when using a 

strain-based stimulus 

However, when assessing the bone remodelling response to the strain magnitude, it is important 

to note that with a lack of a lasy-zone, as stated in the continual remodelling theory, bone 

remodelling will not occur immediately and automatically in response to any strain above or below 

the reference strain, as it must first be initiated. For positive bone remodelling, there are numerous 

bone remodelling initiation processes, where some strain magnitudes are large enough to initiate 

bone remodelling, such as if they are high enough to create linear microdamage. Alternatively, 

bone remodelling can be initiated through other processes, such as the random natural apoptosis 

of osteocytes, which occurs to approximately 2% of the osteocytes in healthy adults per year 

(Parfitt 2002).  

3.6.6 Anatomical Location and Inherited Assumptions 

In this study, in order to be able to calculate the bone remodelling in response to the mechanical 

stimulus, different locations of the proximal femur need to be examined, where different changes 

in density can be plotted against different mechanical stimuli values. However, in comparing the 

observations made from different locations of the proximal femur, an inherited assumption is made 

in this study: that the bone remodelling response to the stimuli is the same and will remodel at the 

same rate same across the entire proximal femur, with the exception of the tensile and compressive 

regions. However, following the continual remodelling theory, if different areas of the bone, even 
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in a local environment, such as the proximal femur, have different reference stimuli, then could 

different areas of the bone in the same subject have different remodelling rates and behaviours? 

The assumption that the same bone remodelling behaviour applies across large areas is commonly 

made in bone remodelling studies, including those which focus on the proximal femur. Where, in 

these studies, assuming that bone remodelling rate and behaviour are the same across the proximal 

femur has yielded accurate results (Turner, Anne et al. 1997, Turner, Gillies et al. 2005, van der 

Meulen and Hernandez 2013, Hambli 2014). Whilst it is accepted that the anatomical location 

influences the rate of remodelling (Parfitt 2002), very little comparison has been conducted into 

examining and quantifying the rate and behaviour of bone remodelling in different areas of the 

body. This is primarily because a study of this nature is extremely complicated since there are 

several other factors, including: age (Kotiya and Silva 2013), gender related hormones (Kalervo 

Väänänen and Härkönen 1996), non-gender related hormones (Murrills, Stein et al. 1990), overall 

health (Cao 2011), non-medicated drugs (Supervia, Nogues et al. 2006) and medicated drugs 

(Drake, Clarke et al. 2008). Nonetheless, despite differences in the bone remodelling rate being 

identified across the body, the same bone remodelling behaviours are usually applied across the 

entire skeletal system and bone remodelling rates are grouped together and reported within 

anatomical regions, with the femur being one (Parfitt 2002). As such, the assumption that bone 

remodelling rate and behaviour is the same across the proximal femur can be considered a safe 

assumption.  

3.6.7 Potential Influence on Results 

The critical evaluation of the finite element model has identified different limitations and potential 

sources of error in the simulated strains and their use in the bone remodelling algorithm to 

determine bone remodelling behaviour. Whilst none of the identified limitations and potential error 

sources have been demonstrated to introduce any significant error, they all introduce a slight 

chance of error. These errors are likely to be unpredictable, and as such, any findings and 

conclusions made in this study using these strains, need to be made with the knowledge that errors 

could have been introduced. However, the errors that could be introduced will have different 

effects on different subjects, and as such, consistency observed within the results indicates a low 

level of error being introduced.   
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Chapter 4. Bone Remodelling 

Observations  
 

4.1 Introduction 

Bone remodelling is currently assumed to follow the same general stimulus-remodelling 

relationship throughout the entire bone/skeletal system under physiological loading conditions, 

regardless of whether the bone is experiencing tension or compression (Burr 2002, Parfitt 2004, 

Hadjidakis and Androulakis 2006, Colloca 2009, Bougherara, Klika et al. 2010, Eriksen 2010). 

Despite this, Chapter 2 has provided evidence that alternative bone remodelling behaviour can 

occur between tension and compression. The current studies into alternative bone remodelling 

behaviour are either laboratory-based, where conditions in which alternative bone remodelling 

behaviours are known to occur are induced (Bentolila, Boyce et al. 1998, Stokes, Gwadera et al. 

2005, Herman, Cardoso et al. 2010), or pathologically based; where alternative bone remodelling 

behaviours are clearly present (Stokes and Laible 1990, Villemure, Aubin et al. 2004, Lin 2010). 

No study has been conducted into if alternative bone remodelling behaviour under tension and 

compression is present in ‘everyday’ loading conditions. The aim of this Chapter, following the 

aim of this study (see 2.10  Study Aim), is to investigate if alternative bone remodelling behaviour 

between tension and compression can be observed and quantified in conditions induced by 

physiological loading. 

4.2 Methodology 

To determine bone remodelling behaviour of the subjects which had passed the inclusion criteria, 

quantifiable differences in the bone remodelling response to the stimulus needed to be determined. 

It was deemed that the best method to achieve this was to use regression analysis against a 

previously established bone remodelling algorithm. This method was chosen as bone remodelling 

algorithms have already been demonstrated to be well established in determining stimulus-

remodelling relationships and detail what stimuli need to be accounted for.  
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Multiple different bone remodelling algorithms are used in self-design simulations, which can 

often include numerous assumptions. However, since this is an observational-based study, it was 

felt that using a simple bone remodelling algorithm would be best to limit the number of factors, 

assumptions and unknowns which could influence the results. With clinical evidence that the lazy 

zone does not exist (Christen, Ito et al. 2014) and that each area of the bone has an independent 

reference stimulus (van der Meulen and Hernandez 2013): A nonlinear bone remodelling 

algorithm based on continual remodelling (van der Meulen and Hernandez 2013) was chosen to 

quantify the bone remodelling response, as shown in equation 4-1. 

𝜕𝜌

𝜕𝑡
= 𝑘(𝜀 − 𝜀𝑜)𝑏 4-1 

Where 
𝜕𝜌

𝜕𝑡
 is the percentage change in density over the year period,  k is a rate constant, b is a power 

law constant, 𝜀 is the peak magnitude, absolute, principal strain (หεpeakห) as a result of the new 

stimulus (‘new strain’), and 𝜀𝑜 is the peak magnitude, absolute, principal strain (หεpeakห) as a result 

of the old stimulus (‘reference strain’). Using the subject specific strain as described in Chapter 3, 

two stimuli were calculated for each subject individually to meet this stimulus, which best 

represented the activities of the subjects from the Allison, Folland et al. (2013) clinical trial, these 

being: 1) Hop-Walk: The absolute peak magnitude principal strain as a result of hopping 

( หεpeakห
ℎ𝑜𝑝

) minus the absolute peak magnitude principal strain as a result of walking 

(หεpeakห
𝑤𝑎𝑙𝑘

), shown in equation 4-2. 

Hop − Walk =  (εhop −  εwalk) 4-2 

2) Hop-Stair: The absolute peak magnitude principal strain as a result of hopping (หεpeakห
ℎ𝑜𝑝

) 

minus absolute peak magnitude principal strain as a result of stair climbing (หεpeakห
𝑠𝑡𝑎𝑖𝑟

), shown 

in equation 4-3. 

Hop − Stair =  (εhop −  εstair) 4-3 
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4.2.1 Change in Density Measurement 

The subject specific change in density was measured using Materialise Mimics Research version 

19.0, where the bone density was measured in both the pre- and post-exercise femur. Based on the 

strain distribution observed by the finite element models in Chapter 3, twenty points in the 

proximal femur were chosen to investigate bone remodelling behaviour. These comprised of five 

points on each of the anterior, posterior, medial and lateral faces which remained consistently in 

either tension or compression; this resulted in ten points in compression and ten points in tension 

as shown in Figure 4-1. Although the trochanters demonstrated the highest change in density in 

the clinical exercise trial (Allison, Poole et al. 2015), all muscle attachment areas were avoided as 

they have been demonstrated to introduce artefacts and can have a negative effect on the results 

(Bitsakos, Kerner et al. 2005, Modenese, Phillips et al. 2011). Similarly, the bottom face of the 

truncated femur was also avoided by a minimum of 5 mm to prevent any influence of the 

constraint.  

 

Figure 4-1: Path point positions on the anterior, posterior, medial and lateral faces, used in this study.  

 

To account for heterogeneous bone remodelling as described in 2.5.7 Heterogeneous Bone 

Remodelling, a convergence study determining the influence of the three dimensional radius on 

the density measurement around the selected point was conducted. Mechanistic models were 

considered an inappropriate method to account for heterogenous remodelling in this study, as they 

are highly complicated and are based on pre-set bone remodelling assumptions which may 
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interfere with the results. Following methodology for mesh convergence (Zannoni, Mantovani et 

al. 1998, Burkhart, Andrews et al. 2013) the optimum sample volume was decided by a 1% 

agreeance, which determined the optimum diameter to be 6 mm, as shown in Figure 4-2. This is 

similar in size to other sample volumes used in studies comparing clinical data to remodelling 

algorithms, particularly in the proximal femur (Turner, Anne et al. 1997, Bitsakos, Kerner et al. 

2005), as shown in Figure 4-3. 

 

Figure 4-2: Sample size convergence study from different points of one subject with error bars showing 1 % agreeance 

where points 1-5 are in compression and 6-10 are in tension. 

 

A     B  

Figure 4-3: Remodelling prediction areas used in Turner, Anne et al. (1997) (A) and Bitsakos, Kerner et al. (2005) 

(B) 
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The decision was made to only use cortical bone in this study. This was achieved by placing the 

sample points within the cortical area of the bone and rejecting any bone with a density value of 

0.5 g cm3Τ or less which was considered to be trabecular (Treece and Gee 2015). This decision was 

based on several factors, primarily, on average cortical bone demonstrated a higher change in 

density than trabecular bone (Allison, Folland et al. 2013, Allison, Poole et al. 2015) increasing 

the chance of observing alternative bone remodelling. Furthermore in comparison to cortical bone 

(Speirs, Heller et al. 2007) the strain in the trabecular bone is relatively understudied and 

remodelling in the trabecular bone can involve architectural changes which are not reflected by a 

change in density on the macro scale (Vahdati and Rouhi 2009). It was also felt that that the qCT 

scans did not have a high enough resolution to adequately detail the trabecular change in 

microarchitecture: where to accurately observe changes in trabecular bone in humans requires 

micro-qCTs, with a resolution of approximately 20 µm (Depalle, Chapurlat et al. 2013), which 

was not available in this study 

In this study the percentage change in density was used in the remodelling algorithms to give a 

clearer picture of the proportionate change in density in relation to the stimulus. Due to the strong 

linear correlation observed between the change in density as a percentage, or grams per centimetre 

cubed (g/cm3), as shown by Figure 4-4, the study found the two density measurement methods to 

be interchangeable with no addition of any errors. 
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Figure 4-4: Correlation between change in density measurements using g/c𝑚3 and percentage change in density, for 

each subject in this study in the tensile and compressive path points shown in Figure 4-1, where subject 1 is top left, 

with incremental subjects going left to right.   
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4.3 Preliminary Study 

Current bone remodelling theory and algorithms do not differentiate between the tensile and 

compressive regions and so this study conducted an initial investigation into this method. This was 

done so, for each subject, without differentiating between tension and compression. The aim of 

this was to act as a blind study, in an attempt to eliminate any notions or biases and to examine the 

stimulus-remodelling relationships used by current studies and algorithms. Using the methodology 

described in 4.2 Methodology, the stimulus-remodelling relationships for the general (whole 

proximal femur) strain data set were determined for each of the 11 subjects used in this study, with 

the results shown in Figure 4-5 and Figure 4-6. The individual subjects rate constant (k) and power 

law (b) values for the general stimulus-remodelling relationship obtained via the regression 

analysis, for both the Hop-Walk and Hop-Stair loading scenarios are shown in Table 4-1. The 

goodness of fit of the regression analysis determined stimulus-remodelling relationships to the 

general strain data set was assessed using the coefficient of determination (R2 ) and RMSE 

statistical tests (as described in A.2 Goodness of Fit Analysis) in MATLAB version R2017b, with 

the results shown in Table 4-2. 
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Figure 4-5: All subjects general strain data set stimulus-remodelling plots and relationships for the Hop-Walk loading 

scenario, where subject 1 is top left, with incremental subjects going left to right.  
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Figure 4-6: All subjects general strain data set stimulus-remodelling plots and relationships for the Hop-Stair loading 

scenario, where subject 1 is top left, with incremental subjects going left to right.  



Bone Remodelling Observations 

123 

Table 4-1: Subjects’ rate constant (k) and power law constant (b) under the Hop-Walk and Hop-Stair loading 

scenarios for the general (combined) strain data sets 

Subject 

Hop-Walk Hop-Stair 

 k b  k b 

1 9.14 × 104 1.42 8.32 × 103 1.04 

2 3.74 × 108 2.44 2.30 × 1010 2.89 

3 3.23 × 105 1.57 1.53 × 107 2.10 

4 2.12 × 102 0.51 5.61× 102 0.62 

5 1.17 × 109 2.63 1.56 × 104 1.10 

6 5.12 × 104 1.30 1.84 × 104 1.10 

7 4.72 × 103 1.08 1.20 × 105 1.50 

8 3.09 × 105 1.55 1.22 × 106 1.68 

9 2.67 × 104 1.20 1.40 × 104 1.09 

10 2.67 × 102 0.60 3.23 × 102 0.60 

11 3.81 × 1011 3.68 8.93 × 1014 4.55 

Mean  4.75 × 1021 1.63 8.91 × 1018 1.66 

Median 3.23 × 105 1.42 1.56 × 104 1.10 

SD  1.57 × 1022 0.94 2.82 × 1019 1.11 
 

Table 4-2: 𝑅2 and RMSE values of the stimulus-remodelling relationship for the general strain data set for both the 

Hop-Walk and Hop-Stair loading scenarios  

Subject 

 

Hop-Walk Scenario  Hop-Stair Scenario 

𝐑𝟐 RMSE 𝐑𝟐 RMSE 

1 0.54 1.84 0.44 1.83 

2 0.28 1.05 0.46 1.14 

3 0.25 1.22 0.01 1.40 

4 0.42 0.99 0.34 1.03 

5 0.42 1.37 0.23 1.69 

6 0.20 1.39 0.10 1.18 

7 0.38 0.69 0.37 0.69 

8 0.79 1.10 0.38 1.86 

9 0.49 1.65 0.61 1.13 

10 0.47 0.91 0.66 0.73 

11 0.84 0.89 0.70 2.04 

Mean 0.46 1.19 0.39 1.34 

Median 0.42 1.10 0.38 1.18 

SD 0.20 0.35 0.22 0.46 

 

All subjects displayed a positive correlation between the stimulus and the change in density. On 

average, the Hop-Walk loading scenario achieved a higher R2 and lower RMSE than the Hop-Stair 

loading scenario, with a mean R2 of 0.46 and a mean RMSE of 1.19 suggesting that the Hop-Walk 

loading scenario may be more closely related to the true stimulus experienced by the subjects used 
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in this study. Nonetheless, based on previous studies on the influence of mechanical stimuli on the 

bone density in humans (Troy, Mancuso et al. 2018), the correlations of the change in density with 

the stimulus from both the Hop-Walk and Hop-Stair loading scenarios were considered to be good.  

The power law constant (b value) was considered to be more indicative of the stimulus-

remodelling relationship than the rate constant (k), as the b value is typically used to describe the 

stimulus-remodelling relationship. It was observed that numerous subjects experienced atypical 

stimulus-remodelling relationships (b < 1) in the Hop-Walk and Hop-Stair scenarios, which is 

explored further in 4.4.2.2 Observed Typical and Atypical Stimulus-Remodelling Relationships. 

Nonetheless, the mean b value for both the Hop-Walk and Hop-Stair loading scenarios are very 

similar at 1.63 and 1.66. There are numerous factors which influence bone remodelling (Robling 

and Turner 2009) so one could easily assume that any variation from the stimulus-remodelling 

relationship is the result of one of these factors. Interestingly, there were no obvious signs of 

alternative bone remodelling displayed by any of the subjects, where overall, the stimulus-

remodelling plots demonstrated what appeared to be consistent singular stimulus-remodelling 

relationships. Therefore, the results of this preliminary study would suggest that the same overall 

stimulus-remodelling relationship is followed throughout the proximal femur, validating the use 

of a single stimulus-remodelling relationship in bone remodelling simulations. 

4.4 Observed Alternative Bone Remodelling 

Despite the results of the preliminary study, Chapter 2 describes how alternative bone remodelling 

has been observed in laboratory and pathological conditions. Using the methodology previously 

described in 4.2 Methodology, the stimulus-remodelling relationships for the tensile and 

compressive strain data set were determined for each of the 11 subjects used in this study, with the 

results shown in Figure 4-7 and Figure 4-8. The individual subjects rate constant (k) and power 

law (b) values obtained in the regression analysis for the general, tensile and compressive stimulus-

remodelling relationships, for both the Hop-Walk and Hop-Stair loading scenarios are shown 

Table 4-3 and Table 4-4. 
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 Figure 4-7: All subjects stimulus-remodelling responses in all three strain data sets in the Hop-Walk loading 

scenario, where subject 1 is top left, with incremental subjects going left to right. 
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Figure 4-8: All subjects stimulus-remodelling responses in all three strain data sets in the Hop-Stair loading scenario, 

where subject 1 is top left, with incremental subjects going left to right.  
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Table 4-3: Subjects’ rate constant (k) and power law constant (b) under the Hop-Walk loading scenario for the 

stimulus-remodelling relationships in the general (combined), tensile and compressive strain data sets. 

Subject 

General  Tension Compression 

 k b  k b  k b 

1 9.14 × 104 1.42 5.35 × 109 2.95 2.64 × 103 0.93 

2 3.74 × 108 2.44 7.11 × 109 2.90 3.17 × 107 2.10 

3 3.23 × 105 1.57 2.29 × 1011 3.39 29.75 0.29 

4 2.12 × 102 0.51 2.29 × 106 1.81 690 0.69 

5 1.17 × 109 2.63 2.10 × 1012 3.65 2.20 × 104 1.14 

6 5.12 × 104 1.30 1.37 × 109 2.65 54.3 0.39 

7 4.72 × 103 1.08 8.85 × 105 1.77 8.79 × 104 1.50 

8 3.09 × 105 1.55 3.19 × 106 1.87 96.3 0.45 

9 2.67 × 104 1.20 2.00 × 103 0.84 4.55 × 1014 4.36 

10 2.67 × 102 0.60 4.89 × 103 0.99 21.7 0.28 

11 3.81 × 1011 3.68 2.93 × 1014 4.62 2.87 × 107 2.28 

Mean  3.48 × 1010 1.63 2.68 × 1013 2.49 4.13 × 1013 1.31 

Median 3.14 × 104 1.42 1.37 × 109 2.65 2.64 × 103 0.93 

SD  1.15 × 1011 0.94 8.82 × 1013 1.11 1.37 × 1014 1.17 

 

Table 4-4: Subjects’ rate constant (k) and power law constant (b) under the Hop-Stair loading scenario for the 

stimulus-remodelling relationships in the general (combined), tensile and compressive strain data sets. 

Subject 

General Tension Compression 

 k b  k b  k b 

1 8.32 × 103 1.04 2.00 × 108 2.39 3.11 × 103 0.92 

2 2.30 × 1010 2.89 9.32 × 1018 5.38 6.87 × 109 2.74 

3 1.53 × 107 2.10 2.22 × 1011 3.42 8.38 0.11 

4 5.61 × 102 0.62 1.61 × 105 1.37 105 0.40 

5 1.56 × 104 1.10 2.05 × 108 2.37 1.84 × 104 1.13 

6 1.84 × 104 1.10 1.50 × 107 1.95 15.8 0.21 

7 1.20 × 105 1.50 1.13 × 106 1.81 7.31 × 103 1.10 

8 1.22 × 106 1.68 5.57 × 1011 3.36 146 0.50 

9 1.40 × 104 1.09 1.93 × 103 0.82 8.05 × 1015 4.54 

10 3.23 × 102 0.60 3.09 × 103 0.91 19.23 0.24 

11 8.93 × 1014 4.55 3.15 × 1017 5.32 3.88 × 1010 3.18 

Mean  8.12 × 1013 1.66 8.75 × 1017 2.65 7.35 × 1014 1.37 

Median 1.56 × 104 1.10 2.00 × 108 2.37 3.11 × 103 0.92 

SD 2.57 × 1014 1.11 2.80 × 1018 1.51 2.31 × 1015 1.40 
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As observed in Figure 4-7 and Figure 4-8, both the tensile and compressive stimulus-remodelling 

relationships demonstrated positive correlations between the stimulus and the change in density 

for all subjects, much like the general stimulus remodelling relationships, detailed in 4.3 

Preliminary Study. Aside from the occasional result which could be classed as abnormal, such as 

the high change in density at low stimulus in compression in subject 9; no obvious major 

abnormalities in the stimulus-remodelling relationships were observed in either the tensile or 

compressive strain regions. 

In some subjects, differences in the tensile and compressive stimulus-remodelling relationships 

were easily and immediately observed. Alternatively, in the majority of subjects the tensile and 

compressive stimulus-remodelling relationships were quite overlapped, particularly at the lower 

stimuli, so the differences only became apparent when the stimulus-remodelling relationships were 

plotted by the regression analysis curves. This similarity at lower strains could have contributed to 

the lack of any prior observation of alternative bone remodelling in the proximal femur under 

physiological loading conditions, where any differences in the stimulus-remodelling relationships 

could easily be attributed to small random variations in the data causing for slight variations in the 

stimulus-remodelling relationships under tension and compression. However, using the regression 

analysis curves, differences in the tensile and compressive relationships were observed in all 

subjects, with the amount of difference in the tensile and compressive stimulus-remodelling 

relationships varying with each subject. From this, three consistent differences were qualitatively 

observed in Figure 4-7 and Figure 4-8, suggesting that there is a consistent difference in the tensile 

and compressive stimulus-remodelling relationships.  

The first of these observations was that the tensile and compressive stimulus-remodelling 

relationships consistently differentiated from each other as the stimulus increased, where the value 

at which the relationships differentiate from each other is explored further in section 4.4.2.3.1 

Cross-Over Point. It is thought that the increasing difference between the stimulus-remodelling 

relationships could be the increasing effects of the alternative bone remodelling mechanisms with 

the stimulus, which is explored further in section 5.2 Potential Alternative Bone Remodelling 

Mechanisms Acting in This Study.  
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The second observation was that the compressive stimulus-remodelling relationship consistently 

had a wider variance in the change in density in response to the stimulus in comparison to the 

tensile stimulus-remodelling relationship. This is explored further in section 4.4.1 Goodness of Fit. 

The third observation was that the compressive stimulus-remodelling relationship was more likely 

to be atypical in profile, in comparison to the tensile stimulus-remodelling relationship, which is 

explored further in section 4.4.2.2 Observed Typical and Atypical Stimulus-Remodelling 

Relationships. 

4.4.1 Goodness of Fit 

The goodness of the fit of the regression analysis determined tensile and compressive stimulus-

remodelling relationships was assessed using the R2 and RMSE statistical tests (as described in 

A.2 Goodness of Fit Analysis) in MATLAB version R2017b, with the results shown in Figure 4-9 

and the individual subject-specific R2 and RMSE values for the 11 subjects used in this study 

shown in Table 4-5 and Table 4-6. 
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Figure 4-9: Boxplots showing the 𝑅2 and RMSE values of the general, tensile and compressive stimulus-remodelling 

relationships for all 11 subjects for the Hop-Walk and Hop-Stair loading scenarios, displaying the range (black), 

standard deviation (blue) and mean (red) values.  
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Table 4-5: 𝑅2 and RMSE values of the stimulus-remodelling relationship for the Hop-Walk loading scenario for the 

general, tensile and compressive strain data sets 

Subject 

 

General Strain Data Set Tensile Strain Data Set 

Compressive Strain Data 

Set 

𝐑𝟐 RMSE 𝐑𝟐 RMSE 𝐑𝟐 RMSE 

1 0.54 1.84 0.71 1.22 0.62 0.88 

2 0.28 1.05 0.75 0.41 0.00 1.30 

3 0.25 1.22 0.77 0.56 0.00 0.95 

4 0.42 0.99 0.71 0.42 0.22 1.11 

5 0.42 1.37 0.78 0.85 0.20 1.44 

6 0.20 1.39 0.50 0.75 0.21 0.66 

7 0.38 0.69 0.93 0.53 0.10 0.53 

8 0.79 1.10 0.90 0.84 0.07 0.91 

9 0.49 1.65 0.93 0.43 0.24 1.46 

10 0.47 0.91 0.85 0.51 0.36 0.51 

11 0.84 0.89 0.59 0.64 0.59 1.10 

Mean 0.46 1.19 0.77 0.65 0.24 0.99 

Median 0.42 1.10 0.77 0.56 0.21 0.95 

SD 0.20 0.35 0.14 0.25 0.21 0.33 
 

Table 4-6: 𝑅2 and RMSE values of the stimulus-remodelling relationship for the Hop-Stair loading scenario for the 

general, tensile and compressive strain data sets 

Subject 

 

General Strain Data Set Tensile Strain Data set 

Compressive Strain Data 

set 

𝐑𝟐 RMSE 𝐑𝟐 RSME 𝐑𝟐 RSME 

1 0.44 1.83 0.36 1.70 0.64 0.85 

2 0.46 1.14 0.18 0.54 0.00 1.42 

3 0.01 1.40 0.72 0.61 0.13 0.89 

4 0.34 1.03 0.28 0.67 0.22 1.30 

5 0.23 1.69 0.53 1.74 0.42 1.23 

6 0.10 1.18 0.36 0.91 0.10 0.82 

7 0.37 0.69 0.91 0.52 0.35 0.52 

8 0.38 1.86 0.59 1.71 0.05 2.00 

9 0.61 1.13 0.92 0.45 0.27 1.83 

10 0.66 0.73 0.86 0.48 0.29 0.54 

11 0.70 2.04 0.49 0.71 0.68 2.39 

Mean 0.39 1.34 0.56 0.91 0.23 1.25 

Median 0.38 1.18 0.53 0.67 0.22 1.23 

SD 0.22 0.46 0.26 0.53 0.19 0.61 
 

Mimicking the general strain data set results, the Hop-Walk loading scenario achieved on average 

a higher R2 and lower RMSE than the Hop-Stair loading scenario, suggesting that walking is more 

closely aligned with the loads experienced by the femur of the subjects prior to the exercise trial 
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and the Hop-Walk loading scenario is on average more closely aligned with the true stimulus than 

the Hop-Stair loading scenario.  

A clear difference between the tensile and compressive stimulus-remodelling relationships 

goodness of fit was observed; where a higher tensile R2 value was observed in 10 of the 11 subjects 

in Hop-Walk loading scenario, with one anomaly of subject 11. In the Hop-Stair loading scenario, 

9 of the 11 subjects experienced a higher tensile R2 than compressive, with an additional anomaly 

of subject 1. It is thought that the subject 1 observation could be the result of the Hop-Walk loading 

scenario being a closer representation of the true loading than the Hop-Stair loading scenario. A 

possible factor for the subject 11 observation, where the compressive R2 is higher or the same as 

the tensile, could be the subject’s age, where the R2 value under tension was observed to increase 

with age, whilst the R2 under compression decreased, as discussed in 4.4.4 Correlation of Results 

with Physiological Variables. Subject 11 has the second lowest age (69 years old) which suggests 

that he would have a lower R2 value under tension and a higher R2 value under compression than 

the other subjects. Overall, the mean R2 value under tension (0.77 and 0.56 in the Hop-Walk and 

Hop-Stair loading scenarios) is significantly higher than the mean R2 value under compression 

(0.24 and 0.23 in the Hop-Walk and Hop-Stair loading scenarios) by an approximate factor of two 

to three depending on the loading scenario. A lower RMSE in tension was only observed in 6 to 7 

subjects depending on the loading scenario, but overall the tensile stimulus-remodelling 

relationship exhibited a significantly smaller mean RMSE (0.65 and 0.91 in the Hop-Walk and 

Hop-Stair loading scenarios) than the compressive stimulus-remodelling relationship (0.99 and 

1.25 in the Hop-Walk and Hop-Stair loading scenarios) by factors of approximately 1.5 to 1.3.  

Using the Wilcoxon signed rank test in IBM SPSS version 26 (as described in A.1.2 Wilcoxon 

Signed Rank Test), the difference in the tensile and compressive R2  value was found to be 

statistically significant at p < 0.01 for the Hop-Walk and Hop-Stair loading scenarios. The 

statistical difference between the tensile and compressive RMSE values using the Wilcoxon signed 

rank test was found to be significant to p = 0.1641 for the Hop-Walk loading scenario and p = 

0.1934 for the Hop-Stair loading scenario. 
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4.4.2 Analysis of the Observed Stimulus-Remodelling Relationships 

4.4.2.1 Analysis of b and k Values 

As shown in Table 4-3 and Table 4-4 a wide variation in the b and k values was observed in the 

general, tensile and compressive strain data sets, for both the Hop-Walk and Hop-Stair loading 

scenarios. There is no consistently published, or agreed upon values for the b and k values. 

Furthermore, both the b and k values can be highly influenced by numerous factors including age 

(Kotiya and Silva 2013), gender related hormones (Kalervo Väänänen and Härkönen 1996), non-

gender related hormones (Murrills, Stein et al. 1990), overall health (Cao 2011), non-medicated 

drugs (Supervia, Nogues et al. 2006) and medicated drugs (Drake, Clarke et al. 2008). As a result, 

very little has been done by previous studies to provide quantitative values for the b and k values. 

Those studies which do provide quantitative values, typically only provide a b value and leave the 

k value to the individual researchers digression (Turner 1999, Frehill 2010). The b values observed 

in this study are within the range of values suggested by other studies, which are typically between 

0.3 and 3. Such a wide range in the b value observed in this study was not expected, although this 

is not a negative observation, and perhaps show how easily the value can change and be affected 

by different parameters. With no previously published k values there is little to base the results of 

this study on, however, again such a wide range of values observed in this study was not expected, 

where depending on the loading scenario and strain region, the difference in k value observed in 

this study can range between a factor of 1015. However, despite this huge difference in k values, 

the difference in the stimulus-remodelling relationships does not seem to represent such a large 

change, where as in shown in Figure 4-7 and Figure 4-8, all of the stimulus-remodelling 

relationships remain within similar. Nonetheless, such a large difference in the k values is 

something to be noted and investigated further.  

As shown in Figure 4-10, a strong correlation was observed between the b and k values, in the 

general, tensile and compressive strain data sets for both the Hop-Walk and Hop-Stair loading 

scenarios. This is a significant observation as it suggests that the k and b values are interlinked and 

correlated. With most bone remodelling studies which use or investigate bone remodelling 

algorithms being of a self-design simulation nature, there have been no prior publications, to the 

author’s knowledge, detailing if the b and k values may be correlated. In setting up this study, no 
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value for b or k was set or chosen as it was unknown what differences in the tensile and 

compressive stimulus-remodelling relationships would be observed.  

Using the Spearman’s rank correlation coefficient test (described in A.1.1 Spearman’s Rank 

Correlation Coefficient Test) in IBM Statistical Package for the Social Sciences (SPSS) version 

26, the strength of the correlation between the b value and k value for all three strain data sets was 

determined to be statistically significant to p < 0.01 in both the Hop-Walk and Hop-Stair loading 

scenarios, as shown by Table 4-7.  

 

 

Figure 4-10: Relationship between the b and k values for the general (combined), tensile and compressive strain data 

sets under both the Hop-Walk (A) and Hop-Stair (B) loading scenarios for the 11 subjects used in this study. 

 

Table 4-7: Spearman’s Rho Correlation Coefficients between the b value in the general (combined), tensile and 

compressive strain data sets for the Hop-Walk and Hop-Stair loading scenarios for the 11 subjects used in this study 

 Hop-Walk  Hop-Stair  

Correlation Coefficient 

p-value 

0.996 0.993 

0.001 0.001 
Note: A correlation of |0.1| is considered weak, a correlation of |0.3| is considered moderate and a 

correlation of |0.5| is considered strong (Field 2018). 
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The strong correlation also means that one value, in the b and k values, can be calculated by the 

other. Using regression analysis in MATLAB version R2017b the relationships between the b and 

k values for all three strain data sets were determined to be that shown equation 4-4 for the Hop-

Walk loading scenario and equation 4-5 for the Hop-Stair loading scenario. 

𝑙𝑜𝑔10(𝑘) = 3.133(𝑏) + 0.5976 4-4 

𝑙𝑜𝑔10(𝑘) = 3.288(𝑏) + 0.5128 4-5 

Most bone remodelling studies generalise the stimulus-remodelling relationship over multiple 

subjects, where typically b values of 0.3 to 3 are used. This is most likely because these values 

best represent all the data combined over multiple subjects. This is demonstrated in this study, 

where in combining all the data plots together, for all 11 subjects, for the tensile and compressive 

strain regions, the mean and median b values, all fit within the range of 0.3 and 3, for both the 

Hop-Walk and Hop-Stair loading scenarios, as shown in Figure 4-11. Here, the mean and median 

b values provide a reasonable representation of the overall stimulus-remodelling relationship.  

As afore mentioned, neither the b or k value were set in this study, and therefore the regression 

analysis and the b and k values were determined by Matlab by adjusting both the b and k values to 

achieve the best fit. It is therefore possible that random variations in the data plots as a result of 

biological factors and/or errors in the change in density measurement and/or the finite element 

model could that have contributed to changes in the b and k values, in particular causing the very 

high range in the k values. However, the consistency of the observations in this study and the 

strength of the b-k value correlation suggest that they are indicative of observed alternative bone 

remodelling, and not simply the result of error. Therefore, it is considered that the risk of an error 

influencing the results of this study is relatively low, and if any error is present in this study, it has 

had a relatively low influence, and as such it is not likely to considerably effect the findings and 

conclusions of this study.  
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Figure 4-11: Data points from all 11 subjects for the tensile and compressive strain data sets, comparing the mean 

and median stimulus-remodelling relationships under tension for the Hop-Walk (A) and Hop-Stair (B) loading 

scenarios and comparing the mean and median stimulus-remodelling relationships under compression for the Hop-

Walk (C) and Hop-Stair (D) loading scenarios, where the k value was calculated using equations 4-4 and 4-5. 

 

4.4.2.2 Observed Typical and Atypical Stimulus-Remodelling Relationships 

The stimulus-remodelling relationships observed in this study can be split into two categories of 

typical and atypical. In most cases, a typical stimulus-remodelling relationship was observed, 

which was defined as having a b value of 1 or more (b ≥ 1) for the remodelling algorithm  

∂ρ

∂t
= k(ε −  εo)b. However, 7 of the 11 subjects trialled in this study experienced what could be 

described as an atypical stimulus-remodelling relationship in one or more of the strain data sets; 

where an atypical stimulus-remodelling relationship can be defined as having a b value less than 
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one (b < 1). If the stimulus-remodelling relationships are split into typical and atypical, differences 

between those experienced under tension and compression are observed, as shown in Table 4-8 

and Table 4-9.  

Table 4-8: Mean and SD b values of the typical and atypical stimulus-remodelling relationships observed in this study 

for the Hop-Walk loading scenario, where n is the number of subjects who experienced each stimulus-remodelling 

relationship. 

Stimulus-Remodelling 

Relationship 

 b value 

General Tensile Compressive 

Typical 

n 

Mean 

SD 

9 

1.87 

0.86 

9 

2.85 

0.96 

5 

2.28 

1.25 

Atypical 

n 

Mean 

SD 

2 

0.55 

0.06 

2 

0.91 

0.10 

6 

0.50 

0.26 
 

Table 4-9: Mean and SD b values of the typical and atypical stimulus-remodelling relationships observed in this study 

for the Hop-Stair loading scenario, where n is the number of subjects who experienced each stimulus-remodelling 

relationship. 

Stimulus-Remodelling 

Relationship 

 b value 

General Tensile Compressive 

Typical 

n 

Mean 

SD 

9 

1.89 

1.17 

9 

3.04 

1.47 

5 

2.54 

1.46 

Atypical 

n 

Mean 

SD 

2 

0.61 

0.01 

2 

0.87 

0.06 

6 

0.40 

0.29 
 

It is clear that the atypical stimulus-remodelling relationship is more abundant under compression, 

where 6 of the 11 subjects experienced an atypical stimulus-remodelling relationship under 

compression. Alternatively, only 2 of the 11 subjects experienced an atypical stimulus-remodelling 

relationship under tension. Focusing on the atypical stimulus-remodelling relationship, the mean 

b value under tension is 0.91 and 0.87 (Hop-Walk and Hop-Stair loading scenarios) which is close 

to the typical-atypical threshold of b = 1. Alternatively, the mean b value under compression of 

the atypical stimulus-remodelling relationships was 0.50 and 0.40 (Hop-Walk and Hop-Stair 

loading scenarios), which is significantly further away from the typical-atypical threshold.  
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The atypical stimulus-remodelling relationship is however not a sign of abnormality; it is named 

“atypical” as the stimulus-remodelling relationship is typically associated with a b value of 1 or 

more. There are numerous factors which influence the cellular mechanisms involved in bone 

remodelling (Ruimerman, van Rietbergen et al. 2005, Robling and Turner 2009, van der Meulen 

and Hernandez 2013) resulting in no two bone remodelling processes being the same (Parfitt 

2004). As a result Turner (1999) described how the stimulus-remodelling relationship can take any 

path, including an atypical one. This accounts for a wide range of stimulus-remodelling 

relationships observed throughout the 11 subjects used in this study. 

In comparing the different b values observed in the different strain data sets, skewed normal 

distributions are observed, as shown in Figure 4-12. As such one can think of the range of b values 

as a normal distribution, or ‘spectrum’ of values, where different subjects will have different b 

values which are dependent on a variety of factors, as discussed in Chapter 2. Furthermore, it could 

also be considered that the b values of individual subjects can change over time.  It was therefore 

decided to examine the subjects taking into account both the typical and atypical stimulus-

remodelling relationships at the same time. 

 

 
Figure 4-12: Comparison of the b values from the different strain data sets displaying skewed normal distributions.   
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4.4.2.3 Quantitative Difference in the Tensile and Compressive Stimulus-Remodelling 

Relationships 

Differences between the tensile and compressive b values were observed, characterised by a 

smaller b value in the compressive strain data set (mean = 1.31 and 1.37 in the Hop-Walk and 

Hop-Stair loading scenarios) in comparison to the tensile strain data set (mean = 2.49 and 2.65 in 

the Hop-Walk and Hop-Stair loading scenarios), as shown in Table 4-3 and Table 4-4 as well as 

Figure 4-13. This observation was true for 10 of the 11 subjects, with only one subject being 

exempt from this observation; subject 9 for both the Hop-Walk and Hop-Stair loading scenarios. 

A potential factor in this apparent abnormality could be the age and BMI of the subject, where the 

b value was observed to decrease with the BMI and age under tension, whilst the correlation under 

compression is unclear, as discussed in 4.4.4 Correlation of Results with Physiological Variables. 

Subject 9 is the second oldest (73 years old) and has the second highest BMI (29.79 kg/m2) 

suggesting that he would have a lower b value under tension than the rest of the subjects in this 

study.  

 

Figure 4-13: Boxplots of the stimulus-remodelling relationship b values experienced under the tensile and 

compressive strain data sets for the Hop-Walk (A) and Hop-Stair (B) loading scenarios, displaying the range (black), 

standard deviation (blue) and mean (red) values.  

 

The difference in the b value is a significant observation, since it is one of the most important 

factors of the stimulus-remodelling relationship, as it is the primary indication of the relationship 

determining how the bone remodelling responds to the stimulus. No correlation between the tensile 

and compressive b values was observed for either the Hop-Walk or Hop-Stair loading scenarios, 
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as shown in Figure 4-14, which suggests that the stimulus-remodelling relationships under tension 

and compression could be independent of each other. With the exception of subject 9, all subjects 

had a higher tensile b value than compressive b value, as shown in Figure 4-14. This anomaly 

highlights how despite there being a distinctive pattern (tensile b value > compressive b value) 

there are numerous factors which influencing the bone remodelling behaviour, resulting in 

intersubjective differences.  

 

Figure 4-14: Comparison of the stimulus-remodelling relationship b values observed under tension and compression 

for the Hop-Walk (A) and Hop-Stair (B) loading scenarios displaying no correlation between the two values 

suggesting that they are independent of each other. NOTE: The black line in the graphs shows the centre, where the 

tensile b value equals the compressive b value. Below this line the tensile b value > compressive b value, and above 

this line the compressive b value > tensile b value.  

 

Overall, a mean ± SD difference in the subject specific tensile and compressive b values of 1.18 ± 

1.79 and 1.28 ± 1.88 was observed in the Hop-Walk and Hop-Stair loading scenarios, with the 

smallest difference being 0.27 which was observed under the Hop-Walk loading scenario. Using 

the Wilcoxon signed rank test in IBM SPSS version 26 (as described in A.1.2 Wilcoxon Signed 

Rank Test) the difference in the compressive and tensile b values was found to be statistically 

significant to p = 0.0537 under both the Hop-Walk and Hop-Stair loading scenarios. This does not 

quite meet the p < 0.05 threshold held in statistics, however it is felt that more subjects may help 

improve the statistical significance. 
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4.4.2.3.1 Cross-Over Point 

Figure 4-15 displays the mean and median tensile and compressive stimulus-remodelling 

relationships observed in this study when plotted on the same graph, which shows an increasing 

deviation between the two relationships beyond a cross-over point. This cross-over point is subject 

specific, however typically occurs at a stimulus of approximately 672 +/-254 µε (mean ± S.D) for 

the Hop-Walk loading scenario and 522 ± 141 µε (mean ± S.D) for the Hop-Stair loading scenario. 

Using the mean stimulus-remodelling relationships, shown in Figure 4-15, the cross-over point 

occurs at a stimulus of 736 µε and 515 µε for the Hop-Walk and Hop-Stair loading scenarios. 

 

 

Figure 4-15: Figure displaying the mean tensile and compressive stimulus-remodelling remodelling relationships for 

the Hop-Walk (A) and the Hop-Stair (B) loading scenarios and the median tensile and compressive stimulus-

remodelling remodelling relationships for the Hop-Walk (C) and the Hop-Stair (D) loading scenarios, where the k 

values for the stimulus-remodelling relationships were calculated using equation 4-4 and 4-5. 

 



Bone Remodelling Observations 

142 

As demonstrated in Figure 4-15, due to how close the tensile and compressive stimulus-

remodelling relationships are before this cross-over point; any difference between the average 

tensile and compressive stimulus-remodelling relationships before this point would be difficult to 

notice without differentiating between the tensile and compressive strain data sets. This 

indistinguishability is furthermore aided by the high RMSE and low R2 value experienced under 

compression.  

On average the cross-over point corresponds to a change in density of approximately 3 to 4% for 

both the Hop-Walk and Hop-Stair loading scenarios; with the mean stimulus-remodelling 

relationships predicting a cross-over point at approximately 4 and 3.25% change in density for the 

Hop-Walk and Hop-Stair loading scenarios. This is higher than the average change in density 

experienced by humans during exercise, which is approximately 2 to 3% (Kukuljan, Nowson et al. 

2009, Kukuljan, Nowson et al. 2011, Allison, Folland et al. 2013). It is therefore likely that the 

differentiation of the tensile and compressive bone remodelling behaviours is not easily observed 

within studies which use physiological loading. It is also worth noting that this study could not 

differentiate between tensile and compressive remodelling behaviour, without purposefully 

separating them, as shown in 4.3 Preliminary Study. Assuming that mean and median tensile and 

compressive stimulus-remodelling relationships of this study can be applied to a wider population: 

The location of the cross-over point in comparison to other exercise studies and the stimulus-

remodelling relationships observed in this study suggest that alternative bone remodelling 

behaviours become more prominent in very high impact loading scenarios which cause high 

stimuli.  

4.4.2.3.2 Correlation with the R2 and RMSE values 

To determine if there was any correlation between the goodness of fit and the stimulus-remodelling 

relationships, the recorded R2 and RMSE values were compared against the recorded b values for 

both tension and compression as shown in Figure 4-16. Using the Spearman’s rank correlation 

coefficient test (described in A.1.1 Spearman’s Rank Correlation Coefficient Test) in IBM 

Statistical Package for the Social Sciences (SPSS) version 26, the strength of the correlations 

shown in Figure 4-16 were determined, as shown in Table 4-10 and Table 4-11. 
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Figure 4-16: Observed relationships between the b value with the 𝑅2 and RMSE, for the Hop-Walk and Hop-Stair 

loading scenarios 

 

Table 4-10: Spearman’s Rho Correlation Coefficients between the 𝑅2 value of the stimulus-remodelling pattern and 

the power law constant (b) 

Loading Scenario  Tensile Compressive 

H-W 
Correlation -0.584* 0.109 

Sig (2-tailed) 0.059 0.755 

    

H-S 
Correlation -0.492 0.073 

Sig (2-tailed) 0.124 0.839 
 

Table 4-11: Spearman’s Rho Correlation Coefficients between the RMSE value of the stimulus-remodelling pattern 

and the power law constant (b) 

Loading Scenario  Tensile Compressive 

H-W 
Correlation 0.518* 0.481 

Sig (2-tailed) 0.107 0.137 

    

H-S 
Correlation 0.427 0.536* 

Sig (2-tailed) 0.193 0.094 
* denotes correlation is significant at the p < 0.05 level (2-tailed) and **denotes that correlation is significant at the 

p < 0.01 level (2-tailed). A correlation of 0.1 is considered weak, a correlation of 0.3 is considered moderate and a 

correlation of 0.5 is considered strong (Field 2018). 
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The tensile b value was strongly correlated with both the R2  and RMSE values, whilst the 

compressive b value was only correlated with the RMSE values. Moderate to strong correlations, 

with Spearman’s rhos of -0.584 and -0.492 were found between the R2 value and the b value under 

tension for the Hop-Walk and Hop-Stair loading scenarios. Moderate to strong correlations with 

Spearman’s rhos of 0.481 and 0.536 under compression and 0.518 and 0.427 under tension were 

found between the RMSE and the b value. The correlations indicate that as the b value increases, 

the R2 decreases under tension and the RMSE increases under compression. A small increase in 

the RMSE was observed with the b value under tension, however this was slight. The correlations 

between the b and R2 values under compression were disregarded because of the low Spearman’s 

Rho correlation coefficients.  

4.4.3 Regression Bias 

Biases in the regression model can highlight if there are further variables which need to be taken 

into account (Field 2018). This is achieved by plotting the residuals of the regression analysis 

against the predicted value of the relationship. For this study the residual is the observed change 

in density minus the predicted change in density, as shown in equation 4-6.  

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 =   𝜕𝜌𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑− 𝜕𝜌𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 4-6 

Where, 𝜕𝜌𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  is the measured (true) change in density, and 𝜕𝜌𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  is the predicted 

change in density by the stimulus-remodelling relationship for that same stimulus. Using the 

equation y = mx + c, where x is the predicted change in density and y is the residual, the constants 

m (rate constant) and c (y-axis intercept) were used to describe the biases for the Hop-Walk loading 

scenario, with the results shown in Figure 4-17 and Table 4-12. The Hop-Walk loading scenario 

was chosen for the regression bias analysis because it was felt that it provided a better 

representation of the true stimulus-remodelling relationships than the Hop-Stair loading scenario, 

due to the higher R2 and lower RMSE values obtained under the Hop-Walk loading scenario.  
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Figure 4-17: Regression biases for all subjects stimulus-remodelling relationships tension and compression in the 

Hop-Walk loading scenario, where subject 1 is top left, with incremental subjects going left to right. NOTE: The 

residuals and predicted change in density are plotted on the same scale to give perspective of the residual size.  
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Table 4-12: Observed biases in the tensile and compressive stimulus-remodelling relationships for the Hop-Walk 

loading scenario obtained using regression analysis. 

Subject 

Tension Compression 

m c m c 

1 0.11 -0.50 -0.12 0.37 

2 0.36 -0.52 -1.17 1.26 

3 0.75 -1.70 -1.08 3.92 

4 0.05 -0.28 0.01 -0.04 

5 -0.01 0.05 -0.05 0.19 

6 -0.11 0.34 0.02 -0.05 

7 0.12 -0.34 -1.23 0.99 

8 0.02 -0.07 0.33 -1.00 

9 0.01 -0.02 -0.54 1.36 

10 -0.03 0.12 0.04 -0.12 

11 0.42 -0.49 0.37 -1.74 

Mean 0.15 -0.31 -0.31 0.47 

SD 0.25 0.54 0.59 1.47 
 

Large biases were observed in multiple compressive stimulus-remodelling relationship 

regressions. Alternatively, the tensile stimulus-remodelling relationship regressions experienced 

relatively small biases, with the exception of three subjects (2, 3 and 11). Using the Wilcoxon 

signed rank test in IBM SPSS version 26 (as described in A.1.2 Wilcoxon Signed Rank Test), the 

difference in the biases observed under tension and compression were found to be different to a p-

value of 0.141. This is not statistically strong, nonetheless, the observed biases suggest that the 

bone remodelling algorithm used to determine the stimulus-remodelling relationships in this study 

(equation 4-1) is better at determining the stimulus-remodelling relationship under tension, than it 

is under compression. The bone remodelling algorithm used in this study was chosen based on the 

fact it uses a well-accepted mechanical stimulus for bone remodelling, whilst removing other 

variables which may influence the results of this study. Remodelling algorithms and other studies 

which incorporate additional variables, apply these additional variables homogenously across 

areas of the bone under tension and compression (Burr, Martin et al. 1985, Qin, Kaplan et al. 2003, 

McNamara and Prendergast 2007, Vahdati and Rouhi 2009), which if applied to this study may 

have negatively influenced the results. Nonetheless, the biases observed in this study indicate that 

there is an omitted variable, or variables, that have a larger effect on the stimulus-remodelling 

relationship under compression, than tension. 
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4.4.4 Correlation of Results with Physiological Variables and Age 

With this study using data from a clinical trial, it is important to take into account biological 

systemic factors, where systemic parameters are well known to influence bone remodelling 

(Eriksen 2010). The subjects of the Allison, Folland et al. (2013) clinical trial were all screened by 

a physician for orthopaedic and vascular pathological conditions along with any conditions which 

could influence bone remodelling. The result of this screening recorded all subjects to be healthy 

with no mental or physical conditions which can affect the undertaking of exercise or 

musculoskeletal growth and not to be taking any medication. The Allison, Folland et al. (2013) 

clinical trial also recorded several physiological parameters, with an overview of the parameters 

being shown in Table 2-5. Subject specific anthropometric data for the 11 subjects selected for this 

study is shown in Table 3-2, where detailed subject specific data for other parameters was not 

available.  

For a valid analysis, any subject specific parameters used in a comparison against the observations 

made in this study needed to be intersubjectively comparable. Parameters such as height and mass 

alone are not considered intersubjective, as, particularly in the case of mass, there are numerous 

factors which could contribute to them. Two parameters from the subject specific data which were 

considered to be intersubjective were the BMI and age. BMI offers an insight into the subject’s 

overall health (Bell, Carslake et al. 2018, NHS 2019), and is associated with bone remodelling 

(Cao 2011), where bone remodelling requires numerous cellular processes which are influenced 

by the subject’s health (Kalervo Väänänen and Härkönen 1996, Schindeler, McDonald et al. 2008, 

Robling and Turner 2009, Eriksen 2010, Qin 2013). Similarly, many orthopaedic observations are 

associated with age, such as microdamage accumulation (Burr, Turner et al. 1998), reduction in 

density leading to osteoporosis and orthopaedic mechanical properties (Burstein, Reilly et al. 1976, 

McCalden, McGeough et al. 1993). 

Focusing on the Hop-Walk loading scenario, the BMI and age of the subjects were compared 

against the results obtained in this study to determine if there are any correlations, with the results 

being shown in Figure 4-18. Similar to the regression bias study, the Hop-Walk loading scenario 

was focused on because it was felt that it provided a better representation of the true stimulus-

remodelling relationships. 
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Figure 4-18: Correlations of the results from this study under the Hop-Walk loading scenario with the subjects’ BMI 

and age(years) 
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Using the Spearman’s rank correlation coefficient test (described in A.1.1 Spearman’s Rank 

Correlation Coefficient Test) in IBM Statistical Package for the Social Sciences (SPSS) version 

26, the strength of the correlations shown in Figure 4-18 were tested with the results shown in 

Table 4-13 and Figure 4-19. 

Table 4-13: Spearman’s Rho Correlation Coefficients between the BMI and the results observed in this study under 

the Hop-Walk loading scenario 

Study 

Result  Tensile Compressive 

b value 
Correlation -0.246 0.173 

Sig (2-tailed) 0.468 0.614 

    

𝐑𝟐 value 
 Correlation 0.050 0.364 

Sig (2-tailed) 0.883 0.273 

    

RMSE  
 Correlation 0.227 0.173 

Sig (2-tailed) 0.503 0.614 

    

Regression 

Bias 

 Correlation -0.309 -0.127 

Sig (2-tailed) 0.356 0.714 
 

Table 4-14: Spearman’s Rho Correlation Coefficients between the subjects’ age (years) and the results observed in 

this study under the Hop-Walk loading scenario 

Study 

Result  Tensile Compressive 

b value 
Correlation -0.472 -0.379 

Sig (2-tailed) 0.143 0.250 

    

𝐑𝟐 value 
 Correlation 0.618* -0.341 

Sig (2-tailed) 0.043 0.304 

    

RMSE  
 Correlation -0.103 0.005 

Sig (2-tailed) 0.764 0.989 

    

Regression 

Bias 

 Correlation -0.271 0.103 

Sig (2-tailed) 0.420 0.763 
* denotes correlation is significant at the p < 0.05 level (2-tailed) and **denotes that correlation is 

significant at the p < 0.01 level (2-tailed). A correlation of 0.1 is considered weak, a correlation of 0.3 is 

considered moderate and a correlation of 0.5 is considered strong (Field 2018). 
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As determined by the Spearman’s Rho Correlation, described in A.1.1 Spearman’s Rank 

Correlation Coefficient Test, on average, for both BMI and age, stronger correlations were 

observed with the tensile bone remodelling behavioural characteristics than the characteristics 

observed under compression, with the exception of correlation of the R2 value with the BMI. The 

b and R2  values had weak correlations with the BMI and strong correlations with age under 

tension, where the b value decreased with the BMI and age and the R2 value increased with age. 

An increase in the tensile R2 value is observed with the BMI, however this is only slightly. The b 

and R2 values had weak to moderate correlations with the BMI and age under compression. The 

most significant observed change under compression is with R2 value decreasing with age, with 

all other changes being slight. 

It needs to be considered that due to the small number of subjects, and all the subjects being white 

males aged 70.9 ± 2.78 years old (mean ± S.D) there isn’t much of a variation in parameters being 

explored, therefore the correlations observed in this study may not be fully representative of a 

larger population, and further work is needed. Furthermore, the small population size means that 

the BMI and age cannot be separated and their influences on the alternative bone remodelling 

characteristics examined independently  

4.4.5 Influence of Exercise Leg Allocation 

Allison, Folland et al. (2013) randomly assigned the exercise leg to be used in the clinical exercise 

hopping trial. Of the 11 subjects used in this study, seven were assigned to use their right leg and 

four were assigned to use their left leg. The exercise leg assignment was compared against the 

results observed in this study under the Hop-Walk loading scenario to see if it had any influence, 

with the comparison shown in Figure 4-19.  
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Figure 4-19: Comparison of the b, 𝑅2  and RMSE values of the tensile and compression stimulus-remodelling 

relationships under the Hop-Walk loading scenario, against the exercise assignment leg, displaying the range (black), 

standard deviation (blue) and mean (red) values. 
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No difference in the change in density between the left and right exercise legs was reported by 

Allison, Folland et al. (2013). Figure 4-19 displays general consistency in bone remodelling 

observations between the leg allocation groups, with the exception of the R2 value, where higher 

R2 values are observed in the left leg under compression. The dominant leg of the subjects used in 

the study was not disclosed, however the right leg is typically the dominant leg, which could be a 

potential factor in this observation. It should be noted that no significant differences have been 

observed in the kinematics and kinetics between the dominant and contralateral leg (van der Harst, 

Gokeler et al. 2007) suggesting that this observation could be due to other unknown factors. 

Furthermore, it should also be considered that this could be the result of statistical chance. There 

are only four subjects in the left exercise leg assignment, and it is because of this low number that 

it was determined that no meaningful statistical tests could be carried out.  

4.5 Linear Bone Remodelling Algorithms 

Many bone remodelling algorithms like the Frost (1987) equation assume a linear stimulus-

remodelling relationship. This study wondered what would be observed using a linear bone 

remodelling algorithm to determine the stimulus-remodelling relationships under tension and 

compression. Whilst there is clinical evidence that the lazy zone in-between the remodelling 

thresholds does not exist (Christen, Ito et al. 2014), the nature of a linear bone remodelling 

algorithms such as the Frost (1987) bone remodelling algorithm (equation 2-5) requires a lazy zone 

and bone remodelling thresholds to accommodate the stimulus-remodelling relationship. Still, the 

thresholds typically used in linear bone remodelling algorithms are fixed values, which do not 

account for the range in strain experienced by the bone. And so, in line with continual remodelling 

(van der Meulen and Hernandez 2013) a linear bone remodelling algorithm, with a lazy zone and 

location-specific reference strain in a stimulus was used. This required for the remodelling 

thresholds to be set by the study. This was achieved by defining the thresholds by using the 

stimulus-remodelling relationship of the plot results which had a change in density of > 0.5 %. A 

quantitative value for the remodelling thresholds, as a value of the strain difference (𝜀 − 𝜀𝑜) was 

then indicated by the x-intercept linear remodelling algorithm as demonstrated in Figure 4-20.  
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Figure 4-20: Bone remodelling positive threshold determination for linear bone remodelling algorithms.  

 

Using this method, the linear bone remodelling algorithm used in this study is that shown in 

equation 4-7. 

𝜕𝜌

𝜕𝑡
= 𝑘(𝜀 −  𝜀𝑜) + 𝑐 4-7 

Where 
𝜕𝜌

𝜕𝑡
 is the percentage change in density over the year period, k is a rate constant, 𝜀 is the 

‘new’ absolute peak principal strain (หεpeakห) and 𝜀𝑜 is the ‘reference’ absolute peak principal 

strain (หεpeakห) and c is a constant representing the y-axis intercept which allowed for a shift of 

stimulus-remodelling relationship to determine the bone remodelling threshold. The positive 

remodelling threshold was calculated as shown in equation 4-8. 

S+ =  −𝑐
𝑘⁄  4-8 

where 𝑆+ is the positive remodelling threshold. The two different loading scenarios, Hop-Walk 

and Hop-Stair, as described in 4.2 Methodology, were used to determine the stimulus. The 

individual stimulus-remodelling relationships for each of the 11 subjects are displayed in Figure 

4-21 and Figure 4-22. The individual subject stimulus-remodelling relationship rate constants (k) 

and positive bone remodelling thresholds (S+), for both the Hop-Walk and Hop-Stair loading 

scenarios are shown in Table 4-15 and Table 4-16. 
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Figure 4-21: All subjects stimulus-remodelling plots in all three strain data sets in the Hop-Walk loading scenario 

when using the linear bone remodelling algorithm, where subject 1 is top left, with incremental subjects going left to 

right. 
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Figure 4-22: All subjects stimulus-remodelling plots in all three strain data sets in the Hop-Stair loading scenario 

when using the linear bone remodelling algorithm, where subject 1 is top left, with incremental subjects going left to 

right. 
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Table 4-15: Summary of all subjects’ bone remodelling rate constants (k) and remodelling threshold (𝑆+) when using 

the Frost (1987) bone remodelling algorithm, for the Hop-Walk loading scenario 

Subject 

General Tension Compression 

 k 𝐒+(µε) k 𝐒+(µε)  k 𝐒+(µε) 

1 9164 403 17800 569 5161 168 

2 16990 290 6905 283 8870 133 

3 6788 185 21500 459 1930 -1154 

4 4083 -579 13500 368 2794 -1058 

5 14210 294 28500 472 8279 42 

6 4079 -182 11300 267 2164 -811 

7 4330 168 3859 196 2000 50 

8 5826 16 9540 243 6628 -12 

9 7936 156 5810 -83 6861 195 

10 2904 -486 5206 -34 1093 -1873 

11 10170 605 5449 524 10300 594 

Mean 7862 79 11761 297 5096 -339 

±SD 4490 347 7891 204 3259 726 

  

Table 4-16: Summary of all subjects’ bone remodelling rate constants (k) and remodelling threshold (𝑆+) when using 

the Frost (1987) bone remodelling algorithm, for the Hop-Stair loading scenario 

Subject 

General Tension Compression 

 k 𝐒+(µε) k 𝐒+(µε)  k 𝐒+(µε) 

1 8438 162 6510 117 6072 -80 

2 11300 185 10770 175 23030 240 

3 5645 121 20850 493 1007 -3210 

4 10900 50 8438 -155 4984 -466 

5 6785 -66 37730 589 6584 -84 

6 4224 -336 12830 129 1923 -1165 

7 3667 132 3292 155 4000 25 

8 9229 19 23690 264 6186 -103 

9 6260 -91 6335 -140 10040 149 

10 3921 -357 5262 -95 1784 -1197 

11 17580 457 13650 442 18200 463 

Mean 7995 25 13578 179 7619 -493 

±SD 4153 224 10250 241 7008 998 
 

Mimicking the results from the nonlinear remodelling algorithm, distinctive differences were 

observed in the tensile and compressive stimulus-remodelling relationships. Overall, the difference 

in the stimulus-remodelling relationships was typically characterised by the tensile stimulus-

remodelling relationship displaying a significantly higher remodelling rate constant and 

remodelling threshold than the compressive stimulus-remodelling relationship.  
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It was also observed in numerous subjects, that the general stimulus-remodelling relationship was 

not in-between the tensile and compressive stimulus-remodelling relationships. Furthermore, all 

three strain data sets experienced positive bone remodelling thresholds at a negative value (𝑆+ <

 0), which would suggest that positive remodelling is occurring at stimuli below the reference 

stimuli. It was postulated that these observations were the result of the linear bone remodelling 

algorithms possible inability to account for the atypical stimulus-remodelling relationship. To test 

this postulation, the bone remodelling threshold (𝑆+) from the linear bone remodelling algorithm 

was plotted and compared against the b value of nonlinear bone remodelling algorithm, as shown 

in Figure 4-23.  

 

 

Figure 4-23: Relationship between the bone remodelling threshold (𝑆+) from the linear bone remodelling algorithm 

and the b value from the nonlinear bone remodelling algorithm for all three strain data sets under both the Hop-Walk 

(A) and Hop-Stair (B) loading scenarios 

 

A relationship between the b value and bone remodelling threshold was observed for both the Hop-

Walk and Hop-Stair loading scenarios, which confirmed that a stimulus-remodelling relationship 

with a b value of 1 or less (atypical stimulus-remodelling relationship) typically resulted in a 

negative value for the bone remodelling threshold. This supported the postulation that the linear 
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nature of the bone remodelling algorithm makes it unsuitable to properly account for the atypical 

stimulus-remodelling relationship nature which has been observed when using the nonlinear bone 

remodelling algorithm.  

This study is not the first to notice that linear bone remodelling algorithms can struggle to 

accommodate the stimulus-remodelling relationships observed in clinical data. Turner (1999) 

stated that “critical examination of the mechanostat theory indicates that it does not conform well 

with certain experimental observations.” Due to this, the decision was made to not use a linear 

bone remodelling algorithm when examining the tensile and compressive bone remodelling 

behaviour in this study. 

4.6 Summary of Findings 

Stimulus-remodelling data of the proximal femur of 11 male subjects (mean ± SD age: 70.9 ± 2.78 

years) taking part in a year-long clinical hopping exercise trial was examined using regression 

analysis against a nonlinear bone remodelling algorithm (equation 4-1), by comparing the change 

in density, measured from qCT scans, against the mechanical stimulus determined using finite 

element simulation. Initial examination of the stimulus-remodelling data without differentiating 

between tensile and compressive principal strain regions revealed no obvious signs to indicate the 

presence of alternative bone remodelling behaviour. However, by differentiating between tension 

and compression, two significantly different stimulus-remodelling relationships were observed in 

cortical bone, which are demonstrated in Figure 4-24 and summarised in Table 4-17. 
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Figure 4-24: Mean (A) and median (B) tensile and compressive stimulus-remodelling relationships with the mean 

RMSE observed when using the nonlinear remodelling algorithm (equation 4-1) in the Hop-Walk loading scenario 

for the 11 subjects used in this study, where the k value was calculated using equation 4-4. Figure also shows the 

typical change in density experienced during exercise demonstrating the influence that alternative bone remodelling 

has on typical physiological loading conditions. NOTE: The Hop-Walk loading scenario was considered to be more 

representative of the actual stimulus-remodelling relationships due to it having an overall higher 𝑅2 and lower RMSE 

value than the Hop-Stair loading scenario. 

 

Table 4-17: Summary of findings in this study, detailing the observed differences in the bone remodelling observed 

under tensile and compressive loads, with the mean values and p-values of each observed difference from the Hop-

Walk loading scenario 

Characteristic Description 

Mean values p-

value Tens. Comp. 

b value 
The tensile b value is significantly 

higher than the compressive b value.  
2.49 1.31 =0.054 

R2 

The tensile R2 value is significantly 

higher than the compressive R2 

value. 

0.77 0.24 <0.01 

RMSE 
The tensile RMSE is on average 

lower than the compressive RMSE. 
0.65 0.99 =0.164 
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The tensile and compressive stimulus-remodelling relationships are best described by remodelling 

algorithms which utilise a power law equation. Using a power law remodelling algorithm 

demonstrated that beyond a ‘cross-over’ point which is typically just above the average change in 

density experienced during exercise, the tensile and compressive stimulus-remodelling 

relationships separate, and deviate from each other increasing as the stimulus increases. This 

results in two different stimulus-remodelling relationships, where the tensile strain region 

experiences a higher change in density than the compressive strain region for the same stimulus. 

Below this ‘cross-over’ point, the compressive strain region typically has a marginally higher 

change in density for the same stimulus than the tensile strain region. However, below the ‘cross-

over’ point the results from the tensile and compressive strain regions can overlap somewhat, 

particularly as the stimulus approaches zero and relationships converge, making them harder to 

distinguish and separate. The compressive stimulus-remodelling relationship also experiences a 

high variance in the change in density in relation to the stimulus in comparison to the tensile 

stimulus-remodelling relationship. This high variance in the change in density experienced by the 

compressive stimulus-remodelling relationship also contributes to the overlap of the two stimulus-

remodelling relationships at low stimuli. However, in analysing these observations, and Figure 

4-24, caution needs to be taken where uncertainty in the results, in particular due to the possibility 

of errors in the finite element model introduces the possibility of false results. Analysis of the 

results using what is available has indicated that the results of this study are accurate. Nonetheless, 

future studies into this phenomenon in similar or the same loading conditions, in the same location, 

would validate the results of this study.  

Potentially one of the most important observations is the difference in the b value when using 

equation 4-1, which is considered to be the most indicative factor of the stimulus-remodelling 

relationship, where tension continuously had a higher b value than compression, with the k value 

being calculable from the b value. The bone under compression also experienced an abundance of 

atypical stimulus-remodelling relationships, which was defined by having a b value less than 1, 

where 6 of the 11 subjects experienced an atypical stimulus-remodelling relationship under 

compression. This study also observed that linear bone remodelling algorithms have an inherent 

inability to account for the atypical stimulus-remodelling relationships observed in this study.  
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The high RMSE and low R2  experienced in the stimulus-remodelling relationship under 

compression make the differentiation between tension and compression difficult before this cross-

over point. The cross-over point occurs at an average stimulus of 672 µε and a change of density 

of approximately 3.5%. Other exercise studies typically do not reach a high enough change in 

density (or stimulus) to go beyond this cross-over point (Kukuljan, Nowson et al. 2009, Kukuljan, 

Nowson et al. 2011), with the typically achieved change in density of approximately 2.5% 

annotated on Figure 4-24. This suggests that alternative bone remodelling may not have such as 

drastic effect on the change in density on lower load physiological activities, and also offers a 

potential reason as to why alternative bone remodelling has not yet been observed outside of 

laboratory and pathological conditions.  

In determining the goodness of fit of the regression analyses which dictated the stimulus-

remodelling relationships, compression experienced high RMSE and low R2 values in comparison 

to tension. It is believed that these high RMSE and low R2 values are what caused high regression 

biases which deviated in direction almost unpredictably under compression. Alternatively, tension 

experienced relatively low regression biases.  

With no statistical correlation observed between the tensile and compressive b values, the results 

of this study suggest that the b values of the stimulus-remodelling patterns under tension and 

compression are independent of each other. However, correlations of varying strength were 

observed between the b value with age, BMI, R2  value and RMSE value. In most cases the 

correlation was significantly stronger under tension, with the exception of the RMSE value. 

Similarly, correlations of varying strength were observed with the R2, RMSE and regression bias 

with the age and BMI, again stronger correlations were observed under tension. In determining 

these correlations the study acknowledged the small sample size and population demographic.  

The combination of the characteristics observed in this study suggest that the bone remodelling 

under compression is more complicated that the bone remodelling under tension and introduces 

the possibility that either there are different bone remodelling mechanisms acting under tension 

and compression, or the same mechanism has different characteristics under tension and 

compression.  
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Chapter 5. Discussion 
 

5.1 Introduction 

Chapter 4 of this study has provided evidence towards differences in bone remodelling behaviour 

under tension and compression in the human proximal femur over one year of hopping with no 

pathological or remodelling abnormality. This thereby suggests that alternative bone remodelling 

behaviour does exist in physiological loading conditions and could have an impact on bone 

remodelling algorithms. However, Chapter 4 did not identify which bone remodelling mechanism 

is responsible for the observed alternative bone remodelling behaviour.  

Until now, studies into alternative bone remodelling behaviour under tension and compression 

have only been conducted under laboratory conditions (Bentolila, Boyce et al. 1998, Stokes 2002, 

Stokes, Gwadera et al. 2005, Kuzyk and Schemitsch 2009, Herman, Cardoso et al. 2010), or in 

pathological conditions where abnormal remodelling has already been observed such as scoliosis 

(Stokes and Laible 1990, Lin 2010). These previous studies have an advantage over this study in 

that the pre-observed conditions (such as scoliosis) or the ability to remove the bone post loading 

(such as laboratory studies) allow the researchers to identify the mechanism causing the alternative 

bone remodelling behaviour. This study did not have this ability since there was neither a pre-

observed condition nor could the researcher remove the subject’s femur. Therefore, to investigate 

which bone remodelling mechanisms had a role in the alternative bone remodelling behaviour 

observed in Chapter 4, this study had to compare known characteristics of the different 

mechanisms against the observed results.  

To make the observations detailed in Chapter 4, this study relied on the combinational use of finite 

element simulation and clinical data. As such, the aim of this chapter is threefold: 1) To compare 

the observations of this study to bone remodelling mechanisms known to cause alternative bone 

remodelling behaviour, as introduced in Chapter 2 (see 2.3 Alternative Bone Remodelling). 2) 

Explore how the finite element model used may have influenced the results. 3) Discuss the 

considerations and limitations of the study.  
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5.2 Potential Alternative Bone Remodelling Mechanisms Acting in 

This Study 

As described in Chapter 4, distinct observations were made in this study in regard to alternative 

bone remodelling behaviour in tension and compression under physiological loading conditions, 

which are summarised in 4.6 Summary of Findings. Whilst the exact cellular mechanisms in 

response to mechanical loads are poorly understood, the observations of this study can be 

compared against known characteristics of identified alternative bone remodelling mechanisms, to 

suggest which mechanisms may have influenced the observed results in this study. This has been 

aided by the fact that the majority of previous studies into alternative bone remodelling have 

focused on single mechanisms, allowing for the unique characteristics of each mechanism to be 

easily identified, as described in 2.3 Alternative Bone Remodelling and summarised in Table 2-1. 

5.2.1 Potential Influence of Microdamage 

Microdamage production and the subsequent bone remodelling initiation as a result of linear 

microdamage is considered to be a strong candidate as one of the mechanisms causing the 

alternative bone remodelling observed in this study. As discussed in Chapter 2, there are two types 

of microdamage, linear microdamage and diffuse damage which are compartmentalised into 

compression and tension. Of the two types of microdamage, only linear microdamage initiates 

bone remodelling (Bentolila, Boyce et al. 1998, Herman, Cardoso et al. 2010, Seref-Ferlengez, 

Basta-Pljakic et al. 2014, Seref-Ferlengez, Kennedy et al. 2015). Both Burr and Martin (1993) and 

Taylor and Lee (2003) attempted to quantify and predict where linear microdamage would be 

produced and initiate bone remodelling. Both studies found it difficult to determine this due to the 

number of unmeasurable factors, such as crack growth halting due to cement lines and other 

microdamage being present. And so, linear microdamage production and bone remodelling 

initiation are considered almost random. Moreover, where linear microdamage initiates 

remodelling, the remodelling as a result is spread over a relatively large area, in comparison to the 

remodelling areas initiated by other processes, and is spaced apart by the presence of anti-apoptotic 

proteins (Jilka, Noble et al. 2013). 

Linear microdamage only influences the initiation of bone remodelling, not the final output 

density. However, through the initiation of bone remodelling, linear microdamage does influence 
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the volume of the bone experiencing a change in density. Since the change in density measurement 

in a sample volume, is the proportion of sample volume which has experienced a change in density 

multiplied by the quantitative change in density experienced by that region: it was postulated that 

the random distribution of the linear microdamage, combined with the random initiation of bone 

remodelling would cause a high variance in the volume of the bone experiencing a change in 

density. This, therefore, would cause for random changes in the change in density measured in 

relation to the stimulus, as demonstrated in Figure 5-1. Both the R2 and RMSE are based on the 

residuals of the dependent y-axis variables (change in density) in relation to the predicted value as 

a result of the independent x-axis variables (stimulus), as shown in Figure 5-2. Therefore, a high 

variance in the change in density in relation to the stimulus, as a result of linear microdamage 

would increase the RMSE and decrease the R2 , such as that observed in this study under 

compression in relation to tension. As such it was postulated that the high RMSE and low R2 

observed under compression in relation to tension is the result of linear microdamage only being 

produced under compression.  

 

Figure 5-1: The difference in bone remodelling in compression and tension, demonstrating the effect of linear 

microdamage on the stimulus-remodelling relationship in the compressive strain data set, where both the production 

of linear microdamage and the initiation or bone remodelling is considered random. This figure assumes that all 

areas shown experience the same stimulus and all remodelling areas experience the same change in density: Here, 

different changes in density would be recorded due to the total area of the bone which has experienced a change in 

density. NOTE: In this figure the sample areas and the remodelling areas are larger than they are in reality, for visual 

effect.  
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Figure 5-2: Evaluation of the residuals in the dependent variable (change in density) in relation to the predicted value, 

along with the independent variable (stimulus). 

 

As shown in 4.4.3 Regression Bias, compression experienced numerous significant regression 

biases, which varied in direction and magnitude. It is thought that this variance in the change in 

density in relation to the stimulus, as a result of linear microdamage could also cause high 

residuals, resulting in high regression biases. The randomness of the linear microdamage 

production and initiation of bone remodelling, would in turn cause the residual to be random, 

therefore causing the regression bias to change unpredictably in direction and magnitude, as 

observed in this study. 

5.2.1.1 Mathematical Representation 

For a theoretical mathematical representation of how linear microdamage can influence the bone 

remodelling observations, the bone can be split into a mesh of different elements. The 

heterogeneity of bone remodelling results in some elements experiencing bone remodelling, whilst 

other elements do not. If an area of the bone with dimensions 𝐷 × 𝐷, made up of equal size 

elements with dimensions 𝑙 × 𝑙 , was selected for investigation, as shown by Figure 5-3: The 

measured change in density for that area would be the proportional area of all the elements that 

did experience bone remodelling multiplied by the quantitative change in density experienced in 

those elements, against the elements which did not experience bone remodelling.  
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Figure 5-3: Mathematical representation of bone remodelling over a set area, showing the heterogeneity of bone 

remodelling, where 𝑆𝑅𝑡𝑟𝑢𝑒 is the stimulus-remodelling relationship of the bone experiencing bone remodelling, 𝑆𝑅0 

is the stimulus-remodelling relationships of the bone not experiencing bone remodelling, D is the diameter/length of 

sample area and l is the diameter/length of the mesh element which the sample area has been split into. 

 

Assuming that the change in density experienced by the elements undergoing bone remodelling is 

the result of the same stimulus-remodelling relationship, then the change in density experienced 

over time by these elements can be expressed as equation 5-1. 

𝜕𝜌

𝜕𝑡
= 𝑆𝑅𝑡𝑟𝑢𝑒   5-1 

Where 𝑆𝑅𝑡𝑟𝑢𝑒  is the stimulus-remodelling relationship experienced by the areas of the bone 

undergoing remodelling, 𝜕𝜌 is the change in density and ∂t is a period of time. Alternatively, the 

elements of the sample area not experiencing bone remodelling, experience a zero change in 

density which is represented by 𝑆𝑅0, as shown in equation 5-2.  

𝜕𝜌

𝜕𝑡
= 𝑆𝑅0 = 0  5-2 

Taking into account both 𝑆𝑅𝑡𝑟𝑢𝑒 and 𝑆𝑅0, and assuming the same stimulus is applied over the area, 

the overall change in density, over time, in the sample area can be expressed as equation 5-3. 
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𝜕𝜌

𝜕𝑡
= 𝑉 ×  𝑆𝑅𝑡𝑟𝑢𝑒 5-3 

Where V is the proportion of the sample area experiencing remodelling. In this study, the stimulus-

remodelling relationship was said to be the change in strain to the power of a constant, b. Assuming 

this can be applied to 𝑆𝑅𝑡𝑟𝑢𝑒, one gets equation 5-4. 

𝑆𝑅𝑡𝑟𝑢𝑒 =  𝑘(𝜀 −  𝜀𝑜)𝑏 5-4 

Where k and b are remodelling constants. Therefore, the equation used in this study to determine 

bone remodelling over a period of time, equation 5-4, can be updated to equation 5-5. 

𝜕𝜌

𝜕𝑡
= 𝑉 ×  𝑘(𝜀 −  𝜀𝑜)𝑏 5-5 

With the postulation that linear microdamage causes random initiations of bone remodelling in 

large areas, spaced out by anti-apoptotic proteins, this could cause a variation in the variable, V, 

which would cause a high variance in the change in density (y-axis) in relation to the stimulus (x-

axis).  

5.2.1.1.1 Influence of Sample Area 

As discussed in Chapter 2, a too small sample area, in an observational-based study, may not 

provide an adequate representation of the bone remodelling, as shown in Figure 5-4. This study 

conducted a convergence-based study, as described in 4.2.1 Change in Density Measurement, to 

determine an optimal diameter/length, D, to allow for an adequate representation of the bone 

remodelling.  
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Figure 5-4: Image demonstrating the effect of different sample area sizes of 1 to 4 shown in red, where a too small 

sample area can result in an inadequate bone remodelling measurement.  

 

Assuming that the diameter/length D used in this study was large enough to encapsulate the full 

variation of V, particularly under compression, and assuming that the stimulus-remodelling 

relationship for the elements/areas experiencing bone remodelling is the same in each individual 

sample area: Then if all points from a single bone were plotted on the same graph then the average 

change in density can be assumed to be equation 5-6, which is the same as the remodelling 

algorithm used in this study to determine the stimulus-remodelling relationships in tension and 

compression (equation 4-1). 

𝜕𝜌

𝜕𝑡

̅̅̅̅
=  𝑘(𝜀 −  𝜀𝑜)𝑏 5-6 

 

5.2.1.1.2 Remodelling Initiation Probability 

Some remodelling algorithms attempt to account for the heterogeneity of bone remodelling, such 

as the Huiskes, Ruimerman et al. (2000) remodelling algorithm, by stating that bone remodelling 

is spatially random. Huiskes, Ruimerman et al. (2000) gives a percentage probability, that bone 

remodelling will occur in each element, as shown in 2.5.8 Mechanistic Models. With the 

proportion of the bone not experiencing bone remodelling being significantly larger than the 
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proportion of the bone experiencing bone remodelling, Huiskes, Ruimerman et al. (2000) gave a 

relatively low probability of bone remodelling initiating of 10%. The Huiskes, Ruimerman et al. 

(2000) remodelling algorithm parameters can be applied to the remodelling algorithm used in this 

study, specifically equation 5-5. Here, the variable V can be seen as proportional to the percentage 

probability of bone remodelling initiation where in a sample area large enough to encapsulate the 

full variation of V, the mean V would equal the percentage probability. For example, using the 

probability of 10%, V would be 0.10, where on average 10% of the elements in the sample area 

would be experiencing bone remodelling as a result of the stimulus. Based on the observations of 

this study and the postulations made in this chapter: It is likely that those two different probability 

variations need to be applied in tension and compression, where V remains constant in tension, but 

is more complicated, with a varying value under compression as a result of linear microdamage.  

5.2.1.2 Yield Strain and Microdamage Accumulation 

As discussed in Chapter 2, linear microdamage production occurs at the compressive yield, which 

in cortical bone has been measured to be between 6000-11000 µε (Biewener 1993, Niebur, 

Feldstein et al. 2000, Nyman, Ni et al. 2008, Zioupos, Hansen et al. 2008, Leng, Dong et al. 2009). 

This value remains constant and does not change with age (Kopperdahl and Keaveny 1998, Wang 

2013) nor does it change to adapt to the typically experienced load. Furthermore, a single 

abnormally high load will not produce a significant amount of linear microdamage. In human 

cortical bone, Zioupos, Hansen et al. (2008) only found a relationship between strain and linear 

microdamage production, if the strain was kept above ~7500 με for numerous loading cycles. This 

is substantially higher than the strain measured during vigorous activities (Burr, Milgrom et al. 

1996) and achieved under compression by the majority of subjects in this study, which had an 

average simulated strain of 3618 µε across all anatomical faces during hopping, and with only 

three subjects reaching 7000-8000 µε in one location on the posterior face. Whilst it is accepted 

that the strains in this study are based on a simulation, they are felt to reasonably represent the 

overall typical strain magnitudes and distribution.   

There is however, contradictory evidence in the literature with some studies reporting that strains 

of approximately 3000 µε (Milgrom, Finestone et al. 2002) and 4000 µε (Frost 2003) are high 

enough to create linear microdamage to initiate bone remodelling. It should be noted that, these 
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studies are based on a combination of observations from animals (Frost 2003) and humans 

(Milgrom, Finestone et al. 2002) and are measured through temporarily implanted strain gauges, 

with neither study specifically removing the bone and observing microdamage in humans. 

Furthermore, these studies do not differentiate between tension and compression in the generation 

of linear microdamage and therefore make the inherited assumption that linear microdamage 

initiates remodelling throughout the bone. Although, there is evidence that a very limited amount 

of linear microdamage can be produced under the tensile dominant region (Karim and Vashishth 

2013); there is overwhelming evidence that microdamage production is compartmentalised and 

therefore linear microdamage is almost exclusively formed under the compressive dominant region 

(Bentolila, Boyce et al. 1998, Boyce, Fyhrie et al. 1998, Herman, Cardoso et al. 2010, Karim and 

Vashishth 2013, Seref-Ferlengez, Basta-Pljakic et al. 2014). However, these studies produce an 

interesting debate, regarding the true strain required to produce linear microdamage.  

There is an additional factor that should also be considered. As discussed in Chapter 2, linear 

microdamage initiates osteocytes apoptosis through damaging the osteocyte, removing the 

osteocyte from the extracellular matrix or damaging the extracellular matrix disrupting the 

essential fluid flow for osteocyte survival (Plotkin, Mathov et al. 2005, Jilka, Noble et al. 2013, 

Plotkin 2014). Linear microdamage does not always achieve this and therefore does not always 

initiate osteocyte apoptosis. There are no additional biological mechanisms to remove linear 

microdamage and therefore this results in a residual amount of linear microdamage building up in 

the bone. As a result, at any point in time, the human bone can contain thousands of linear 

microdamage cracks which have not initiated osteocytes apoptosis. It was therefore postulated that 

at any time, during the sudden onset of high loads, any of these residual fractures could randomly 

propagate and initiate bone remodelling. This could provide an explanation as to how linear 

microdamage could influence the observations of this study, even if the experienced strains were 

not typically high enough to produce a substantial amount of linear microdamage.  

The amount of residual linear microdamage has been demonstrated to increase with age (Burr, 

Forwood et al. 1997), as shown in Figure 5-5. This therefore introduces the possibility that the age 

of the subjects in the Allison, Folland et al. (2013) clinical study could have contributed to the 

possible linear microdamage influence on the alternative bone remodelling observed in this study. 
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As a result, it is postulated that the influence that difference in microdamage experienced under 

tension and compression has on alternative bone remodelling, may increase with age, and may 

have contributed to the observations made in this study.  

 

Figure 5-5: Exponential increase in linear microdamage in the femoral cortex under compression with age (Burr, 

Forwood et al. 1997), with the age of the subjects used in this study being highlighted, where Cr.Dc is the number of 

linear microcracks per 𝑚𝑚2. 

 

As shown in Figure 4-18, this study observed a moderate correlation between the age of the subject 

and the R2 value under compression (Spearman’s Rho of 0.341, p = 0.304), where the R2 reduced 

as the age of the subject increased. With the postulation that linear microdamage causes a decrease 

in the R2 value through the residual linear microdamage which builds up over time causing random 

variations in the volume of the bone experiencing bone remodelling: It follows that the correlation 

observed in this study where the R2 reduces with age could be a result of the build-up of linear 

microdamage with age. The moderate strength of the correlation could be due to the small 

population size and the small age distribution (11 years) between the subjects. Still, it should also 

be noted that a stronger correlation between the R2 value and age was observed under tension, 

which cannot be explained by the linear microdamage remodelling mechanism. It is thought this 

observation could have something to do with the mechanoresponsiveness of the bone (Kotiya and 

Silva 2013), however it unclear exactly what. 
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5.2.1.3 Microdamage Detection  

This study used non-invasive qCT scans to measure the change in density. Quantitative CT scans 

cannot verify the presence of microdamage since microdamage does not alter the density of the 

bone (Lee, Mohsin et al. 2003, Taylor and Lee 2003). The only method currently available to 

detect the presence of microdamage is to remove the bone from the host and stain the matrix (Lee, 

Mohsin et al. 2003). This is obviously not possible in human subjects; therefore, this study cannot 

confirm if microdamage was actually present. As a result, a new method of either detecting 

microdamage or measuring alternative bone remodelling behaviour in humans is required to 

continue research into whether microdamage has had an influence on alternative bone remodelling 

behaviour under physiological loading conditions. 

5.2.2 Potential Influence of the Hueter-Volkmann Law 

As shown in Chapter 4, compression consistently experienced a lower b value than tension and 

had an abundance of atypical stimulus-remodelling relationships (6 of the 11 subjects). A 

mechanism that could potentially contribute to the difference in the b and the abundance of atypical 

stimulus-remodelling relationships observed in the compressive strain data set is the Hueter-

Volkmann law. This mechanism influences the resorption and formation stages of bone 

remodelling, where it has  been demonstrated to retard bone formation under compression and not 

tension (Stokes 2002, Villemure, Aubin et al. 2004, Kim, Kim et al. 2010) which would cause a 

lower change in density in relation to the stimulus in compression in comparison to tension. The 

Hueter-Volkmann law has also been associated with a slight increase in bone growth rate under 

tension, but, the effects of this are significantly less than the bone growth retardation observed 

under compression (Stokes 2002).  

It should be remembered that it is possible for more than one bone remodelling mechanism to act 

simultaneously in the same location (Cerrolaza, Duarte et al. 2017). However, since the Hueter-

Volkmann law does not affect the initiation stage of bone remodelling, and linear microdamage 

does not affect the initiation and formation stages of bone remodelling, the two mechanisms act 

completely independent of each other and therefore neither impact on the remodelling influence 

of the other. The typical observation of this study is that compression experiences a higher change 

in density in relation to the stimulus in comparison to tension before the cross-over point, after this 
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compression experiences a lower change in density in relation to the stimulus in comparison to 

tension. Much like any other mechanism, the influence of the Hueter-Volkmann law has been 

demonstrated to increase as the strain magnitude increases (Stokes 2002, Stokes, Gwadera et al. 

2005) which could explain the typical observation made in this study, where the mechanisms of 

the Hueter-Volkmann law increasingly retard bone formation under compression as the stimulus 

increases. It should be noted that the Hueter-Volkmann law is associated with a single strain, whilst 

the strain stimulus of this study is the difference between two strains. Nevertheless, a general 

positive correlation is observed between the strain stimulus of this study and the hopping strain 

magnitude, as shown by Figure 5-6. This would suggest that as the strain stimulus increases, so 

does the influence of the Hueter-Volkmann law.  

 
Figure 5-6: Comparison of the strain stimulus for the Hop-Walk loading scenario against the peak absolute hopping 

principal strain magnitude (ห𝜀𝑝𝑒𝑎𝑘ห
ℎ𝑜𝑝

) for tension and compression, demonstrating a positive correlation between 

the two.  

 

The Hueter-Volkmann law is more associated with pathological conditions such as scoliosis of the 

spine and slipped capital femoral epiphysis in the femur, however it has been demonstrated to be 

present at lower strains with no pathological state (Stokes 2002). Therefore, it is possible that the 

Hueter-Volkmann law is continually present and occurring. Still, the Hueter-Volkmann law is 

associated with continual static loads (Stokes 2002, Villemure, Aubin et al. 2004, Kim, Kim et al. 

2010) and the loads experienced by subjects in the Allison, Folland et al. (2013) clinical study 
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were dynamic. Nonetheless, the Hueter-Volkmann law has been described at idiopathic 

(Villemure, Aubin et al. 2004, Lin 2010) and the strain shift as described in Chapter 2 (see section 

2.3.3 Hueter-Volkmann Law) provides a possible explanation for how it could be present under 

dynamic loading. 

5.2.3 Potential Influence of the Piezoelectric Effect 

Whilst there is evidence that the piezoelectric properties of the bone could influence bone 

remodelling (McDonald and Houston 1990, Navarro, Michiardi et al. 2008, Cerrolaza, Duarte et 

al. 2017, Tandon, Blaker et al. 2018, Orthofix Holdings 2019) there is little literature on the 

piezoelectric effect causing alternative bone remodelling behaviour; with the researcher only being 

able to find one study which suggests that the piezoelectric effect could cause alternative bone 

remodelling (Rubinacci, Black et al. 1988). Still, the literature that does exist suggests that the 

electronegative potentials under compression signal for formation and the electropositive signals 

produced under tension signal for bone resorption (Becker, Bassett et al. 1964, Kuzyk and 

Schemitsch 2009). The combination of these effects would likely result in a lower change in 

density under tension in comparison to compression for the same stimulus. This characteristic was 

observed particularly in subject 9, where this subject experienced an atypical stimulus-remodelling 

relationship under tension. This suggests the possible presence of this alternative bone remodelling 

mechanism in these subjects. However, the recorded characteristics of this mechanism go against 

the typical observations made in this study. It is felt that further studies are required into the 

specific nature and effects of the bone’s piezoelectric properties on alternative bone remodelling, 

to determine the influence of this mechanism. 

5.2.4 Additional Mechanisms  

In addition to the postulation made by this study that the identified alternative bone remodelling 

mechanisms could be causing atypical stimulus-remodelling relationships in a higher abundance 

under compression in relation to tension: Both cellular accommodation (Turner 1999) and the 

maximum resorption rate of osteoclasts (Adachi, Kameo et al. 2010) have been attributed to cause 

atypical stimulus-remodelling relationships. Therefore, there is a possibility that either of these 

mechanisms could have a higher presence under compression than tension. Receptors for different 
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stages of mechanotransduction have been demonstrated to react differently under tension and 

compression (Zhong, Zeng et al. 2013) which could further assist either of these mechanisms in 

causing different stimulus-remodelling relationships in tension and compression. However, neither 

cellular accommodation nor the influence of the maximum respiration rate of osteoclasts have been 

attributed to alternative bone remodelling. Additionally, whilst both mechanisms have had high 

conformity to clinical data, the effect they have on the stimulus-remodelling relationship is 

theoretical. Therefore, the connection of these mechanisms to the observations of this study can 

only be speculative. Nonetheless, the idea that either of these mechanisms could be contributing 

to the alternative bone remodelling observed in this study demonstrates that there could be 

additional alternative bone remodelling mechanisms which are yet to be identified. 

5.3 Potential Influences of Method Parameters on the Results 

To conduct the investigation into alternative bone remodelling behaviour in the human proximal 

femur, this study relied upon the use of finite element simulation and previously collected clinical 

data. Whilst the combination of finite element simulation with clinical data is a well tried and 

tested method, which has been shown to provide good results (Stokes and Laible 1990, Turner, 

Anne et al. 1997, Stansfield, Nicol et al. 2003, Bitsakos, Kerner et al. 2005) this method introduced 

parameters into the study which could have potential influences on the results, which are explored 

here.  

5.3.1 Bone Density Measurement 

The change in bone density used by this study was determined using qCT images taken by the 

Allison, Folland et al. (2013) clinical trial where the bone density was reported to be measurable 

to the closest 0.001 g/cm3. This was considered to be able to comfortably measure a 0.1 % change 

in density across every subject. It was accepted that this may introduce a small, but acceptable, 

amount of error in the stimulus-remodelling relationship.  

5.3.2 Finite Element Simulation and Musculoskeletal Model  

The idea that the finite element simulation could induce an error into the stimulus as a result of the 

finite element simulation itself or the musculoskeletal loads was considered. It was considered that 
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two basic types of error could be induced: 1) Strain magnitude error, causing a shift in the stimulus 

but maintaining the same basic result. 2) Strain distribution error, causing a different stimulus 

distribution, changing the overall results. The effect of both of these errors are demonstrated in 

Figure 5-7. 

 

 
Figure 5-7: Theoretical influences of simulation errors, showing strain magnitude error (A) and strain distribution 

error (B). 

 

Both error types are the result of incorrect stimulus magnitude calculations, resulting in a shift in 

the data point(s) along the x-axis. However, over the total region being examined, strain magnitude 

errors occur when the strain distribution of the entire data set is correct, but the strain magnitude 

is incorrect. Here, the entire data set is affected by the error equally, and as a result the influence 

of this error is a shift in the k value when using equation 4-1, whilst the b value, R2 and RMSE all 

remain unaffected. Alternatively, a strain distribution error occurs when each data point in the data 

set is affected by the error unequally. This would result in changes in the R2 and RMSE, and most 

likely result in changes in the b and k values. 

Due to the complexity of the models, the precise origin of most errors cannot be pinpointed, 

however the origin of all errors in the finite element simulation and musculoskeletal model can be 

traced back to the setup of the individual subject specific models. These error origins can be split 

into two categories of the musculoskeletal loading and material properties. Regarding the 

musculoskeletal loading, although the models were made to be subject specific and accurate as 

possible, using what previous studies have demonstrated to be the most accurate methods, as 

described in Chapter 3; potential errors are introduced through the simplification of the 
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musculoskeletal system and the assumptions made in hip contact and muscle force calculations, 

both of which are necessary to enable a finite element simulation. However, as discussed in section 

3.6.3 Critical Evaluation of the Finite Element Musculoskeletal loads, the impact of this 

simplification was reduced to a minimum, where studies have demonstrated that the standard 

femoral model produces an accurate strain distribution for the proximal femur (Speirs, Heller et 

al. 2007). Additionally, the introduction of more muscles, would also increase the risk of 

introducing strain distribution errors through the introduction of strain artefacts (Modenese, 

Phillips et al. 2011). Therefore, due to the bones linear elasticity, assuming the standard femoral 

model does not introduce any strain distribution errors, any errors in the musculoskeletal loads 

should result in strain magnitude errors. This was confirmed through deliberately inducing strain 

magnitude errors, where it was found that any simulation error of this type results in a change in 

the k value but does not change or affect the b, R2 and RMSE values. 

Errors in the material properties of the bone in this study have the potential to introduce strain 

distribution errors. Where some studies use a homogenous material distribution, to increase local 

strain accuracy this study utilised a heterogenous material property distribution based off subject 

specific qCT scans. This requires the use of a density-elasticity equation, which is described and 

evaluated in Chapter 3. Since the equation cannot be exact, there is the possibility for error 

introduction, which in a heterogenous material distribution could result in local areas with 

incorrect density assignment. This would result in local strain magnitude errors, which would 

cause an overall strain distribution error. The chance of this type of error is furthered by the 

application of the material properties (Helgason, Taddei et al. 2008) which can result in 

phenomenon such as the partial volume effect (Hangartner 2007). Furthermore, assumptions made 

about the material properties could further this error even more, where this study assumed the bone 

to be near elastic and isotropic, when in reality it is viscoelastic and orthotropic. As described and 

explored in Chapter 3, this was to best represent the bone behaviour under the loading conditions, 

however it is possible that under certain conditions these assumptions could be incorrect and thus 

add to the error. Nonetheless, it was felt that the risk of this error was relatively low and acceptable, 

where as described in chapter 3, the assumptions and modelling method in the material properties 

have a proven reliability.   
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In assessing the results of this study, the b, R2 and RMSE values of the stimulus-remodelling 

relationships obtained between the Hop-Walk and Hop-Stair loading scenarios differ slightly; 

however, the same overall stimulus-remodelling relationships were observed. Nonetheless, the 

differences in the b, R2 and RMSE values observed under the Hop-Walk and Hop-Stair loading 

scenarios demonstrate that a deviation in the musculoskeletal model from the true loads 

experienced by each subject can induce a potential strain distribution error. However, with this 

considered, the consistency in the stimulus-remodelling relationships observed in this study under 

the Hop-Walk and Hop-Stair loading scenarios, combined with the findings from Speirs, Heller et 

al. (2007) and the validation of the finite element simulation model by comparing the strain 

distribution and magnitude results of this study against other studies in Chapter 3, the researcher 

of this study was confident that any musculoskeletal loading errors did not contribute any 

significant error to the stimulus-remodelling relationships. As such, it was considered that the finite 

element simulation provided an accurate representation of the strain stimulus, suitable for use in a 

bone remodelling study and the b, R2 and RMSE values observed in this study can be considered 

to be an accurate representation of the true stimulus-remodelling relationships experienced by the 

subjects used in this study. 

5.4 Considerations & Limitations 

5.4.1 Clinical Trial Methodology 

The use of clinical trial data for this study allowed for the true bone remodelling behaviour to be 

observed, which in-turn allowed for the identification of alternative bone remodelling behaviour 

in physiological loading conditions. This study and its observations would not be possible, or at 

least would be much more difficult to demonstrate, using a self-design simulation. Similarly, 

observations of laboratory-based studies are not directly applicable to physiological loading 

conditions, and as such are also not applicable for this study and its aims. Yet, the method of using 

clinical trial data which allowed for the identification of alternative bone remodelling in 

physiological loading conditions is the very method which limited the determination of which bone 

remodelling mechanisms are contributing to the observed alternative bone remodelling in this 

study. The Allison, Folland et al. (2013) clinical trial used hopping exercise and qCT scans to 

induce and measure a change in bone density over a one-year period. The use of hopping exercise 
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produces loading conditions which are not specific to any single alternative bone remodelling 

mechanism and the qCT scans cannot directly observe or measure any bone remodelling 

mechanism. As a result, a direct comparison cannot be made between the observations made in 

this study and the known characteristics of a single bone remodelling mechanism.  

5.4.2 Subjects 

The subjects used in this study only represent a limited proportion of the total population 

demographic, where this study only examined the bone remodelling in the proximal femurs of 

subjects of one sex and one age group: males of the age of 70.9 ± 2.78 years (mean ± SD). The 

subjects all being male reduces the effect of hormonal differences influencing the results (Kalervo 

Väänänen and Härkönen 1996). However, the question is raised: Would different alternative bone 

remodelling behaviours be observed across different demographics and populations? 

In addition to focusing on a limited population demographic, this study examined the bone 

remodelling in 11 subjects from a clinical exercise trial. From these 11 subjects, this study 

managed to derive statistical differences and correlations in the bone remodelling behaviour under 

tension and compression. Still, the limitations of using 11 subjects to derive statistical conclusions 

is acknowledged. This does not diminish the results of this study; where clear differences in bone 

remodelling behaviour were observed, but instead, highlights the fact that a larger study is required 

to develop a better understanding.  

5.4.3 Inclusion Criteria 

The second inclusion criteria of this study was that the subjects from the Allison, Folland et al. 

(2013) clinical trial is that subject must have experienced at least a 2% change in density, which 

eliminated 8 of the 19 subjects which had passed the initial criteria. The decision to use this 

inclusion criteria was to increase the chance of observing alternative bone remodelling, where it 

was considered that subjects who had less than 2% change in density would have not experienced 

enough bone remodelling to exhibit alternative bone remodelling behaviour. Although some 

alternative bone remodelling was observed at changes in density below 2%, this decision was 

supported by the results, where the main characteristics of alternative bone remodelling were 

observed in remodelling beyond the 2% change in density. Since a 2% change in density is 
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approximately the typical amount of bone remodelling experienced during an high impact loading 

exercise trial (Kukuljan, Nowson et al. 2009, Kukuljan, Nowson et al. 2011, Allison, Folland et al. 

2013), this limits the findings that different subjects can provide in this study and others, where 

only those which experience a high amount of bone remodelling will provide good data for all the 

alternative bone remodelling characteristics.  

5.4.4 Influence of Age  

Age is usually associated with negative connotations, in both biomechanics and bone 

mechanoresponsiveness, regardless of if they are true or not. The average age of the subjects used 

in this study was 70.9 ± 2.78 years (mean ± SD), and consequently the influence of age on the 

results of this study was a major consideration. Fortunately, several studies have been conducted 

into the influence of age on biomechanics and bone mechanoresponsiveness prior to this study.  

As explored in Chapter 2, Anderson and Madigan (2013) demonstrated that older subjects 

experienced similar muscle force and hip contact loads as younger subjects. Little research has 

been conducted into the influence of age on the density elasticity equation due to lack of available 

data. Nonetheless, the density-elasticity equation used in this study to determine the bone’s 

mechanical properties was taken from Keller (1994), where the density-elasticity equation was 

developed using a similar sex and age subject demographic as the subjects used in this study. 

Despite the research being conducted into bone mechanoresponsiveness due to conditions such as 

osteoporosis, little is known about the effect of age on the mechanoresponsiveness. However, older 

bones have been demonstrated to be mechanoresponsive if adequate stimuli is applied (Kotiya and 

Silva 2013). The stimuli experienced by the femur of the subjects in this study was already 

demonstrated to be adequate before this study began, by the Allison, Folland et al. (2013) clinical 

trial who observed an overall increase in bone density.  

Therefore, the researcher of this study is confident that the subjects used in this study were suitable 

for the investigation into alternative bone remodelling behaviours. Though, with such a narrow 

population age used in this study, an interesting question for future studies is raised and warrants 
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further research: Are age and alternative bone remodelling behaviours linked? Does age influence 

one or more of the alternative bone remodelling mechanisms? 

5.4.5 Positive vs Negative Remodelling 

The current alternative remodelling theories are all concerned with positive remodelling 

environments, where the bone should or does experience an increase in density (Rubinacci, Black 

et al. 1988, Bentolila, Boyce et al. 1998, Stokes, Gwadera et al. 2005). This study was unable to 

provide evidence for or against the presence of alternative bone remodelling in negative 

remodelling as it only had the data available to examine positive remodelling. As a result, further 

research is required into alternative bone remodelling in negative remodelling situations.  

5.4.6 Other Stimuli  

This study utilised a nonlinear, strain-based stimulus, which used the experienced strain and a 

reference strain which was calculated using subject specific finite element simulation and 

previously determined musculoskeletal models. The use of this stimulus was based on: 1) The 

current literature and biological evidence that states this is the most accurate stimulus. 2) The aim 

of this study; where the aim of the study was to investigate a potential difference in bone 

remodelling between tension and compression. It was thought that additional factors would 

complicate the comparison and may introduce parameters which would have to be set on pre-set 

assumptions; for example a mechanism acting homogenously in compression and tension. The 

stimulus used in this study is one that is widely used and said to be accurate and hence was not 

considered to be too simple for the task. However, it needs to be considered that other stimuli may 

observe different results or improve on the observations of this study when examining the bone 

remodelling behaviour under tension and compression.  
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Chapter 6. Conclusion 
 

This study set out to conduct an initial investigation into whether alternative bone remodelling 

behaviour under tension and compression which has been observed in laboratory and pathological 

conditions could be observed under physiological loading conditions. In the undertaking of this 

study, it was unclear what, if any, differences in the bone remodelling under tension and 

compression, would be observed. Yet, by comparing the change in density against the mechanical 

stimulus by using a remodelling algorithm (equation 4-1), this study has managed to identify 

differences in bone remodelling behaviour under tension in compression in the proximal femur of 

11 subjects from the Allison, Folland et al. (2013) clinical exercise trial. The differences in bone 

remodelling observed in this study, as summarised in 4.6 Summary of Findings, were characterised 

by: 1. Differences in the b value of the bone remodelling algorithm, where tension has a higher b 

value (p = 0.054) with the k value being calculable by the b value (p < 0.01); 2. Differences in the 

RMSE and R2 values, where tension has a lower RMSE (p = 0.164) and higher R2 value (p < 

0.01), and, 3. Differences in the observed regression biases, where tension has a significantly lower 

regression bias (p = 0.141).  

An interesting observation made in this study was the increasing deviation in the change in density 

in response to the stimulus as a result of the alternative bone remodelling mechanisms. This 

deviation occurs beyond a cross-over point of the two stimulus-remodelling relationships, which 

whilst being subject specific occurred at a mean stimulus (𝜀 − 𝜀𝑜) of 672 µε, which corresponds 

to a change in density of approximately 3.5% in both tension and compression. This is higher than 

the typical change in density experienced during exercise (Kukuljan, Nowson et al. 2009, 

Kukuljan, Nowson et al. 2011). Before this cross-over point, the difference in the change in density 

in response to the stimulus is less pronounced, suggesting that alternative bone remodelling only 

becomes a consideration in high loading conditions.  

The study also found that bone under both tension and compression could experience typical and 

atypical stimulus-remodelling relationships, with there being an abundance of atypical stimulus-
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remodelling relationships under compression, with it being experienced by 6 of the 11 subjects in 

this study under compression. Still, the atypical stimulus-remodelling relationship was not 

considered to be different to the typical stimulus-remodelling relationship, just a continuation of 

the b values which could be experienced by tension and compression as a result of bone 

remodelling mechanisms. Nonetheless, it was found that linear bone remodelling algorithms 

struggle to account for the observed atypical stimulus-remodelling relationships.  

By comparing the observations of this study against the known characteristics of alternative bone 

remodelling mechanisms, this study has found evidence that the high RMSE, low R2  and 

significant regression biases observed under compression in relation to tension could be influenced 

by linear microdamage. This form of microdamage, which only forms under compression and is 

the only type of microdamage to initiate bone remodelling, is thought to cause random variations 

in the volume of the bone experiencing remodelling, effecting the measured change in density. 

Furthermore, by comparing the results of this study against the known alternative bone 

remodelling mechanisms, it was thought that the difference in the b values, where compression 

had a continuously lower b value than tension could be influenced by the Hueter-Volkmann law, 

which retards bone growth under compression, but not tension.  

6.1 Impact of Study 

It is well accepted that different people will experience different bone remodelling behaviour due 

a variety of different factors (Parfitt 2004, Robling and Turner 2009), it is even accepted that 

different areas of the skeletal system (e.g. the skull and the femur) will experience different rates 

of bone remodelling (Parfitt 2002). However, it is generally assumed that bone will experience the 

same remodelling behaviour under tension and compression. Following evidence from laboratory 

studies and pathological conditions, this thesis provided evidence that the bone is continuously 

experiencing alternative bone remodelling behaviours under regions of tension and compression. 

As such it has highlighted an area which requires further research and as a result, this study could 

help further our understanding of how bone remodelling occurs and could have a potential impact 

on future bone remodelling simulations.  
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6.2 Future Work 

This study was an initial investigation into if alternative bone remodelling between tension and 

compression could be observed in the cortical bone of the proximal femur under physiological 

loading conditions. However, despite the findings of this study, there are still numerous questions 

into alternative bone remodelling that need further investigation.  

By examining the bone remodelling in the cortical bone of the proximal femur, of 11 men aged 

70.9 ± 2.78 years (mean ± SD), taking part in a yearlong clinical hoping study, this study found 

evidence that alternative bone remodelling is present in tension and compression under 

physiological loading conditions. The next stage from this study would be to examine alternative 

bone remodelling in areas of the body that experience both tension and compression, and to 

examine alternative bone remodelling in the context of other bone remodelling algorithms, to see 

if any additional clarity to the alternative-bone remodelling phenomenon can be added. In 

particular, the author feels research into remodelling initiation probability in the context of 

alternative remodelling is of particular importance, as this would potentially allow for remodelling 

algorithms to incorporate alternative bone remodelling in smaller areas/volumes, which increases 

the resolution of the remodelling prediction. Following this, any findings, can implemented into 

self-design simulation studies, and the results to be compared against the traditional 

methods/algorithms which do not account for alternative bone remodelling, to determine if any 

improvement in predictive accuracy is made.  

Furthermore, the results of this study, whilst indicative that alternative bone remodelling does 

occur under physiological loading conditions, cannot be applied unreservedly to all populations, 

lengths of time and areas of the skeletal system, and can only be used as a reference for the 

proximal femur. For this reason, further studies into the potential presence of alternative bone 

remodelling under physiological loading conditions is needed, allowing for a range of different 

populations, parameters, anatomical locations and periods of time to aid a better understanding of 

alternative bone remodelling, its factors, and its effects on the skeletal system in different people. 

Additionally, in this age of orthopaedic implants, and the rise of 3D printed implants, research is 

needed into if alternative bone remodelling is present around orthopaedic implants of all sizes, and 

into if it influences the implants clinical success rate. Therefore, in future studies, a particular focus 
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should be made on the spine and femur, as these are key locations for orthopaedic implants and 

conditions where alternative bone remodelling is known to exist. 

Additionally, a better understanding of the biomechanical and cellular mechanics involved in 

alternative bone remodelling is needed since understanding the mechanisms which cause 

alternative bone remodelling behaviour is of importance as it could aid in preventative measures 

before pathological conditions occur. In comparing the results of this study to current alternative 

bone remodelling literature, this study managed to align known behaviours of different bone 

remodelling mechanisms with the observed bone remodelling behaviour: where this study 

identified microdamage production and the Hueter-Volkmann law as likely mechanisms to 

contribute to alternative bone remodelling behaviour in physiological loading conditions. 

However, this was simple postulation through the correlation of known and observed alternative 

bone remodelling behaviours. Furthermore, with this study’s design, where any and all alternative 

bone remodelling mechanisms could be present, it is difficult to pinpoint exactly which mechanism 

is responsible for which observed behaviour. As such, further research using controlled studies 

where alternative bone remodelling mechanisms are encouraged or discouraged (e.g. using 

bisphosphonates to prevent linear microdamage induced alternative remodelling) would aid the 

understanding of which alternative bone remodelling mechanisms are responsible for which 

behaviours.  
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Appendix A. Statistical Tests  
 

A.1 Non Parametric Statistical Tests 

The dataset used in this study, consisted of two or more measurements being carried out in different 

locations in the same femur, which are then compared. The data was not large enough to be meet 

parametric assumptions, namely to be normally distributed, therefore non-parametric tests were 

chosen. Non parametric tests use some method of ranking the measurement and testing for 

skewness and kurtosis of the distribution, and therefore were considered able to accommodate the 

dataset used in this study. Whilst non-parametric tests provide a lesser statistical power, they still 

provide a powerful statistical tool (Field 2018).  

A.1.1 Spearman’s Rank Correlation Coefficient Test 

The first non-parametric test chosen was the Spearman’s rank correlation coefficient test, which is 

used to assess the relationship between two variables. A 2-tailed correlation test was chosen, as it 

accepts that the user is unaware of the direction of the correlation (e.g. positive or negative) before 

the test is used. From this two outputs are provided, the strength and direction of the relationship 

(Correlation Coefficient, otherwise known as effect size) and the statistical percentage likelihood 

that the observed correlation is due to chance which is otherwise known as the p-value (Field 

2018). The correlation coefficient ranges between |0| and |1|, where 1 denotes a perfect correlation 

and 0 denotes no correlation at all. Within these values, a correlation of |0.1| is considered weak, 

a correlation of |0.3| is considered moderate and a correlation of |0.5| is considered strong (Field 

2018). A positive value indicates a positive correlation (y increases as x increase) and a negative 

value indicates a negative correlation (y decreases as x increase). In Chapter 4, the results of the 

Spearman’s rank correlation coefficient test are presented in a table, like that shown in Appendix 

A-1. 
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 Variable 2 

Variable 1 Correlation Coefficient -0.682 

p-value 0.021 
Appendix A-1: Typical presentation of the Spearman’s rank correlation coefficient test 

 

Here, variable 1 and variable 2 have a negative correlation with a strong correlation coefficient of 

-0.682, to a p-value of p = 0.021, meaning that the correlation is 2.1 % likely due to chance.  

A.1.2 Wilcoxon Signed Rank Test 

The Wilcoxon signed rank test is a non-parametric statistical test used to determine the statistical 

difference between repeated measures in a single population (e.g. two measurements within the 

same person). This was considered appropriate for this study and its aim, in comparison to other 

statistical tests such as the Mann-Whitney U test, which examines single measurements in multiple 

populations (Field 2018). In Chapter 4, the Wilcoxon signed rank test was used to determine the 

statistical difference between the characteristics observed under tension and compression, where 

the output of the statistical test is a single value determining the statistical percentage likelihood 

that the observed difference was due to chance (p-value). 

A.2 Goodness of Fit Analysis  

The goodness of fit of the stimulus-remodelling relationships was assessed using two statistical 

tools, being: 1) The root mean square error (RMSE), and 2) The coefficient of determination, 

known as the R-squared (R2) value. The RMSE is used to demonstrate the difference between 

observed and predicted values, whilst the coefficient of determination determines the percentage 

of variance of the dependent variable (y-axis, change in density) which can be explained by the 

independent variable (x-axis, stimulus). The R2 ranges between 0 and 1, where a value of 0.7 

represents a correlation where 70% of the dependent variables align with the relationship. A 

negative R2 value indicates that the fit is worse than using a horizontal line, where a horizontal 

line would be a better representation of the x-y relationship (Field 2018).  
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