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Abstract 

Non-invasive estimates of bone quality are of great interest as they could 

potentially improve the diagnosis and treatments for bone disorders, such as osteoporosis, 

and could aid in preoperative planning of surgical interventions, improving patient 

outcomes in orthopaedic trauma. 

Quantitative computed tomography (QCT) is currently being investigated as a 

method of estimating structural bone mineral content (sBMC) and, thus, bone quality. 

However, the reported correlations between QCT and sBMC have been variable and the 

relationships reported between sBMC and the apparent elastic modulus (E*) of bone have 

been even more variable. 

A series of investigations are presented, relating QCT, sBMC, apparent density 

(ρAPP) and the E* of bone. These studies were performed with the ultimate objective of 

determining the appropriateness of QCT as a predictor of the E* of bone and whether the 

E* of bone could be predicted from information regarding the sBMC and ρAPP. 

The repeatability of the CT scanner and the protocol for scanner calibration were 

studied to determine the optimal method for calibrating QCT scans. It was determined 

that the repeatability of the scanner was excellent and that the optimal method for scanner 

calibration was to image the standards in a volume of water equivalent to the soft tissue 

volume of the patient. However, as scans in air are easier to facilitate, an experimental 

protocol was developed to determine a relationship between the amount of soft tissue and 

the required correction to apply to the values of the calibration performed in air.  
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A linear trend was observed between the BMC determined from the QCT 

(BMCHU) and the sBMC from ashing (R2 = 0.49). No relationship was observed between 

the BMCHU and the E* (R2 < 0.10). A strong correlation was observed between the sBMC 

and the ρAPP (R2 = 0.97), as well as between the BMC and E* and the ρAPP and the E* 

(R2 = 0.71 and 0.77, respectively). However, there was still a relatively large amount of 

variation in the E* that was not explained by these relationships. It was concluded that 

parameters other than the sBMC and ρAPP, such as the micro-architecture, need to be 

included in future studies for a better estimation of bone quality. 
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Chapter 1 

Introduction 

This thesis present work that was performed to investigate the relationships 

between the attenuation values from computed tomography (CT), the bone mineral 

content, the apparent density and the apparent elastic modulus of trabecular bone. The 

broad goal of this research is to provide a means of estimating bone quality using 

non-invasive methods, such as CT, to aid surgeons in the selection and planning of 

surgical interventions and improve the patient outcomes in orthopaedic trauma. Such a 

method may also be valuable in the identification of patients at risk of osteoporosis and 

osteoporosis fractures. This work addresses the first step in the development of a non-

invasive bone quality estimate by investigating CT as a means of estimating bone quality, 

as well as bone mineral content and apparent density. 

1.1 Background 

This section is intended to provide the reader with the basic knowledge required 

to understand the work presented in this thesis, as well as the work currently found in the 

literature. Therefore, many of these topics will be covered in more depth within the 

Literature Review (Chapter 2) of this thesis, as they pertain to the scope of the work. The 

two main items in this section are the basic concepts in bone properties and in computed 

tomography. 
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1.1.1 Bone Properties 

Bone is a two-phase, porous, composite material, formed of collagen matrix with 

a crystalline salt, or mineral phase, of calcium hydroxyapatite (Ca10(PO4)6(OH)2). The 

hydroxyapatite component provides the strength and stiffness of bone and account for 60 

to 70% of the dry weight [Nordin and Frankel 2001, Turner 2006]. Collagen provides the 

toughness, or work to failure [Turner 2006, Wang et al. 2002].  

The fundamental unit of bone is the osteon, at the centre of which is a canal called 

the haversian canal, which contains nerve fibers and vasculature. Around the haversian 

canal are concentric layers of the mineral matrix, called lamellae. Along the boundary of 

each lamella are the lacunae, which are small cavities in which one osteocyte is situated. 

Canals connect the lacunae of adjacent lamellae and the haversian canal, enabling 

nutrient-rich blood from the haversian canal to reach the osteocytes [Nordin and Frankel 

2001]. 

Each osteon is bounded by a narrow area of a cement-like substance, termed the 

cement line, past which the canaliculi do not extend. Additionally, the collagen fibers in 

one osteon do not cross the cement line but they do intertwine within the osteon. The 

cement line is the weakest portion of the architecture of bone [Nordin and Frankel 2001].  

Macroscopically, bone can be divided into two main types: cortical bone, which is 

the compact, outer shell of bone, and trabecular bone, which is within the cortical shell 

and is composed of interconnected plates in a porous structure, with red marrow and fat 

filling the pores. Cortical bone forms the shell in all bones and trabecular bone is found 

within the cortical shell, particularly in the epiphyses (the ends) of long bones and in 
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cuboidal bones such as the scaphoid [Guo 2001]. Trabecular bone does not contain 

haversian canals but, instead, has angular groups of lamellae which are separated by 

cement lines. It is composed of short, interconnected struts of bone (trabeculae), which 

give trabecular its spongy appearance. Additionally, no blood vessels pass within the 

trabeculae, but are present in the spaces between the individual trabeculae [Cowin et al. 

1987]. 

At a micro-scale, there are two other types of bone: woven bone and laminar 

bone. Woven bone is commonly found in the cortical and trabecular bone of immature 

skeletons and in adults following bone injuries [Cowin et al. 1987]. During maturation, 

woven bone is gradually replaced by laminar bone and is typically no longer present after 

approximately 14 to 16 years of age [Cowin et al. 1987, Nordin and Frankel 2001]. There 

is no relationship between the mineral content and the collagen within woven bone, and 

the mineral density of woven bone is highly variable. Also, the orientation of collagen 

fibers is somewhat disorganized and random. However, in the laminar and haversian 

systems, the collagen and mineral content are closely related.  

Laminar bone consists of a number of highly-organized, concentrically arranged 

plates around the periphery of the bone marrow in long bones. Between each plate or 

sheet of laminar bone runs a network of blood vessels, which provides a higher degree of 

vascularization in laminar bone than that in haversian bone [Currey 1960]. The laminae 

are considered to be different geometric configurations of the osteons in haversian bone 

and, like haversian bone, laminar bone contains lacunae and canaliculi, which do not 

cross a line known as the bright line, with is the space between laminae [Cowin 1987]. 
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Laminar bone is partially converted to haversian bone with aging [Mori et al. 2003]. 

Figure 1.1 is taken from Cowin et al. and is a good representation of the structure of the 

haversion system and the laminar system in the diaphysial region of bone [Cowin et al. 

1987]. 

Bone is anisotropic, which means that its mechanical properties are dependent 

upon the direction in which it is loaded [Turner and Burr 2001]. Bone is also a 

viscoelastic material and, thus, the strain rate has an effect on the measured stiffness and 

strength [Lakes 2001]. Carter and Hayes found that the apparent elastic modulus and 

strength of bone were approximately proportional to the strain rate raised to the 0.06 

power for all bone [Carter and Hayes 1977]. Physiological strain rates range from 0.001 

to 0.01 s-1 for slow walking and vigorous activity, respectively [Cowin et al. 1987].  
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Figure 1.1 – Haversian and laminar bone: An illustration of the haversian and laminar 
systems in the diaphysial region of long bones [Cowin et al. 1987]. The haversian system 
is shown in the bottom right, while the top right shows the typical structure in laminar 
bone. 

 

Bone can be tested in quasi-static conditions, during which the specimen is loaded 

to a maximum using a very low strain rate. However, to investigate time dependencies, 

experiments such as relaxation tests must be performed (Figure 1.2). In relaxation testing 

a step strain function is applied to the specimen and held for a period of time (t0 to t7, 

Figure 1.2). The resulting stress is measured and the relaxation modulus can be 

determined by fitting a curve to the resultant stress data so that: 

0

)(
)(

ε
σ t

tEr =             1.1 
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where Er(t) is the apparent relaxation modulus, σ(t) is the determined stress function and 

ε0 is the step strain level [Callister 1996]. Additionally, isochrones can be determined for 

the relaxation data by performing multiple relaxation experiments for a sample at 

multiple strain values (Figure 1.2 – times denoted by dashed lines) [Lakes 1999]. 

Isochrones the regression lines fitted to the stress plotted with respect to the strain, for 

specific times during the relaxation tests at the various strain levels. The slope of the 

isochrone is then considered the apparent elastic modulus (E*) for that time point in the 

relaxation experiments (Figure 1.3). These times are not necessarily taken at even 

intervals, as the rate of change in the stress at the beginning of the test is much greater 

than that at the end. 
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Figure 1.2 – Relaxation experiments: The stress and compression curves for relaxation 
experiments performed for five different compression levels. The selected time points for 
the isochrones are indicated by the dashed lines.  
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Figure 1.3 – Isochronals from relaxation data: The eight isochrones (t0 to t7) for the 
relaxation experiment performed in Figure 1.1 for five different strain values.  

 

1.1.2 Computed Tomography (CT) 

X-ray computed tomography (CT) is an imaging modality that, unlike 

conventional radiographs, acquires an image in one plane, while eliminating the 

structures from other planes of the subject. CT was developed to improve upon the 

functionality of conventional radiographs which, in essence, compresses a volume into a 

two-dimensional image, has limitations such as superimposition of underlying tissues and 

structures, and poor resolution of lower contrast objects. 
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X-rays are electromagnetic waves comprised of photons. The energy of a photon, 

E, is defined by Equation 1.2,  

λ
hc

hvE ==             1.2 

where h is Planck’s constant (6.63 × 10-34 J⋅s), c is the speed of light (3.0 × 108 m/s), λ is 

the wavelength of the x-ray, and v is the frequency of the x-ray. As an x-ray passes 

through a volume, the x-ray photon interacts with the medium comprising that volume. 

The characteristics of the medium and the energy of the x-ray determine the type of 

interaction of the photon and the media. There are three main ways in which a photon can 

interact with matter: the photoelectric effect, coherent scattering and the Compton effect. 

The dominance of each effect is dependent upon the energy of the x-ray and, with the 

photoelectric effect dominant at lower energy x-rays, and the Compton effect dominant at 

higher energies.  

 The photoelectric effect refers to the interaction of an x-ray with matter in which 

the x-ray photon has an energy greater than the binding energy of the electron. The 

incident x-ray then releases its energy, freeing an electron, typically called the 

photoelectron, from a deep shell of an atom in the material [Hsieh 2003]. The photon 

then ceases to exist and the hole created in the deep shell of the atom is replaced with an 

electron from an outer shell and, because the outer-shell electron is at a higher energy 

state than the deep shell, a characteristic photon is released. The probability of a 

photoelectric interaction occurring (P) is proportional to the atomic number (Z)3: 
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          3ZP ricphotoelect ∝            1.3 

and the excess photon energy (Ephoton-binding): 

       3

bindingphotonricphotoelect EP −∝ .          1.4 

Thus, the photoelectric effect is much more probable to occur with the use of low-energy 

photons in materials with high atomic numbers. This commonly causes streaking artifacts 

from metallic materials in a clinical scan [Hsieh 2003, Schreiner et al. 2005]. 

 The other main effect in clinical CT is the Compton effect, which is the most 

significant interaction in tissue materials [Johns and Cunningham, 1983]. In the Compton 

effect, the energy of the incident photon is much higher than the binding energy of the 

electron in the material. Thus, the incident x-ray strikes an electron and frees it from the 

atom. The incident photon is deflected with a partial loss of its incident energy, and a 

positive ion is produced. The deflected photon may undergo additional collisions before 

exiting the patient. The probability of the Compton effect occurring depends upon the 

electron density of a material, and not the atomic number. Therefore, Compton 

interactions provide little contrast information between different tissues and, therefore, 

clinical CT devices tend to correct for Compton interactions through algorithms [Hsieh 

2003]. 

 The intensity of an x-ray beam is, therefore, a function of the incident x-ray 

intensity, as well as the net contribution of all types of interactions which, for clinical CT, 

will be assumed to be the Compton and photoelectric effects. Therefore, the intensity of 

the x-ray is: 
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LeII )(
0

στ +−=             1.5 

where I is the transmitted x-ray intensity, I0, is the incident x-ray intensity, τ is the 

attenuation from photoelectric interactions, σ is the attenuation from Compton 

interactions and L is the thickness of the material [Hsieh 2003]. 

 This sum of τ and σ can be expressed as the linear attenuation coefficient of a 

material (µ), so that equation 1.5 becomes: 

       LeII µ−= 0             1.6 

where is a function of the incident x-ray energy. To enhance the differences between soft 

tissue types, since the linear attenuations are very similar, a separate intensity scale was 

developed, expressing the attenuation of a tissue with respect to the attenuation of water. 

The unit of this scale is the CT number or, more commonly, the Hounsfield unit (HU) 

and is defined by: 

       1000×
−

=
water

waterHU
µ
µµ

           1.7 

where HU is the Hounsfield unit of the voxel, µ is the linear attenuation coefficient of the 

voxel and µwater is the linear attenuation coefficient of water. Therefore, the attenuation of 

water has been arbitrarily defined as 0 HU. 

 In CT, an x-ray is emitted through a material and the transmitted x-ray is received 

by a detector. The x-ray is emitted in uniformly spaced, parallel lines to form a single 

view and multiple detectors then receive the transmitted x-ray from one of these lines. 
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The emitters and detectors (housed in the gantry) are then rotated to capture the same 

uniformly spaced, parallel lines at a new angle through the material (Figure 1.4). This 

continues until 180° of parallel projections have been measured. This can also be 

accomplished with a fan-beam scanner, in which one point source is detected by 

numerous detectors in the shape of a fan, and each source position is considered a 

projection. 

 

Figure 1.4 – Basic CT sampling pattern: The sampling pattern for CT imaging, in which 
a uniformly distributed field of parallel beams are transmitted through the material and to 
the detector and then the next projection is captured by rotating the gantry by an angle. 

 

 From Equation 1.6, the transmitted intensity of an x-ray through a material is 

dependent upon the material’s linear attenuation coefficient and the thickness of the 

material. In an object that is composed of multiple materials, however, Equation 1.6 

becomes: 

     )...(
0

2211 nnxxx
eII

µµµ +++−=            1.8 



 

 13 

where n is the number of materials within the object and x is the thickness of each 

material within the object. This can then be expressed in terms of the measurement of a 

projection (p): 

∫= L
dxxp )(µ             1.9 

where L is the length of the path through the entire object. 

 As the transmitted intensity is a function of the attenuation coefficients of each of 

the materials through which the x-ray passes, then each projection will be a function of 

the sum of the attenuation coefficients along that beam path. Many algorithms exist to 

perform the image reconstruction such as the Fourier slice theorem, the filtered 

backprojection algorithm as well as reconstruction algorithms designed for fan-beam and 

other types of CT scanners [Hsieh 2003]. To perform the reconstruction of tomographic 

images, many commercial scanners use the Fourier slice theorem [Kak and Slaney 1988]. 

In essence, this theorem states that by performing a Fourier transform on a projection, 

each projection in a scan provides a line in the two-dimensional Fourier transform of the 

object. As was aforementioned, 0 to 180° (or 0 to π in the transform) are measured for a 

slice of the CT scan. If projections from 0 to π are collected, the entire Fourier space of 

the object is filled with lines. By applying an inverse Fourier transform, the object is 

obtained. Therefore, image reconstruction using the Fourier slice theorem is a series of 

one-dimensional Fourier transforms that are treated with a two-dimensional inverse 

Fourier transform [Hsieh 2003] 
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1.2 Terminology 

The following is a list of some of the terminology that is used throughout this 

thesis. The field of bone quality research and computed tomography has many unique 

terms which are, at times, used for a variety of definitions and measurements. This list is 

composed of these terms as they are applied throughout this document, and does not 

necessarily define the terms for previous studies.  

AP: indicates that the given property was measured in the anterior-posterior 

direction. 

BMC: bone mineral content; the mass of mineral present in bone. 

BMCASH: structural bone mineral content from ashing; the mass of mineral 

remaining after the ashing process for the dry, defatted volume of bone, therefore 

given in units of density (mg/cc). Equivalent to BMC for that volume. 

BMCHU: the structural bone mineral content found from the calibration of the HU 

using the calibration equation determined from the structural mineral content 

standards in the scan. 

Calibration phantom: a calibration standard that is shaped to mimic a specific 

anatomical region such as the spine or pelvis for QCT and DXA. 

Calibration standard: a material with a known structural mineral content used to 

perform a calibration of QCT. 

DXA: dual-energy x-ray absorptiometry; the procedure currently used, clinically, to 

estimate areal bone mineral density. 
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E*: apparent elastic modulus; the elastic modulus (stress divided by strain) of a 

structure, in this case it is the compressive modulus of bone. 

HU: the Hounsfield unit, which is the unit of x-ray attenuation used in QCT. 

ML: indicates that the specified property was measured in the medial-lateral 

direction. 

QCT: Quantitative computed tomography; computed tomography in which the 

attenuation is quantified, typically in terms of Hounsfield units. 

ρAPP: apparent density; the density of trabecular bone as calculated from the dry, 

defatted mass and the bulk dimensions of the dry, defatted volume. 

ρBULK: bulk density; the density of trabecular bone as calculated from the wet mass, 

with the fat and marrow, and the bulk dimensions of the wet volume. 

ROI: a region of interest within a scan for which the mean HU are determined. 

sBMC: structural bone mineral content; the mass of mineral in a specific volume of 

bone, therefore given in units of density (mg/cc). The parameter to which HU are 

converted in these studies. 

SI: indicates that the given property was measured in the superior-inferior direction. 

 

1.3 Aims and scope of this thesis 

The broad aim of this work was to investigate the suitability of QCT as a means 

of generating bone quality estimates for the pre-operative planning of surgical 

interventions in fracture management and for fracture prediction. This led to 

investigations into the establishment of a scanning protocol based on feasibility in a 
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clinical environment and valid scanner calibration, as well as the correlation of the BMC 

from the calibrated QCT data to the material properties of bone, such as the bone mineral 

content and apparent density, and the apparent elastic modulus. In addition, to determine 

the suitability of some of the material properties as methods of estimating the mechanical 

properties of bone, the bone mineral content and apparent density were also investigated 

with respect to the apparent elastic modulus of trabecular bone. 

This thesis is presented as a series of four manuscripts, which have been prepared 

for submission to a variety of peer-reviewed journals in the respective field. Because the 

sequence in which these manuscripts will be published is unknown, all methods are 

included in each of the manuscripts, as opposed to referring the reader to previous papers, 

or chapters. Therefore, some portions of this thesis, particularly sections of the 

methodology of the manuscripts, will be repetitive. Additionally, as the individual 

discussions within each manuscript thoroughly investigate and discuss the findings and 

their significance, the general discussion (Chapter 7) is focused mainly on the limitations 

of this work and the future directions of this research.  

Chapters 3 and 4 are focused on some of the challenges related to the calibration 

and characteristic of CT, in particular QCT. Chapters 5 and 6 are larger manuscripts, both 

focused on the estimation of bone properties from the CT data, and the efficacy of those 

properties as estimates of bone quality. 

Chapter 3 is a manuscript entitled: An experimental investigation of the best 

imaging media for computed tomography (CT) scans to simulate the effects of soft tissue 
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on the Hounsfield units. In this study, two questions were addressed: 1) What is the 

repeatability of the measurement of mean HU in a standard for a clinical CT and 2) 

Which type of commonly used imaging media for soft tissue substitution in x-ray-based 

quantitative investigations best simulates the effect of soft tissue on the mean HU of a 

scanned object? 

Chapter 4 presents the manuscript entitled: Development of a methodology for 

experimentally determining a beam hardening correction to develop a patient-specific 

calibration equation in quantitative computed tomography (QCT). This study determined 

a predictive relationship between the mean beam path through soft tissue, or soft tissue 

substitute, and the HU of a set of calibration standards for a specific scanning energy. 

The manuscript comprising Chapter 5 examines the relationship between the 

BMC calculated from the CT scan (BMCHU) to BMC measured through an ashing 

protocol (BMCASH), as well as the relationship between the BMCASH and both the bulk 

density (ρBULK) and apparent density of bone (ρAPP). The title of this manuscript is: 

Investigation of the relationships between quantitative computed tomography, bone 

mineral content and the apparent density of trabecular bone from the proximal femur. 

The final manuscript comprises Chapter 6 and is entitled: Investigation of 

quantitative computed tomography, bone mineral content and apparent density to provide 

a prediction of bone quality. This manuscript extends the work of Chapter 5, and 

investigates the relationship between the mechanical properties of a bone sample with 

respect to its physical properties and the corresponding CT data. This final manuscript 
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was the main objective of the conducted research: which was to investigate the use of 

QCT as a predictor of bone quality and strength.  
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Chapter 2 

Literature Review 

The importance of understanding and predicting bone diseases, such as 

osteoporosis, and osteoporotic fractures increases with the increasing age of the 

population [Frost 2003]. A method of predicting bone quality and the risk of osteoporotic 

fractures could lead to the development of prophylactic measures and treatments to 

improve bone quality and strength, such as the use of bone cements to preemptively 

strengthen weakened areas. However, predictions of bone quality would also be 

beneficial in the field of orthopaedics and trauma as a means of preoperative planning for 

surgical interventions. A preoperative assessment of bone quality could provide surgeons 

with the optimal areas in which fixation hardware could be implanted, thus reducing the 

risk of malreduction of fractures and further fractures caused by the insertion of hardware 

into weak or softened bone.  

The field of bone quality research and, specifically, the non-invasive estimation of 

bone quality, is one that is particularly promising for the improvement of patient 

outcomes in the fields of orthopaedic trauma and degenerative bone diseases. The ability 

to identify individuals who have a high risk of fracture and, in the case of a fracture, to 

optimize the treatment for the bone quality of the specific patient is of interest to many in 

the field of orthopaedic research. 

This literature review is divided into the following sections: measures of bone 

quality; BMC from dual-energy x-ray aborsorptiometry; BMC from quantitative CT; 
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BMC, ρAPP and QCT-based predictions of mechanical properties; and micro-architecture 

and mechanical properties. The main goal of this review is to inform the reader of 

previous work performed in the field of bone quality research. A smaller, more specific 

literature review is also presented in each of the manuscripts, comprising Chapters 3 

through 6.  

2.1 General measures of bone quality 

Bone quality is typically thought of as the mechanical integrity of bone, and is an 

important factor in the prediction of fracture risk [Ashe et al. 2006]. Currently, the main 

method of estimating bone quality is through bone mineral content (BMC) and bone 

mineral density (BMD), which are the mass of the mineral present (mg), and the mass of 

mineral present within a specific volume of bone (mg/cc), respectively. The BMC and 

BMD are typically used because, as presented in Section 1.1.1 (Bone properties), it is the 

mineral matrix which provides the bone with its strength and stiffness [Turner 2006].  

However, the mechanical properties of bone are also related to the geometry of 

the structure, on the macro and micro-scale levels, for cortical and trabecular bone. 

Additionally, it has been shown that other risk factors, such as age, bone geometry, 

biochemical estimates of skeletal turnover and prior fragility fractures have a predictive 

value for osteoporosis, independently of the BMD [Hans et al. 1996, Hui et al. 1998, 

Kanis et al. 2000]. However, because the micro-architecture is not as easily estimated 

clinically, the current methods of estimating bone quality, mostly for the purpose of 
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assessing fracture risk, are largely based on estimations of the BMC and/or BMD [Ashe 

et al. 2006].  

2.2 BMC from Dual-energy x-ray absorptiometry 

BMD is clinically estimated using dual-energy x-ray absorptiometry (DXA). 

DXA measures the areal bone mineral density (mg/cm2) and is currently the most widely 

used method for clinical BMD assessment [Chappard et al. 2004, Genant et al. 1996]. In 

DXA assessments, an x-ray of dual energy is transmitted through the patient and the 

attenuation is used to determine the mineral mass within a cross-sectional area, which is 

defined as the BMD but is an areal measurement. This can be accomplished through a 

band-stop filter, in which the middle portion of the spectrum is selectively removed from 

the x-ray, or through switching of the tube between high and low potentials [Damiliakis 

et al. 2007]. Historically, this was performed using a pencil beam x-ray, but recently fan-

beam x-rays have been implemented, reducing the required scanning time.  

As discussed in Section 1.1.2 (Computed Tomography), the attenuation of an 

x-ray in a material is dependent upon the energy of the x-ray, as well as the thickness of 

the material. Therefore, using a dual-energy source or x-ray will provide two different 

attenuation coefficients for a transmitted x-ray through a material. Simplified, one of the 

energies, the lower peak energy, is selected to be attenuated primarily by the soft tissue 

and the higher energy peak will be attenuated mainly by the bony structures. By using the 

baseline attenuation from the soft tissue and determining a ratio between the baseline 
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attenuation and the total attenuation, the soft tissue effects are removed and the remaining 

attenuation is the result of the mineral content of the bone [Pietrobelli et al. 1996]. 

The attenuation is converted to a mineral content value based on calibration 

phantoms or standards for areal BMD which are typically supplied by the manufacturer 

[Milliken et al. 2006]. The content of mineral present in the bone is then converted into 

an areal BMD and compared to the BMC and BMD of a healthy young adult of the same 

gender (which is the t-score of the patient) and to a population of individuals of the same 

gender, size and age group as the patient (this is the z-score). Therefore, DXA is based on 

population-based comparisons of the measured BMC and BMD. 

Some advantages in using DXA for the estimation of the BMD are that it delivers 

relatively low levels of radiation exposure, it has good short-term repeatability, it is 

readily accessible, is capable of measurements in the axial and appendicular skeleton and 

can be used at multiple anatomical sites [Ashe et al. 2006].  

However, DXA also has many disadvantages in that it cannot differentiate 

between cortical and trabecular bone, provides only a two-dimensional view of the bone, 

thus giving an estimated BMD based on a cross-sectional area, is affected by surrounding 

soft tissues, cannot determine bone geometric properties and has been shown to 

overestimate the BMD in a region due to inclusion of the cortices and osteophytes [Ashe 

et al. 2006, Chappard et al. 2004, Damiliakis et al. 2007, Lochmüller et al. 2000, 

Svendsen et al. 1995]. 
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 In the prediction of osteoporotic fractures, DXA is used to take scans at specific 

sites and provide a BMD-based estimation of the level of osteoporosis for a patient. DXA 

has been performed in the lumbar spine, proximal femur, forearm and as total body scans 

and the correlation between these sites has been investigated [Damiliakis et al. 2007]. 

Ideally, one site could be used to provide a risk assessment for the patient. However, 

BMD is not the same throughout the skeleton and, if an inappropriate site is used to 

predict the risk of fracture in a patient, an erroneous prediction could be made, based on 

inconsistent BMDs in other sites. Therefore, the site selection is vital to yielding a good 

prediction of the BMD throughout the skeleton [Damiliakis et al. 2007].  

Additionally, in the case of patients with previous fractures, osteophytes or bone 

pathologies, such as scoliosis, the inclusion of the calcified tissue that is not the selected 

anatomical site, which may not be obvious in the scan, can result in an overestimation of 

the BMD in a region [Damiliakis et al. 2007, Kinoshita et al. 1998]. Kinoshita et al. 

performed a study on 390 subjects in which it was determined that the prevalence of 

osteophytes and osteoarthritis in the facet joints increased with age in males and females 

and that the resultant spinal BMD for subjects with these conditions was significantly 

higher, despite a lack of mechanical contributions from the increased BMD due to these 

conditions [Kinoshita et al. 1998]. 

Donabedian et al. performed in vivo DXA measurements on the third equine 

metacarpal and determined a strong correlation (R2 > 0.99) between the BMD calculated 

from an ashing protocol and the in vivo measurement with DXA [Donabedian et al. 

2005]. This group also found good intra- and inter-operator reproducibility of the BMD 
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measurements, with a range of 2.91 to 4.06% for intra-observer repeatability, and 3.13 to 

5.53% for inter-observer repeatability. 

Sran et al. performed a cadaveric investigation into the accuracy of DXA in the 

thoracic spine, by comparing DXA measurements to those determined from ashing 

protocols [Sran et al. 2005]. In this study, lateral and anterior-posterior DXA scans were 

performed in the thoracic spine in human cadavers. A strong correlation was found 

between the ash BMC and the BMC determined from the lateral DXA (r = 0.99) and 

anterior-posterior DXA scans (r = 0.87). However, the values determined for the lateral 

DXA scan and the ash weight were significantly different, with a mean difference 

between the two values of 12.8%, with the DXA value consistently overestimating the 

ash BMC. 

Pouilles et al. performed a similar investigation with anterior-posterior scans in 

the lumbar spines of sheep, but found the opposite [Pouilles et al. 2000]. This 

investigation determined a strong correlation between the ash weight and the BMC from 

DXA (r = 0.98) and also determined a significant difference between the BMC from 

DXA and the ash weight. However, it was observed that the DXA measurements tended 

to underestimate the ash weight. 

Soft tissue and fat composition have also been shown to have a significant effect 

on the DXA-based BMD measurements [Chappard et al. 2004, Hangartner and Johnston 

1990, Svendsen et al. 1995]. Hangartner and Johnston used hydroxyapatite blocks of 

various thicknesses, water and lucite to simulate bone, muscle and fat, respectively. The 
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lucite was arranged in different configurations. No difference was observed in the BMD 

if the fat was distributed homogeneously over the entire measurement area. However, if 

the fat was distributed unevenly over the measurement area, the BMD values were 

observed to change by 0.044 to 0.051 g/cm2 per cm of fat [Hangartner and Johnston 

1990]. In general, a difference in the uneven fat distribution within the soft tissue of 2 cm 

changed the BMD by 9 to 10%. 

A major disadvantage in the use of DXA to estimate bone quality in the field of 

preoperative surgical planning is the two-dimensional nature of DXA measurements. As 

the prospect of computer assisted and navigated orthopaedic surgery becomes more 

central in the field of trauma surgery, imaging modalities that provide three-dimensional 

models are of interest for real-time fragment tracking and visualization [Khoury et al. 

2007]. Therefore, if DXA were to be used in this case, it would result in another source of 

radiation exposure, since the geometrical and three-dimensional models would not be 

obtained through DXA. However, if a modality such as clinical CT was used, the 

volumetric data and the estimation of bone quality would be available from one imaging 

modality. 

2.3 BMC from Quantitative CT 

Section 1.1.2 (Computed tomography) gives a general background on CT. 

Because CT is a three-dimensional measure of attenuation in an object, it enables the 

segmentation of trabecular and cortical bone, as well as the development of 

three-dimensional models for visualization of the geometry [Dinç et al. 1995]. Thus, a 
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variety of investigations have been performed to investigate the efficacy of quantitative 

CT (QCT) as a predictor of BMC, as well as bone quality. 

2.3.1 QCT calibration 

Quantitative CT (QCT) is based on the HU scale (Equation 1.1.2, Section 1.1.2) 

and is a method of mapping the attenuation coefficients, in the form of the HU, to BMC 

based on the inclusion of calibration standards within the field of the scan. By including 

standards of a known density, or in the case of this thesis, of a known structural mineral 

content, a calibration curve is created for a scanner at a specific energy, since the 

attenuation of a material is dependent upon the incident energy of the x-ray. These 

standards may be in the form of a phantom, which is a standard or a holder for multiple 

standards that is in the form of a specific anatomical site, such as the spine or pelvis. 

However, the standards can also be cylindrical plugs that each represent a different, 

known structural mineral content. 

Dipotassium hydrogen phosphate (K2HPO4) has long been used as a calibration 

standard for QCT because it has attenuation properties similar to Ca10(PO4)6(OH)2 and is 

water soluble, which increases the ease of manufacturing standards [Goodsit 1992]. 

However, the liquid standards have been shown to cause problems with the calibration, 

mainly from the formation of air bubbles from outgassing in the plastic encasement and 

water evaporation through degraded seals [Goodsit 1992]. As outgassing does not change 

the concentration of the solution, it has little impact on the calibration. Evaporation of the 
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water, although it has not been shown to be an issue with the original Cann/Genant liquid 

standard, is an issue with many liquid commercial standards [Goodsit 1992].  

Solid standards are now commonly employed, due to the increased uncertainties 

caused by the presence of air bubbles within the liquid standards [Allahverdi et al. 1999, 

Goodsit 1992, Reeve et al. 1996, Rüegsegger and Kalender 1993]. The solid standards 

are generally made of known amounts of Ca10(PO4)6(OH)2 in a water-equivalent plastic. 

Ideally, the standards span the range of the tissue of interest. This means that, in a 

study primarily concerned with QCT of bone, the standards should span the range of 

structural mineral content typically found in trabecular and cortical bone, to avoid 

extrapolation of values outside the calibration range. Trabecular densities have been 

reported to span a range of 50 to 200 mg/cc [Block et al. 1989, Kalendar et al. 1989, 

Kalendar et al. 1995]. Cortical bone has been reported with values ranging from 200 to 

500 mg/cc but it has been suggested that these values are underestimated, due to the 

averaging of cortical and cancellous bone in some of these studies [Kalendar et al. 1989]. 

Values of up to 1200 mg/cc have been reported [Ashman and Rho 1988, Hangartner and 

Gilsanc 1994].  

Calibration of the HU for a scan is performed by placing the standards in the field 

of the scan and determining the mean HU for each standard. The mean HU of the 

standards is then fitted using linear regression and the resulting relationship is used to 

predict the BMC in the specimen from the HU-to-BMD calibration equation determined 

by the standards. Figure 2.1 shows the mean HU with the standard deviation for four 
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Ca10(PO4)6(OH)2 standards plotted with respect to the known structural mineral content, 

and the corresponding calibration equation. This equation is then rearranged to yield a 

calibration equation converting the measured HU within a specimen to BMC values. 

mean HU = 1.32MC + 34.7
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Figure 2.1 – CT calibration: The calibration equation derived from scanning four mineral 
content standards and plotting the mean HU with the standard deviation for each 
standard.  

 

2.3.2 Beam Hardening Artifacts in QCT Calibration 

 

 One of the main challenges with QCT is the imaging of the calibration standards 

so that the determined calibration equation is accurate for the environment in the patient. 

As shown in Equation 1.9, the intensity of the transmitted x-ray is dependent upon both 

the attenuation of a material, and the thickness of that material, as well as the incident 
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intensity. Equation 1.8 presented this relationship for a monochromatic beam (one 

energy), which is an x-ray with one energy. However, in practice, x-rays are not 

monochromatic but, instead, are polychromatic [Cann 1988, Hsieh 2003, Ketcham and 

Carlson 2001]. Equation 2.1 is the polychromatic relationship between a measured 

projection and the attenuation: 







 ∫Ω−=

−

∫ dEeEp
dxxE ,)(log

µ
            2.1 

where p is the measured projection and Ω(E) is the spectrum of the incident x-ray.  

 In QCT this results in an artifact known as the hardening of the x-ray beam, or 

beam hardening. Beam hardening is caused by the dependence of the attenuation 

coefficient on the energy of the x-ray. Low-energy photons are attenuated much more 

readily than high-energy photons in the same material. As a result, soft tissue surrounding 

bony structures in a scan will attenuate much of the low-energy photons in a 

polychromatic x-ray, causing the energy spectrum of the beam to become proportionately 

higher in photons of high energy, or a shift toward the higher energies, which is known as 

hardening the beam [Hsieh 2003]. 

 One challenge caused by beam hardening is that the energy spectrum in the centre 

of the scan is not the same as that at the perimeter. This has been shown by various 

studies as a cupping effect in a profile line of the HU across an object in each slice [Hsieh 

2003, Johns and Cunningham 1983]. However, this effect can be minimized in the case 

of the calibration by taking the mean HU toward the centre of the standard, avoiding the 



 

 30 

edge artifacts induced by beam hardening, as is the standard practice in the calibration of 

CT [ASTM E1935 2003]. 

 Another important complication caused by the beam hardening effect is that, 

theoretically, the presence of soft tissue around a bone will change the HU measured 

within the bony structure. The main concern regarding beam hardening in QCT, since 

each scan is calibrated by standards, is the need to image the standard in an environment 

as similar to the in vivo environment as possible, so that the calibration accounts for the 

effects of beam hardening on the bone.  

It is generally accepted that water is a good simulation for soft tissue, as the 

attenuation characteristics of muscle and water are similar, and the body is composed 

primarily of water [Hsieh 2003]. Many researchers use water as a soft tissue equivalent 

for ex vivo scans of specimens, to reduce the edge effects induced by beam hardening in 

the scans [Ciarelli et al. 1991, Crawford et al. 2003, Ebbesen et al. 1999, Lochmüller et 

al. 2002, Rho et al. 1995]. However, a number of studies have also employed dry rice for 

positioning of ex vivo specimens, to simulate soft tissue for use in DXA or CT [Baroud et 

al. 2004, Belkhoff et al. 2001, Belkhoff et al. 2001, Grant 2000, Oxland et al. 1996, Sran 

et al. 2005]. Thus, it would seem that the protocol of imaging the specimens in water is 

not universally accepted. 

Although water has been shown to have an attenuation coefficient that is very 

similar to that of muscle, the use of water to simulate soft tissue requires a method of 

suspending the sample in the centre of the water volume. Conversely, dry white rice 
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enables the specimen to be embedded within the material, enabling easier scanning and 

experimental set-up. However, although rice would likely attenuate some of the x-ray, it 

has not been shown that this attenuation would be a good simulation of soft tissue. 

Therefore, there still exists, in the literature, more than one method for the simulation of 

soft tissue in QCT. 

It should be noted that Genant and Boyd have shown that, for patients with a high 

ratio of fat-to-marrow, water is not as effective a simulation for soft tissue, due to the 

increased hydrogen present in the fat [Genant and Boyd 1977]. However, in such cases, 

some groups have suggested the use of dual energy CT [Hounsfield 1973, Laval-Jeantet 

et al. 1986] and Genant has suggested the inclusion of an age-related factor for single-

energy scans [Genant et al. 1985], which has been challenged in the literature [Laval-

Jeantet et al. 1986]. 

Additionally, despite the use of some soft tissue equivalent, water or rice, in most 

studies, few studies describe the methods used for soft tissue simulation in the scanning 

of the calibration standards. This could be due to a lack of understanding of the 

importance of beam hardening in the development of the calibration relationship for a 

scan. It is likely that it is also due, in part, to the use of commercial phantoms, which are 

often sold with a plastic water casing or holder, which would act as the soft tissue 

equivalent. Some of these are in the form of the anatomy of interest, while others are 

cylinders into which calibration standards are inserted. However, according to Equation 

2.1, the projection measure depends on the thickness of the material, and not just the 

presence of the material within the scan. Therefore, using a universal plastic water casing 
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for patients of all sizes may induce uncertainties in the resultant calibration, as it is not 

representative of the amount of soft tissue present for all patients. A possible solution 

would be to have multiple plastic water holders, of varying sizes, but this could be 

prohibitively costly.  

Studies that use water and other soft tissue equivalents for the scanning of the 

specimens ex vivo should, ideally, be using a similar equivalent for the scanning of the 

standards. For in vivo work, based on Equation 2.1, the scanning of the standards should 

be performed in a volume of soft tissue simulating media that is equivalent in size to that 

of the patient. This can be difficult to facilitate, as the soft tissue volumes required to 

simulate the in vivo environment for some patients, such as the pelvis of bariatric 

patients, can be challenging to simulate. 

There has been some success in pre-hardening the beam through beam filtration. 

Such a filter could selectively remove or minimize the number of lower energy photons 

that are primarily attenuated by the surrounding soft tissues [Brooks et al. 1976, Jennings, 

1988]. This would reduce the beam hardening effect as well as the radiation exposure to 

photons that are not vital to the imaging of the region of interest [Hsieh 2003]. However, 

the use of beam filtration also affects the contrast, noise, repeatability of the HU and the 

patient dose [Hseih 2003, Ketcham and Carlson 2001]. 

Another method of addressing the challenge of beam hardening in QCT involves 

the use of correctional algorithms, which would correct for beam hardening during or 

following image reconstruction [Chen et al. 2001, Hsieh 1995, Hsieh et al. 2000, Joseph 



 

 33 

and Ruth 1997, Kijewski et al. 1978]. Many of these algorithms have the advantage that 

they have been developed to correct for beam hardening that is induced by all materials 

in the scan, and not only the soft tissue. Hsieh et al. developed an iterative correction 

algorithm for cone-beam CT, in which high-density objects are projected forward in the 

algorithm, and the error between each forward projection and the original projection is 

calculated [Hsieh et al. 2000]. The reconstruction was then performed again for the new 

projections and this was iterated until the projection error was minimized. A similar study 

was performed but for fan-beam CT [Joseph and Spital 1978]. The disadvantages of 

implementing correctional algorithms are that the computational time may be great and, 

for some algorithms, an accurate estimate of the spectrum of the incident x-ray is 

required [Joseph and Ruth 1997].  

2.3.3 Precision in QCT 

The HU of a voxel can change considerably due to the dependency of the HU on a 

variety of factors.. This is addressed in the practice of QCT by including the standards 

within the scans, so that a calibration equation for a specific scan is generated, and any 

discrepancies in the HU from one scan to another due to drift in the aforementioned 

parameters can be corrected and monitored.  

Ideally, if the same standard is scanned using different slice thicknesses, at 

different times, in the presence of different objects, and using different regions of interest 

(ROIs), the average HU in those ROIs should be identical [Hsieh 2003]. However, the 

resulting HU could vary considerably due to a variety of factors including beam 
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hardening, scatter and other imaging artifacts, the stability of the system, and the 

reconstruction algorithm [Hsieh 2003]. Therefore, having standards with known densities 

minimizes the effect of artifacts and noise by providing a reference for each scan.  

The repeatability of the HU measurement of a scanner becomes important in 

determining the initial relationship or calibration to employ for future scans. If a QCT 

measurement is repeatable, the HU over a variety of regions within the image of a 

standard will be identical over a number of scans performed using the same imaging 

parameters. Thus, for a QCT measurement with poor repeatability, a calibration equation 

based on a small sample of scans could have an effect on the reliability and accuracy of 

the calibration equation. 

Cann and Genant measured the HU for vertebrae scanned in vivo and, with the 

inclusion of standards in all scans, determined repeatability to be approximately [Cann 

and Genant 1980]. Cann determined that the BMC measurements for patients were 

repeatable to within 2.8% when standards were scanned immediately prior to and 

following the patient scan, and 1.1% if the standards were included in the patient scan 

[Cann 1986]. Rosenthal et al. performed a similar study on a larger scale, and found 

differences of 4 to 8 HU in one vertebra for 84 patients who were repositioned and then 

rescanned twice in one day [Rosenthal et al. 1985]. Rohloff et al. performed a study 

measuring the HU for one vertebra for 14 patients and found a mean deviation of 

1.3 ± 9.8 HU [Rohloff et al. 1985]. Repeatability studies using calibration standards have 

also demonstrated high repeatability in QCT. Goodwin reported a difference of 1 to 2% 

over time in the mean HU of the phantom [Goodwin 1987]. Thus, the repeatability of 
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QCT has been well documented. However, as the HU for a standard can be affected by 

the reconstruction algorithms and other system-dependent parameters, and, in some 

instance, it may not be feasible to include the standards in the scan with the patient, 

precision studies for specific scanners and standards may still be beneficial for work 

involving QCT-based BMC estimates [McBroom et al. 1985]. 

2.3.4 QCT prediction of BMC 

QCT is being implemented by a number of groups to provide estimations of the 

BMC and other physical properties, due to its ability to analyze separately the regions of 

trabecular and cortical bone. Some of the relationships determined between the HU from 

QCT and the BMC are presented here. The relationship between the BMC and HU, in 

particular, has been investigated by numerous groups. However, there is a large variation 

in the reported relationships, as well as in the quality and correlation of the determined 

relationships. 

Mosekilde et al. found a strong correlation between the mean HU values and the 

ash density of cores of trabecular bone from vertebral bodies (R2 = 0.66) and concluded 

that QCT yielded valid predictions of the vertebral trabecular bone mass [Mosekilde et al. 

1989]. Kaneko et al. also observed a strong correlation (R2 = 0.98) between the BMC and 

the QCT predicted density for trabecular bone in the metastatic and normal distal femur 

[Kaneko et al. 2004]. However, a similar study performed by Kaneko et al. revealed a 

weak correlation of the ash density and QCT predicted density for non-metastatic cortical 

bone from the femoral diaphyses without lesions (R2 = 0.22) but a strong correlation 

when considering specimens with metastatic lesions (R2 = 0.87) [Kaneko et al. 2003].  
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Lotz et al. determined a direct linear relationship between the apparent density 

(ρAPP) and the BMC determined from the calibration of the scan (BMCHU): 

         17.00012.0 += HUAPP BMCρ            2.2 

with a good correlation (R2 = 0.73). This was performed on cylindrical specimens from 

the proximal femur, with the CT scan performed prior in situ [Lotz et al. 1990]. It should 

be noted that, in this relationship, the ρAPP is expressed in g/cc, and the BMCHU in mg/cc, 

which explains the scale of the slope of the relationship. From the definition of the ρAPP 

(Section 1.2), the slope of this relationship should be approximately one, which is the 

case once the units are converted. 

Rho et al. also observed a low correlation (R2 < 0.2) between the ρAPP and HU for 

cortical bone of the femur, tibia, humerus and mandible, and a reasonable correlation 

(R2 > 0.60) between ρAPP and HU for cancellous bone from the same locations [Rho et al. 

1995]. Specifically, the relationship determined between the ρAPP (in kg/m3) and the HU 

for the trabecular bone of the proximal femur was: 

      131067.1 += HUAPPρ            2.3 

 with a strong correlation (R2 = 0.84). It is not possible to compare this with the equation 

determined by Lotz et al., as the calibration equations were not included in either paper. 

However, it is of interest that the slope determined in this relationship by Rho et al. is 

also approximately one. 

Table 2-1 presents the equations of the relationships determined between the ρAPP 

or BMC of samples of bone and the HU or BMCHU, the corresponding coefficient of 
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determination and the site of the bone sample and type of bone for the studies discussed 

in this section, as well as some other studies not discussed. This table illustrates the 

variation in the reported relationships, particularly in the y-intercept, as well as the 

variation in the strength of the relationships. The poorest correlations both occurred for 

BMC predictions from cortical bone. The variation in these studies indicate that, although 

there is a strong relationship between the BMC and the HU, more studies investigating 

this relationship, as well as the site dependency of this relationship, may be beneficial to 

provide a more certain relationship between these parameters. 

 
Table 2-1 – Published relationships between BMC and HU: The anatomical site and bone 
type, regression equation and coefficient of determination for studies correlating the 
BMC or ρAPP and the HU or BMCHU for 11 published studies. All density and BMC 
values are in mg/cc and all bone is human unless otherwise specified. 

 
 

Study Bone Equation R2 
Ciarelli 1991 Long bones – trabecular 112.014.1 += HUAPPρ  0.82 

Harp 1994 Canine tibial – cortical 03.1769.0 += HUAPPρ  0.81 

Hvid 1989 Proximal tibia – trabecular 0625.0746.0 += HUBMC  0.95 
Kaneko 2003 Matastatic femur – cortical  147805.0 += HUBMCBMC  0.87 

Kaneko 2003 Healthy femur – cortical 806290.0 += HUBMCBMC  0.22 

Kaneko 2004 Distal femur – trabecular 8.69839.0 += HUBMCBMC  0.98 

Lotz 1990 Proximal femur – trabecular 17.02.1 += HUAPP BMCρ  0.73 

McBroom 1985 Vertebral – trabecular 013.0983.0 += HUAPPρ  0.89 

Mosekilde 1989 Vertebral – trabecular Not reported 0.66 
Posner 1977 Canine long bones – cortical Not reported 0.99 
Rho 1995 Proximal femur – trabecular 131067.1 += HUAPPρ  0.84 

Rho 1995 Cortical Not reported <0.2 
Snyder 1991 Tibia – cortical 09.1445.0 += HUAPPρ  0.99 
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2.4 BMC, ρρρρAPP and QCT-based predictions of mechanical properties 

The strength of QCT as a predictor of BMC was discussed in the previous section. 

Although it has been shown that QCT can predict BMC, the suitability of BMC as the 

“gold standard” for the prediction of bone quality is being investigated further. Areal 

BMD is currently used clinically to determine fracture risk through DXA. However, the 

strength of BMC as a predictor of fracture risk and the mechanical properties of bone has 

been shown to be highly variable over a number of studies. Multiple studies have been 

performed investigating the mechanical properties of bone from various anatomical sites 

with respect to the BMC, ρAPP and BMCHU. 

One of the more common material parameters currently used in research to 

predict the mechanical properties of bone is the ρAPP [Brooks et al., 1981, Carter and 

Hayes 1977, Genant et al., 1987, Kopperdahl et al. 2002, Lotz et al. 1990, McBroom et 

al. 1985, Rho et al. 1995, Snyder and Schneider, 1991]. Carter and Hayes tested human 

and bovine trabecular bone specimens in compression at multiple strain rates [Carter and 

Hayes 1977]. A power relationship was observed between the apparent elastic modulus 

(E*) and the ρAPP: 

         306.03790* APPE ρε&=            2.4 

where ε& is the strain rate. One of the most interesting findings of this study is that this 

relationship appeared to be valid for the entire range of bone (trabecular and cortical) 

[Carter and Hayes 1977]. 
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 This is not consistent with the work of Rho et al., in which the E* was determined 

for a variety of anatomical sites, loaded in the three principal directions [Rho et al. 1995]. 

The work by this group showed significant differences in the equations and strength of 

the power law relationship between the E* (MPa) and the ρAPP (mg/cc). The relationship 

between the E* and the ρAPP for trabecular bone from the proximal femur loaded in the 

medial-lateral direction, for example, was determined to be: 

          86.101.0* APPE ρ=            2.5 

with a coefficient of determination of 0.89. This relationship for trabecular bone from the 

proximal femur when loaded in the anterior-posterior direction was: 

          01.2004.0* APPE ρ=            2.6 

with a coefficient of determination of 0.91. This indicates a site-dependency of the 

relationship between the E* and the ρAPP. The power law relationships reported for the 

E* and the ρAPP for various anatomical sites and in all loading directions had coefficient 

of determination values that ranged from 0.86 to 0.96. Rho et al. also determined that the 

relationship between the E* and HU for trabecular bone from the proximal femur loaded 

in the superior-inferior direction to be: 

    26986.4* += HUE            2.7 

with a coefficient of determination of 0.80. The relationships reported between the E* 

and the HU for all anatomical sites in all loading directions had coefficient of 

determination values ranging from 0.69 to 0.80. The change in the relationship between 
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E* and the ρAPP between different anatomical sites, and the variation of the strength of 

that relationship, suggested that the relationship is site-dependent. The relatively high 

correlations also indicated that this relationship is predictable for a specific site in one 

loading direction.  

Ciarelli et al. investigated the relationship between the E* and the BMCHU, the 

ρAPP and the BMC for the metaphyseal sites of the proximal and distal femur, proximal 

tibia, proximal humerus and distal radius from cadaveric specimens ranging in age from 

55 to 70 [Ciarelli et al. 1991]. The samples were tested in uniaxial compression in the 

anterior-posterior, medial-lateral and superior-inferior direction. Table 2-2 is a summary 

of the powers of the relationship determined between E* and the BMCHU, the ρAPP and 

the BMC for the proximal femur in each of the loading directions, with the mean of the 

three directions, and for the total pool of data (from all sites) in the three loading 

directions, as well as the mean of the three directions. The general form of the equation 

was given as: errorparameterAE P += )(* , where P was the determined power, A, was 

the multiplier and parameter was the BMCHU, the ρAPP or the BMC. The data in Table 2-

2 are all for power laws, although linear models were also applied for all anatomical sites, 

linear models are not commonly used for these relationships [Ciarelli et al. 1991]. Also, 

the coefficient of determination for the linear model was typically less than that of the 

power law model, although not significantly so.  
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Table 2-2 – Power law exponents and correlation for E* from Ciarelli et al: The power 
and coefficient of determination found for the power relationships between the E* and 
the BMCHU (HU), ρAPP (ρ) and the sBMC for the trabecular specimens from the proximal 
femur tested in three testing directions and the pooled data from multiple anatomical sites 
in three testing directions. The general form of the equation is: 

errorparameterAE P += )(* but only the P and R2 values were reported for each 

parameter. 

Site PHU R2
HU Pρ R2

ρ PsBMC R2
sBMC 

Proximal Femur AP 1.37 0.84 1.94 0.55 1.49 0.56 

Proximal Femur ML 1.10 0.57 1.38 0.40 0.96 0.34 

Proximal Femur SI 0.99 0.54 2.17 0.48 1.43 0.37 

Proximal Femur Mean 1.10 0.87 1.80 0.57 1.25 0.49 

Pooled AP 1.13 0.61 2.13 0.76 1.53 0.60 

Pooled ML 1.13 0.53 2.27 0.75 1.57 0.54 

Pooled SI 0.96 0.58 1.64 0.63 1.23 0.55 

Pooled Mean 1.02 0.79 1.87 0.85 1.35 0.68 

 

The data in Table 2-2 show a reasonable consistency in the calculated powers. 

However, the multiplier for the determined relationships was not specified, and has a 

significant effect on the resultant E* prediction. Additionally, the power for the proximal 

femur tested in the medial-lateral direction, for the correlation between the E* and the 

ρAPP was much lower than that reported by Rho et al. and the correlation was also much 

less, with R2 = 0.40. Again, without the multiplier being reported, it is difficult to fully 

compare this relationship to that determined by Rho et al. [Rho et al. 1995]. Ciarelli et al. 

concluded that the relationships and significance of the relationships between E* and the 

predicting parameters varied significantly with respect to the location from which the 

sample was taken within the body [Ciarelli et al. 1991]. 
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Lotz et al. reported a power law relationship between E* (MPa) from compression 

testing at a strain rate of 0.03 s-1 and the ρAPP (g/cc) as well as the BMCHU (mg/cc) for 

trabecular bone specimens from cadaveric proximal femora, ranging in age from 25 to 82 

[Lotz et al. 1990]. The relationship between the E* and the ρAPP was: 

         40.11310* APPE ρ=            2.8 

with a coefficient of determination of 0.91. The relationship between the E* and the 

BMCHU was determined to be: 

      2.15.0* HUBMCE =            2.9 

with a coefficient of determination of 0.90. Unlike the work by Rho et al. and Ciarelli et 

al., this study loaded the specimens parallel to the axis of the femoral neck. 

Kaneko et al. found a good correlation between the E* (MPa) and the BMCHU for 

cortical bone with metastatic lesions from the proximal femur, using linear regression 

(R2 = 0.881) but found poor correlations for specimens from donors without cancer 

(R2 = 0.147) and specimens without lesions from donors with cancer (R2 = 0.095) 

[Kaneko et al. 2003]. Although the purpose of this work by Kaneko et al. was to 

demonstrate that the presence of metastases does not decrease the predictability of the 

mechanical properties from QCT, it also illustrated that, with such poor correlation in the 

samples of non-metastatic bone, that QCT is not a reliable method for predicting bone 

quality in a normal population. 
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Snyder and Schneider performed three-point bending testing on cortical bone 

from cadaveric tibiae with ages ranging from 29 to 73 years [Snyder and Schneider 

1991]. The reported relationships between the E* (GPa) and the HU and ρAPP (measured 

in g/cc) were: 

           74.08.710* HUE =          2.10 

and 

          39.26.910* APPE ρ=          2.11 

with Pearson correlation coefficients of r = 0.55 and 0.75, respectively. These equations 

are difficult to compare with the work presented above, as they were based on values of 

cortical bone only, and the work by Carter and Hayes, although it was suggested would 

be representative of all bone types, was based on both trabecular and cortical bone 

[Carter and Hayes 1977]. 

These studies have shown that a relationship exists between the mechanical 

properties of bone and the sBMC, the ρAPP and the BMCHU. However, the variation in the 

reported relationships, as well as the low correlation observed in some of these studies 

indicates the need for further investigation into these relationships. Correlations between 

the E* and the BMCHU were particularly poor for some sites in the work by Ciarelli et al., 

with coefficients of determination of as low as 0.33 in the proximal humerus [Ciarelli et 

al 1991]. Additionally, the results reported by Rho et al. and Ciarelli et al. suggest a site-

dependency for these relationships, which would increase the quantity of research 

required to establish repeatable predictions of bone quality from these parameters. 
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Therefore, the need to investigate other parameters relating to bone quality, and the 

possibility of relating those parameters to QCT, has been suggested [Ciarelli et al. 1991, 

Snyder and Schneider 1991]. 

2.5 Micro-architecture and mechanical properties 

As the previous section has discussed, the relationships between the mechanical 

properties of bone and the BMCHU, ρAPP and sBMC reported by different studies vary 

substantially and, due to this imprecision, would not necessarily be suitable for 

determining clinical bone quality estimates.  

Another area of information that could contribute to a strengthened prediction of 

bone quality in trabecular bone is the micro-architecture of the trabecular structure. The 

orthotropic behaviour of the mechanical properties of bone has been previously 

demonstrated [Öhman et al. 2007, Turner and Burr 2001]. Öhman et al. compared two 

groups of cancellous bone from the proximal femur with no significant differences in the 

trabecular structure or the ash density and loaded one group at 20° of inclination to the 

main trabecular direction and found a decrease in the E* for samples loaded off the main 

axis. This result was consistent with a theoretical study by Turner and Cowin in which a 

reduction in the E* of up to 30% for off-axis loading was predicted [Turner and Cowin, 

1988]. Thus, a reasonable direction to pursue for the investigation of QCT as a predictor 

of bone quality is the correlation between micro-architecture to clinical CT scans. 

Particularly of interest is the trabecular orientation with respect to the axis of loading.  

Micro-CT allows non-destructive evaluation of the micro-architecture of 

trabecular bone. However, due to the resolution, it typically requires a longer exposure, 
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thus preventing its use in vivo. Teo et al. examined the relationship between the HU from 

a clinical scanner and the micro-architecture of porcine vertebral trabecular bone [Teo et 

al. 2006]. Cubic specimens were imaged in saline using clinical CT and micro-CT. 

Micro-architectural parameters such as the space between the individual trabeculae and 

the thickness of the trabeculae were measured from the micro-CT. The specimens were 

compressed to failure and the compressive E* was calculated. The HU were strongly 

correlated with the bone volume, percent bone volume (proportion of volume occupied 

by bone) and the trabecular pattern factor, which is an index of the connectivity of the 

trabeculae (R2 > 0.75). Weak correlations (0.50< R2 <0.75) were observed between the 

HU and the trabecular spacing, trabecular number and the trabecular separation. The 

compressive modulus was determined to be strongly related (R2 > 0.75) to the bone 

volume, the bone surface density (ratio of bone surface area to total volume) and the 

trabecular pattern factor, and weakly correlated (0.50< R2 <0.75) to the trabecular 

thickness, spacing and number. The trabecular orientation with respect to the axis of 

loading was not investigated in this study. 

Lipson and Katz investigated the micro-architecture of bovine cortical bone and 

its relationship with the elastic properties [Lipson and Katz 1984]. Ultrasound techniques 

were employed to measure the elastic properties of specimens in three orthogonal 

directions for plexiform (or laminar) bone and haversian bone. The E* for laminar bone 

was significantly different when measured along the three axes, while the E* of the 

haversian bone was found to be transversely isotropic. This study suggests that the 
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direction of loading is also of importance in determining the mechanical properties of 

cortical bone, particularly in the case of laminar bone. 

These studies indicate the importance of the inclusion of structural information in 

the development of an algorithm to accurately predict the bone quality using non-invasive 

techniques such as QCT.  



 

 47 

Chapter 3 

Determining the imaging media most representative of soft 

tissue for quantitative computed tomography 

3.1 Abstract 

Quantitative computed tomography (QCT) is currently being investigated as a 

method of estimating the structural bone mineral content (sBMC) for research purposes 

by using density standards in the scans to provide a calibration from Hounsfield units 

(HU) to sBMC. The repeatability of the HU and the effects of beam hardening on the 

measured HU are both of concern in the use of QCT for this purpose. In this study, four 

calibration standards spanning the range of structural mineral content associated with 

trabecular and cortical bone, were scanned to address the following research questions. 1) 

What is the repeatability of mean HU values for calibration standards scanned in a 

clinical CT? 2) Which imaging medium commonly used for soft tissue substitution in x-

ray-based quantitative investigations best simulates the effect of soft tissue on the mean 

HU of an object?  

To address the first question, the four standards were imaged in air on seven 

occasions over a 19-week period and the mean HU for each standard at each timepoint 

was determined. The repeatability was excellent (ICC(2,1) = 0.9998, 95% lower limit = 

0.9993). 

To assess the effect of imaging media on mean HU, the standards were scanned in 

air, and equivalent volumes of water, rice, and porcine soft tissue, (control condition) and 
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the mean HU were compared using a two-way ANOVA. A difference between the mean 

HU when the standards were imaged in porcine soft tissue and water was not observed (p 

= 0.05). The mean HU were significantly higher when the standards were imaged in 

either air or rice (p < 0.05).  

These results demonstrate that QCT provides highly repeatable measurements and 

that the best simulation for soft tissue is an equivalent volume of water. This knowledge 

will inform the methods used to develop the calibration equation for QCT work. 
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3.2 Introduction 

Quantitative computed tomography (QCT) is currently being researched as a 

possible means of estimating the structural bone mineral content (sBMC) and the density 

of bone [Bessho et al. 2007, Cann et al. 1985, Hvid et al. 1989, Rho et al. 1995]. This is 

accomplished by determining the degree of x-ray attenuation within a voxel, which is 

expressed in Hounsfield units (HU). The HU from a region of interest (ROI) are then 

converted to sBMC values using a calibration determined by including a phantom or 

density standards in the scan, thus providing a reference from one scan to another [Reich 

et al. 1976, Genant et al. 1977].  

Ideally, if the same standard is scanned using different slice thicknesses, at 

different times, in the presence of different objects, and using different ROIs, the average 

HU in those ROIs should be identical [Hsieh 2003]. However, the resulting HU could 

vary considerably due to a variety of factors including beam hardening, scatter and other 

imaging artifacts, the stability of the system, and the reconstruction algorithm [Hsieh 

2003]. Therefore, having standards with known densities minimizes the effect of artifacts 

and noise by providing a reference for each scan. The repeatability of the HU 

measurement of a scanner becomes important in determining the initial relationship or 

calibration to employ for future scans. If a QCT measurement is repeatable, the HU over 

a variety of regions within the image of a standard will be identical over a number of 

scans performed using the same imaging parameters. Thus, for a QCT measurement with 

poor repeatability, a calibration equation based on a small sample of scans could have an 

effect on the reliability and accuracy of the calibration equation. 
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Another challenge in the use of QCT is using the correct media in which to scan 

samples and standards to best simulate the soft tissue of a patient. Since beam hardening 

is related to the attenuation of the various materials through which the beam passes, it 

follows that the media in which a sample is imaged will have an effect on the resulting 

HU. It is generally accepted that water is a good simulation for soft tissue, as the 

attenuation characteristics of muscle and water are similar, and the body is composed 

primarily of water [Hsieh 2003]. Many researchers use volumes of water to approximate 

the attenuation due to soft tissue when performing scans ex vivo [Ciarelli et al. 1991, 

Crawford et al. 2003, Ebbesen et al. 1999, Lochmüller et al. 2002, Rho et al. 1995]. 

However, it can be cumbersome to properly centre specimens within the medium. Some 

groups have used dry rice to simulate soft tissue for dual-energy x-ray absorptiometry 

(DXA) scans on cadaveric specimens [Baroud et al. 2004, Oxland et al. 1996]. This 

medium increases the ease of positioning a specimen within the centre of the soft tissue 

equivalent material but is not commonly used for QCT. Additionally, the dry rice 

provides some attenuation of the beam, thus producing a hardening effect, although the 

extent of this attenuation is not clear. Also, although most researchers state the media 

used to surround specimens [Baroud et al. 2004, Ciarelli et al. 1991, Crawford et al. 

2003, Ebbesen et al. 1999, Lochmüller et al. 2002, Oxland et al. 1996, Rho et al. 1995], 

few groups discuss the imaging media used to surround the calibration standards for these 

scans or if such a simulation was used at all. 

This study was performed to address the following two research questions: 

1) What is the repeatability of the mean HU in a range of standards imaged in a clinical 
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CT scanner and 2) Which type of commonly used imaging media for soft tissue 

substitution in x-ray-based quantitative investigations best simulates the effect of soft 

tissue on the mean HU of a scanned object? 

 

3.3 Methodology 

Calibration Standards: Four calcium hydroxyapatite structural mineral content 

(MC) standards having a mineral content per unit volume of 100, 400, 1000 and 1750 

mg/cc (CIRS Inc, Norfolk, VA) were selected to encompass the common density range of 

human cancellous and cortical bone [Hsieh 2003]. The two standards with the lowest MC 

were custom made and the two standards with the highest density values were 

manufactured as plugs within a water-equivalent material (1000 mg/cc, part number 

06217; 1750 mg/cc, part number 06221). 

Imaging Protocol: All scans were performed using a helical multi-slice CT scanner 

(Lightspeed Plus, General Electric Medical Systems, Milwaukee, WI) using the 

following parameters: 120 kVp, 120 mAs, 2.5 mm slice thickness, 1.25 mm slice spacing.  

 To determine the repeatability of the HU for the scanner, the standards were 

imaged in air in a diamond-shaped configuration in seven replicate scans over a 19-week 

period and the mean HU for each standard was determined.  

To compare the effect of scanning in different media on the HU comprising the 

images, the standards were suspended in each of four different media: air, tap water, dry 

white rice, and fresh frozen and thawed porcine soft tissue taken from the thigh of an 

adult pig. Five replicate scans were performed for each standard in each medium. Each 
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standard was placed length-wise in the centre of the volume of imaging medium within a 

plastic container. In each scan, the container was positioned on a low-density foam pad 

placed on the CT scan-bed to raise the standard to be in the centre of the scan-field, as 

well as to provide a low-density contrast between the aluminum scan-bed and the 

standard within the container. Each standard was imaged individually, to avoid 

attenuation that would be caused by placing other standards within the field.  

The cross-sectional area of the water, rice, and porcine soft-tissue was equal, at 

286.5 cm2. A custom holder, centred in the middle of the scan volume using string, was 

created out of acrylonitrile butadiene styrene (ABS) to suspend a standard by its ends 

within the centre of the volumes of air, and water thus minimizing attenuation from the 

holder (Figure 3.1). The standard was embedded within the volume of rice, and placed 

centrally within the volume. To approximate the densities of human soft tissue, porcine 

soft tissue was used as one of the imaging media. The porcine soft tissue was stored at 

-40ºC and thawed at room temperature for 24 hours prior to imaging. A cross-shaped 

incision was made in the centre of the porcine tissue, into which the standards were 

inserted, so that there was a minimal air between the standard and the porcine tissue 

(Figure 3.2).  
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Figure 3.1 – Suspension of standard for water and air scans: A photo of the holder 
designed to support the standard in the middle of the scan volume by the two ends to 
avoid attenuation from the holder affecting the attenuation in the slices from which the 
ROIs were measured. This photo shows, from above, the holder being used for the water 
scan condition, with the 1750 mg/cc standard while resting on a metal lab bench used for 
sample preparation. The holder is held in place in the container using string to minimize 
movement during the scan. 

 

 

Figure 3.2 – Position of standard in porcine tissue: A slice from one of five CT scans 
performed in the porcine soft tissue with the 1750 mg/cc calibration standard. This 
illustrates the position of the standards within the soft tissue. The placement of the 
standards was replicated for the scans in rice and water. The interface between the 
standard and soft tissue is denoted with a white circle surrounding the border of the 
standard. 
 

Image Analysis: To determine the average HU for each standard, circular regions of 

interest (ROIs, each 1 mm2) were identified in the image slice located at 25%, 50% and 

1750 mg/cc 

1750 mg/cc 
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75% the total length of the standard to minimize end artifacts and errors due to partial 

volume effects. For the 100 and 400 mg/cc standards, three ROIs were measured in each 

of the three slices (Figure 3.3) and, in the 1000 and 1750 mg/cc standards, a single ROI 

was identified in the centre of each of the slices due to the smaller cross sectional area of 

the hydroxyapatite material (Figure 3.3). This method was selected instead of the 

American Society for Testing and Materials (ASTM) calibration method. The ASTM 

method for determining the mean HU for the purpose of calibration uses a circular ROI, 

with a minimum of 100 voxels [ASTM E1935 2003]. The voxels in the boundary region 

of the standard are excluded to minimize edge artifacts. The two methods are similar in 

the use of circular ROIs, and the exclusion of voxels in the boundary region to minimize 

edge artifacts. The main difference between the two methods was in the number of voxels 

included in the calculation of the mean. The implemented method used ROIs of 45 voxels 

for the 1000 and 1750 mg/cc standards and 135 voxels for the 100 and 400 mg/cc 

standards. The ASTM protocol, however, required a minimum of 100 voxels. Both 

methods were used to determine the mean HU for three replicate scans of all four 

standards and a two-tailed Student’s t-test was performed to determine whether the two 

methods yielded statistically different mean HU values. The t-test failed to show a 

difference in the mean HU (p < 0.005); therefore, the standardized method using ROIs of 

either 45 or 135 voxels was implemented, due to its efficiency. 
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Figure 3.3 – Locations of ROIs for four standards: The configurations of the ROIs 
identified for each standard at 25%, 50% and 75% of the total length. A). the 
configuration of the three ROIs identified at each of the three slices for the 100 mg/cc 
standard; B) the configuration of the three ROIs identified at each of the three slices for 
the 400 mg/cc standard; C) the 1000 mg/cc standard in the water equivalent shell with the 
position of the single ROI identified in the three slices of interest; D) the single ROI 
identified at each of the three slices for the 1750 mg/cc standard embedded in the water 
equivalent material. 
 

Statistical Analysis: The repeatability of the mean HU was determined using the 

intraclass correlation coefficient ICC(2,1): 
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where BMS is the mean square of the variance between the targets (ie. the standards), 

EMS is the mean square of the residual variance within a target, JMS is the mean square 

of the variance between the judges (the scans performed at different times) within the 

target, k is the number of repeated scans, and n is the number of standards used [Shrout 

and Fleiss 1979]. ICC(2,1) was chosen so that the time was considered as a random effect 

on the variation in the mean HU, and, therefore, the determined ICC could be assumed to 
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extend past this specific set of scans, to be relevant for future scans. Therefore, the time 

of the performed scan and the standard were considered to have random effects on the 

variance of the mean HU. The coefficient of variation (CV) was determined for each 

standard for all seven scans over the 19-week period. 

A two-way ANOVA was used to test the statistical hypothesis that the imaging 

media had no effect on the mean HU determined for the four standards. A Holm-Sidac 

post hoc test was performed to determine if the mean HU differed when the standards 

were scanned in air, water and rice as compared to porcine soft tissue (control condition). 

A linear regression was used to predict mineral content based on the mean HU of the 

standards for each of the four media. The CV was determined for each of the four 

standards when imaged in each of the media.  

Statistical analyses were performed using a commercial software package 

(SigmaStat 3.5, Systat Software Inc., CA) and significance was set at p < 0.05. 

 

3.4 Results 

The mean HU over the 19-week period for each standard was highly repeatable 

(ICC = 0.9998, lower limit of the 95% confidence interval = 0.9993) Table 3-1 presents 

the mean HU for each of the standards in the seven scans over the 19-week period and 

Table 3-2 presents the CV for each of the standards over the 19-week scan period. The 

subscripts of the HU and CV in Tables 3-1 and 3-2 indicate the relative time at which the 

scan was performed, where a subscript of one and seven denote the first and final scans, 
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respectively. These tables illustrate that both the mean HU and the variation of the HU 

for each standard were consistent over the seven scans. 

Table 3-1 – The mean HU for scanner repeatability: The mean HU of each standard for 
all seven scans performed over the 19-week period. The subscripts denote the relative 
time at which the scan was performed, where subscripts of one and seven denote the first 
and last scans, respectively. 
 

Standard 
[mg/cc] 

1HU  2HU   3HU  4HU   5HU  6HU   7HU  

100 145.5 147.5 143.1 137.6 135.6 140.7 137.8 
400 553.5 554.1 553.0 567.6 569.3 574.2 569.4 
1000 1387.7 1383.7 1376.3 1383.2 1397.2 1391.2 1392.6 
1750 2363.1 2359.9 2361.4 2315.9 2316.7 2322.7 2319.4 

 

Table 3-2 – Coefficient of variation for scanner repeatability: The CV as a percentage of 
the mean HU for each standard for all seven scans performed over the 19-week scanning 
period. The subscripts denote the relative time at which the scan was performed, where 
subscripts of one and seven denote the first and last scans, respectively. 
 

Standard 
[mg/cc] 

1CV  2CV  3CV  4CV  5CV  6CV  7CV  

100 10.6 8.6 7.9 12.1 11.7 11.4 13.8 
400 2.1 2.5 3.0 2.0 1.8 2.3 1.9 
1000 0.9 1.0 1.8 1.0 0.8 1.0 0.7 
1750 0.7 0.7 0.7 0.5 0.7 0.7 0.6 

 

No difference in mean HU was observed when the standards were scanned in 

porcine soft tissue and water (p = 0.05; Figure 3.4, light grey and dark grey bars). 

Significantly higher values for mean HU were observed when the standards were scanned 

in air (Figure 3.4, black bars) and rice (Figure 3.4, hatched bars) as compared to porcine 

soft tissue (p < 0.05 for both).  



 

 58 

0

500

1000

1500

2000

2500

100 400 1000 1750

Standard [mg/cc]

M
e
a
n
 H
U

Porcine

Water

Air

Rice

Figure 3.4 – Mean HU for standards imaged in four media: The mean HU for the 100, 
400, 1000 and 1750 mg/cc standards imaged in porcine soft tissue (light grey bars), water 
(dark grey bars), air (black bars) and rice (white and black hatched bars). The error bars 
are the standard deviations of the mean HU.  
 

Figure 3.5 presents the linear fit to the mean HU of each standard imaged in air 

and equivalent volumes of water, rice, and porcine soft tissue. Also presented are the 

regression equations for predicting mean HU in each of the imaging media as a function 

of known structural mineral content. The variation in mean HU explained varied from 

0.9990 (in air) to 0.9998 (in rice). Altering the media in which the standards were imaged 

primarily affected the slope of the relationship between the mean HU and the structural 
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mineral content (Figure 3.5). The medium in which a standard was imaged had the most 

absolute effect at higher mineral contents. 

HU air  = 1.34MC  + 29.1

R
2
 = 0.9990

HU rice  = 1.32MC  + 28.6

R
2
 = 0.9998

HU water  = 1.25MC  + 24.5

R
2
 = 0.9994

HU porcine  = 1.25MC  + 19.7

R2 = 0.9994
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Figure 3.5 – Calibration equations for four imaging media: The mean HU with respect to 
the known calibration structural mineral content for four replicate scans performed in air 
(closed square) and equivalent volumes of porcine soft tissue (closed circle), water (open 
circle) and rice (open square). The equations from four linear regressions are shown, 
along with the corresponding regression coefficients and trend lines. The error bars are 
the standard deviation of the mean HU. 
 

 The values for the coefficient of variation (CV) of each of the four standards for 

each of the imaging media is presented in Table 3-3. This table further illustrates the 

variation in the measurement of the mean HU of each standard which, due to its scale 

relative to the mean HU, was difficult to interpret from Figure 3.5, and the effect of the 

imaging medium on the CV. The values of the CV presented in Table 3-3 indicate that 
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imaging in dry rice increases the variance of the HU for all standards when compared to 

the CV of the mean HU for the standards in the other imaging media. With the exception 

of the 100 mg/cc standard, the values of the CV for the porcine and water scans were 

very similar and consistently less than those of air and rice. 

Table 3-3 – Mean HU and coefficient of variation for four imaging media: The mean HU 
and CV for each standard when imaged in the porcine, water, air and rice imaging media. 
The CV is presented as a percentage. 
 

Standard 
[mg/cc] 

PorcineHU  PorcineCV

[%] 
WaterHU

 
WaterCV

[%] 
AirHU  AirCV

[%] 
RiceHU  RiceCV

[%] 
100 138.5 5.56 139.6 2.43 150.7 3.75 158.0 8.54 
400 507.6 1.65 518.8 1.11 552.8 1.40 546.0 1.97 
1000 1300.1 0.312 1308.0 0.39 1408.8 0.47 1364.4 0.793 
1750 2186.8 0.260 2196.7 0.36 2342.7 0.46 2320.7 0.641 

 

3.5 Discussion 

This paper focused on two questions in the field of QCT: 1) What is the 

repeatability of the mean HU in a range of standards imaged in a clinical CT scanner and 

2) Which type of commonly used imaging media for soft tissue substitution in x-ray-

based quantitative investigations best simulates the effect of soft tissue on the mean HU 

of a scanned object? 

 QCT is currently being researched as a means of estimating sBMC and bone 

density, as well as a method for radiologists to differentiate between healthy and diseased 

tissue in other areas of the body [Bessho et al. 2007, Cann et al. 1985, Hvid et al. 1989, 

Rho et al. 1995, Hsieh 2003]. This estimation is based upon the use of calibration 

standards of a known density or structural mineral content. Including a number of 

standards within a scan will yield the equation for calibration.  
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The repeatability of QCT measurements, however, is important for the 

determination of the calibration as well as the comparison of the mean HU of the 

standards and the HU determined for a volume of bone. If the mean HU of the standards 

is not repeatable, the interpretation of all data afterward would be undermined, as the HU 

used for future calibrations could be interpreted incorrectly due to inadequate 

understanding of the reliability and variation of the measurements. This work has shown 

that the mean HU from a series of scans was highly repeatable, with no significant 

difference between scans performed under identical imaging parameters. Therefore, it is 

possible to determine a calibration equation with a reasonably low variance in the mean 

HU without performing an overly large number of scans. 

The high repeatability observed in the QCT measurements in this study is 

consistent with previous studies that performed repeated measurements either on patients 

or standards using the same scanning parameters. Work with phantoms has generally 

shown a difference of 1 to 2% over time in the mean HU of the phantom [Goodwin 

1987]. Rohloff et al. performed a study performing long-term measurements of the HU 

for calibration solutions and found the HU to be very repeatable, with the CV ranging 

from 1 to 3%. [Rohloff et al. 1985]. Another group performed a similar study, in vivo, by 

scanning measuring the HU of one vertebra in 84 patients who were then repositioned 

and rescanned and found differences of 4 to 8 HU in the scanned vertebra [Rosenthal et 

al. 1985]. It was also determined that the difference between the scans was not affected 

by the total mineral content of the patient.  
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This study also determined that water, in this case tap-water, is a suitable 

simulation of soft-tissue for ex vivo scans. Water is commonly used as a simulation of 

soft tissue by researchers using QCT for ex vivo scans [Ciarelli et al. 1991, Crawford et 

al. 2003, Ebbesen et al. 1999, Lochmüller et al. 2002, Rho et al. 1995]. This study has 

determined that the x-ray attenuation of water and soft tissue are not significantly 

different and, therefore, in the absence of soft tissue, a specimen or standard should be 

surrounded by a volume of water. It should be noted that Genant and Boyd have shown 

that, for patients with a high ratio of fat-to-marrow, water is not as effective a simulation 

for soft tissue, due to the increased hydrogen present in the fat [Genant and Boyd 1977]. 

However, in such cases, many groups have suggested the use of dual energy CT 

[Hounsfield 1973, Laval-Jeantet et al. 1986] and Genant has suggested the inclusion of an 

age-related factor for single-energy scans [Genant et al. 1985], which has been 

challenged in the literature [Laval-Jeantet et al. 1986]. 

One limitation in the comparison of the soft tissue substitutes with the porcine 

soft tissue was the use of a single volume for the comparison. Beam hardening is a direct 

effect of the amount of soft tissue in the beam path [Brooks et al. 1976, Chen et al. 2001, 

Hsieh 1995, Hsieh et al. 2000, Hsieh 2003, Jennings, 1988, Joseph et al. 1997, Kijewski 

et al. 1978]. Thus, it may be that, although a volume of dry rice does not simulate the x-

ray attenuation characteristics of an equivalent volume of soft tissue, a larger volume of 

rice may simulate that original volume of soft tissue. However, this would introduce a 

substantial source of error, as it would require determining the factor between the 

attenuation of the two media. Additionally, for larger sections of the anatomy, it would 
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become challenging to design an experimental set-up that could accommodate a rice 

volume that is much larger than the original specimen size, and this would be limited by 

the gantry size of the scanner. Therefore, dry rice is not a suitable medium to simulate the 

attenuation characteristics of soft tissue in QCT. 

It should also be noted that this study employed ROIs that were positioned away 

from the edges of the standards to avoid edge artifacts, and that the profile or distribution 

of the HU over a cross-section was not considered. Therefore, the edge effect artifacts 

typically seen with beam hardening were not compared for the different media. However, 

the scale of the edge effects is related to the x-ray attenuation characteristics of the 

imaging media at that energy. Thus, it was assumed that incorporating the edge effects 

would not change the results of this study.  

 

3.6 Conclusions 

This study showed that mean HU quantified for regions of interest in images of 

four calibration standards are highly repeatable for scans performed using identical 

imaging parameters using a General Electric Lightspeed Plus helical multi-slice CT 

scanner. Additionally, to collect ex vivo QCT data and relate those data to in vivo 

conditions, it is important to scan a specimen and calibration standard in a soft tissue 

volume or in water, which most closely resembles the x-ray attenuation characteristics of 

soft tissue. The media in which a specimen is imaged can significantly impact the mean 

HU calculated for that specimen and, therefore, render any diagnosis or estimation from 

those data inaccurate. 
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Chapter 4 

Development of a methodology for experimentally determining a 

beam hardening correction to develop a patient-specific 

calibration equation in quantitative computed tomography (QCT) 

4.1 Abstract 

Quantitative computed tomography (QCT) is currently being investigated as a 

means of estimating the physical properties of bone, such as bone mineral density and 

structural bone mineral content (sBMC). Because the Hounsfield units (HU) in a CT scan 

are significantly affected by a variety of scan parameters, calibration bodies of standard 

densities or structural mineral content may be included in scans. Due to the beam 

hardening effect, soft tissue surrounding the bone has a significant effect on the HU of a 

bony volume, and therefore, for accurate interpretation of CT data, the calibration 

standards should be imaged in the same soft tissue environment as the bone of a patient 

or specimen. The purpose of the current study was to determine a calibration protocol 

that accounts for the effect of surrounding soft tissue on the HU of bone. Four calibration 

standards that represent the structural mineral content range of bone were scanned at 

120 kVp in air and three incremental volumes of water (simulating soft tissue) and again 

at 100 kVp in air and one volume of water. Mean beam path was calculated as the square 

root of the cross-sectional area of the surrounding water. For scans acquired at 120 kVp, 

the mean HU of each standard decreased as the cross-sectional area of the surrounding 

water increased. No significant difference was observed for the standards when imaged in 

air versus the scans in the small and medium water volumes, or between the large, small 
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and medium volumes (p > 0.05). However, the regression equations determined for the 

large water volume and the scans in air were significantly different (p = 0.019). Mean 

beam path explained 85% to 99% of the variance in HUs. A two-way ANOVA failed to 

determine a significant difference in the mean HU when the standards were imaged in air 

and the selected water volume at 100 kVp (p > 0.05). This work describes a protocol 

whereby a predictive equation for a given CT scanner at specific energies could be 

determined, eliminating the need to scan the standards in water or soft tissue, and 

promoting patient-specific soft tissue equivalents when estimating the mineral content of 

bone. 
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4.2 Introduction 

Quantitative computed tomography (QCT) is increasingly being applied as a 

means of estimating the structural mineral content in bony structures and, thus, could 

potentially be used to quantify the material properties for clinical estimations of fracture 

risk [Bessho et al. 2007, Cann et al. 1985, Hvid et al. 1989, Rho et al. 1995]. This is 

accomplished by determining the degree of x-ray attenuation within a voxel, which is 

expressed in Hounsfield units (HU). The HUs from a region of interest (ROI) are 

converted to structural bone mineral content (sBMC) values using a calibration 

determined by including a phantom or density standards in the scan, thus providing a 

reference from one scan to another [Reich et al, 1976, Genant et al. 1977]. This 

calibration converts the measured HUs into the structural mineral content enabling the 

sBMC of a specimen to be determined from this equation. 

The output x-ray for most clinical scanners has a polychromatic energy spectrum. 

As the x-ray passes through the soft tissue, the low-energy photons are absorbed, causing 

the x-ray spectrum to shift toward higher energies, that is to harden. Since the linear 

attenuation coefficient for the majority of materials is energy dependent, beam hardening 

alters the HUs of a scan. Thus, bone specimens that are imaged ex vivo are typically 

submerged in water baths of an equivalent size to the original environment to achieve a 

better correlation to the HU of an in vivo scan [Bentzen et al. 1987, Genant et al. 1982]. 

These values are converted to sBMC from the calibration based on the imaged standards, 

and so it is important that the environment in which the standards are imaged is 

representative of the in vivo environment [Goodsitt 1992].  
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Accurate calibration of QCT data can be accomplished two ways: by purchasing 

phantoms that are designed to mimic a specific anatomic region or by submerging the 

standards in the centre of a volume of water equivalent to that of the soft tissue of the 

patient or specimen [Goodsitt 1992]. The first approach can be costly, as it requires a 

different phantom for each region of the anatomy, and the second can be difficult to 

facilitate, as the soft tissue volumes required to simulate the in vivo environment for some 

patients, such as the pelvis of bariatric patients, can be challenging. 

Mathematical corrections have been developed in various studies by multiple 

groups to correct for the beam hardening caused by soft tissue [Chen et al. 2001, Hsieh 

1995, Hsieh et al. 2000, Joseph et al. 1997, Kijewski et al. 1978]. Also, different methods 

of filtering the beam have been developed to effectively pre-harden the beam, before it 

reaches the patient [Brooks et al. 1976, Jennings, 1988]. However, the use of beam 

filtration also affects the contrast, noise, repeatability of the HU and the patient dose 

[Hseih 2003]. It is hypothesized that, by determining the predictive equation between 

HUs and the mean path length through soft tissue equivalent material for a range of 

commercial density standards at the scanning energy of interest, a centre can apply a 

patient-specific beam hardening correction to the density standards imaged in air. The 

current study proposes an experimental method of determining a scanner-specific beam 

hardening correction for the calibration standards. 
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4.3 Methodology 

Calibration Standards: Four calcium hydroxyapatite structural mineral content 

standards of 100, 400, 1000 and 1750 mg/cc (CIRS Inc, Norfolk, VA) were selected to 

encompass the common density range of human cancellous and cortical bone [Hsieh 

2003]. The two standards with the lowest mineral content were custom made and the two 

standards with the highest mineral content were manufactured as plugs within a water-

equivalent material (1000 mg/cc, part number 06217; 1750 mg/cc, part number 06221).  

Imaging Protocol: All scans were performed using a helical multi-slice CT scanner 

(Lightspeed Plus, General Electric Medical Systems, Milwaukee, WI). Previous work 

(Chapter 3) has determined that water is the medium that most closely resembled the 

attenuation of soft tissue, so various volumes of water were used to simulate different 

amounts of soft tissue, and the scans in air were used as a reference.  

Beam hardening is affected by the length of soft tissue through which the beam 

passes in a slice and, therefore, the volume differences are reported as cross-sectional 

areas. The size of the cross-sections were selected to be representative of human pelvises 

(446.5, 665 and 1134 cm2, or small, medium and large, respectively). The standards were 

imaged together in a holder designed to suspend the standards by each end, within the 

field of view, thus avoiding attenuation from the holder (Figure 4.1). Each scan was 

performed at 120 kVp, 120 mAs with slice thicknesses of 2.5 mm and slice spacing of 

1.25 mm. Five replicate scans were performed for each cross-section, yielding a total of 

20 scans performed using these scan parameters. 
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Figure 4.1 – ABS holder for scanning standards: The experimental set-up for imaging the 
density standards. The four standards are arranged in a diamond-shape, and each is 
supported on either end by a custom holder. 

 

Each standard was also imaged in one smaller cross-section of 48.75cm2, which 

was selected to be representative of a large wrist, and again in air. These wrist-model 

scans were performed at 100 kVp, 100 mAs, with slice thicknesses of 1.25 mm and slice 

spacing of 0.625 mm, which are parameters used clinically for scanning smaller volumes, 

such as the wrist and the neonatal skull [Szutowicz 1999]. Five replicate scans were 

performed for each, yielding a total of ten scans per standard performed using these scan 

parameters. 

Image Analysis: To determine the average HU for each standard, 1 mm2, circular regions 

of interest (ROIs) were identified in the image slice located at 25%, 50% and 75% the 

total length of the standard to minimize end artifacts and errors due to partial volume 

effects. For the 100 and 400 mg/cc standards, three ROIs were measured in each of the 

three slices (Figure 4.2) and, in the 1000 and 1750 mg/cc standards, a single ROI was 
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identified in the centre of each of the slices due to the smaller cross sectional area of the 

hydroxyapatite material (Figure 4.2). 

The ASTM method for determining the mean HU for the means of calibration 

uses a circular ROI with a minimum of 100 voxels [ASTM E1935 2003]. The voxels in 

the boundary region of the standard are excluded to minimize edge artifacts. The method 

used in this study was similar to the ASTM calibration method in the use of circular ROIs 

and the exclusion of voxels in the boundary region, to minimize edge artifacts. The main 

difference between the two methods was in the number of voxels included in the 

calculation of the mean. The implemented method used ROIs of 45 voxels for the 1000 

and 1750 mg/cc, and 135 voxels for the 100 and 400 mg/cc standards. The ASTM 

protocol, however, required a minimum of 100 voxels. Both methods were used to 

determine the mean HU for three replicate scans. A two-tailed Student’s t-test was 

performed to compare the mean HU for the standards using the two methods and failed to 

determine a statistically significant difference in the mean HU using the two methods 

(p < 0.005). Therefore, the method using the circular ROIs at the 25%, 50% and 75% 

slices was used as it required less computational time.  

Data Analysis: With the implemented method of determining the mean HU, the mean HU 

was plotted as a function of known structural mineral content for all four standards and 

compared for each of the scans performed in various cross-sectional areas of water and 

the scans performed in air. Linear regression analysis was also used to determine a 

predictive relationship between the mean HU and the square-root of the cross-sectional 

area for the scans performed at 120 kVp. To investigate the significance of the difference 
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between the mean HU for each standard, the mean HU of each standard was compared in 

all scan volumes using a two-way ANOVA (α = 0.05), using a Tukey post hoc test for 

the scans at 120 kVp. This was also performed for the scans at 100 kVp. The coefficient 

of variation (CV) was determined for each standard for the scan in each medium at the 

two different scan energies. 

 

Figure 4.2 – The location of ROIs for four standards: The configurations of the ROIs 
identified for each standard at 25%, 50% and 75% of the total length. A. the 
configuration of the three ROIs identified at each of the three slices for the 100 mg/cc 
standard is depicted; B. the configuration of the three ROIs identified at each of the three 
slices for the 400 mg/cc standard is depicted; C. the single ROI identified at each of the 
three slices for the 1000 mg/cc standard embedded in the water equivalent material is 
depicted; D. the single ROI identified at each of the three slices for the 1750 mg/cc 
standard embedded in the water equivalent material is depicted. 
 

4.4 Results 

Increasing the amount of soft tissue equivalent material surrounding the standard 

appeared to cause a decrease in the mean HU for each standard (Figure 4.3). As the cross-

sectional area of the water volume surrounding the standard increased, the slope of the 

mineral content-to-HU relationship appeared to decrease (Figure 4.3, dashed lines). The 
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standard deviation of the HU exceeded the variation in the y-intercept of the four 

different cross-sectional areas. The two-way ANOVA did not find a significant difference 

was for the standards when scanned in air and the small and medium water volumes 

(p > 0.05). There was a significant difference between the mean HU for the standards for 

the large water volume and the air scan (p = 0.019), indicating that the large water 

volume resulted in a mean HU for each standard that was significantly different than that 

measured in air. It was observed that the mean HU of the standards when imaged in the 

large water volume was significantly lower than the mean HU measured in air. However, 

a significant difference was not observed between the regression equations of the three 

water volumes (p > 0.05), which indicates that small increases in the amount of water did 

not significantly alter the mean HU of a standard. 

A strong predictive relationship, varying from R2 = 0.856 (Figure 4.4, closed 

circles - 100 mg/cc standard) to 0.999 (Figure 4.4 closed and open squares - 1000 and 

1750 mg/cc standards, respectively), was observed between the mean beam path and the 

mean HU for each standard. Increasing the amount of soft tissue equivalent material has 

the greatest impact on the standard with the highest structural mineral content, yielding 

an equation with a higher y-intercept and a more negative slope than those of the other 

standards (Figure 4.4, open squares). Conversely, changes in mean beam path have the 

least impact on the standard with the lowest mineral content, with a slope of -0.849 

(Figure 4.4, closed circles).  
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HU air  = 1.34MC  + 30.3

R
2
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Figure 4.3 – Calibration equations for standards in air and water volumes: The mean 
Hounsfield Units (HU) plotted as function of the known structural mineral content 
(mg/cc) of four standards imaged in air (closed squares) and three different cross-
sectional areas of water (small – open circles, medium – open triangles, large – open 
squares). Error bars depict the standard deviation in HU. The calibration equation 
determined for the standards imaged in air and each of the cross-sectional areas is also 
shown. 
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Figure 4.4 – Change in mean HU for four standards in air and four water volumes: The 
mean HU derived from replicate scans of each standard imaged in air and three different 
volumes of water at 120 kVp plotted with respect to the mean beam path (square root of 
the cross sectional area of soft tissue equivalent material). The predictive equations from 
the linear regression and regression coefficient are included. The error bars are the 
standard deviation in HU. 

 

The two-way ANOVA did not indicate a difference in the mean HU with respect 

to the mean beam path for scans acquired at 100 kVp (p > 0.05). Figure 4.5 illustrates the 

similarities of the mean HU imaged in air (open circles) and the water cross-section 

(closed circles). A very strong predictive relationship was observed between the mean 

beam path and the mean HU for the standards imaged with or without soft tissue 

equivalent material using these imaging parameters (approximately R2 = 0.999 for both).  
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Figure 4.5 – Calibration equations for scans in air and water at 100 kVp: The mean HU 
derived from five replicate scans of each standard imaged in air (open symbol) and in 
water (closed symbol) at 100kVp plotted with respect to its known structural mineral 
content. Error bars depict standard deviation in HU. The predictive equations are also 
shown as well as the regression coefficient. 

 

Table 4.1 summarizes the coefficient of variation (CV) for each standard using 

each of the four imaging media at 120 kVp. This table gives a better understanding of the 

variation of the measurement of the mean HU for each standard since, due to the scale of 

the standard deviation with respect to the range of the HUs, it was not always obvious in 

the previous figures. From Table 4.1, the difference in the mean HU for each standard in 

the scans performed in the varying volumes of water is shown. The greatest variation was 

observed in the 100 mg/cc standard in all media. However, the CV for the 100 mg/cc 
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standard increased greatly as the volume of water increased. As the CV is expressed as a 

percentage of the mean, it is reasonable that the standard with the lowest mean would 

have the highest CV. As the volume of the water was increased, the CV also increased for 

each standard, with the exception of the 1750 mg/cc standard, which had the highest CV 

in the small water volume.  

 
Table 4-1 – Mean HU and coefficient of variation for scans in air and four water 

volumes: The mean HU and coefficient of variation for the 100, 400, 1000 and 1750 
mg/cc standards when imaged in air and different volumes of water at 120 kVp to better 
illustrate the variation on the reported mean HU for each scanning condition. 

 

Standard
[mg/cc] 

AirHU  AirCV  
[%] 

SmallHU

 
SmallCV

 [%] 
MediumHU

 
MediumCV

[%] 
eLHU arg

 
eLCV arg

[%] 
100 145.4 9.84 131.1 28.0 131.6 54.95 113.2 116.8 
400 559.6 2.84 472.4 9.08 461.4 19.52 424.9 22.4 
1000 1422.9 1.22 1204.3 3.10 1153.9 7.55 1085.4 11.0 
1750 2346.3 0.547 2021.9 9.25 1928.4 5.64 1803.2 7.88 

 

Table 4-2 presents the mean HU and the corresponding CV for each standard 

when imaged in air and water at 100 kVp. In Table 4-2, the similarity in mean HU for the 

scans in air and water at 100 kVp is presented. As well as a similarity in the mean HU, 

the CV for each standard in the two media is also very similar. 
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Table 4-2 – Mean HU and coefficient of variation for air and water scans: The mean HU 
and CV for the 100, 400, 1000 and 1750 mg/cc standards when imaged in air and water at 
100 kVp to better illustrate the variation on the reported mean HU for each scanning 
condition. 

 
Standard
[mg/cc] 

AirHU  AirCV  

[%] 
WaterHU

 
WaterCV  

[%] 
100 162.3 14.8 161.9 15.5 
400 625.5 4.79 617.2 5.85 
1000 1610.2 1.61 1595.4 1.96 
1750 2669.4 0.957 2660.6 1.13 

 

4.5 Discussion 

This study has presented a method by which a centre can create a patient-specific 

correction for the beam hardening induced by soft tissue to calibration standards. It has 

been shown, for scans performed at 120 kVp, that for a known beam length through soft 

tissue, the appropriate correction can be applied to the HU for the calibration standards. 

The scans at 120 kVP also support this finding, as no significant difference was observed 

between the mean HU for the standards for the scans performed in air and the small and 

medium water volumes. The mean HU calculated in the scans performed in air, however, 

were significantly greater than those for the scans performed in the largest water volume. 

Therefore, if the scan of a large patient were calibrated using standards imaged in air, the 

resulting calibration equation would yield an underestimated sBMC value for the patient. 

This effect seemed to be the most prominent for the 1750 mg/cc standard when compared 

between the air and large water volume scans.  

Additionally, this study illustrated that regions of the anatomy with smaller 

volumes of soft tissue, such as the wrist, which are typically scanned using lower 
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energies, the calibration standards may not require a correction for beam hardening. This 

was shown in the lack of a significant difference between the calibration equations 

determined for the scans in water and air at 100 kVp. Also, because the greatest 

difference was observed between the air and large volume scans at 120 kVp in the 

1750 mg/cc standard, it may be assumed that this would be the area on the sBMC 

calibration that would be the most affected by a calibration scan performed in air. Since 

scans performed in air increased the mean HU for a known sBMC, therefore, if a 

standard were to be imaged in air instead of in a small volume of water, the resultant 

calibration would underestimate the sBMC. If the volume of soft tissue was small, the 

difference between the sBMC estimated from a scan in air and the sBMC scanned in an 

equivalent volume of water would be small for the 1750 mg/cc standard, and even less 

for the other standards. Also, an underestimation of the sBMC is not as critical in the 

estimation of bone quality, as it will err on the conservative side of the estimation. 

Although some patients may be incorrectly identified as having an increased risk of 

fracture, this is not as critical as a patient with an increased risk of fracture not being 

identified, which would be the case if the calibration equation overestimated the sBMC. 

However, in the case of a longitudinal study or tracking of losses in sBMC in specific 

patients, consistently underestimating the sBMC could provide an incorrect assessment of 

the rate of decrease in sBMC for a patient and thus, patients not at risk of osteoporotic 

fractures could be prescribed preventative treatments and therapies that are not 

necessarily required [Goodsit 1992]. 
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The strong, predictive relationship between the beam path length and the 

measured HU is important to future work investigating the use of QCT as a predictor of 

structural bone mineral content, as is currently being explored by a variety of researchers 

[Bessho et al. 2007, Cann et al. 1985, Hvid et al. 1989, Rho et al. 1995]. This study 

further illustrates the importance of scanning the calibration standards and, thus 

determining a calibration equation, in an environment that is as representative of the 

patient environment as possible. Since imaging the standards in air was shown to cause 

an increase in the mean HU, using a scan performed in air to determine the calibration for 

a patient scan would result in an overestimation of the mean HU within the bony region 

and, therefore, an overestimation in the sBMC. More importantly, the determined 

relationship between the beam path through soft tissue and the measured HU of the 

standards makes it possible to image standards, in air, in the same scan as a patient, and 

apply a patient-specific, post-reconstruction correction to the measured HU. Thus, no 

information regarding patient size and composition would be required. However, 

following reconstruction, the beam path length would be determined and, using the 

determined relationship, the correction could then be applied to the HU for each voxel.  

The 100 kV scans were performed on a single volume of water and air to illustrate 

that, for a volume larger than that of a typical forearm, which is one area that would be 

imaged using a lower energy, the difference between the HU imaged in air and in the 

water was insignificant. Since a lower scan energy would not often be used to scan a 

larger region of the anatomy, such as the thigh or the abdomen, it was assumed that a 

single scan was sufficient. This assumption was based on the concept that the greatest 
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effect of the soft tissue was observed in the largest volume for the 120 kVp scans. 

Therefore, for a scanning energy typically used for smaller volumes, such as the wrist, if 

a volume of water was selected that was larger than the anatomical sites typically scanned 

at that energy, that would be the largest effect of beam hardening on the HU. Since no 

significant difference was observed between the scans in air and the scans in that volume, 

it was assumed that volumes of soft tissue smaller than the selected volume of water 

would have a negligible beam hardening effect on the mean HU of the standards. As 

there was no significant difference between that scan, and the subsequent scans in water, 

it was assumed that there would be no significant difference between scans performed in 

smaller volumes and air. 

Although the determined relationship cannot, of itself, be implemented by other 

centres for a variety of scanning energies, it does provide the methodology with which 

the correctional relationship can be determined. It also experimentally supports previous 

theoretical corrections and algorithms that perform complete beam hardening corrections 

based on the relative beam path length through soft tissue and bone, as it showed that the 

correction required for the beam hardening effect is related to the beam path through soft 

tissue [Chen et al. 2001, Hsieh 1995, Hsieh et al. 2000, Joseph et al. 1997, Kijewski et al. 

1978]. However, this study did not include hardening of the beam due to bone in the 

scanning field. Additionally, this study is in agreement with previous work in which 

beam hardening was corrected using beam filtration methods [Brooks et al. 1976, Hsieh 

2003, Jennings, 1988].  
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Although this protocol yields a correction for the beam hardening artifact caused 

by the presence of soft tissue, it does not address beam hardening as a result of other 

bony structures. This is a limitation in regions of the anatomy such as the skull, in which 

there is a large quantity of bony tissue with respect to the overall volume [Hsieh 2003]. 

However, for long bones, such as the femur, the only bony structures present are those of 

interest. Additionally, for scans of the vertebrae and the proximal femur, the volume of 

bony structures is much lower than that of the surrounding soft tissue, so this protocol 

may still be adequate for an estimate of the beam hardening artifact.  

Additionally, the standards were imaged in a diamond-shaped formation, thus 

there would be some beam hardening from the other standards within the beam path. 

However, all scans were performed using this formation, so this would not have an effect 

on the corrective equation since the only variation between scans was the beam path 

length through the water. This formation for the standards was also selected because it 

was the formation that was to be used in future work for patient and specimen 

calibrations and requires less scanning time. Therefore, it was important that the 

corrective equation be based on the scanning protocol to be used for future work. 

It is important to note that this corrective equation is energy and scanner 

dependent, and is not representative of all scanners at all energies and scanning 

parameters. This investigation was performed to determine the correction required to 

optimize the calibration of QCT for two specific scanning protocols currently being used 

at our centre.  
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4.6 Conclusions 

By performing replicate scans of calibration standards in various volumes of 

water, a predictive relationship was determined to exist between the beam path length 

through soft tissue and the mean HU at 120 kV. It was also determined that, for smaller 

volumes of soft tissue, the difference between scanning in air and water was not 

significant.  

This research provides an experimental protocol by which a centre can determine 

a patient-specific calibration correction for specific scanning energies to improve the 

calibration of HU to sBMC in QCT. 
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Chapter 5 

Investigating the predictability of the structural mineral content 

of trabecular bone from quantitative computed tomography 

5.1 Abstract 

This study was performed with two purposes: 1) to investigate the relationship 

between the structural bone mineral content estimated from QCT data (BMCHU) and the 

physical structural bone mineral content (BMCASH) and 2) to investigate the efficacy of 

BMCASH as a predictor of the apparent density (defined in this case as the dry, defatted 

mass divided by the dry, defatted volume) and the bulk density (the wet mass with 

marrow divided by the wet volume). Quantitative computed tomography (QCT) has been 

investigated and currently being implemented by a numerous researchers as a means of 

estimating the structural bone mineral content (sBMC), which is the bone mineral content 

within a given volume.  

Seven human femoral heads from patients receiving total or hemi hip 

arthroplasties were CT scanned in vivo and ex vivo and cores of trabecular bone were 

machined. The apparent density and bulk density were measured, and each core was 

ashed for a measurement of sBMC.  

The Hounsfield units (HU) from the QCT scan had a high variation for each core, 

with coefficients of variation ranging from 19 to 194%. The sBMC from the calibration 

of the HU (BMCHU) was determined to be linearly related to the sBMC from the ashing 

process (BMCASH) but the correlation was not strong (R2 = 0.49). Strong relationships 
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were determined to exist between the apparent density (R2 = 0.97) and BMCASH as well as 

the bulk density (R2 = 0.76) and BMCASH. 

From this study, it was found that the BMCASH can be implemented to predict the 

apparent density of trabecular bone, and provided a reasonable estimation of the bulk 

density. However, the HU of the trabecular bone in each core had too great a variation to 

provide a prediction of the sBMC and, thus, would not provide a reliable prediction of 

apparent density. Therefore, more research is required to determine a method of better 

estimating the sBMC from a QCT scan using clinical imaging parameters. Information 

regarding the mineral content at a micro-level, to reduce scatter in the HU caused by the 

averaging of attenuation values within a voxel may improve the estimation of sBMC 

from QCT data. 
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5.2 Introduction 

The success of surgical interventions in orthopaedics depends heavily on the 

quality of the bone in the region of interest [Cheal et al. 1985, Cordey et al. 1985, Esses 

et al. 1989, Harrison et al. 2007, Snyder and Schneider 1991]. Bone quality, which 

includes the mechanical properties of the bone, has been estimated clinically through 

densitometry measurements using dual energy x-ray absorptiometry (DXA) [Wong and 

Griffiths, 2003]. Clinically, DXA is widely used for determining the bone mass at a 

variety of anatomic sites and measures the bone mineral content (BMC) in units of mass 

(g) and an areal bone mineral density (BMD) in g/cm2. Despite its widespread clinical 

use, and the low radiation exposure for patients, the main limitation of DXA is that it is a 

two-dimensional measurement of x-ray attenuation across all tissues in the path of the x-

ray. Thus, the cortical and trabecular bone are both included in the measurement of bone 

mineral content and could, therefore, overestimate the BMD determined for the scanned 

area [McBroom et al., 1985]. 

Computed tomography enables the segmentation of cortical and trabecular bone 

[Dinç et al. 1995]. Because of this, quantitative computed tomography (QCT) has been 

investigated and currently being implemented by numerous researchers as a means of 

estimating the structural bone mineral content (sBMC) [Høiseth et al. 1990, Jiang et al. 

1998, Kowalczyk et al. 2007, Tabor and Rokita 2007]. Although the Hounsfield units 

(HU) will vary between scanners, a calibration performed for each scanner, in which 

standards of a known structural mineral content are included in the scan, enables a 



 

 86 

conversion of a HU to a sBMC value. The sBMC values obtained through the calibration 

are universal.  

Lotz et al. determined a relationship between the quantitative CT density [mg/cc] 

and the apparent density of trabecular bone from the proximal femur of: 

   17.00012.0 += HUAPP ρρ            5.1 

where ρAPP is the apparent density (measured as the hydrated tissue weight divided by the 

bulk volume) and ρHU is the quantitative CT density [Lotz et al. 1990]. The 

corresponding coefficient of determination was 0.73. Posner and Griffiths found a strong 

correlation between both the ash weight and the calcium content determined by 

spectrophotometry for canine cortical bone with correlation coefficients of 0.998 and 

0.994, respectively [Posner and Griffiths 1977]. Reich et al. also determined that a strong 

relationship existed between the CT number and the calcium content in human cadaveric 

cortical bone, with a correlation coefficient of 0.97. This study included only ten 

specimens. 

The relationship between the apparent density and the mechanical properties of 

bone has also been investigated by a variety of researchers, with the intention to obtain an 

estimate of the apparent density from QCT data and, from that estimate, generate an 

estimate of the bone quality [Bell et al., 1967, Mosekilde et al., 1987, Rho et al. 1995, 

Weaver et al., 1967]. However, the efficacy of this relationship is dependent upon the 

estimation of the physical properties of the bone from the QCT data. 

The objectives of this study were as follows: 1) To investigate the relationship 

between the structural bone mineral content estimated from QCT data (BMCHU) and the 
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physical bone mineral content (BMCASH) and 2) to investigate the efficacy of BMCASH as 

a predictor of the apparent density (defined in this case as the dry, defatted mass divided 

by the dry, defatted bulk volume) and the bulk density (the wet mass with marrow 

divided by the wet bulk volume). The goal of this study is to determine whether BMCASH 

can be estimated from QCT and whether BMCASH is a reasonable method of estimating 

the bulk density and the apparent density, which has been correlated to mechanical 

properties in the literature. 

5.3 Methodology 

Patient Recruitment 

This study was approved by the research ethics board, and informed consent was 

obtained from each patient. Seven patients who were admitted to hospital due to 

traumatic subcapital or transcervical fractures of the femur were recruited. Patients 

ranged in age from 66 to 87 years old, two were male and five were female. Each patient 

was selected for hemi or total hip arthroplasty and all patients were mentally competent. 

Non-sequential recruitment took place over the course of five months. Patients were 

excluded from the study if they had previously received an implant in the vicinity of the 

hip joint, as it would cause artifacts in the subsequent CT scans. Patients were also 

excluded from recruitment if they were unable to have a CT scan performed due to 

pregnancy or large amount of previous x-ray exposure. 
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In-vivo CT Scanning 

Patient scan: CT scans were performed on a helical multi-slice CT scanner (Lightspeed 

Plus, General Electric Medical Systems, Milwaukee, WI) using the following parameters: 

120 kVp, 120 mAs, slice thickness of 2.5 mm and slice spacing of 1.25 mm.  

Scan calibration: Immediately following the patient scan, four cylindrical calcium 

hydroxyapatite structural mineral content standards were imaged using identical scan 

parameters, to permit HU to BMC calibration. The structural mineral content of the 

standards were 100, 400, 1000 and 1750 mg/cc (CIRS Inc, Norfolk, VA) and were 

selected to encompass the common density range of human cancellous and cortical bone 

[Hsieh 2003]. The two standards with the lowest MC were custom made and the two 

standards with the highest density values were manufactured as plugs within a water-

equivalent material (1000 mg/cc, part number 06217; 1750 mg/cc, part number 06221).  

The ASTM method for determining the mean HU for the means of calibration 

uses a circular ROI, with a minimum of 100 voxels [ASTM E1935 2003]. The voxels in 

the boundary region of the standard are excluded to minimize edge artifacts. To 

determine the average HU for each standard, 1 mm2, circular regions of interest (ROIs) 

were identified in the image slice located at 25%, 50% and 75% the total length of the 

standard to minimize end artifacts and errors due to partial volume effects. For the 100 

and 400 mg/cc standards, three ROIs were measured in each of the three slices (Figure 

5.1) and, in the 1000 and 1750 mg/cc standards, a single ROI was identified in the centre 

of each of the slices due to the smaller cross sectional area of the hydroxyapatite material 

(Figure 5.1). This method was selected instead of the ASTM calibration method due to 
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the time required to perform the ASTM calibration. The two methods are similar in the 

use of circular ROIs, and the exclusion of voxels in the boundary region, to minimize 

edge artifacts. The main difference between the two methods was in the number of voxels 

included in the calculation of the mean. The implemented method used ROIs of 45 and 

135 voxels for the 1000 and 1750 mg/cc, and the 100 and 400 mg/cc standards, 

respectively. The ASTM protocol, however, required a minimum of 100 voxels. Both 

methods were used to determine the mean HU for three replicate scans, and a two-tailed 

Student’s t-test was performed to determine whether the two methods yielded statistically 

different mean HU values. The difference in the mean HU determined using the two 

methods was not statistically significant (p < 0.005); and therefore, the more efficient 

method was implemented. 
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Figure 5.1 –Location of ROIs for four standards: The configurations of the ROIs 
identified for each standard at 25%, 50% and 75% of the total length. A) the 
configuration of the three ROIs identified at each of the three slices for the 100 mg/cc 
standard; B) the configuration of the three ROIs identified at each of the three slices for 
the 400 mg/cc standard; C) the 1000 mg/cc standard in the water equivalent shell with the 
position of the single ROI identified in the three slices of interest; D) the single ROI 
identified at each of the three slices for the 1750 mg/cc standard embedded in the water 
equivalent material. 

 

A repeatability study performed in preliminary work did not indicate a significant 

difference in the mean HU when scanned over a period of time (see Chapter 3). 

Therefore, it was assumed that the values of the HU were consistent within the scan. The 

mean HU for each standard was plotted with respect to the known structural mineral 

content, yielding a calibration equation for each in vivo scan.  

Specimen Retrieval 

During the arthroplasty procedure, which was performed by one of multiple 

surgeons over the course of this study, the exposed femoral head was marked on the 

superior surface to assist in orientation once it was excised. The femoral head was 
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excised from the acetabulum using an extraction screw, and immediately wrapped in 

saline-soaked gauze, and stored at -40 °C. Each head was then thawed for 24 hours and 

then imaged, ex vivo, in air using the same scan parameters as were used for the in vivo 

scan with the standards included in the scan, placed distally to the specimen on the scan 

bed. Thus the field of view was not increased to accommodate the standards and the 

presence of the standards would not affect the HU of the specimen. The average HU was 

once again determined for the standards and plotted with respect to the known mineral 

content to determine the ex vivo calibration equation for each femoral head.  

Specimen Preparation 

Machining: The femoral head was clamped and sliced under water irrigation (Exact, 

Norderstedt, Germany) using a diamond blade in a plane perpendicular to the femoral 

neck (Figure 5.2). This orientation was identified using the fovea, the angle of the neck 

fragment that was still attached to the femoral head, and the superior landmark that was 

made during the surgery. One to three slices were cut from each head, with a thickness of 

7 mm. The medial, anterior and superior aspects of the slice were labeled using Indian 

ink.  
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Figure 5.2 – Machining slices from the femoral head: The femoral head with a slice 
removed on a plane approximately perpendicular to the shaft of the femoral neck. The 
vice used to secure the femoral head is shown, as well as the diamond blade which was 
under constant water irrigation throughout cutting. 

 

Each slice was then placed in a custom jig fabricated of polyoxymethylene and 

cylindrical plugs of 10 mm diameter were drilled from the cancellous bone under water 

irrigation using a diamond saw (Figure 5.3A). The medial surface of each core was 

labeled using Indian ink, and the position of each core was recorded within the slice, with 

respect to the anterior and superior surfaces of the femoral head. The cores were placed in 

a stainless steel clamp and milled under tap water irrigation to a height of 5 mm, milling 

1 mm from each end of the core to ensure each core was parallel-planar (Figure 5.3B). A 

total of 86 cores were machined, and five were excluded from the study due to damage 

during machining, leaving a sample size of 81 cores. 
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Figure 5.3 – Machining cores from sliced femoral head: A) The polyoxymethylene jig 
with a slice from a femoral head placed with the medial side up on the bench of the drill 
press using a diamond edged coring drill. The jig is watertight, so the drilling is 
performed under constant water irrigation. B) The same jig with the milling plate filled 
with cores and a diamond edged mill bit on the milling machine. 

 

Specimen position registration: Following machining, the cored slices of each hip were 

realigned to reconstruct the femoral head for a final CT scan using the same imaging 

parameters as the previous scans. Image segmentation was performed using intensity-

based thresholding, thus yielding a three-dimensional model of both and pre- and post-

machined femoral head for each specimen (Mimics 11.0, Materialise US, MI). A 

triangulated surface model was generated from the pre-machining scan and was used as a 

reference. A set of points was then digitized on the post-machining scan. The initial 

registration was performed by registering the points on the post-machining scan to the 

pre-machining reference model, manually. Based on this registration, the iterative closest 

point algorithm, using the Horn algorithm, was used [Besl and McKay 1992, Horn 1987]. 

Thus, for each point out of the post-machining scan, the closest point on the surface of 

the pre-machining scan was found, yielding a cloud of pair-points. The Horn algorithm 

A B 
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was used to calculate a transformation, which applied to the points from the post-

machining scan [Horn 1987]. The root mean square (RMS) distance between the post-

machining point set and the pre-machining surface was used as an error value, and the 

alignment was reiterated until the RMS was minimized, or until it was less than 1 mm. 

The post-machining scan was then registered to the ex vivo scan using a point registration 

based on the transformation calculated in the iterative closest point algorithm; and, the 

post-machining model was subtracted from the pre-machining, ex vivo model. As a result, 

the core locations and the bone that was not included in the post-machining model were 

all that remained (Figure 5.4), thus enabling identification of the location and boundaries 

of each core. The individual cores were then manually segmented from the remaining 

volume, stereolithography (STL) files of each core were created, and the HU for each 

voxel within an STL core were exported. The average HU and the variation within the 

core were then calculated. 

 

Figure 5.4 – Registration of core positions: The three-dimensional model of one of the 
femoral head specimens following the subtraction of the post-machining scan from the 
pre-machining scan. Note that only the cores and the portions of the neck that were not 
included in the post-machining scan remained following the subtraction operation. 
Manual segmentation was required to separate areas between slices where the cores 
seemed to overlap. 
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The RMS of the image alignment and registration process was calculated for each 

femoral head and ranged from 0.589 to 0.993 mm. A sensitivity analysis was performed 

on three cores from different femoral head specimens to determine the effect of altering 

the position of the core by three increments of 1 mm (in each slice) and three increments 

of 1.25 mm between slices. 

Bulk and apparent density  

The bulk dimensions and wet weight of the cores were recorded using vernier 

calipers (Canadian Tire Corporation, Ltd., Toronto, ON) and an analytical scale 

(resolution 0.1 mg, Mettler-Toledo, Inc., Columbus, OH, USA). These measurements 

were used to determine the wet bulk volume and bulk density.  

The cores were dried and defatted following methods described by Budde and 

Crenshaw [Budde and Crenshaw 2003]. Envelopes of folded filter paper were placed in a 

muffle oven (Blue M Electric, Watertown, WI, USA) at 65°C for one hour to dry any 

excess moisture and then placed in a dessicator (Corning Incorporated, Lowell, MA, 

USA; dessicant: anhydrous calcium sulfate, W.A. Hammond Drierite Company, Xenia, 

OH, USA) for 12 minutes, after which, each envelope was weighed. The cores were then 

secured inside the corresponding envelopes and dried in the oven at 70°C for 24 hours. 

Enveloped cores were placed in the dessicator for 12 minutes, immediately after which 

each core and envelope were weighed. The dried cores were defatted by wrapping the 

enveloped cores in cheese cloth and placing them in a modified soxhlet extractor 

(Corning Incorporated, Lowell, MA, USA) with ethyl ether for 24 hours. After 24 hours, 

the cores were removed from the soxhlet and left in a fumehood for a further 24 hours. 
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The cores were left in the oven at 70°C for another 24 hour period and then placed in the 

dessicator, as described above, prior to weighing. The dry, defatted bulk dimensions and 

mass were measured and used to determine the apparent density of each core. 

Determination of ash weight 

To determine the mineral content of each core, the ash weight of the cores were 

determined [Budde and Crenshaw 2003]. Each core was contained in a pre-weighed 

crucible, and placed in the oven at 100°C oven for 24 hours. Following this initial drying, 

crucibles with cores were placed in the dessicator for 25 minutes, and then removed and 

weighed immediately. This step was then repeated for another 24-hour period at 100°C, 

followed by dessication and weighing. The crucibles were left in the 700°C oven for 24 

hours and then left to cool for five hours, following which, they were placed in a 100°C 

oven for one hour. Once removed from the oven, the crucibles were placed in the 

dessicator for a period of 24 minutes and then weighed immediately. This weight, 

corrected for the weight of the crucible, was the mass of the mineral within a core and 

was then converted into a structural mineral content (mass of mineral divided by dry, 

defatted bulk volume [mg/cc]). 

Data Analysis 

The calibration standards were used to estimate the bone mineral content of each 

core (BMCHU). The sBMC measured from the ashing procedure (BMCASH) was plotted 

with respect to BMCHU, and a linear regression was performed to determine the 

predictability of the BMCASH from BMCHU. The bulk (ρBULK) and apparent (ρAPP) 
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densities were also plotted with respect to BMCASH and a linear regression was performed 

to determine the predictability of both ρBULK and ρAPP from the structural mineral content. 

5.4 Results 

The sensitivity analysis performed on the core positioning yielded a change in the 

mean HU by 0.095 to 19.4%, for changes in the position of up to 3.5 mm. Figure 5.5 

presents a histogram of the HU for one of the cores. A small number (approximately 1%) 

of voxels with HU less than the y-intercept of the HU-to-sBMC calibration equation were 

present in approximately half of the cores. The core with the HU distribution depicted in 

Figure 5.5, for example, had 44 voxels with values less than the calibration equation’s 

y-intercept, out of a total of more than 4,000 voxels within the core volume. The range of 

mean HU values for the cores was 67.6 to 613 for the population of cores, with a very 

large variation (CV = 19 to 194%). 
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Figure 5.5 – Variation of HU within a core specimen: A histogram illustrating the 
variation of HU within a single core. The frequency of a HU value appearing is reported 
as the number of voxels within the volume that had that HU value. 
 

 Figure 5.6 is a plot of the BMCASH with respect to the BMCHU. From Figure 5.6 it 

was determined that a linear relationship exists between the BMCHU and the BMCASH. The 

equation describing that relationship (shown in Figure 5.6) explained 49.5% of the 

variance in the BMCASH. 
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Figure 5.6 – Relationship between BMCASH and BMCHU: The structural bone mineral 
content (MC) determined from the ashing protocol (BMCASH) plotted with respect to the 
BMC calculated from the mean HU (BMCHU) for each core and fitted with a linear 
regression with a coefficient of determination of 0.495. 
 

 A strong, predictive relationship was observed between the bulk density (ρBULK) 

and the BMCASH. Figure 5.7 shows the ρBULK plotted with respect to the BMCASH for all 

cores, and the equation of the linear regression of those data (R2 = 0.759). 
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Figure 5.7 – Relationship between ρBULK and BMCASH: The ρBULK in mg/cc of all cores 
plotted with respect to the BMCASH and fitted with a linear regression, with a coefficient 
of determination of 0.759. 
 

 Figure 5.8 is the apparent density (ρAPP) of each core with respect to the BMCASH. 

The predictive equation for the ρAPP from the BMCASH is also shown in Figure 5.8 

(R2 = 0.974), indicating a strong relationship and predictability of the ρAPP from the 

BMCASH.  
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Figure 5.8 – Relationship between the ρAPP and BMCASH: The apparent density (ρAPP) 
plotted for each core with respect to the BMCASH. The predictive equation, determined by 
linear regression, and the coefficient of determination (R2 = 0.974) are also shown. 

 

5.5 Discussion 

 This study examined the relationship between the HU and the physical properties 

of bone. Specifically, the relationship between the BMCHU and the BMCASH was studied, 

as was the relationship between the BMCASH and both the ρBULK and ρAPP. It was 

determined that, while a relationship does exist between BMCHU and BMCASH, that 

relationship cannot be considered predictive. Additionally, strong relationships were 

observed between the BMCASH and both the ρBULK and ρAPP. 
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 Although the relationship observed between the BMCHU and the BMCASH was not 

a predictive relationship (R2 = 0.495), a linear relationship does exist between the two 

properties. Variance in the HU within each core yielded mean HU for each core that, 

when calibrated to BMCHU and plotted with respect to BMCASH, yielded a relationship 

with large amounts of scatter in the data. This was illustrated with a range of CVs from 

19 to 194%. Up to 1% of the voxels in approximately 50% of the sampled cores had HU 

that were less than the y-intercept of the HU-to-BMCHU calibration equation, this 

increased the variability and, using the calibration equation, would be consistent with a 

negative mineral content. However, the effect of this was investigated in a selection of 

the cores, and a threshold equal to the y-intercept of the calibration curve was applied to a 

selection of cores. This resulted in a maximum change in the mean of approximately 1%, 

which was less than the CV associated with the mean HU, so the BMCHU was taken 

directly from the QCT data, and no threshold was applied. 

 The variability in the HU within a core is not unexpected, as these were taken 

from elderly patients who had been admitted with traumatic fractures requiring surgical 

intervention and hemi or total arthroplasty of the hip. Trabecular bone is heterogeneous 

and, thus, a normal distribution of the HU within the core was not expected. This would 

also be affected by the resolution of the scan with respect to the thickness and distribution 

of the trabecular structure, as some voxels may be underestimated in mineral content due 

to averaging of the attenuation within a voxel. 

 The relationship between the BMCASH and the ρAPP was very strong (R2 = 0.974), 

as was the relationship between the BMCASH and the ρBULK (R2 = 0.759). This illustrates 
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that the BMCASH was a good estimate of the material properties of bone, such as the 

apparent density, which has been related to the mechanical properties of bone by 

numerous researchers, with varying degrees of correlation [Brooks et al., 1981, Carter 

and Hayes 1977, Genant et al., 1987, McBroom et al., 1985, Snyder and Schneider, 

1991]. To yield a more reliable estimation of the bone properties, using the ρAPP alone, a 

better and more reliable correlation between the existing structural mineral content 

(BMCASH) and the estimated structural mineral content (BMCHU) is required, since this is 

where the majority of the variation is introduced into this estimate. 

 Therefore, there is a need to improve the correlation between the BMCHU and the 

ρAPP and BMCASH to yield a reasonable estimate of the bone quality from QCT data. 

Mosekilde et al. found a strong correlation between the mean HU values and the ash 

density of cores of trabecular bone from vertebral bodies (R2 = 0.66) and concluded that 

QCT yielded valid predictions of the vertebral trabecular bone mass [Mosekilde et al. 

1989]. Kaneko et al. also determined a strong correlation (R2 = 0.98) between the ash 

density and the QCT predicted density for trabecular bone in the metastatic and normal 

distal femur [Kaneko et al. 2004]. However, a similar study performed by Kaneko et al. 

revealed a weak correlation of the ash density and QCT predicted density for non-

metastatic cortical bone from the femoral diaphyses without lesions (R2 = 0.22) but a 

strong correlation when considering specimens with metastatic lesions (R2 = 0.87) 

[Kaneko et al. 2003]. Rho et al. also observed a low correlation (R2 < 0.2) between the 

ρAPP and HU for cortical bone of the femur, tibia, humerus and mandible, and a 
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reasonable correlation (R2 > 0.60) between ρAPP and HU for cancellous bone from the 

same locations [Rho et al. 1995].  

 The cancellous bone used in this study was from older patients and from the 

proximal femur. Thus, it is possible that the marrow space had a higher fat content in 

some areas, which may have increased the variation in the HU distribution, and affected 

the mean HU. It was assumed, however, that this effect would be minimal and, since the 

distribution of ages was not extremely large, that all the femora would have similar fat 

content. Also, due to the manner in which the specimens were obtained, and the number 

of identifying features remaining on the femoral specimen (such as the quantity of 

femoral neck), there is also error in the alignment and registration of the cores. However, 

the sensitivity analysis revealed that, even up to 3.5 mm, this would alter the mean HU of 

a core by a maximum of 19.4%. Therefore, the error due to the registration of the core 

positions was considered to be negligible.  

 This study, along with the current literature, supports the theory that the HU of a 

structure is related to the sBMC, and that sBMC is a strong predictor of the ρAPP. 

However, the relationship between the sBMC, ρAPP and the HU, as well as the variation 

in that relationship, has been reported numerous times for different anatomical locations 

and the reported relationships and corresponding correlations varies widely. Thus, it is 

likely that the HU from clinical CT scans, although related to the sBMC, will also need to 

be correlated to the microstructure of bone to limit scatter due to partial volume and 

intensity averaging (averaging the attenuation) within voxels. If the clinical scan can be 
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correlated to a dataset of a finer resolution, it is possible that a more accurate 

representation of the sBMC and ρAPP could be obtained. 

 

5.6 Conclusions 

 This study has determined a relationship between the measured structural bone 

mineral content and the structural bone mineral content estimated from the calibration of 

a clinical CT scan for 81 cores of trabecular bone from seven femoral heads. The 

relationship was linear but was determined not to be predictive. In this study it was 

determined that clinical CT could not, of itself, be implemented to accurately predict 

bone mineral content. It was also determined that structural bone mineral content could 

be used as a strong predictor for both the apparent density and the bulk density of 

trabecular bone. Therefore, the limitations in implementing CT as a means of estimating 

bone quality lie in the relationship between the CT data and the structural mineral content 

estimate, and not in the use of the structural bone mineral content to estimate the material 

properties of trabecular bone. 
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Chapter 6 

An experimental investigation of the correlation of the apparent 

density, structural mineral content and quantitative computed 

tomography to the mechanical properties of trabecular bone 

6.1 Abstract 

Bone quality, which includes the mechanical properties of bone, is an important 

factor in predicting the fracture risk and in evaluating the efficacy of surgical 

interventions in orthopaedics. In this study, quantitative computed tomography (QCT) is 

investigated as a method of estimating the structural bone mineral content (sBMC) and 

the mechanical properties of bone.  

Seven human femoral heads from patients undergoing total or hemi hip 

arthroplasty were scanned in a clinical CT scanner and machined into 54 cores (5 mm 

high by 10 mm diameter) of trabecular bone. The sBMC from the CT scan (BMCHU), and 

from ashing the cores (BMCASH) were measured, along with the apparent density (dry, 

defatted mass divided by the dry, defatted volume). Quasi-static and relaxation 

compression testing was also performed on the cores.  

A linear trend was observed between the BMCASH and the BMCHU, but this 

relationship was not considered to be predictive (R2 = 0.487). There was also no 

statistical relationship between the apparent elastic modulus (E*) and the BMCHU 

(R2 < 0.10). However, the E* was determined to have strong predictive relationships with 

the BMCASH and the apparent density using a power law both with coefficients of 
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determination of R2 = 0.71 and R2 = 0.78, respectively. The E* from the relaxation 

testing was also strongly related to the apparent density through a power law, with a 

coefficient of determination of R2 = 0.84. 

In this study, the Hounsfied units (HU) from a CT scan were not found to provide 

a good estimation of the sBMC or the apparent elastic modulus of trabecular bone. 

However, the apparent elastic modulus was found to have a strong relationship with the 

apparent density and sBMC. It is hypothesized that, in order for CT data to become a 

reliable estimate of bone quality, information regarding the micro-architecture and the 

geometry of the trabecular bone, and/or some other parameter, will need to be included in 

the estimation and correlated to clinical CT data. 
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6.2 Introduction 

 The success of surgical interventions in orthopaedics depends heavily on the 

quality of the remaining bone, particularly in fracture reduction and revision surgeries for 

arthroplasty [Cheal et al. 1985, Cordey et al. 1985, Esses et al. 1989, Harrison et al. 2007, 

Snyder and Schneider 1991]. Bone quality, which includes the mechanical properties of 

the bone, has been estimated clinically through density measurements using dual energy 

x-ray absorptiometry (DXA), which has been considered the standard technique for the 

measurement of bone mineral density (BMD) [Chappard et al. 2004, Wong and Griffiths, 

2003]. Despite its widespread clinical use, and the low radiation exposure for patients, the 

main limitation of DXA is that it is a two-dimensional measurement of x-ray attenuation 

across all tissues in the path of the x-ray. Thus, the cortical and trabecular bone are both 

included in the measurement of bone mineral content and could, therefore, overestimate 

the BMD of the trabecular bone determined for the scanned area [McBroom et al., 1985]. 

In contrast, quantitative computed tomography (QCT) is a three-dimensional (3D) 

measurement of x-ray attenuation and, therefore, trabecular and cortical bone densities 

can be measured separately, particularly with post-reconstruction thresholding and 

segmentation [Cann et al.1985]. Therefore, various researchers have recently 

implemented computed tomography (CT) as a means of estimating the structural bone 

mineral content (sBMC), density and geometry for studies in a range of anatomical 

locations as well as a means of estimating the apparent density and correlating these 

properties to the mechanical properties of bone. 
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Previous studies have found a strong relationship between the ash density, and the 

mechanical properties of bone. A number of groups have determined good correlations 

between the ash density of trabecular bone and its compressive strength [Bell et al. 1967, 

Ebbesen et al. 1999, Kaneko et al. 2004, Mosekilde et al. 1987, Weaver et al. 1967]. 

Mosekilde et al. found good correlation between the structural bone mineral content 

determined from ashing (BMCASH) and the maximum stiffness of vertebral trabecular 

bone (R2 = 0.76). Ebbesen et al. also reported a strong correlation between the BMCASH of 

a trabecular cores and the maximum load in human lumbar vertebrae from which the 

cores were sampled (R2 = 0.73). Thus, it is possible that by correlating the ash density to 

a clinical measure, such as QCT, an estimation of the mechanical properties could be 

generated. 

 The mechanical properties of bone have also been correlated to the apparent 

density [Brooks et al. 1981, Genant et al. 1987, McBroom et al. 1985, Snyder and 

Schneider 1991]. Although many groups have reported a power-law relationship between 

the apparent elastic modulus (E*) and the apparent density, the relationships span a large 

range. In addition to this, some groups are still investigating the accuracy of a linear 

relationship between these parameters [Ebbesen et al. 1999, Snyder and Schneider 1991]. 

Carter and Hayes determined the following relationship, based on human and bovine 

trabecular and cortical bone, between the apparent density (ρAPP) and the E*: 
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where ρAPP  is in kg/m3, E* is in MPa, and dε/dt is the strain rate [Carter and Hayes 

1977]. This relationship was determined from compressive testing of cores with dry 

apparent densities in the range of 0.1 to 1 g/cc. Schaffler and Burr determined a power-

law relationship between the E* and the ρAPP of bovine cortical bone tested in tension 

[Schaffler and Burr 1988]. In this study the ρAPP was estimated by measuring the ash 

density and the porosity: 

         )1( PASHAPP −= ρρ            6.2 

where P is the porosity and ρASH is the ash density. Since the ρAPP was estimated from the 

porosity and ash density, and not determined through measurements of the mass and 

volume, the uncertainty in the ρAPP could be increased. The determined relationship 

between the E* and the ρAPP was: 

4.790* APPE ρ=            6.3 

where the E* is measured in MPa and ρAPP in g/cc. Rho et al. also determined a 

predictive equation relating the E* to the ρAPP for the proximal femur tested in the 

medial-lateral direction: 

        86.101.0* APPE ρ=             6.4 

where the E* is measured in MPa and ρAPP in kg/m3 [Rho et al. 1995]. This was found to 

be a strong relationship, with a coefficient of determination of 0.89.  

 The objective of this study was to determine the relationship between the E* and 

various measures of density of trabecular bone from the human proximal femur from 

subjects with a hip fracture. Density was measured with respect to sBMC calculated from 
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the Hounsfield units in QCT scans (BMCHU); the BMC measured from an ashing protocol 

(BMCASH); and, ρAPP. This study will further develop an understanding of the efficacy of 

QCT for the estimation of the physical properties and quality of bone. 

6.3 Methodology 

Patient Recruitment 

This study was approved by the research ethics board, and informed consent was 

obtained from each patient. Seven patients who were admitted to hospital due to 

traumatic subcapital or transcervical fractures of the femur were recruited. Patients 

ranged in age from 66 to 87 years old, two were male and five were female. Each patient 

was selected for hemi or total hip arthroplasty and all patients were mentally competent. 

Non-sequential recruitment took place over the course of five months. Patients were 

excluded from the study if they had previously received an implant in the vicinity of the 

hip joint, as it would cause artifacts in the subsequent CT scans. Patients were also 

excluded from recruitment if they were unable to have a CT scan performed due to 

pregnancy or large amount of previous x-ray exposure. 

In-vivo CT Scanning 

Patient scan: CT scans were performed on a helical multi-slice CT scanner (Lightspeed 

Plus, General Electric Medical Systems, Milwaukee, WI) using the following parameters: 

120 kVp, 120 mAs, slice thickness of 2.5 mm and slice spacing of 1.25 mm.  

Scan calibration: Immediately following the patient scan, four cylindrical calcium 

hydroxyapatite structural mineral content standards were imaged using identical scan 

parameters, to permit HU to structural BMC calibration. The structural mineral content 
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(MC) of the standards were 100, 400, 1000 and 1750 mg/cc (CIRS Inc, Norfolk, VA) and 

were selected to encompass the common density range of human cancellous and cortical 

bone [Hsieh 2003]. The two standards with the lowest MC were custom made and the 

two standards with the highest MC values were manufactured as plugs within a water-

equivalent material (1000 mg/cc, part number 06217; 1750 mg/cc, part number 06221).  

The American Society for Testing and Materials (ASTM) method for determining 

the mean HU for calibration purposes uses a circular region of interest (ROI), with a 

minimum of 100 voxels [ASTM E1935 2003]. The voxels in the boundary region of the 

standard are excluded to minimize edge artifacts. In this study, to determine the average 

HU for each standard, circular ROIs with an area of 1 mm2 were taken in slices located at 

25%, 50% and 75% the total length of the standard to minimize end artifacts and errors 

due to partial volume effects. For the 100 and 400 mg/cc standards, three ROIs were 

measured in each of the three slices (Figure 6.1, A and B) and, in the 1000 and 1750 

mg/cc standards, a single ROI was identified in the centre of each of the slices due to the 

smaller cross sectional area of the hydroxyapatite material (Figure 6.1, C and D). This 

method was selected instead of the ASTM calibration method due to the increased 

amount of time required to perform the ASTM calibration. The two methods are similar 

in the use of circular ROIs, and the exclusion of voxels in the boundary region, to 

minimize edge artifacts. The main difference between the two methods was in the 

number of voxels included in the calculation of the mean. The implemented method used 

ROIs of 45 and 135 voxels for the 1000 and 1750 mg/cc, and the 100 and 400 mg/cc 

standards, respectively. The ASTM protocol, however, required a minimum of 100 
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voxels. Both methods were used to determine the mean HU for three replicate scans, and 

a two-tailed Student’s t-test was performed to determine whether the two methods 

yielded statistically different mean HU values. The difference in the mean HU 

determined using the two methods was not found to be statistically significant 

(p < 0.005); and therefore, the more efficient method was implemented. 

 

Figure 6.1 – Location of ROIs for four standards: The configurations of the ROIs 
identified for each standard at 25%, 50% and 75% of the total length. A) the 
configuration of the three ROIs identified at each of the three slices for the 100 mg/cc 
standard; B) the configuration of the three ROIs identified at each of the three slices for 
the 400 mg/cc standard; C) the 1000 mg/cc standard in the water equivalent shell with the 
position of the single ROI identified in the three slices of interest; D) the single ROI 
identified at each of the three slices for the 1750 mg/cc standard embedded in the water 
equivalent material. 
 

A repeatability study performed in preliminary work determined there was no 

significant difference in the mean HU when scanned over a period of time (see Chapter 

3). Therefore, it was assumed that the values of the HU were consistent within the scan 

and that any difference in the mean HU would occur in each of the standards; and, it was 

assumed that the difference in the HU between the patient scan and the scan of the 
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calibration standards was negligible. Therefore, the mean HU for each standard was 

plotted with respect to the known structural mineral content, for each in vivo scan, 

yielding a calibration equation specific to each in vivo scan. 

Specimen Retrieval 

During the arthroplasty procedure, which was performed by one of multiple 

surgeons over the course of this study, the exposed femoral head was marked on the 

superior surface to assist in orientation once it was excised. The femoral head was 

excised from the acetabulum using an extraction screw, immediately wrapped in saline-

soaked gauze, and stored at -40 °C. Each head was then thawed for 24 hours and imaged, 

ex vivo, in air using the same scan parameters as were used for the in vivo scan with the 

standards included in the imaging field. The average HU was once again determined for 

the standards and plotted with respect to the known mineral content to determine the ex 

vivo calibration equation for each femoral head.  

Specimen Preparation 

Machining: The most distal portion of the femoral head was clamped and the proximal 

surface was sliced under water irrigation (Exact, Norderstedt, Germany) using a diamond 

blade in a plane perpendicular to the femoral neck axis (Figure 6.2). This orientation was 

identified using the fovea, the angle of the neck fragment that was still attached to the 

femoral head, and the superior landmark that was made during the surgery. One to three 

slices each with a thickness of 7 mm were cut from each head. The medial, anterior and 

superior aspects of the slice were labeled using Indian ink.  
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Figure 6.2 – Machining slices from the femoral head: The femoral head with a slice 
removed on a plane approximately perpendicular to the axis of the femoral neck. The 
vice used to secure the femoral head is shown, as well as the diamond blade which was 
under constant water irrigation throughout cutting. 
 

Each slice was then placed in a custom jig fabricated from polyoxymethylene and 

cylindrical plugs of 10 mm diameter were drilled from the cancellous bone under cold 

water irrigation using a diamond saw (Figure 6.3, A).The medial surface of each core was 

labeled using Indian ink, and the position of each core was recorded within the slice, with 

respect to the anterior and superior surfaces of the femoral head. The cores were placed in 

a stainless steel clamp and milled under cold water irrigation to a height of 5 mm, milling 

1 mm from each end of the core to ensure each core was parallel-planar (Figure 6.3, B). 

A total of 86 cores were machined, and five were excluded from the study due to damage 

during machining, leaving a sample size of 81 cores prior to mechanical testing. 
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Figure 6.3 – Machining of cores from sliced femoral head: A) The polyoxymethylene jig 
with a slice from a femoral head placed with the medial side up on the bench of the drill 
press using a diamond edged coring drill. The jig is watertight, so the drilling is 
performed under constant water irrigation. B) The same jig with the milling plate filled 
with cores and a diamond edged mill bit on the milling machine. 
 

Specimen position registration: Following machining, the cored slices of each hip were 

realigned to reconstruct the femoral head for a final CT scan using the same imaging 

parameters as the previous scans. Image segmentation was performed using intensity-

based thresholding, thus yielding a three-dimensional model of both and pre- and post-

machined femoral head for each specimen (Mimics 11.0, Materialise US, MI). A 

triangulated surface model was generated from the pre-machining scan and was used as a 

reference. A set of points was then digitized on the post-machining scan. The initial 

registration was performed by registering the points on the post-machining scan to the 

pre-machining reference model, manually. Based on this registration, the iterative closest 

point algorithm, using the Horn algorithm, was used [Besl and McKay 1992, Horn 1987]. 

Thus, for each point out of the post-machining scan, the closest point on the surface of 

the pre-machining scan was found, yielding a cloud of pair-points. The Horn algorithm 

A B 
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was used to calculate a transformation, which applied to the points from the post-

machining scan [Horn 1987]. The root mean square (RMS) distance between the post-

machining point set and the pre-machining surface was used as an error value, and the 

alignment was reiterated until the RMS was minimized, or until it was less than 1 mm. 

The post-machining scan was then registered to the ex vivo scan using a point registration 

based on the transformation calculated in the iterative closest point algorithm; and, the 

post-machining model was subtracted from the pre-machining, ex vivo model. As a result, 

only the core locations and bone that was not included in the post-machining model 

remained (Figure 5.4), thus enabling identification of the location and boundaries of each 

core. The individual cores were then manually segmented from the remaining volume, 

stereolithography (STL) files of each core were created, and the HU for each voxel 

within an STL core were exported. The average HU and the variation within the core 

were then calculated. 

 

Figure 6.4 – Registration of core positions: The three-dimensional model of one of the 
femoral head specimens following the subtraction of the post-machining scan from the 
pre-machining scan. Note that only the cores and the portions of the neck that were not 
included in the post-machining scan remained following the subtraction operation. 
Manual segmentation was required to separate areas between slices. 
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 The RMS of the image alignment and registration process was calculated for each 

femoral head and ranged from 0.588 to 0.993 mm. A sensitivity analysis was performed 

on three cores from different femoral head specimens to determine the effect of altering 

the position of the core by three increments of 1 mm (in each slice) and three increments 

of 1.25 mm between slices. 

Bulk and apparent densities 

The dimensions and wet weight of the cores were recorded using vernier calipers 

(Canadian Tire Corporation, Ltd., Toronto, ON) and an analytical scale (resolution 0.1 

mg, Mettler-Toledo, Inc., Columbus, OH, USA). These measurements were used to 

determine the wet volume and bulk density. The cores were then dried and defatted 

Budde and Crenshaw 2003]. Envelopes of folded filter paper were placed in a muffle 

oven (Blue M Electric, Watertown, WI, USA) at 65°C for one hour to dry any excess 

moisture and then placed in a desiccator (Corning Incorporated, Lowell, MA, USA; 

desiccant: anhydrous calcium sulfate, W.A. Hammond Drierite Company, Xenia, OH, 

USA) for 12 minutes, after which, each envelope was weighed. The cores were then 

secured inside the corresponding envelopes and dried in the oven at 70°C for 24 hours. 

Enveloped cores were placed in the desiccator for 12 minutes, immediately after which 

each core and envelope were weighed. The dried cores were defatted by wrapping the 

enveloped cores in cheese cloth and placing them in a modified soxhlet extractor 

(Corning Incorporated, Lowell, MA, USA) with ethyl ether for 24 hours. The cores were 

then removed from the soxhlet and left in a fume hood for a further 24 hours. The cores 

were left in the oven at 70°C for another 24 hour period and then placed in the desiccator, 
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as described above, prior to weighing. The dry, defatted dimensions and mass were 

measured and used to determine the apparent density of each core. 

Determination of ash weight 

To determine the structural mineral content of each core, the ash weight of the 

cores was measured [Budde and Crenshaw 2003]. Empty crucibles were placed in the 

oven at 100°C for 24 hours. They were then placed in the desiccator for 25 minutes and 

weighed. Each core placed in a crucible to be dried at 100°C oven for 24 hours, followed 

by desiccation and weighing. The crucibles were left in the 700°C oven for 24 hours and 

then left to cool for five hours, following which, they were placed in a 100°C oven for 

one hour. Once removed from the oven, the crucibles were placed in the desiccator for a 

period of 24 minutes and then weighed immediately. This weight, corrected for the 

weight of the crucible, was the mass of the mineral within a core and was used to 

calculate the structural mineral content (mass of mineral divided by the dry, defatted 

volume [mg/cc]). 

Mechanical Testing 

Compression testing of the bone cores was performed using the ZETOS bone 

loading system [Jones et al. 2003, García et al. 2007] (referred to as ZETOS). The 

ZETOS system uses a piezoelectric actuator which expands to apply a specified 

compression. The bone cores are placed within the ZETOS bone chambers, in which the 

sides of the sample are partially constrained. The bone cores were 5 mm in height and 10 

mm in diameter, therefore their aspect ratio (the height of the core divided by the 

diameter) was 0.5. Typically, in order to comply with the assumptions of continuum 
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mechanics the aspect ratio for compression testing is required to be greater than or equal 

to one and is therefore required according to ASTM standards [ASTM D1621-04a]. 

However, ZETOS was designed to apply loads to viable bone samples and, thus, the core 

dimensions satisfy those needed to comply with the requirements for a minimum number 

of cells and diffusion of nutrients through the core [Davies et al. 2006]. Although these 

samples were not viable, ZETOS was used because future studies on viable bone cores 

are planned using this system. To evaluate the effect of the aspect ratio on the 

measurement of elastic modulus, a FE model (ANSYS, version 11.0, ANSYS, Inc., 

Canonsburg, PA, USA) was developed, in which two cylindrical samples of 10 mm 

diameter and elastic modulus of 1,000 MPa were compressed by applying a 

displacement. One of the samples had a height of 10 mm (aspect ratio of 1) and the other 

had a height of 5 mm (aspect ratio of 0.5). The reaction force was divided by the change 

in height to obtain stiffness (K). Using Hooke’s law: 

  
A

hK
E

×
=             6.6 

where h is the height, A is the cross-sectional area and E (the elastic modulus) was 

calculated and compared to the assigned elastic modulus. The percent difference of the 

calculated elastic modulus with respect to the assigned elastic modulus was 0.68% and 

1.33% for the sample with aspect ratio of 1 and for the sample with aspect ratio of 0.5, 

respectively. 

Quasi-static compression testing was performed on each wet core at room 

temperature to characterize its stiffness and determine which cores were to be included in 
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the study. For the quasi-static testing, a preload of 10 N was applied. A displacement was 

gradually applied at a mean compression rate of 0.70 µm/s, equivalent to a mean strain 

rate of 0.128 µε/s, to a maximum displacement of 30 µm (6 µε), at which point the 

sample was unloaded. Cores were discarded from the study if the stiffness defined in this 

test was less than the calibrated range of the loading system (0.919 to 29.2 N/µm 

equivalent to an apparent elastic modulus (E*) of 58.6 MPa to 1.86 GPa of the bone 

cores) [García et al. 2007]. The final sample size was 65, as 16 cores were discarded from 

further mechanical testing and the study due to a stiffness under the minimum calibrated 

range of the loading system. 

Following quasi-static compression testing, the cores were tested at room 

temperature using a relaxation test protocol. Each sample was loaded at a constant 

compressive displacement for one minute, and force, displacement and time data were 

collected throughout the duration of the test. The cores were subjected to a preload of 

10 N and five compression levels were applied: 11, 15, 19, 23 and 27 µm, in ascending 

order. Between each loading trial, each sample was allowed to recover for at least 

20 minutes. 

Data Analysis 

The calibration standards were used to estimate the bone mineral content of each 

core (BMCHU). The sBMC measured from the ashing procedure (BMCASH) was plotted 

with respect to the BMCHU, and a linear regression was performed to determine the 

predictability of the BMCASH from BMCHU. 



 

 122 

Force and displacement data from the quasi-static testing were converted to stress 

and strain, respectively, based on the measured dimensions of the individual cores. A 

linear regression was performed on the stress versus strain data for each core included in 

the study to determine the E*. The final number of cores that were within the calibration 

range of the ZETOS calibration was 65 cores. A power-law was assumed for the 

relationship of the E* with respect to the BMCHU, to test if mechanical properties could 

be estimated from CT data. A power-law relationship was also fit to the E* with respect 

to the BMCASH as well as the apparent density (ρAPP) to determine the predictability of the 

mechanical properties from these physical properties. The 99% prediction interval was 

calculated for the observed relationship and the outliers were identified and excluded 

from the recalculation of the power-law relationship. These data were considered to be 

outliers for the E* with respect to the BMCASH as well. The same methods were applied to 

determine the outliers for the relaxation testing relationship between E* and ρAPP. 

The force and displacement from the relaxation testing were converted to stress 

and strain, respectively, based on the measured dimensions of the individual cores. The 

mean strain was found for each loading trial and the stress at eight discrete time points 

was then isolated (5.08, 5.20, 5.52, 7.63, 11.8, 20.2, 35.3 and 59.5 s). The stress and 

strain for each time point were recorded and plotted to obtain a plot of stress with respect 

to strain for the eight time points for each sample, known as isochrones [Lakes 1999]. 

The isochrones for one of the cores are shown in Figure 6.5, where t0 and t7 are the curves 

for the stress that occurred for each of the five applied strains at time points of 5.08 and 

59.5 s, respectively. E* was found, from linear regression, as the slope of the stress-strain 
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curve for each isochronal. A least-squares error curve fit was used to determine the power 

law between the E* for times t0 (5.08 s) and t7 (59.5 s) and the ρAPP.  
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Figure 6.5 – Plotting of isochronals from relaxation tests: The isochronals of one core 
for the eight different times throughout the relaxation testing (t0 – closed circle, t1 – grey 
circle, t2 – open circle, t3 – closed square, t4 – grey square, t5 – open square, t6 – closed 
triangle, t7 – grey triangle). The eight time series were plotted as stress-strain curves to 
estimate the apparent elastic modulus of each core at each time step. The lines 
corresponding to the linear regressions of the eight isochronals are also shown, to 
illustrate the relationship used to determine the E*. 
 

6.4 Results 

The analysis performed to investigate the sensitivity of the mean HU with respect 

to the position of the core yielded a change in the mean HU by 0.095 to 19.4%, for 

changes in the position of up to 3.5 mm. Figure 6.6 presents a histogram of the HU for 
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one of the cores. A small number (approximately 1%) of voxels with HU less than the 

y-intercept of the HU-to-sBMC calibration equation were present in approximately half 

of the cores. The core with the HU distribution depicted in Figure 6.6, for example, had 

44 voxels with HU less than the calibration equation’s y intercept, out of a total of more 

than 4,000 voxels within the core volume. The range of mean HU values for all the cores 

was 67.6 to 564 for the population of cores, with a large variation (coefficient of 

variation, CV, ranging from 43 to 111%). 
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Figure 6.6 – Variation of HU within a core specimen: A histogram illustrating the 
variation of HU within a single core. The frequency of a HU is reported as the number of 
voxels within the volume that had that HU value. 

 

Figure 6.7 is a plot of the BMCASH of all cores with stiffness within the ZETOS 

calibration limits, with respect to the BMCHU. A linear trend was observed between the 
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BMCHU and the BMCASH (Figure 6.7). The equation describing that relationship (shown in 

Figure 6.7) explained 48.7% of the variance in the BMCASH. 
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Figure 6.7 – Relationship between BMCASH and BMCHU : The BMCASH with respect to 
the BMCHU for all cores with stiffness within the range of the ZETOS calibration limits. 
The coefficient of determination (R2 = 0.487) from the linear regression is also shown in 
the figure. 
 

 

 The BMCASH was determined to have a strong, predictive relationship with the 

ρAPP. Figure 6.8 shows the ρAPP plotted with respect to the BMCASH along with the 

predictive equation and the corresponding coefficient of determination (R2 = 0.962). This 

relationship was determined for the cores with stiffness within the range of the ZETOS 

calibration. 
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Figure 6.8 – Relationship between ρAPP and BMCASH: The ρAPP plotted with respect to the 
BMCASH for the 65 cores subjected to the mechanical testing. The predictive equation, 
determined by linear regression, is also shown as is the coefficient of determination (R2 = 
0.962). 
 

There was no relationship (R2 < 0.10) between the E* (from the quasi-static 

testing protocol) and the BMCHU which had large amounts of variation or scatter in the 

data. Figure 6.9 presents the E* plotted with respect to the BMCHU for all of the cores 

with stiffness within the range of the ZETOS limits.  
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Figure 6.9 – E* from quasi-static testing with respect to the BMCHU: The E* determined 
from the quasi-static testing protocol plotted with respect to the BMCHU. A linear 
regression analysis failed to determine a relationship between the E* and the BMCHU 
(R2 < 0.10) and is, therefore, not included in the figure. 
 

 Figure 6.10 presents the results from the predictive interval (99%) analysis 

performed to determine the outliers in the power relationship for the E* determined from 

the quasi-static testing protocol and the ρAPP. The data within the 99% predictive intervals 

(short-dashed lines) are indicated by asterisks within grey squares. The linear regression 

performed on the natural logarithm of the E* and ρAPP is for the complete data set 

(long-dashed line) and the accepted data set (solid line) are shown, as are the resultant 

regression equations.  



 

 128 

E*  MODIFED = 2.16ρ APP  - 7.09

R
2
 = 0.776

E* COMPLETE = 1.21ρ APP  - 1.83

R
2
 = 0.265

3

4

5

6

7

8

9

4 4.5 5 5.5 6 6.5 7

ln ρ APP

ln
 E
*

outliers omitted

complete data set

Figure 6.10 – Determination of outliers for E* with respect to ρAPP: The natural 
logarithm of the E* with respect to the natural logarithm of the ρAPP to determine the 
statistical outliers in the power relationship between the E* and the ρAPP. The prediction 
intervals are indicated by short dashed lines and the regression performed for the natural 
log of the complete data set and modified data set are also shown (long-dashed line and 
solid line, respectively).  

 

Figure 6.11 shows the relationship between the E* from the quasi-static test 

protocol and the BMCASH for all the cores (all asterisks) and a modified data set, in which 

cores that were identified as outliers (Figure 6.10) were excluded (asterisk on grey 

background). A power-law was fit to each data set (all cores on the dashed line, the 

modified data set on the solid line). The relationship between the E* and the BMCASH for 

the modified data set (solid line) had a coefficient of determination of 0.714. The 
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relationship between the E* and the BMCASH for the full data set was weak, with a 

coefficient of determination of 0.255.  
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Figure 6.11 – Full and modified data sets for E* and BMCASH: The E* from the quasi-
static test protocol plotted with respect to the BMCASH for the full data set of cores (all 
asterisks) and a modified data set (asterisk in grey square) in which cores which seemed 
to follow a separate trend were excluded, based on Figure 6.10. The power-law equations 
fit to the data are also shown (all data on the dashed line, modified data set on the solid 
line) and the corresponding coefficients of determination of 0.255 and 0.714 for the 
complete and modified data sets, respectively. 
 

The relationship between the E* from the quasi-static protocol and the ρAPP is 

shown in Figure 6.12 along with a published relationship from Rho et al. for the medial-

lateral direction of the proximal femur [Rho et al. 1995]. Similar to Figure 6.11, there are 
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two experimental data sets presented in Figure 6.12: the data (all asterisks) and calculated 

power-law (short-dashed line) for the complete data set, and the data (asterisk with grey 

square) and calculated power-law (long-dashed line) for the modified data set (outliers 

from Figure 6.10 excluded). The modified data set had a strong, predictive power-law 

relationship between the E* and the ρAPP (R2 = 0.776) but the relationship for the 

complete data set was not strong (R2 = 0.265).  
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Figure 6.12 – Full and modified data for E* and ρAPP with relationship from Rho et al: 
The E* from the quasi-static testing with respect to the ρAPP for the complete data set 
(open asterisk) and the modified data set (asterisk with grey square) as well a published 
relationship (solid line) for the medial-lateral loading of the proximal femur [Rho et al. 
1995]. Also shown are the calculated power-laws for both sets of data (short-dashed line 
for the complete data set, long-dashed line for the modified data) and the corresponding 
coefficients of determination. 
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 The E* from the quasi-static test protocol (open squares) and t0 (closed circles) 

and t7 (open circles) from the relaxation testing protocol were plotted with respect to the 

ρAPP (Figure 6.13) for the modified data set from Figures 6.11 and 6.12. The isochronal 

curve at t0 represented a higher loading rate with respect to the one at t7. Each series was 

fit with a power-law (quasi-static testing – solid line, t0 relaxation testing – small-dashed 

line, t7 relaxation testing – long dashed line) and the coefficient of determination for the 

predictive equations was 0.762, 0.840 and 0.846 for the quasi-static, t0 relaxation and t7 

relaxation data, respectively. The coefficients of determination of the two relaxation-

based curves were greater than that from the quasi-static testing. This figure also 

illustrates the influence of the strain rate on the E*. The outliers and predictive intervals 

have been omitted for clarity. 
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Figure 6.13 – E* and ρAPP for quasi-static and t0 and t7 from relaxation tests: The E* 
from the quasi-static testing (open square), the first time point of the relaxation testing (t0, 
closed circle) and the final time point of the relaxation testing (t7, open circle) with 
respect to the ρAPP. Each data series was fitted with a power-law to describe the 
relationship (quasi-static testing – solid line, t0 relaxation testing – small-dashed line, t7 
relaxation testing – long dashed line) and the equations for the curve, along with the 
corresponding coefficients of determination. 
 

6.5 Discussion 

 The purpose of this study was to further investigate the possibility of 

implementing clinical CT data to provide an estimate of bone quality, through the 

correlation between the physical and mechanical properties and the HU from a CT scan 

of the bone. Specifically, this study found that the relationships between the E* and the 

BMCHU and the BMCASH were not predictive. However, the ρAPP was determined to be 
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strongly related to BMCASH and the E* was observed to have strong relationships with 

both BMCASH and ρAPP . 

 One challenge in the implementation of QCT for the estimation of the BMC in 

trabecular bone that was observed in this study was the variation of the HU within a 

single core. The HU within the volume of a core had a maximum coefficient of variation 

of 111%. Additionally, Genant and Boyd have shown that an increased fat-to-marrow 

ratio causes an underestimation of the BMC from a single-energy CT scan [Genant and 

Boyd 1977]. As the mean age in this study was 79 (ranging from 66 to 87 years of age), 

and the ratio of fat to marrow has been shown to increase with age [Liney et al. 2007, 

Yeung et al. 2005], it is possible that the degree of underestimation of the BMC of some 

subjects was greater than that of others. However, it was assumed that, with respect to the 

variation within each core, the underestimation due to marrow fat content was negligible. 

 Another limitation in the use of the clinical CT for the estimation of the sBMC 

and the E* is the issue of partial volume effects within the core. Because trabecular bone 

is not a homogeneous material and, instead, consists of pores and trabeculae on a micron 

scale, it is probable that some voxels will contain both bone and marrow space. Thus, the 

multiple tissues within a voxel will be averaged, which could underestimate a voxel that 

has a certain mineral content within it as having a much lower BMC [Hsieh 2003]. This 

would also explain the presence of voxels that, when the corresponding HU were 

converted into the BMCHU, corresponded to a negative BMCHU. This occurred in up to 

1% of the voxels in approximately 50% of the samples and, when these values were 

thresholded to the intercept in the HU-to-BMCHU calibration, the maximum change in the 
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mean BMCHU was small at 3%. This source of error, therefore, was considered negligible 

in light of the scale of the variation within the cores. Others have encountered similar 

challenges when performing work correlating QCT to bone quality and, at this time, there 

does not appear to be a standard approach to the interpretation of HU values that are 

below the intercept of the calibration equation. Some groups have used the intercept as a 

threshold level, while the majority outline the methods as taking the mean of all bone 

voxels [Harp et al. 1994, Lotz et al. 1990, McBroom et al. 1985]. Often, studies that 

applied the threshold at the intercept were investigations of cortical bone, and not 

trabecular samples, which would have regions with minimal sBMC.  

 Also, due to the manner in which the specimens were obtained, and the quality of 

identifying features remaining on the femoral head (such as the amount of femoral neck), 

there was variation in the alignment and registration of the cores. Although the femoral 

heads were marked on the superior surface prior to being excised from the patient, this 

was not always visible on the pre- and post-machining CT scans. Additionally, some of 

the excised femoral heads had little of the femoral neck attached; and furthermore, after 

machining, some machining-related artifacts were present on the post-machining CT 

scans, such as marks from the clamp on the cortex and a small amount of bone loss in the 

cutting process. These issues contributed to the uncertainty in the registration of the core 

position. However, the sensitivity analysis revealed that, a poor positioning of even up to 

3.5 mm, would alter the mean HU of a core by a maximum of 19.4%. Therefore, the error 

due to the registration of the core positions was considered to be negligible. 
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 With the amount of variation in the BMCHU, the poor correlation observed with 

the E* and the BMCHU was not surprising. Conversely, the relationship between the ρAPP 

and BMCASH was strong (R2 = 0.962). Mosekilde et al. found a strong correlation between 

the ash density and the mean HU values of cores of trabecular bone from vertebral bodies 

(R2 = 0.66) and concluded that QCT yielded valid predictions of the vertebral trabecular 

bone mass [Mosekilde et al. 1989]. Kaneko et al. also determined a strong correlation 

(R2 =  0.98) between the ash density and the QCT predicted density for trabecular bone in 

the metastatic and normal distal femur [Kaneko et al. 2004]. However, a similar study 

performed by Kaneko et al. revealed a weak correlation of the ash density and QCT 

predicted density for non-metastatic cortical bone from the femoral diaphyses without 

lesions (R2 = 0.22) but a strong correlation when considering specimens with metastatic 

lesions (R2 = 0.87) [Kaneko et al. 2003]. Rho et al. also observed a low correlation 

(R2 < 0.2) between the ρAPP and HU for cortical bone of the femur, tibia, humerus and 

mandible, and a reasonable correlation (R2 > 0.60) between ρAPP and HU for cancellous 

bone from the same locations [Rho et al. 1995]. The results of the current study, as well 

as the work currently in the literature, have illustrated that the BMCASH is a good estimate 

of the physical properties of bone, such as the apparent density. However, to yield a more 

reliable estimation of bone’s mechanical properties from clinical CT data, a better and 

more reliable correlation between the BMCASH and the BMCHU is required.  

The relationship between the E* and ρAPP has been investigated by numerous 

researchers, with varying degrees of correlation, and different results for the predictive 

equations [Brooks et al., 1981, Carter and Hayes 1977, Genant et al., 1987, Kopperdahl et 
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al. 2002, Lotz et al. 1990, McBroom et al. 1985, Rho et al. 1995, Snyder and Schneider, 

1991]. In this study, the E* was related to the ρAPP by:  

      16.200083.0* APPE ρ=            6.7 

and a good correlation was observed (R2 = 0.776), where E* is reported in MPa, and the 

ρAPP in mg/cc. A power of approximately two is consistent with that of cellular structure 

models for open-celled foams, for foams with high interconnectivity, such as trabecular 

bone [Gibson and Ashby 1982, Gibson 1985]. Kopperdahl et al. found a predictive 

equation for the E* (MPa) in vertebral trabecular bone of:  

       34.12580* APPE ρ=            6.8 

with a strong correlation (R2 = 0.93) [Kopperdahl et al. 2002]. Lotz et al. also determined 

a strong, power-law relationship for trabecular bone from the proximal femur: 

      40.11310* APPE ρ=             6.9 

with R2 = 0.910 [Lotz et al. 1990].  

Rho et al. also performed an extensive investigation into the relationship between 

the E* (MPa) and the apparent density of human cortical and trabecular bone using 

ultrasound for a range of anatomical sites and in three main directions (superior-inferior, 

medial-lateral and anterior-posterior). For the proximal femur in the medial-lateral 

loading direction, which is the best approximation for the loading used in this study, Rho 

et al. determined the relationship to be:  

          86.101.0* APPE ρ=          6.10 
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with a coefficient of determination of 0.89. The powers in the relationships determined 

for the various sites of trabecular bone ranged from 1.3 to 2.1, depending on the location 

of the sample, and the direction in which it was loaded. This suggests that the apparent 

density alone may not be a suitable parameter for the universal prediction of bone quality 

but, instead, would provide site- and direction-dependent relationships.  

Investigations by Carter and Hayes determined a relationship between the E* 

(MPa) and the apparent density of human and bovine trabecular bone of:  

    306.03790* ρε&=E          6.11 

but no regression coefficient was specified [Carter and Hayes 1977]. The inclusion of the 

strain rate term in this relationship is consistent with the findings of the current study for 

the dependency of the E* on the rate of loading, as well as with the characterization of 

bone as a viscoelastic solid. An in-depth study of the effect of strain rate has been left for 

the subject of further study; however, in the case of this study, it was assumed that the 

effect of the strain rate on all cores would be similar. Therefore the E* for the cores with 

respect to other cores would remain consistent, that is, if E* of core “a” was greater than 

that of core “b” at a strain rate of 0.01 s-1, the E* of core “a” would remain greater than 

that of core “b” at all strain rates. 

This study found no correlation between the E* and the BMCHU. Other research 

groups have performed investigations to correlate the E* and the HU [Cuppone et al. 

2004, Kopperdahl et al. 2002, Lotz et al. 1990]. Cuppone et al. investigated the 

relationship between the E* and the HU for cortical bone in the midshaft of the femur to 

estimate bone quality for implant fixation and determined a poor correlation (R2 < 0.12) 
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[Cuppone et al. 2004]. Kopperdahl et al. determined a power-law relationship between 

the E* and the BMCHU for trabecular bone from the lower thoracic and lumbar vertebrae 

(T10-L4) of: 

     05.12980* HUBMCE =          6.12 

with a high correlation (R2 = 0.90) [Kopperdahl et al. 2002]. The QCT scans, in this case, 

were performed on the isolated bone cores, surrounded by degassed water and imaged in 

the field with other scans. This would reduce errors due to the registration of the core 

position within the bone.  

Kaneko et al. found a good correlation between the E* (MPa) and the BMCHU for 

cortical bone with metastatic lesions from the proximal femur, using linear regression 

(R2 = 0.881) but found poor correlations for specimens from donors without cancer 

(R2 = 0.147) and specimens without lesions from donors with cancer (R2 = 0.095) 

[Kaneko et al. 2003]. Although the purpose of this work by Kaneko et al. was to 

demonstrate that the presence of metastases does not decrease the predictability of the 

mechanical properties from QCT, it also illustrated that, with such poor correlation in the 

samples of non-metastatic bone, that QCT is not a reliable method for predicting bone 

quality in a normal population. However, Lotz et al. found a predictive relationship for 

the E* from the BMCHU, for trabecular bone from the proximal femur tested in 

compression, of: 

     2.15.0* HUBMCE =          6.13 

with a coefficient of determination of 0.90 [Lotz et al. 1990]. Therefore, although some 

investigations have determined strong correlations between the E*and the BMCHU, the 
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quantity of studies that have reported extremely poor correlations is of concern in the 

implementation of QCT as a method of estimating bone quality, unless additional 

structural information is also available to strengthen the prediction. 

In this study, for the relationships between the E* from the quasi-static and 

relaxation testing with respect to the BMCASH and the ρAPP, a further 13 cores were 

determined to be statistical outliers. When excluded from the data set, the coefficient of 

determination for the resultant power-law equation was 0.76 to 0.85. When these cores 

were visually inspected for physical signs of damage, no explanation could be found for 

their low values of the E*. It should also be noted that these cores were from various 

regions and from five of the seven heads, so it was not a factor that was specific to one 

patient or one region in various patients. However, when the data from the relaxation 

testing were examined for the identified outliers, the regressions performed to determine 

the E* for all the isochrones of four of the outlying cores had coefficients of 

determination lower than the mean coefficient of determination of all the cores. This 

indicates an inconsistent relaxation response over the five tested strain rates. Another 

possible explanation for the low E* response of the outliers is micro-damage not visible 

through visible inspection from the machine processes or testing. In addition, the bone 

samples were not loaded in the direction of the principal axis, and therefore, the E* was 

not indicative of the bone quality of those cores if they had been loaded along their 

principal axes. Data regarding the micro-architecture of the bone cores might help to 

account for the low E* of these cores. 
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The orthotropic behaviour of the mechanical properties of bone has been 

previously demonstrated [Öhman et al. 2007]. Öhman et al. compared two groups of 

cancellous bone from the proximal femur with no significant differences in the trabecular 

structure or the ash density and loaded one group 20° of inclination to the main trabecular 

direction and found a decrease in the E* for samples loaded off the main axis. This result 

was consistent with a theoretical study by Turner and Cowin in which a reduction in the 

E* of up to 30% for off-axis loading was predicted [Turner and Cowin, 1988]. Thus, a 

reasonable direction to pursue for the investigation of QCT as a predictor of bone quality 

is the correlation between micro-architecture to clinical CT scans. Particularly of interest 

is the trabecular orientation with respect to the axis of loading.  

The difference in the relationships between E* and ρAPP determined in this study 

and those reported in the literature may be due to a variety of factors. Firstly, only two of 

the aforementioned studies examined this relationship in the proximal femur and, based 

on the site-dependency of this relationship noted by Rho et al., this could account for a 

large variation in the determined relationships [Rho et al. 1995]. However, there was also 

a large discrepancy in the relationships determined for the proximal femur. The 

difference between the relationship determined by Lotz et al. and the relationships 

determined in this study and by Rho et al. was great [Lotz et al. 1990, Rho et al. 1995]. 

Lotz et al. performed the compression testing on samples from four donors, ranging in 

age from 25 to 81, with a mean age of 64. The samples in the current study were taken 

from seven patients ranging in age from 66 to 87, and those used in the study conducted 

by Rho et al. ranged from 45 to 68 years of age. Therefore, the populations used in the 
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studies conducted by Lotz et al. and Rho et al. were much younger than those included in 

the current study, which could be one reason for the difference in the coefficient of the 

determined power laws in each study, as the multiplier in the power law found by Lotz et 

al. was the greatest, and that found in the current study the least. 

Since bone quality has previously been correlated with age, and shown to 

decrease as age increases, it is reasonable to assume that the bone quality in a population 

with a higher age range and mean age, such as that of the current study, will be poorer 

than that of the studies by Rho et al. and Lotz et al [Freemont and Hoyland 2007, 

Nagaraja et al. 2007]. This is illustrated in the exponential increase in fracture incidence 

with age [Nagaraja et al. 2007]. In addition to the difference in ages, none of the 

specimens used by Lotz et al. and Rho et al. showed any radiographic evidence of bone 

disorders. However, in the current study, no radiographic examinations were performed 

to identify the presence of any bone pathologies, as the intention was to be able to, 

ultimately, use QCT to identify poor quality bone, with respect to the E*. Therefore, it is 

possible that some of the specimens in the current study were sampled from diseased 

bone. It is also possible, that samples were more easily damaged in the machining process 

and during testing and preparation and, therefore, some of the scatter in the current data 

may be explained by examining micro-CT images of specimens to investigate the 

presence of fractures or defects on the trabecular scale. 

Thus, another factor that may aid in the explanation of the discrepancies between 

the three power law relationships determined in these three studies is the micro-

architecture of the samples and, in particular, the trabecular orientation with respect to the 
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loading axis. As discussed above, the E* is related to the trabecular orientation [Öhman et 

al. 2007]. Therefore, if one of the studies had more samples that were loaded off-axis 

from the main trabecular direction, the resulting E* for the ρAPP would be much lower. 

The importance of the micro-architecture in the prediction of the mechanical 

properties is also illustrated by previous work in which the mechanical properties of 

trabecular bone were determined to vary significantly between anatomical sites [Augat et 

al. 1998, Ciarelli et al. 1991, Majumdar et al. 1998, Rho et al. 1995]. Therefore, future 

studies should investigate a correlation between the trabecular micro-structure and 

clinical CT data, as well as a relationship between these data and the mechanical 

properties. Although numerous studies have determined that a relationship exists between 

the mechanical properties and the CT data of bone, the variation in the reported values, as 

well as the results from this study, which showed a poor correlation, indicate that more 

information, other than the BMCHU, would greatly improve the efficacy of QCT as a 

predictor of bone quality.  

 

6.6 Conclusions 

 This work was designed to determine the relationships between the mechanical 

and physical properties of trabecular bone from the proximal femur, specifically the 

apparent elastic modulus in compression, to physical properties such as the mineral 

content and apparent density, as well as clinical CT data. It was found that, although a 

relationship exists between the measured mineral content and the CT data, this 

relationship is not predictable and, therefore, CT data in and of itself cannot be used to 
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generate an estimate of bone quality. Good correlations were observed between the 

apparent elastic modulus and the apparent density and mineral content of the bone. 

However, these relationships are not consistent with those previously reported in the 

literature. This work, therefore, indicates that, while apparent density and mineral content 

are related to CT data, and are both related to the apparent elastic modulus of trabecular 

bone, more information regarding the micro-architecture of the samples could improve 

the prediction of the apparent elastic modulus from clinical CT data. 
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Chapter 7 

General Discussion 

The following is a general discussion that emphasizes the main points of 

discussion within the papers as they relate to the overall objective of this work. The 

majority of this discussion will be devoted to the limitations and future directions of this 

research. 

One challenge in the use of QCT as a predictor of BMC is the simulation of soft 

tissue for the scanning of the calibration standards. Although many groups use water to 

simulate the beam hardening effects of soft tissue, some researchers have used rice to 

simulate soft tissue in DXA and others do not specify using any soft tissue equivalent in 

the scanning of the calibration standards. The experimental work presented in Chapter 3 

addressed this question and showed that the best imaging media to simulate soft tissue is 

water. Scanning the standards in air overestimated the mean HU, thus yielding a 

calibration curve that would underestimate the BMC in a region. Although this has been 

presented theoretically, the omission of this protocol in some of the studies in the 

literature suggests that there was a need for a study investigating this experimentally. 

The importance of the use of a soft tissue equivalent was further investigated 

through the work presented in Chapter 4. It was determined that a universal, soft tissue 

equivalent plastic water casing or water bath for the scanning of calibration standards is 

not suitable for all patients, as the mean HU of the standards were lowered significantly 

when scanned in a large volume of water, simulating a patient with a large abdominal 
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region, when compared with a scan in air. Thus, for bariatric patients, the calibration soft 

tissue media should not be the same volume as that of a small patient, as the sBMC for 

the bariatric patient will be underestimated and, if a very large volume is used, the sBMC 

for smaller patients will be overestimated. Additionally, the relationship between the 

beam path (or the square root of the cross-sectional area) and the change in the mean HU 

of each standard was presented and predictive equations were developed for the mean 

HU with respect to the beam path. These equations enable the correction of the 

calibration equation for the specific patient volume, once the area of the soft tissue in 

each slice of the patient’s scan is determined, the correction would be applied to 

determine a patient specific calibration equation.  

One limitation in this work is that determined corrections are energy dependent 

(as the attenuation of the x-ray depends on the incident energy) and scanner or centre-

specific, since slight changes between attenuation in scans performed for various regions 

of the anatomy and the radiation exposure to those regions has been reported, as the exact 

imaging parameters are difficult to reproduce between centres [Knöös et al. 2006]. Thus, 

although this protocol would require a similar investigation for each centre at the energy 

level of interest, to better facilitate imaging, it is possible to scan the standards in air and 

then apply an energy-dependent, centre-specific correction for that volume. Another 

limitation of this work is that the correction was based on the mean HU alone, and the 

efficacy of this correction with respect to cupping, edge artifacts was not examined. Thus, 

to further investigate the post-scanning, patient-specific correction, it may be beneficial 

to examine the cupping for various slices of the scans of the standards. Normalizing the 
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correction equations for the densities is another area of future work in this study, as it 

would provide correction equations that included the density as a variable within the 

equation, and would not require individual equations for specific densities. 

QCT of itself was highly repeatable and, with the use of calibration standards, has 

been shown in the literature to be a good estimate of the BMC, although this was not 

found in the current study [Kaneko et al. 2003, Kaneko et al. 2004, Mosekilde et al. 

1989]. This discrepancy could be due, in part, to the relative ages of the populations used 

in these studies, with respect to the current study. The mean age in the current study was 

greater than that in the cited literature, which could result in thinner trabeculae and more 

variation in the HU data due to volume averaging within voxels that are larger in size 

than the trabecular micro-architecture. 

The main challenge in the implementation of QCT as a predictor of BMCASH, ρAPP 

and, subsequently E*, is the variation of the HU within a specimen, and errors caused by 

volume averaging within a voxel. This is especially apparent in a heterogeneous material 

such as trabecular bone, where voxels could contain equal quantities of bone and fat, and 

be calibrated to a low sBMC, even though the sBMC present within the voxel may be 

quite high. Although some researchers have applied a threshold to the HU at the 

y-intercept of the HU-to-sBMC calibration, which corresponds to a sBMC of zero, this 

was not performed in the current work. It was assumed that, due to the relative number of 

voxels corresponding to a negative sBMC when compared to the total number of voxels 

within the volume, that the effect of this error would be negligible with respect to the 

magnitude of the observed variations. 
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Additionally, in future work, the soft tissue volumes for the in vivo scans will be 

determined through intensity-based segmentation and used to apply the determined 

correction for that scanner at the specified imaging parameters. The correction will then 

be applied to the mean HU for the cores and the position of the cores will be registered to 

the in vivo scans. The mean HU for a core in the in vivo scan will then be compared to 

that of the corrected ex vivo scan to determine the efficacy of the determined method for 

reducing the effect of beam hardening when the tissue in the patient volume is not 

composed solely of water but, instead, contains fat and, in some cases, other bones. 

One of the greatest limitations in the estimation of the HU in this study was the 

positioning and registration of the core positions in the ex vivo scan. Due to the symmetry 

of the femoral head, it is possible that, even though the calculated root mean square for 

the alignment of the STL files was found to be quite low (a maximum value of 

0.993 mm), it is possible that the two models were not accurately aligned but that, due to 

slight errors in the segmentation of the femoral heads, that the alignment that resulted in 

the least root mean square error was, in fact, not the correct alignment. Therefore, for 

future studies, it is recommended that some sort of marker, such as radiopaque beads, be 

embedded in the tissue to provide easy points to use as landmarks for the registration of 

core positions. 

This thesis demonstrated that, while sBMC and ρAPP have a reasonable correlation 

with the E*, there is still approximately 30% of the variation in E* that cannot be 

explained by the sBMC and the ρAPP. Since the sBMC and ρAPP were shown to be closely 

related (R2 = 0.96), it is reasonable to assume that an estimation of E* that includes both 



 

 148 

parameters will not provide a significantly better correlation, as little information will be 

added by the introduction of one parameter, when it is highly correlated by the other. 

Micro-CT data were collected for all cores prior to and following mechanical 

testing. However, due to equipment errors and time constraints, it was not feasible to 

analyze and include this data. One future study will be devoted to investigating some of 

the micro-architecture-based parameters, such as the axis of loading, trabecular number, 

trabecular pattern factor, trabecular spacing and trabecular thickness, and their 

relationships with the mechanical properties, as well as the ability of clinical CT to 

predict these parameters. Additionally, the micro-CT data may provide more insight as to 

some of the variation in the E* data, as well as explanations for the statistical outliers 

identified in Chapter 6. 

Therefore, to be able to reliably predict the mechanical properties of bone, 

specifically the E* in this study, other parameters should be investigated as predictors of 

bone quality independently, and in conjunction with the parameters studied in this 

investigation. Ideally, clinical CT or another clinically available imaging modality will be 

capable of producing an accurate estimate of some of the parameters related to the micro-

architecture, and other geometry-based parameters and that, by incorporating these 

parameters with a CT-generated estimate of the sBMC, the prediction of the mechanical 

properties of bone may be improved. 

The following is a list summarizing some of the future directions of this research 

for further development of QCT as a means of estimating bone quality: 

- Normalization of beam hardening correction equations to density. 
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- Investigate relationship between scanning energy and mean HU for one cross-

sectional area for the possibility of normalizing the correction equations for 

the scan energy. 

- Application of patient-specific beam hardening correction to in vivo scan data 

and comparison to ex vivo scans. 

- Examine the relationship between the BMCHU and BMCASH and BMCHU and 

E* for the in vivo scans to investigate the amount of variation in the HU 

within a region in the in vivo scan. 

- Investigate the relationship between the loading axis and the trabecular 

orientation and the effect on the E*. 

- Examine the possibility of estimating the trabecular orientation and any other 

micro-architectural properties of the trabecular bone from clinical CT data. 

- Investigate the relationship between the BMCHU and the relaxation modulus 

from the relaxation testing, as well as the ρAPP and the relaxation modulus. 

- Review the data from DXA scans and fracture history and bone quality 

indicators for the seven patients to further investigate the possible 

explanations for the outliers found in Chapter 6. 
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Chapter 8 

Conclusions 

Areal bone mineral density is currently used to predict the bone quality in an 

individual for assessment of fracture risk, clinically. This is typically done through 

DXA, although QCT is increasingly being used in research to provide an estimate of 

bone mineral content.  

This work investigated some of the issues currently of interest in the research area 

of predicting bone mineral content from QCT and, subsequently, the mechanical 

properties.  

Firstly, it was shown that the mean HU quantified for regions of interest in images 

of four calibration standards are highly repeatable for scans performed using identical 

imaging parameters. Additionally, the media in which the calibration standards are 

scanned can significantly impact the calibration equation determined for a specimen. 

Thus, to collect ex vivo QCT data and relate those data to in vivo conditions, it is 

important to scan a specimen and calibration standard in a soft tissue volume or in 

water, which most closely resembles the x-ray attenuation characteristics of soft tissue. 

This research also presented an experimental protocol by which a centre can 

determine a patient-specific calibration correction for specific scanning energies to 

improve the calibration of HU-to-sBMC in QCT. Although it would have to be 

performed for all scanning energies of interest, this protocol may provide an easier, 

less computationally demanding method of correcting a scan of the calibration 
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standards for the degree of beam hardening in vivo than some of the previously 

published correctional algorithms for smaller institutions. 

This work showed that apparent density and mineral content are related to CT 

data, as well as to the apparent elastic modulus of trabecular bone. Good correlations 

were observed between the apparent elastic modulus and the apparent density and 

mineral content of the bone. However, these relationships are not consistent with those 

previously reported in the literature. This study also showed that CT provided a weak 

estimation of the sBMC and could not be used to predict the E*. These relationships, 

when presented in the existing literature, have shown large variations and a broad 

range of strengths have been determined for the correlation of these parameters in the 

existing literature. Therefore, more information regarding the micro-architecture of the 

samples and other geometrical factors could possibly improve the prediction of the 

apparent elastic modulus and mechanical properties from clinical CT data and, 

subsequently, the bone quality. 
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