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Abstract

Hip fracture has been identified as one of the main health problems in the elderly. To im-
prove the accuracy in assessing subject-specific hip fracture risk, this study proposed
normalized cortical bone thickness (NCBT) estimated from patient’s hip DXA as an al-
ternative predictor of hip fracture risk. Hip fracture risk index (HFRI) derived from
DXA-based finite element model was utilized as a baseline for evaluating the effective-
ness of NCBT in predicting hip fracture risk. It was found that NCBT at the lateral side of
the narrowest femoral neck had the strongest correlation with femoral neck HFRI among
the six locations of the proximal femur. This study suggests that it is possible to use
NCBT as a surrogate for a quick evaluation of hip fracture risk. Yet its clinical perfor-
mances such as sensitivity to therapy effectiveness and the ability to discriminate clinical

fracture cases will be investigated in a future study.
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Chapter 1

Introduction

1.1  Motivation and Background

Hip fractures lead to long-term disability, a lower quality of life, and in more than 15% of
cases fatality [1-5]. A survey of women aged 75 years and up revealed that 80% of re-
spondents would choose to be dead than suffer the loss of independence and the de-
creased quality of life stemming from hip fractures [6]. Actually, most hip fractures are
attributed to osteoporosis and falls, which were responsible for approximately 1.66 mil-
lion hip fractures worldwide in 1990 [3]. With the aging population, the number of acute
hip fractures is projected to grow to an alarming 6.26 million worldwide in 2050 [3]. Fur-
thermore, the high cost of medical care associated with osteoporotic hip fractures is be-
coming a burden to the society. For example, in the United States alone, $12.2 billion
was spent on hip-fracture-related hospitalization and nursing home services in 2005 [2].
In Canada, the total direct costs associated with osteoporotic hip fractures are projected to

be $2.4 billion by 2041 [7]. Tools such as hip DXA (dual-energy X-ray absorptiometry)



and FRAX" (fracture risk assessment tool) have been adopted by the World Health Or-
ganization (WHO) for evaluating hip fracture risk.

The areal bone mineral density (aBMD) measured by DXA is currently the gold standard
proposed by the WHO to screen osteoporosis and assess hip fracture risk [8, 9]. A clear
diagnostic criterion for osteoporosis has been defined by the WHO which will be de-
scribed later in this thesis. FRAX" is a computer-based algorithm which integrates clini-
cal hip fracture risk factors in assessing fracture probability in men and women [10, 11].
This tool can be utilized together with femoral neck aBMD to enhance the prediction of
10-year fracture probability [11]. Both aBMD and FRAX" are dependent on the statistical
models established by large cohort studies [10, 12]. Therefore, deficiencies appeared in
predicting hip fracture risk. Although it is effective in predicting trends in hip fracture
risk in a large population, DXA-derived BMD is limited for identifying fracture in indi-
viduals, as subjects with or without hip fractures may have the same BMD values [12].
Moreover, when utilizing FRAX®, many countries do not have the necessary data to con-
struct their own FRAX® model [13] which impedes its application worldwide.

Apart from the above WHO-defined tools, finite element analysis (FEA) is currently the
most popular methodology for evaluating bone strength in the field of orthopaedics. With
state-of-the-art computing facilities and computational methods, the reliability and validi-
ty of assessing hip fracture risk by the finite element model (FEM) has been greatly im-
proved and well demonstrated [14-18]. However, FEA has not been adopted into clinical
environment due to its technical complexity and the uncertainties in the kinematic and

kinetic conditions of the subject involved in an accident.




The limitations of the aforementioned methods in evaluating hip fracture risk suggest de-
velopment of a better predictor. We considered cortical bone thickness (CBT) can accu-
rately assess hip fracture risk based on previously reported research [19-22]. These stud-
ies have demonstrated that CBTs at the femoral neck and/or femoral shaft can be identi-
fied as the predictors for hip fracture risk independently of BMD [19-22]. A number of
algorithms have been implemented to measure CBT in the proximal femur from quantita-
tive computed tomography (QCT) image [19, 20, 23, 24]. However, their ability to meas-
ure CBT is limited since the thickness of cortex may be overestimated due to the limited
spatial resolution [23, 24], but also because of the concern of relatively high radiation ex-
posure in QCT scanning which might cause health problems [25]. Several studies have
been implemented to measure average cortical thickness from DXA image [26-28], but
all of them employed certain assumptions on the shape of the proximal femur resulting in
an equivalent rather than real CBT. On the other hand, few studies reported medial and
lateral CBT derived from DXA image; these thicknesses are crucial in determining hip
fracture risk as presented in the previous studies [29-31].

For the above reasons, this thesis introduces an algorithm to measure CBT from DXA
image at the three critical cross-sections of the proximal femur, namely, the narrowest
femoral neck (NFN), the intertrochanter (IT) cross-section, and the femoral shaft (FS)
cross-section. To integrate hip geometric parameters and individual differences such as
body weight and height, a new parameter known as normalized cortical bone thickness
(NCBT) is developed. It is assumed that a stronger correlation between NCBT and hip
fracture risk index (HFRI) derived from the DXA-based finite element model [32, 33]

would imply NCBT can be a surrogate of HFRI in assessing hip fracture risk in this study.




1.2  Objective of the Reported Research

The objective of this dissertation is to find a surrogate of HFRI which can be used by cli-
nicians as a quicker predictor for assessing hip fracture risk. A total of 210 clinical cases
were obtained from the Manitoba Bone Mineral Density Database for this investigation.
For each clinical case, NCBTs at the six locations of the proximal femur are estimated
from DXA image by the in-house MATLAB codes developed in this study. Furthermore,
HFRI derived from the DXA-based finite element model is used as a baseline for evaluat-
ing the effectiveness of NCBT in assessing hip fracture risk. Correlations between the
studied variables are examined by linear regression analysis using SPSS software (IBM
SPSS 22, New York, USA) to determine NCBT can substitute HFRI in assessing hip

fracture risk in this study.

1.3  Outline of the Reported Research

This thesis is organized in the following manner:

Chapter 2 - In this chapter, the bone structure of human femur will be illustrated. Fur-
thermore, structural and material behavior of a whole bone followed by the mechanical
properties of cortical and trabecular bone will be introduced. Finally, factors affecting
age-related bone loss and bone disease such as osteoporosis will be described.

Chapter 3 - In this chapter, types of hip fractures will be classified. Then, currently
available methods for predicting hip fracture risk, including BMD extracted by medical
imaging, FRAX", proximal femur geometry, and finite element analysis, will be re-

viewed with respect to their strengths and limitations in clinical applications.




Chapter 4 - In this chapter, a new predictor known as NCBT will be introduced. Enroll-
ment of cases and the algorithm of estimating CBTs and other hip geometric parameters
from DXA images will be developed. The procedure of validation of DXA-derived CBT
will be presented. Short-term precision study will be introduced.

Chapter 5 - In this chapter, the procedure of constructing a DXA-based finite element
model of the proximal femur will be explained step by step. HFRI derived from this finite
element model at pre-defined regions of the proximal femur will be used as the baseline
for assessing hip fracture risk. Verification of DXA-based finite element model will be
provided.

Chapter 6 - In this chapter, validation and verification results will be provided and ex-
plained to show the high accuracy of the in-house developed MATLAB codes. Conver-
gence tests of HFRIs derived from the in-house developed MATLAB codes will be pre-
sented. Furthermore, correlation analyses between the studied variables will be examined
to demonstrate the validity and acceptability of the new predictor. Short-term precision
studies on NCBT and HFRI will be presented to show the extent of repeatability.
Chapter 7 - In this chapter, implications of the results derived from the validation and
verification of the in-house developed MATLAB codes, convergence tests, correlation
analyses, and short-term precision studies will be discussed.

Chapter 8 - In this chapter, major conclusions and contributions will be drawn from this
reported research. Future research will be presented to reduce the limitations of current

research along with the extent of possibilities for exploiting the new predictor.




Chapter 2

Structure and Physiology of Bone

The skeletal system is composed of bones and joints in vertebrate body. The main func-
tions of bone include supporting body structure, protecting soft tissue and internal organs,
being a lever for muscles to move at the joints, acting as a storehouse for fat and minerals,
and generating blood cells. Bone is a dynamic material which meets the required mechan-
ical demands via bone modeling and remodeling, altering morphology and tissue proper-

ties.

2.1  Bone Structure

Bone has a very complex structure made up of 70% mineral (calcium phosphate hydrox-
yapatite in the form of tablet-, rod-, and needlelike crystallite), 22% to 25% organic ma-
trix (90% collagen fibrils and only 10% noncollagenous proteins), and 5% to 8% water
and cells (osteoblasts, bone-lining cells, osteocytes, and osteoclasts) [34, 35]. Generally,
these compositions of bone contribute to stiff but tough properties that maintain the shape

of human body [36].




Depending on the anatomic sites and shapes, bone can be classified into long (e.g. hu-
merus, tibia and femur), flat (e.g. skull and rib), short (e.g. carpus and tarsus) and irregu-
lar (e.g. vertebrae and mandible) bone. Typically, a long bone is composed of a long cy-
lindrical shaft (diaphysis) and two extreme and rounded parts (epiphyses); the metaphysis
connects the diaphysis with the epiphysis (Figure 2-1). In spite of the macroscopic anat-
omy, all the bones possess an outer layer of cortical or compact bone and the inner space
of trabecular or spongy bone (Figure 2-1). The diaphysis of a lone bone, for example, has
a thick cortical bone shell while the medulla which is surrounded by cortical bone con-
sists mainly of trabecular bone [37]. In fact, proportions and distributions of cortical and
trabecular bone vary with the skeletal sites, but the maximum strength-to-weight ratio

keeps its validity in their normal functions [34].

Spongy 3 % Epiphysis
bone ) l
."- -
Metaphysis
Medullary
cavity
Diaphysis
(shaft)
Compact
bone
Metaphysis
Epipiysis

Figure 2-1 Structure of a quintessential lone bone (human femur) [38] (courtesy of Wikipedia)




2.2  Mechanical Properties of Bone

From an engineering perspective, bone is an anisotropic and inhomogeneous material.
Mechanical properties of bone therefore can be described by load-deformation relation at
the structural level and stress-strain relation at the material level. The load-deformation
curve (Figure 2-2) represents the deformation of the specimen (whole bone) in response
to the load applied on it. The slope of the elastic region represents the extrinsic stiffness
of bone structure. Additionally, other biomechanical properties can also be extracted
from this curve. For example, after a yield point, the bone specimen undergoes a perma-
nent plastic deformation. The failure point corresponds to the ultimate load (failure load)
and the ultimate displacement. The area under the load-deformation curve is the amount
of energy absorbed by the bone specimen prior to the bone failure or fracture.
Normalized load known as stress (force per unit area) and normalized deformation known
as strain (geometric change in a material) are intrinsic material properties of bone and
therefore, the stress-strain curve is analogous to the load-deformation one (Figure 2-2).
The strength of cortical bone is higher than that of trabecular bone at both the structural
and material levels, but their mechanical properties vary with the types of mechanical
testing [34]. It has been examined that both cortical and trabecular bones have larger
strength and elastic modulus in compression than tension whereas the torsion or shear is
the weakest in both the structural and material (tissue) levels [34].

The mechanical properties of cortical and trabecular bone are anisotropic, i.e., their me-
chanical properties depend on the direction of the applied load. Both of them have the

highest strength and elastic modulus in the longitudinal direction (0° approximately weig-
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Figure 2-2 A typical load-deformation curve from mechanical testing of a bone specimen

ht-bearing direction), lowest strength and elastic modulus in the transverse plane (90° lat-
eral direction perpendicular to longitudinal axis), and intermediate values in any angles
between 0° and 90° [39, 40]. While the underlying mechanism of anisotropy for trabecu-
lar bone is not well understood, arrangement of the osteons is accountable for the aniso-
tropic characteristic of cortical bone [34]. The mechanical properties of cortical bone are
mostly dependent on the porosity and the degree of mineralization [41]. Currey found
that these two variables explained more than 80% of the stiffness variation [41]. When
the porosity is increased from 5% to 30%, both elastic modulus and ultimate stress of cor-
tical bone can be decreased by 50% [42], which reveals the porosity has a strong effect
on the mechanical properties of cortical bone. On the other hand, apparent density is the
most important determinant in the mechanical properties of trabecular bone, as evidenced
by the empirical functions established from experiments [43, 44]. Hernandez et al. found
that the power-law relationships with regard to the apparent density can explain 60% to

90% variation in the elastic modulus and the strength of trabecular bone [43].




2.3  Age-related Bone Loss and Osteoporosis

Human bone mass increases during growth, peaks in young adults, and decreases after 30
years old or so [45]. With age advances, bone is lost in all skeletal sites under different
rate. A number of factors influence age-related bone loss, for example, estrogen deficien-
cy [46], less intake of calcium and vitamin D [47], and lack of physical activity [48]. The
cessation of estrogen production after menopause increases the life expectancy of osteo-
clasts, thus breaking the balance of bone remodeling. Therefore, more bone is resorbed
than is formed. Decrease in calcium and vitamin D has major impacts on bone strength.
Without sufficient calcium and vitamin D absorption in the body, both calcium homeo-
stasis and bone remodeling are broken, leading in general to the onset of bone disease
such as osteoporosis. Physical exercise has significant impacts on adolescents, maximizes
peak bone mass in young adults, reduces age-related bone loss, and maintains or even en-
hances muscle power. Hence, proper life-long physical exercise is recommended in order
to maintain bone mass and bone quality.

Due to age-related bone loss, the adverse outcome such as osteopenia or even osteoporo-
sis may occur. Osteoporosis is a skeletal disease characterized by a decrease in bone mass
and deterioration in bone microarchitecture with a consequential increase in bone fragili-
ty and fracture risk [36]. A patient with osteoporosis normally has the same bone compo-
sition of a healthy person, but cortical bone becomes thinner and trabecular bone is more
porous. The underlying causation of osteoporosis is a disrupted balance between bone re-
sorption and formation; usually either bone resorption exceeds bone formation or bone

resorption lags behind bone formation, or both occur simultaneously. Therefore, under-
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standing the mechanism of bone modeling and remodeling is essential to investigate the
pathogenesis of osteoporosis.

Osteoporosis has been defined on the basis of BMD measurement. According to the crite-
ria of the WHO, osteoporosis is defined as a BMD value that lies 2.5 standard deviation
(SD) or more below the young mean value (T-score = -2.5 SD) [8]. If a T-score is below
2.5 SD along with one or more fragility fractures, this condition is defined as severe oste-
oporosis. Although this approach to defining osteoporosis has low sensitivity, the high
specificity and the proper cut-off values for osteoporosis help doctors develop effective

interventions and remedies for the patients.
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Chapter 3

Hip Fracture and Risk Assessment

Clinically, osteoporotic fractures are usually caused by a low trauma such as a fall from
standing height. They generally include vertebral fractures, distal forearm fractures, and
hip fractures [9]. These fractures have posed major public health concern to the whole
world. Among these types of osteoporotic fractures, hip or proximal femur fractures are
the most severe ones [4]. Although many studies have shown that there is a close correla-
tion between the frequency of osteoporotic hip fractures and older age, accident falls pre-
cede most hip fractures [3, 4]. Therefore, in order to study the etiology of hip fractures,
the above two factors, namely, the applied loads to bone and bone strength, should be

considered.

3.1  Hip Fracture Types

Generally, hip fractures can be classified into three types, i.e., cervical (femoral neck)
fractures, intertrochanteric fractures, and subtrochanteric fractures. Cervical fractures oc-

cur at the neck or the head of the femur and are typically within the capsule, whereas in-
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tertrochanteric and subtrochanteric fractures occur between the neck of the femur and
lesser trochanter, and below the lesser trochanter respectively [49].

Cervical fractures are one of the common injuries in the elderly, especially in the women.
These fractures occur within the capsule and can be further subdivided into subcapital
and transcervical fractures (Figure 3-1). It is recommended to do surgical operation (hip
replacement) if this kind of fracture occurs since the process of healing may be disrupted
by the reduced blood supply to the femoral head, which may lead to complications such
as femoral head necrosis. However, for a cervical fracture with small or no displacement,
fixation of fracture site and protection of femoral head can be applied to treat the fracture.
The epidemiology of intertrochanteric fractures is similar to that of cervical fractures and
this type of fracture is common in women as well. Since the blood flow is usually not
blocked by this kind of fracture, it can be treated with traditional surgical methods using a
metal plate and screws. However, the treatments of these fractures are relatively complex
compared with the cervical ones due to the considerable forces induced by the attached
muscles. Therefore, the skills and experience of orthopedic surgeons are very important.
Subtrochanteric or femoral shaft fractures are not as common as cervical and intertro-
chanteric fractures, but are more difficult to fix due to its instability arising from the high
stresses during daily activities. In addition, the subtrochanter is subject to torsional effects
induced by the attached muscles which give rise to rotational shear forces. Hence, the

above factors lead to this kind of fracture hard to consolidate and heal.
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Figure 3-1 Three main types of hip fractures: cervical fractures (subcapital and transcervical fractures), in-

tertrochanteric fractures, and subtrochanteric fractures [50] (courtesy of Advanced Orthopedic Specialists)

3.2  Methods for Evaluating Hip Fracture Risk

3.2.1 BMD Extracted by Medical Imaging

At present, common methods for measuring BMD are DXA and QCT. DXA employs
two different X-ray energies to determine bone mineral content (BMC). With the pre-
selected area, aBMD (in g/cm?®) can be derived via BMC divided by the region of interest
(ROI) on lumbar spine, hip, forearm, or even whole body. The aBMD of an individual is
then compared to the references in a proper population database, and the result is com-
monly expressed as T-score and Z-score. The T-score of a specific patient is the standard
deviation above or below the mean value in young female [9]. The operational range of
T-score for diagnosing osteoporosis has been recommended by the WHO and shown in
Table 3-1. However, the limitation of using T-score lies in subjects with or without hip
fractures may have the same BMD values [12]. Z-score, an indicator comparing the pa-
tient’s aBMD with the mean value derived from the same age, sex, and ethnicity, is

sometimes used in assessing hip fracture risk [52]. However, its use may be confusing si-
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Table 3-1 Criteria of the WHO for defining normal, osteopenia, osteoporosis, and severe osteoporosis

T-score Diagnosis
Above -1 Normal
-1t0-2.49 Osteopenia
<-25 Osteoporosis
<-2.5 with fragility fractures Severe osteoporosis

nce it obscures age as a risk factor in assessing osteoporosis [51].

QCT is a well-established medical technique that measures volumetric bone mineral den-
sity (vBMD) in lumbar spine, hip, and forearm using a standard phantom that contains
materials representing the liquid-like and bone-like contents for density calibration. In
contrast to planar DXA scan which is widely utilized currently, information such as
three-dimensional (3-D) geometry and vBMD (in mg/cm’) of cortical and trabecular bone
is accessible from QCT [53]. However, the costs and ionising radiation exposures are
higher in QCT than in DXA. Moreover, the criteria of diagnosing osteoporosis based on
DXA-derived aBMD may not be applicable to QCT-derived vBMD. In spite of these
drawbacks, technicians can acquire 3-D images more rapidly and obtain the structures of
cortical and trabecular bone more accurately with technical developments in QCT [53]. A
3-D finite element model with higher biofidelity can be constructed as well using QCT
image [53].

Magnetic resonance imaging (MRI) is a recently developed radiology technique to evalu-
ate hip fracture risk without exposing to high X-ray radiation. Compared with QCT, not
only MRI-derived BMD can be obtained [54], but also in vivo imaging of bone quality
such as bone tissue properties and microstructure using MRI may be more effective for

determining bone strength [55]. However, MRI devices are more difficult to operate and
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the equipment is not as commonly accessible as DXA or QCT scanners due to its high

cost of production.

3.2.2 FRAX"

FRAX"™ was introduced by the WHO in 2008 in order to evaluate an individual’s fracture
probability in the next 10 years and provide clinical guideline for pharmacological inter-
vention. The probability is produced on the basis of the involved clinical risk factors with
or without aBMD at the femoral neck. The clinical risk factors include body mass index
(BMI), a prior history of fracture, a parental history of hip fracture, use of oral glucocor-
ticoids, rheumatoid arthritis and other secondary causes of osteoporosis, current smoking,
and alcohol intake 3 or more units per day [10]. It should be noted that fracture probabil-
ity varies appreciably among different zones of the world, which may complicate using
this model for determining intervention threshold for the fracture probabilities [56]. Alt-
hough this computer-based tool has been validated in several studies [10, 57], some coun-
tries have insufficient data for developing this model [56] and thus, these countries have
to choose their surrogates based on the categories of hip fracture likelihood, which may

bring inaccuracy to prediction.

3.2.3  Proximal Femur Geometry

A majority of studies have reported that the non-invasive evaluation of proximal femur
geometry using DXA or QCT is capable of predicting hip fracture risk, but it is still un-
certain whether these geometric measures can improve hip fracture prediction independ-

ent of or even better than BMD measurements [58-65]. Femoral neck width, femoral
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neck area, and femoral neck axis length are found to be correlated positively with femur
strength [61, 63], whereas other researchers observed that increased femoral neck width,
femoral neck axis length, and femoral neck-shaft angle were negatively correlated with
femur strength [58, 59, 64, 65]. To our best knowledge, the longer the femoral neck axis
length, the larger the bending moment the femoral neck will have to withstand in a fall,
which should result in higher hip fracture risk. The contradictory observation that femoral
neck axis length had a positive correlation with femur strength in the in vitro experiments
might be because of changed materials and physiological conditions in the cadaveric
femora [66]. Plastic mechanical properties may be significantly different in the non-fresh
cadaveric femora which may affect the measurements of failure loads [66]. Furthermore,
the change of femoral neck width associating with femur strength are controversial [67].
The width of femoral neck increases with age in order to compensate for the gradual de-
crease in bone strength due to age-related bone loss [28, 67]. However, femur widening
may not be adequate to resist different types of hip fractures, and thus different conclu-
sions have drawn. In considering the influence of femoral neck-shaft angle, hip fracture
risk may be related to the direction of force because, theoretically, a wider femoral neck-
shaft angle decreases the stress occurring in the femoral head in stance, while it increases
the stress in a lateral fall.

Hip structural analysis (HSA) incorporates the relevant structural parameters such as sec-
tion modulus, cross-sectional moment of inertia, mean cortical thickness, and buckling
ratio estimated from DXA scans in assessing femur strength [68]. All the above variables
can be calculated in vivo using the HSA software [68]. The principle of measuring the

strength-related structural dimensions is that a line of X-ray beams traverse the bone
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width at that location, constituting the projection of that cross-section [68]. Although
HSA considers both aBMD and geometric strength, it is not very helpful to clinicians due
to its much lower precision compared with the traditional aBMD, in particular for the thin
bones in osteoporotic patients [69]. Furthermore, DXA scanners have not been designed
for geometry measurement. A number of factors such as noise, resolution and positioning
may affect the projected contour of the proximal femur [69, 70]. A few studies have
demonstrated that HSA-derived parameters are not superior to aBMD in predicting hip
fracture risk [26, 58]. This may arise from the deficiency of applying a beam model
where a plane cross-section remains planar after deformation, which may be invalid for
the femur bone. As the deformation of femur bone is very complex, particularly in the re-
gion of femoral neck and intertrochanter where osteoporotic fractures occur frequently,
this assumption is over-simplified and cannot be utilized to assess hip fracture risk.

Cortical bone is the main compartment for the femur to resist fracture [19-21, 67, 71, 72].
Most research utilized the HSA-derived average cortical thicknesses to study hip fracture
risk [26-28]. They found that the estimated average cortical thicknesses were significant-
ly lower in the fractured cases compared with the controls [26-28]. However, as this pa-
rameter is predicated on the assumptions of constant bone tissue mineralization and regu-
lar bone shape, the estimation is not accurate for an individual patient. In effect, thinner
cortex has been reported as a risk factor for hip fracture [29, 67, 73]. Rivadeneira et al.
have reported that the superior or lateral cortices are thinner than the inferior or medial
ones at the narrowest femoral neck; the thin superior cortices can serve to predict hip
fracture risk, especially in the prediction of local buckling [67]. As age advances, signifi-

cantly thinning of cortices at the superior side of the femoral neck will occur [73]. In a
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sideway fall, the impact force is applied onto the greater trochanter, and the maximal
compressive strain occurs at the superior side of the femoral neck [29]. Therefore, the
role of cortical bone thickness in predicting hip fracture risk will be further explored in

this study.

3.2.4 Finite Element Method

Finite element analysis was introduced in early 1970s to assess stresses in human bones
in the field of orthopedic biomechanics [74], which is now becoming a very helpful tool
in orthopedics and other biomedical engineering fields. From the viewpoint of biome-
chanics, bone fracture is determined by three sets of factors: bone material properties,
bone geometry, and loading/boundary conditions. Conventional aBMD or T-score only
estimates the first of the three sets of factors and thus is not adequate to assess femur
strength. As yet, hip geometric parameters have not demonstrated their superiority to
BMD in predicting hip fracture risk, as demonstrated by a large scale evaluation using
over 30,000 women cases from the Manitoba Bone Mineral Density Database [58]. FE
model of the proximal femur has the potential to increase the accuracy in assessing hip
fracture risk compared with currently available method like aBMD [16, 17, 75-77]. In ef-
fect, it has been found that two-dimensional (2-D) and 3-D models constructed from
medical images such as DXA and QCT can be used for predicting fracture load or femur
strength [14, 16-18, 75-78]. For the FE simulations, FE software such as ANSYS,
ABAQUS, BONEMAT or in-house developed codes can be used. In this section, relevant

studies and their findings in assessing hip fracture risk using FEA will be discussed.
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Testi et al. developed a 2-D finite element model of the proximal femur from DXA image
in predicting hip fracture risk and their simulated results were validated in vitro with the
femur replica [78]. Their results were also compared with a 3-D finite element model. A
good agreement was found between these two models. Although they simulated a side-
ways fall onto the greater trochanter, a constant impact force was utilized in their study,
which cannot reflect the effects of individual body weights and heights. Another major
limitation of their study was that a linear correlation between bone density and bone ma-
terial properties was used, which was not consistent with the power law established in the
experiments [44].

Cody et al. used DXA, QCT, and FE models to predict femur strength in vitro [17]. The
statistical models for predicting femur strength were developed by the regional bone den-
sity and structures derived from DXA and QCT. The QCT data were utilized to construct
a 3-D finite element model to predict femur strength as well. Although their findings
showed that FE models predicted femur strength better than the statistical models con-
structed from DXA and QCT, only a stance loading configuration was used in their FE
models, which may not adequately reflect the hip fracture mechanism since hip fracture
usually occurs during a fall.

Koivumaki et al. proposed a CT-based nonlinear finite element models to estimate exper-
imentally measured fracture loads in the proximal femur in vitro [16]. The geometric
models of the proximal femurs were segmented by Mimics and trabecular and cortical
bone was modeled separately. A group of femora was used to establish the strain thresh-
old for the element failure criteria while another group was used to validate the accuracy

in estimating the experimentally measured failure loads. A sideways fall was applied on
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the greater trochanter and the bottom end of the proximal femur was completely fixed in
order to simulate the experimental setup. Although a high correlation between simulated
fracture loads and experimental data was found (» = 0.931, p<0.001), the average compu-
tation time to solve the FE models was more than several hours, indicating that it was a
time-consuming process and cannot be used in the clinical environment.

Luo et al. proposed a DXA-based subject-specific finite element model for assessing os-
teoporotic hip fracture risk [33]. HFRIs were created based on the three types of hip frac-
tures which have been discussed in Section 3.1. The larger the HFRIs, the more likely the
patients will experience hip fractures. Since these three HFRIs are defined based on the
three critical cross-sections, they are very sensitive to the selected cross-sections and thus
have lower repeatability. Therefore, an ROI-based HFRI was introduced in [32]. This av-
eraging operation can not only improve the precision of HFRI, but also be consistent with

the conventional aBMD which is currently used in the clinical environment.
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Chapter 4

Derivation of Cortical Bone Thickness

from DXA

4.1 Introduction of Normalized Cortical Bone

Thickness

Current methods for evaluating hip fracture risk are limited, suggesting development of
an improved predictor. We assume that cortical bone thickness in the proximal femur has
the potential to be an alternative predictor to enhance the prediction of hip fracture risk
based on the reviews of Chapter 3. Nevertheless, in order to incorporate aBMD, proximal
femur geometry, body weight, and body height from a specific subject, a novel parameter

known as normalized cortical bone thickness (NCBT) is proposed as follows:

(cortical bone thickness)x(areal bone mineral density)

NCBT =

(1)

(femoral neck axis length)x(femoral neck—shaft angle)x(body mass index)
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The rationale of the above expression is that the thickness of cortical bone is crucial for
the femur to resist fracture, which has been discussed in Chapter 3. The contribution of
cortical bone in resisting hip fracture is higher than that of trabecular bone as shown in
the recent experimental studies [14, 75]. The results obtained by Koivumaki et al. showed
that cortical bone in the proximal femur can explain 73% of the variation in the failure
loads of the proximal femur during a lateral fall [14]. Nishiyama et al. suggested that the
cortex of the femoral neck can carry 68.4% of the applied loads [75]. Bone mineral densi-
ty is one of the most important determinants of bone strength [79]. Currently, aBMD
measured by DXA is being used as a surrogate of bone strength [8, 9]. However, it has
been demonstrated that aBMD cannot predict hip fracture risk accurately for all the indi-
viduals since aBMD only partly explains mechanical properties of bone [12]. Therefore,
the product of CBT and aBMD is able to represent the strength of hip bone more accu-
rately. On the other hand, positive correlations between femoral neck axis length (FNAL)
and femoral neck-shaft angle (FNSA), and hip fracture risk have been found in the previ-
ous studies [58, 63-65]. These parameters in assessing hip fracture risk have been dis-
cussed in Chapter 3 in detail. Some researchers have pointed out that FNAL correlates
significantly with the three types of hip fractures [61, 65] which are discussed in Section
3.1. Although individuals with larger body size have thicker CBT in the proximal femur
[80], it does not mean their hip fracture risk is lower. Therefore, in order to counteract
this effect and consider individual bone geometry, the product of FNAL, FNSA, and BMI
is introduced. The product is expressed as a denominator in Equation (1). It is hypothe-
sized that if a stronger correlation exists between NCBT and HFRI, NCBT can be used as

the surrogate of HFRI in assessing hip fracture risk in this study.
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4.2  Enrollment of Cases

Information on 210 clinical female cases, including DXA image, height, weight, aBMD
and T-score were acquired from the Manitoba Bone Mineral Density Database in an
anonymous way after a human research ethics approval. Since the main research objec-
tive is to investigate the correlation between NCBT and HFR], all the cases in this study
are considered as a single group. The baseline characteristics of the cases are listed in Ta-
ble 4-1. The ages of the cases were between 26 and 80 years, while their heights and
weights were from 57.5 to 67.9 inches and 80 to 225.4 pounds, respectively. All the cases
are scanned using Lunar Prodigy DXA scanner with a standard scan mode (37.0 uGy).
Scans are performed by various technicians reflecting the scenario of real clinical practic-

es. Each DXA image is converted and saved in a MATLAB mat-file for later processing.

Table 4-1 Baseline characteristics of 210 clinical cases

Parameters Mean (SD)
Age (years) 66.5 (8.3)
Height (in.) 62.8(2.2)
Weight (Ibs.) 140.1 (31.5)
Femoral neck BMD (g/cmz) 0.759 (0.148)
Trochanteric BMD (g/cmz) 0.614 (0.173)
Total hip BMD (g/cmz) 0.783 (0.187)
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4.3 Detection of the Three Critical Cross-sections

on Proximal Femur

It is necessary to determine the critical cross-sections on the proximal femur prior to
measuring CBT from DXA image. Usually, hip fractures occur at one of three locations
on the basis of clinical observations, i.e., the narrowest femoral neck (NFN), the intertro-
chanter (IT) cross-section, and the femoral shaft (FS) cross-section [81]. As each DXA
image is converted and saved in the MATLAB mat-file shown in Figure 4-1 using one of
the studied cases, all the in-house computer codes for contour extraction, identification of
relevant axes, determination of critical cross-sections, CBT measurements, and pertinent
hip geometric parameters from DXA image, are developed in MATLAB.

Edge detection is performed based on the mathematical feature of DXA image, which is
expressed as a matrix in MATLAB. In DXA image, the femur bone has positive pixel in-

tensities whereas the background has negative ones. If the signs of neighbouring pixels c-

Figure 4-1 Sample of the proximal femur output from DXA image

25



hange from positive to negative, or vice versa, it represents the location of the boundary
of the femur bone. Hence, all the boundary pixels are identified in the above way and
shown as the white line in Figure 4-2.

It is much more complicated to separate the femoral head in DXA image than in CT or
MRI image because the femoral head overlaps with pelvis bone resulting in the unclear-
ness of the edge. As the femoral head can be approximated by a circle according to its
shape shown in DXA image, it can be fitted by three points. Instead of picking up three
points manually to define the circle, two corners indicated by two red arrows shown in
Figure 4-3 are identified using the so-called corner detector [82]. The third point is the
apex of the femoral head which has the minimum intensity along the femoral neck axis
and it shows as the blue point in Figure 4-3. With the obtained femur contour (Figure 4-
2), the NFN which is the minimum diameter of the femoral neck [69] can be located un-
der user-defined femoral neck region; then, the femoral neck axis (FNA), which is or-

thogonal to the NFN and passes through the apex of the femoral head as well [64], is def-

Figure 4-2 Detected edge overlays on the proximal femur and part of the pelvis
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ined and utilized to locate the apex. All the above operations are implemented using the
in-house MATLAB codes. The detected NFN and FNA are shown in Figure 4-3. Until
now, the outer contour of the proximal femur has been extracted and the coordinates of
the contour points have been saved. The femoral shaft axis (FSA) is defined as the central
line of the femoral shaft in DXA image [83], which can be obtained by a perpendicular
line at the midpoint of a shaft cross-section. However, it should be pointed out that due to
positioning error, the FSA may be significantly different if only a single shaft cross-
section is used. Hence, a number of shaft cross-sections are selected (Figure 4-4). The
midpoints of those cross-sections are utilized to define the FSA. Finally, the intertrochan-
ter cross-section is defined as the bisector of the FNSA [69].

The three critical locations, i.e., the NFN, the IT cross-section, and the FS cross-section,
are identified using the above procedure. The FS cross-section is the cross-section which
has a distance of 1.5 times NFN, distal to the intersection of the neck-shaft axes [69], as

shown in Figure 4-5. The femoral neck axis length (FNAL) is a modified version which

Figure 4-3 Femur contour, the narrowest femoral neck, and the femoral neck axis
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is defined as a linear distance from the apex of the femoral head to the intersection of the
neck-shaft axes shown as AB in Figure 4-5 in this study. Femur CBTs at the three critical

cross-sections will be estimated from DXA image as described in the following section.

Narrowest
femoral neck (NFN)

Intertrochanter (IT)
cross-section

i‘( Femoral shaft (FS)
cross-section

Figure 4-5 The three critical locations of hip fracture: the narrowest femoral neck (NFN), the intertrochan-

ter (IT) cross-section and the femoral shaft (FS) cross-section. AB is the femoral neck axis length (FNAL)
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4.4 Estimation of Cortical Bone Thickness from

DXA Image

The idea for estimating CBT from DXA image is illustrated in Figure 4-6. The bone mass
or aBMD profiles at the three critical cross-sections in a typical clinical DXA image are
shown in Figure 4-6(b). The aBMD projected from the three idealized cross-sections are
shown in Figure 4-6(c), which will be explained in more detail later. By comparing the
aBMD profiles in Figure 4-6(b) and in Figure 4-6(c), it can be found that in each of the
profile, there are existing two distinct peaks and they are exactly at the locations of the
projected internal edges of cortical bone. Therefore, CBTs at the medial and lateral side
of a cross-section can be determined using the starting and the ending point of the aBMD
profiles together with the two distinct peaks as illustrated in Figure 4-6(c). The existence
of the two distinct peaks in the aBMD profiles is not a coincidence. It is a common fea-
ture in the projection of a circular composite cross-section consisting of two material
densities. The feature can be easily verified by the idealized cross-sections shown in Fig-
ure 4-6(c), where the NFN and the FS cross-section are modeled as circular annuluses,
while the IT cross-section is modeled as an elliptical one [19]. The average densities (in
g/cm’) of cortical and trabecular bone at the three cross-sections are assigned respectively
to the outer annulus and the inner part of the cross-sections based on the research work

reported in [34]. The geometry equations of the cross-sections are written as follows:
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Figure 4-6 Femur CBT estimated from DXA image at the three critical cross-sections
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where the meanings of geometric parameters 7|, 7, 3, r4 and other items are shown in
Figure 4-6(c). With the above geometry equations and the average cortical/trabecular
bone densities, the projected or areal bone mineral densities (m;, i = 1, 2...6, g/cm®) for

the three critical cross-sections can be analytically calculated as follows:

my = 2[(p, — Pz)x/ﬁ - (x'—a)?
NFN: % +p, V2 —x% (a—-rn<x'<a+n) 3)
im, = 2p,Vn2—x? (-n<x'<a-r or a+r <x'<1,)

<m3:2l(P1_P2) 2 —x'? +P2(V —x' )] (-3 <x'<13)

FS: (6)
(M, =2p,W12 —x"? (-1 <x'<-r;orry<x' <r,)
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ms = 2[(p1 — p2) B a% Lt
IT: X +p2(\[b2 - 2 2)] (—a;+A<x<a;+A4) (7)

2
\m6:2p2\[b22_(2_2) x2 (—CIZSX<—CI1+A or Cl1+A<XSCl2)

The three aBMD profiles in Figure 4-6(c) are plotted based on Equations (5), (6) and (7).
Clearly, the existence of the two distinct peaks corresponding to the projected internal
edges of cortical bone in the aBMD profiles of femur cross-sections has been verified by

the idealized geometric models.

4.5 Validation with QCT-derived Cortical Bone

Thickness

To validate DXA-derived CBT, QCT-derived CBT is utilized as a reference. QCT scans

of forty patients (26 males and 14 females) with ages of 50-79 years (63.6 + 8.3 years

31



[mean + SD]) were obtained from the PET/CT Center at the Winnipeg Health Sciences
Center in an anonymous way. The QCT sets are scanned using a standard protocol with
calibration phantom. The standard protocol specifies the scan localizer starting at the an-
terior-posterior direction from the pelvic crest to 3-5 centimeters lower than the lesser
trochanter (typically 30 cm length in total), 120 kVp, 1.5 mm slice thickness, auto expo-
sure with a noise index of 20 HUs (Hounsfield units), 1 second scan time, pixel size of
0.09766 mm, and 512 % 512 matrix size display in helical reconstruction mode using a 50
cm scan window [84].

The obtained CT scans of the proximal femur are processed using QCT PRO software
(Mindways, Texas, USA). For a set of QCT images scanned from a body part, for exam-
ple the lower extremities, the software is able to automatically generates a 2-D computed
tomography X-ray absorptiometry (CTXA) image, which is a DXA-like projection image
(Figure 4-7). The software provides a set of utilities for operators including corti-

cal/trabecular bone segmentation, excessive soft tissue trimming, bone hole filling, and f-

Figure 4-7 A sample CTXA image generated by the QCT PRO software
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emoral neck axis adjustment, to obtain optimized DXA-like projection images. The bone
investigation toolkit (BIT) included in QCT PRO is employed to do the geometry analy-
sis of bone, including estimation of CBT. For the geometry analysis of a femur bone, the
toolkit first automatically locates the three critical cross-sections as shown in Figure 4-
8(a). For each of the cross-section, it is equally divided into eight sectors. An average
CBT for each sector is calculated (Figure 4-8(b)). A sample bone geometry analysis re-
port is provided in Figure 4-9, where the average cortical bone widths of the eight sectors
are listed. The 3" sector in Figure 4-9 roughly corresponds to the lateral or superior side
of the proximal femur in Figure 4-8(b), while the 7" sector is approximately at the medial
or inferior side of the proximal femur in Figure 4-8(b). For validation purpose, the algo-
rithm described in Section 4.4 is used to estimate CBTs from CTXA image at the medial
and the lateral side of the three critical cross-sections. The obtained results are then com-
pared and correlated to those produced by the BIT software. Correlation studies will be
performed using SPSS software. If strong correlations are found, it can be said that the
in-house MATLAB codes are able to yield correct results. Average relative error denoted
as € (%) is introduced to compare the MATLAB-derived results and the references pro-
duced from QCT in this study:

() = oot -resues) N

nxResults

where Results®) and Results® are the results obtained by the in-house MATLAB
codes and reference measurements respectively; Results is the average of them; and # is

the number of the measured cases.
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Cortical bone image Cortical bone image

bone
thickness

(b)
Figure 4-8 QCT-derived CBTs. (a) The three critical cross-sections from CTXA image; (b) BIT-generated

CBTs in the eight sectors for the three critical cross-sections

Cortical Norm Avg Cort |Cortical Distance |Distance |Tangent Radius of
Perimeter |BMD Area Width Width Arc Length|Perimeter [To CM To Center |Angle Curvature |Curvature
Sector (em) m1g-"cm3) (cm2) (mm) (mm) (mm) (mm) (mm) (mm}) (degrees) <cm’1) (em)
1 1.52 438.7 0.262 1.98 1.42 13.23 13.96 17.74 15.24 -179.4 0.109 9.20
2 1.99 4834 0.470 2.64 2.31 17.09 18.22 20.29 19.34 -17.6 0.643 1.56
3 270 4305 0429 204 1.45 22.11 2325 18.90 20.02 -819 0.454 220
4 1.86 4458 0.594 4.49 3.24 13.64 15.87 13.61 16.16 -130.0 0413 242
5 1.75 576.0 0.961 7.89 747 12.21 15.70 13.78 16.18 -170.2 0.818 1.22
6 233 512.9 0.772 479 4.03 15.78 1878 12.90 13.69 1402 0.258 3.88
T 472 4971 0.417 1.43 1:17 2922 30.59 15.41 1418 109.6 0.356 2:81
8 5.03 543.3 0.439 1.57 1.39 34.30 35.56 17.42 14.84 48.7 0.390 2.57
Sum 21.89 3927.7 4.344 26.84 22.48 15757 171.92 130.03 129.65 -280.4 3.439 25.86
Average [2.74 491.0 0.543 3.35 2.81 19.70 2149 1625 16.21 -351 0.430 3.23
Std Dev [1.37 524 0.225 223 2.14 8.16 7.78 272 2:32 124.9 0.219 2.54

Figure 4-9 Sample BIT geometry analysis report of femur bone (femoral neck)
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4.6 Short-term Precision of Normalized Cortical

Bone Thickness

Assessment of precision errors in the medical area is crucial as it has a great effect on the
detection of longitudinal changes in the human body. Repeatability or reproducibility has
been characterized by the precision errors [85]. As yet, the short-term precision of NCBT
has not been investigated, and it must be studied before it can be used to predict hip frac-
ture risk in the clinical environment, as clinical requirements are very strict to short-term
precision of each of predictor. The short-term precision of HFRI should be calculated as
well in order to verify its feasibility in assessing hip fracture risk based on its extent of
repeatability. The calculation of HFRI will be described in Chapter 5. Total 30 paired
clinical cases were selected for this investigation. Each case had an initial and a repeat
scan under a standard scan mode within a few days so that the structure and property of
the hip bone would not change. Short-term precision is measured by the coefficient of

variation (CV), which is defined by Gluer et al. [85]:

n 2
cv = EF% (9-a)
SD;
cvy =2 (9-b)
IRNOING
A (9-c)

SD; = \[g [(x]@ - ,7])2 + (x]@ - ,7])2] (9-d)
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where 7 is the number of the measured cases; x].(l) and xj(z) is the initial and follow-up

measurement (DXA-derived CBT or HFRI) for the same subject; X, is the mean of the

measurements for this given subject j; and SD; is the standard deviation of subject /.
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Chapter 5

DXA-based Finite Element Modeling

5.1 Overview

FEA is an effective engineering approach to simulate the mechanical behavior of a com-
plex structure. Prior to calculating stress/strain distributions, a set of pre-processing oper-
ations including generation of finite element mesh, assignment of material properties, ap-
plication of loading and boundary conditions, and selection of failure criterion have to be
executed. The following paragraphs will describe how to assess hip fracture risk based on
the previous studies conducted by our research group using DXA-based finite element

modeling [32, 33, 86].

5.2  Generation of Finite Element Mesh

The proximal femur is first segmented from DXA image before generating a FE model.
This segmentation procedure has been described in Section 4.3. The boundary coordi-

nates have been saved. One sample is plotted in Figure 5-1.
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Figure 5-1 Outer contour of the proximal femur extracted from hip DXA image

As DXA image is inherently 2-D, only a 2-D finite element model can be constructed. It
is assumed that the 2-D model has a uniform thickness and inhomogeneous material dis-
tribution. A plane stress model is adopted and a three-node triangle element (Figure 5-2)
is selected for the finite element simulations. Although the performance of triangle ele-
ments is not as good as other types of finite elements, its simplicity is probably a practical
choice for clinical applications, considering the easiness of generating a finite element

mesh consisting of only triangle elements and the shorter computational time.

.lky

Figure 5-2 A three-node triangle element
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Mesh size is a critical factor affecting the accuracy of finite element analysis. The more
refined the mesh, the more accurate the results will be. However, by considering the bal-
ance between the computational cost and the accuracy requirement, a suitable mesh size
should be determined based on convergence tests which will be illustrated in Section 6.1.

Figure 5-3 shows a sample finite element mesh generated from the femur contour seg-

mented from DXA image.
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Figure 5-3 A finite element mesh generated from the femur contour segmented from DXA image

5.3  Assignment of Material Property

As described in Chapter 2, bone essentially has anisotropic and inhomogeneous material
properties due to its complex microscopic architecture and composition. However, bone
anisotropy information has not been captured in DXA image. It has also been demon-
strated that the assignment of isotropic or anisotropic material properties only result in
small differences in the final stress/strain distributions [87]. Therefore, an isotropic in-

homogeneous material model is adopted to represent the proximal femur in this study.
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For a plane stress problem, the material matrix D has the following format:

0
0 (10)

1-v)
2

1-v2

1
D=—;|V
0

[

where E is the Young’s modulus of the proximal femur and v is the Poisson’s ratio. The
Poisson’s ratio is taken as a constant of 0.3 based on a previous study [78]. A linear cor-
relation between pixel value and aBMD (p,, in g/cm®) has been adopted based on the pre-
vious studies [77, 86]. Young’s modulus of the proximal femur is expressed by the em-
pirical density-elasticity relationship [44, 86]:

E = 2838 x pl% MPa (11)
Young’s modulus is assigned to element nodes based on their pixel values. All the pixels
that have a pixel value larger than zero and all the element nodes are detected from DXA
image. They are shown as red and blue points respectively in Figure 5-4. To determine
the pixel value corresponding to an element node, a simple Euclidean distance is used to
determine which pixel is the closest one to the node. Likewise, the pixel value at a Gauss-
ian point is determined in a similar way.

By the density-pixel correlation, bone density distribution at element nodes is determined.
Then, by the elasticity-density correlation, Young’s modulus at element nodes and
Gaussian points is determined. The latter is required in calculating the element stiffness
matrix of individual elements. The global stiffness matrix is assembled from the element

stiffness matrices. A sample distribution of Young’s modulus is shown in Figure 5-5.
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Figure 5-4 Element nodes and pixels having positive values

Figure 5-5 A sample distribution of Young’s modulus
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5.4  Application of Load and Boundary Condi-

tions

It has been reported that more than 90% of hip fractures in the elderly are resulted from

incident falls [88]. Therefore, the impact force induced in a lateral orientation and applied

onto the greater trochanter is used as the loading configuration in this study. To simulate

a loading condition in a sideways fall for each case, 2.5 times body weight is applied as a

distributing load on the femoral head [89]. The impact force acting on the greater tro-

chanter is given by the empirical function proposed by Robinovitch et al. [90], i.e.,

1

F=825w(—)" N

170

where / is the height of the subject in centimeter (cm) and w is the body weight of the

subject in Newton (N). The distal end of the proximal femur is completely fixed as pro-

posed in the literature [14, 16, 75]. The load and boundary conditions simulating a side-

ways fall are visually shown in Figure 5-6.
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Figure 5-6 Load and boundary conditions simulating a sideways fall
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5.5 Hip Fracture Risk Index Calculation at

Three Regions of Interest

In order to be consistent with the clinical practice, i.e., use of average aBMD over a re-
gion of interest (ROI), and to enhance the short-term repeatability of HFRI, HFRIs over
ROlIs are introduced based on a previous study [32]. The locations and sizes of ROIs are
taken from reference [69]. In Figure 5-7, the dashed blue lines are the central lines of the
ROIs which have been defined in Section 4.3. The width of the ROIs is 10mm, which is
consistent with the clinical measurement of average aBMD [69].

After defining the ROIs, selection of failure criterion should be considered. One com-
monly used criterion for determining material integrity in the domain of biomechanics is
the von Mises criterion. This criterion states that whether the stress combination at a giv-
en point will cause failure [91]. For a plane stress model, the von Mises stress gy, is de-

fined by the three stress components as [91]:
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Figure 5-7 Definition of the three regions of interest
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Oyym = % X \[(ax - ay)z + 0% +0f + 613, (13)
The yield stress (oy) is also correlated to aBMD (p,, in g/cm”). The empirical function in
[92] is modified and adopted in our model [86]:

oy = 37.4 X pl3° MPa (14)
It should be noted that the strength values from Equations (11) and (14) are assigned to
the corresponding Gaussian points rather than the element nodes in order to more precise-
ly represent bone material properties. After the calculation of actual and yield stresses by
the finite element analysis, HFRI over the ROI is obtained as [32]:

N [ VM
i= ——dA
Ziz1 fAi oy

MRo1 = 3N (15)
where 7ror is the HFRI over an ROI such as the femoral neck region, the intertrochanteric
region, the femoral shaft region, or even the whole proximal femur. 4, (i =1, 2, ..., N) are
the areas of the finite elements encompassed in the specific ROl gy, and oyare the von
Mises stress and the yield stress of that finite element respectively. The distribution of

HFRI based on Equation (15) in a sample case is shown in Figure 5-8.

Figure 5-8 Distribution of HFRI produced by the in-house MATLAB codes
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Correlations between the variables which have been introduced in Chapter 4 and this
chapter will be examined by linear regression analysis using SPSS 22. Coefficients of de-
termination 7* are calculated. A p value < 0.05 is considered to be statistically significant.

All the correlation results will be presented in Chapter 6.

5.6  Verification of the In-house Computer Codes

with ANSYS Software

ANSYS (ANSYS Inc., Pennsylvania, USA) is versatile engineering simulation software
which provides a simulation environment to examine a design requirement using finite
element analysis. ANSYS 13.0 is thus utilized in this study to verify the in-house devel-
oped MATLAB codes which are used to construct the DXA-based finite element models.
As described before, DXA image is intrinsically 2-D, so Plane 182 in the element library
of ANSYS is selected. A plane stress model with a three-node triangle element with a
uniform thickness and a similar mesh size is adopted in order to match the same settings
of element mesh generation used in the MATLAB codes. The outer contour of the prox-
imal femur is segmented in MATLAB. A text file containing the contour coordinates is
saved and input into ANSYS. ANSYS automatically creates the element mesh over the
contour using its built-in free mesh generation function. One finite element mesh sample
is shown in Figure 5-9.

Ideally, the same procedure of assigning material property should have been executed in
ANSYS. However, ANSYS-based temperature table which can be employed to map the
inhomogeneous material properties plus the Poisson’s ratio (set as a constant of 0.3 as de-

fined in Section 5.3) only contains 100 intervals. Thereby, the scope of the Young’s mod-
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Figure 5-9 Finite element mesh generated by ANSY'S

ulus can only be divided into 100 intervals in maximum. It should be emphasized that a
linear interpolation is performed in ANSYS to allocate the corresponding Young’s modu-
lus to each element node using the 100 intervals defined in the temperature table. The ob-
tained distribution of nodal Young’s modulus in one case is shown in Figure 5-10(a).
Meanwhile, the coordinates of the element nodes are saved in a text file; they are input
into the MATLAB codes to produce the distribution of nodal Young’s modulus. The ob-
tained distribution of Young’s modulus is shown in Figure 5-10(b) in order to have a vis-
ual comparison with Figure 5-10(a). Numerical comparison results will be presented in
Chapter 6.

The same load and boundary conditions as in the MATLAB codes are applied to the FE
model in the ANSYS simulations. One sample case is displayed in Figure 5-11. With the
nodal von Mises stress produced by ANSYS simulation and the nodal yield stress com-
puted in MATLAB, HFRIs of the three ROIs are calculated based on Equation (15). One

distribution of HFRI over the proximal femur is shown in Figure 5-12.
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The ANSYS-derived finite element results are then compared and correlated to those
produced by MATLAB. Correlation studies will be performed using SPSS software. If
strong correlations are found, it can be said that the in-house MATLAB codes can pro-
duce correct FE results. Average relative error denoted as € (%) is introduced to compare

the MATLAB-derived results and the ANSYS-derived ones using Equation (8).

(2) (b)

Figure 5-10 Distribution of Young’s modulus. (a) ANSYS-derived (b) MATLAB-derived
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Figure 5-11 Loading and boundary conditions in ANSYS FEA

Figure 5-12 Distribution of ANSYS-derived HFRI
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Chapter 6

Results

All results are reported in this chapter. Section 6.1 presents the validation results of
CTXA-derived CBTs, the verification results of computer codes of DXA-based finite el-
ement modeling, and the convergence tests. Section 6.2 reports the correlation analysis
results, which will justify the proposed NCBT expression. Precision study results are in-

cluded in Section 6.3.

6.1 Validation and Verification Results

6.1.1 Validation of CTXA-derived Cortical Bone Thickness

The proposed algorithm for estimating CBT from CTXA (or DXA) is validated by com-
paring CBTs derived from CTXA with those directly obtained from QCT. Average rela-
tive errors € % between CTXA and QCT-derived CBTs are presented in Table 6-1.

Correlations between CTXA and QCT-derived CBTs are presented in Figure 6-1. Figure
6-1 (a), (b), (¢), (d), (e) and (f) show the correlations at, respectively, the medial (inferior)

and the lateral (superior) side of the NFN, the medial and the lateral side of the IT cross-
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Table 6-1 Average relative errors € (%) between CTXA and QCT-derived cortical bone thicknesses

CTXA-QCT comparison

Narrowest Intertrochanter Femoral shaft )
femoral neck cross-section cross-section Total six
locations
Medial Lateral Medial Lateral Medial Lateral
e% 5.76 7.95 6.18 8.13 5.03 5.74 6.51

section, the medial and the lateral side of the FS cross-section. Figure 6-1 (g) displays the

correlation of all thicknesses at the six locations.
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Figure 6-1 Correlations between CTXA and QCT-derived CBTs. (a) medial, narrowest femoral neck; (b)

lateral, narrowest femoral neck; (c) medial, intertrochanter cross-section; (d) lateral, intertrochanter cross-

section; (e) medial, femoral shaft cross-section; (f) lateral, femoral shaft cross-section; (g) all six locations

53




6.1.2  Verification of the Computer Codes of DXA-based Finite

Element Modeling

The in-house MATLAB codes developed for DXA-based finite element modeling is veri-
fied by comparing the HFRIs produced by the in-house developed codes with those de-
rived from the commercial software, ANSYS. Average relative errors € % between

MATLAB and ANSYS-derived HFRIs are provided in Table 6-2.

Table 6-2 Average relative errors € (%) between MATLAB and ANSY S-derived hip fracture risk indices

MATLAB-ANSYS comparison

Femoral neck Intertrochanteric Femoral shaft Total three
region region region locations
e % 6.39 6.60 7.59 6.86

Correlations between MATLAB and ANSYS-derived HFRIs are presented in Figure 6-2.
Figure 6-2 (a), (b) and (c) show the correlations at the region of, respectively, the femoral
neck, the intertrochanter and the femoral shaft. Figure 6-2 (d) displays the correlation for

HFRIs at all the three ROIs.
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HFRI at the total three locations
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Figure 6-2 Correlations between MATLAB and ANSYS-derived HFRIs. (a) The femoral neck region; (b)

the intertrochanteric region; (c) the femoral shaft region; (d) all the three ROIs

6.1.3 Convergence Tests

After verifying the in-house MATLAB codes of DXA-based finite element modeling,
convergence tests were conducted to find out a mesh size that can meet both the accuracy
and the computational cost requirement. For the three ROIs described in Section 5.5, the

variations of the calculated HFRIs versus the number of nodes in the FE hip model are

plotted in Figure 6-3.
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Figure 6-3 Variations of HFRIs with number of nodes at the: (a) femoral neck region, (b) intertrochanteric

region, and (c) femoral shaft region

6.2 Correlation Analyses

Before showing the correlation analysis results, the means and standard deviations of

DXA-derived CBTs, FNAL, and FNSA of the 210 female cases are listed in Table 6-3.

Table 6-3 Means and standard deviations of the medial and lateral cortical bone thicknesses, femoral neck

axis length, and femoral neck-shaft angle in the proximal femur

Cortical bone thicknesses (mm)

Femoral neck Femoral neck-

Narrowest Intertrochanter Femoral shaft .
. . axis length shaft angle
femoral neck cross-section cross-section (mm) (degrecs)
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Medial Lateral Medial Lateral Medial Lateral
3.3458 2.0680 4.0288 1.7903 5.2590 3.9347 70.8241 129.4607
(0.5199) (0.3733) (0.5104) (0.3528) (0.5582)  (0.3835) (3.9233) (5.0810)
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Correlations between HFRIs and the individual parameters included in the NCBT expres-
sion, namely, CBTs at the three critical cross-sections, aBMD, BMI, FNAL, and FNSA,
are presented in Tables 6-4 to 6-6.

Table 6-4 Coefficients of determination 7* (p value) between HFRI at the femoral neck region and individ-

ual parameters

Femoral neck

region
Medial Lateral aBMD Bodymass Femoralneck Femoral neck-
CBT CBT index axis length shaft angle
HFRI at the femo- -0.39 -0.68 -0.50 032 0.37 034
ral neck region (<0.001) (<0.001)  (<0.001) (<0.001) (<0.001) (<0.001)

Table 6-5 Coefficients of determination 7* (p value) between HFRI at the intertrochanteric region and indi-

vidual parameters

Intertrochanteric

region
Medial Lateral = Trochanteric Bodymass Femoralneck  Femoral neck-
CBT CBT aBMD index axis length shaft angle
if::g;:;:g‘c 036 -0.60 043 027 0.35 0.28
(<0.001)  (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)

region

Table 6-6 Coefficients of determination 7* (p value) between HFRI at the femoral shaft region and individ-

ual parameters

Femoral shaft

region
Medial Lateral Bodymass Femoralneck Femoral neck-
CBT CBT Total aBBMD index axis length shaft angle
HFRI at the fem- -0.35 -0.57 -0.22 0.25 0.33 031
oral shaft region (<0.001)  (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)

Correlations between femoral neck HFRI and femoral neck aBMD and T-score, and
NCBT at the NFN are listed in Table 6-7. Correlations between HFRI at the intertrochan-
teric region and trochanteric aBMD and T-score, and NCBT at the IT cross-section are
presented in Table 6-8. Table 6-9 shows the correlations between HFRI at the femoral

shaft region and total aBMD and T-score, and NCBT at the FS cross-section.
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Table 6-7 Coefficients of determination 7* (p value) between femoral neck HFRI and femoral neck T-score

and aBMD, and NCBT at the NFN

NFN-Normalized cortical
bone thickness

Medial Lateral T-score aBMD

Femoral neck

HFRI at the femoral

neck rogion -0.63 (<0.001) -0.81 (<0.001) -0.50 (<0.001)  -0.50 (<0.001)

Table 6-8 Coefficients of determination 7* (p value) between intertrochanteric HFRI and trochanteric T-

score and aBMD, and NCBT at the IT cross-section

IT-Normalized cortical
bone thickness

Medial Lateral T-score aBMD

Trochanteric

HFRI at the intertrochan-

teric region -0.72 (<0.001)  -0.77 (<0.001) -0.45 (<0.001) -0.43 (<0.001)

Table 6-9 Coefficients of determination 7* (p value) between femoral shaft HFRI and total T-score and

aBMD, and NCBT at the FS cross-section

FS-Normalized cortical

bone thickness Total
Medial Lateral T-score aBMD
HFRI at the femoral
shaft region -0.60 (<0.001) -0.67 (<0.001) -0.21 (<0.001) -0.22 (<0.001)

6.3  Short-term Precision Study

6.3.1 Short-term Precision of Normalized Cortical Bone Thick-
ness

As NCBT involves CBT, FNAL and FNSA, these variables’ CVs are given in Table 6-10.

The CVs of NCBT are listed in Table 6-11. In order to compare with the conventional
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aBMD derived from DXA scanners, CVs of average aBMD are presented in Table 6-12

as well.

Table 6-10 Coefficients of variation (CVs %) in DXA-derived cortical bone thicknesses, femoral neck axis

length, and femoral neck-shaft angle

DXA-derived CBT's

Narrowest Intertrochanter Femoral shaft
femoral neck cross-section cross-section Femoral neck Femoral neck-
axis length shaft angle

Medial Lateral Medial Lateral Medial Lateral

2.83 3.16 2.34 2.75 1.91 2.24 1.34 0.85

Table 6-11 Coefficients of variation (CVs %) in normalized cortical bone thicknesses

Normalized cortical bone thicknesses

Narrowest femoral neck Intertrochanter cross-section Femoral shaft cross-section
Medial Lateral Medial Lateral Medial Lateral
327 341 2.59 2.85 1.93 2.38

Table 6-12 Coefficients of variation (CVs %) in average aBMD from Lunar Prodigy DXA scanners

Average aBMD
Femoral neck Trochanteric region Total hip
1.22 0.85 0.64

6.3.2  Short-term Precision of Hip Fracture Risk Index

The CVs of HFRIs at the three ROIs, i.e., the femoral neck region, the intertrochanteric

region, and the femoral shaft region, are provided in Table 6-13.

Table 6-13 Coefficients of variation (CVs %) in hip fracture risk indices

Hip fracture risk indices

Femoral neck Intertrochanteric Femoral shaft
region region region
3.10 3.94 4.16
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Chapter 7

Discussion

All results presented in Chapter 6 are discussed in this chapter. Section 7.1 discusses the
validation results of CTXA-derived CBTs and the verification results of the computer
codes of DXA-based finite element modeling, which shows the accuracy and advantages
of the in-house developed MATLAB codes, and the factors affecting the accuracy. Dis-
cussion of convergence tests is also presented. Section 7.2 discusses the correlation anal-
ysis results, which demonstrates the rationality of the proposed NCBT expression and the
implications of the statistical analyses. Section 7.3 discusses the short-term precision
study results of DXA-derived CBTs and computer codes of DXA-based finite element

modeling, and the factors affecting the precision.
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7.1 Assessment of the Validation and Verifica-

tion Results

7.1.1 Assessment of the Validation Results of CTXA-derived
Cortical Bone Thickness

As shown in Figure 6-1, CTXA-derived CBTs at the six locations of the proximal femur
and all thicknesses at the six locations are highly correlated with QCT-derived ones (* =
0.90 ~ 0.98, p <0.001), which suggests that the proposed algorithm for estimating CBT
from CTXA (or DXA) image is accurate and reliable. The scope of average relative error
e (%) between CTXA and QCT-derived CBTs listed in Table 6-1 is in the range of 5% ~
8%. It has been reported that the range of accuracy of aBMD derived from DXA is about
5% ~ 10% in the clinical environment [93]. Therefore, the accuracy of the proposed algo-
rithm for estimating CBT is within the acceptable range of clinical requirements. Howev-
er, the deviations between these two measurements presented in Figure 6-1 and Table 6-1
should be discussed. One possible cause of these differences is from CBT measured by
QCT. Admittedly, clinical QCT is the best tool for measuring CBT in the proximal femur.
However, it generally overestimates CBT at the thinner region due to the limited resolu-
tion known as partial volume effect [94]. Partial volume effect combines two factors,
namely, the limited resolution of the imaging system and the imaging sample. When lim-
ited resolution of the imaging system is used for a small object or region, it may result in
an overestimate of the size of the small object or region. Therefore, this effect will over-

estimate the thinner regions of CBTs in the proximal femur [95]. Even the high-
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resolution QCT cannot accurately measure CBTs below 1-1.5 mm [24]. As many studies
have reported that CBTs at the lateral sides of the proximal femur become thinner with
age [29, 73, 96, 97], the partial volume effect may result in overestimating CBTs at these
sites and thus lead to larger differences as shown in Table 6-1. Although true estimates
are affected by resolution in DXA as well, the proposed algorithm is still applicable for
measuring CBT from DXA image, as it has been demonstrated in this study. Another
source of error is that QCT PRO uses average operations to calculate medial and lateral
CBT in each sector. If an improper segmentation threshold is applied to distinguish tra-
becular and cortical bone compartments, QCT-derived CBT may be underestimated or
overestimated by the software, leading to the differences between CTXA and QCT-
derived CBTs.

Apart from the influence of QCT measurement, there are two other factors affecting the
accuracy of CBT measurement from CTXA or DXA image. The first one is the quality of
DXA image. As described in Section 3.2.3, DXA is developed for measuring bone min-
eral mass rather than bone dimensions. Blur and noise are distributed over clinical DXA
images. Although a de-noising procedure has been performed on DXA images in this
study, the remaining noise may still bring some uncertainties into the detection of the in-
ternal and/or external edge of cortical bone, especially for patients of severe osteoporosis.
Another factor is the soft tissue surrounding the proximal femur. As described in Section
4.3, the edge detection of hip contour is based on the signs of neighbouring pixels change
from positive to negative, or vice versa. The femur bone has positive pixel values and
some soft tissue also has positive pixel values in DXA image. This may affect the detec-

tion of the boundary of femur bone, which may regard the soft tissue as the boundary of
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the femur and thus influence the identification of the starting point of cortical bone. One
possible measure to solve the above issues is to implement a well-designed digital image
processing algorithm to eliminate the effects of noise and soft tissue with the develop-
ment of DXA technique in the future.

The proposed algorithm for estimating CBT from DXA image has several advantages.
There are a few studies conducted to obtain equivalent rather than real CBT from DXA
image [26-28, 70]. All the studies use the following approach to obtain equivalent CBT
from DXA image based on certain assumptions. They assume simple concentric tubular
models for estimating average cortical thickness. The NFN and FS cross-section are
modeled as circular annuli with 40%-60% bone mineral contents of trabecular-cortical
bone and 100% cortical bone respectively, while the IT cross-section is modeled as a
concentric elliptical annulus which assumed 30%-70% bone mineral contents of trabecu-
lar-cortical bone. Then, the average cortical thickness for each cross-section is estimated
as w/2 - r;, where w is the width of each cross-section; and r; is inner radius of each cross-
section which is the function of the aforementioned constant bone mineral contents. Since
it is assumed that the shapes of cross-sections are regular and the bone mineral contents
are constant, the estimation cannot be accurate for individual patients. Moreover, the es-
timation of CBTs at the medial and the lateral side in the proximal femur cannot be done
using their models. Our MATLAB codes can not only identify the three critical cross-
sections of the proximal femur accurately, but also be applied to estimate medial and lat-

eral CBT, as shown in Section 6.1.
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7.1.2  Assessment of the Verification Results of the Computer
Codes of DXA-based Finite Element Modeling

It can be seen from Figure 6-2 that DXA-based finite element results (HFRIs) calculated
by the in-house MATLAB codes are highly correlated with ANSYS-derived ones (+* =
091 ~ 0.98, p<0.001). These high correlations verify that the in-house developed
MATLAB codes of DXA-based finite element models are capable of producing correct
FE results. The range of average relative error e (%) between MATLAB and ANSYS-
derived HFRIs listed in Table 6-2 is from 6% ~ 8%. The differences of HFRIs computed
from the in-house MATLAB codes and from ANSYS are not significant. A number of
reasons may have led to the differences in the finite element results. One possible reason
is the differences in finite element mesh used in the MATLAB codes and in ANSYS. A
mesh generation function of three-node triangle element was developed by previous re-
search conducted in our group [86]. In order to optimize mesh quality, especially for the
irregular shape of the boundary of the proximal femur, an iterative method was imple-
mented. In contrast, a built-in free mesh function which can be utilized to mesh a com-
plex and irregular structure was employed in ANSYS. Because of these two different
techniques in mesh construction, the calculated HFRIs may be different. Another possible
reason which leads to the differences of HFRIs may be the assignment of material proper-
ty. As described in Section 5.6, the temperature table in ANSYS only has 100 intervals
for mapping the inhomogeneous material properties. The scope of the Young’s modulus
can only be divided into 100 intervals in maximum. On the other hand, the restriction
does not exist in MATLAB when assigning the material properties for the proximal fe-

mur. Therefore, in the MATLAB codes, each element node and Gaussian point has its
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corresponding Young’s modulus derived directly from elasticity-density relationship,
which will be more accurate in simulating the bone material properties than ANSYS.
Therefore, the differences in material properties assignment may bring the differences in-
to the finite element results.

The in-house developed codes for DXA-based finite element model have a number of
merits for clinical applications. Compared to those existing finite element models con-
structed from either DXA or QCT image for evaluating femur strength [14, 16-18, 75-78],
our study integrates not only subject-specific body weight in weight-bearing condition,
but also individual body height in order to more accurately simulate a sideways fall. Alt-
hough a few studies have reported the high correlations between experimental and finite
element fracture loads using 3-D QCT-based FE models [16, 75], the benefits of high ac-
curacy may be cancelled by the long computational time. Actually, the DXA-based sub-
ject-specific finite element model in this study only requires approximately one minute
for processing with sufficient numbers of element nodes. This fast, low-cost, and relative-

ly accurate method is convenient to provide subject-specific HFRI for clinical assessment.

7.1.3  Assessment of the Convergence Tests

Figure 6-3 shows the convergence of the MATLAB-derived HFRIs at the three ROIs of
the proximal femur. Small fluctuations can be observed during the convergence processes
which are mainly due to material inhomogeneity of femur bone. The FE model is com-
pletely converged at element size 5 in pixel unit. At element size 8, the obtained HFRIs at

the three ROIs are only 0.4% different from the fully converged values. For a balance be-
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tween accuracy and computational cost, a finite element size 8 corresponding to 2,700 ~

2,800 element nodes should be adequate for clinical applications.

7.2  Assessment of the Correlation Analysis Re-

sults

Table 6-3 shows that compared with CBTs at the FS cross-section, CBTs at the NFN and
the IT cross-section are smaller at both medial and lateral sides in this study. This is
roughly consistent with the facts reported by Michelson et al. [98], i.e., 37 % and 49 % of
hip fractures occur at the femoral neck and the intertrochanter separately while only 14 %
are the femoral shaft fractures, as the former two cross-sections have larger volumes of
trabecular bone which has much lower strength than cortical compartment [99]. The val-
ues of FNSA presented in Table 6-3 are roughly consistent with the previous studies [61,
64], whereas the values of FNAL are smaller than the previous research because of the
different definition of FNAL in this study.

All the individual parameters listed in Tables 6-4 to 6-6 are significantly correlated with
the corresponding HFRI. By observing the * between HFRI and the individual parame-
ters, it can be concluded that CBT, particularly at the lateral sides of the proximal femur,
has dominant contributions to hip strength. The negative correlations between HFRI and
the corresponding aBMD show that bone mineral density is another key factor in deter-
mining bone strength [79]. However, correlation between the total aBMD and HFRI at
the femoral shaft region is relatively weaker as shown in Table 6-6. This may suggest that
aBMD at the femoral shaft is more closely related to shaft strength compared to total

aBMD. The positive correlations between FNAL, FNSA and the corresponding HFRI
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show the proportional influences of the mentioned hip geometric parameters on hip frac-
ture risk, which are consistent with the previous findings [63-65]. However, the positive
correlation between BMI and HFRI contradicts most of the literature which considers low
BMI as a risk factor for hip fracture in older women [100-102]. These studies think
overweight (BMI: 25.0-29.9 kg/m?) or obesity (BMI > 30.0 kg/m?) has a protective effect
on hip fracture because of higher BMD and cushioning effect of soft tissue during a fall
[100-102]. Actually, in clinical studies, hip fracture risk is generally defined as the prob-
ability of hip fracture when considering most of the clinical risk factors in a case-control
or follow-up study. However, in our FE study, only femoral aBMD, macrostructure of
femur, and individual body weight and height are considered to assess hip fracture risk
based on the engineering principle. Other clinical risk factors such as age, life habit, and
other items cannot be included in the FE hip model. Therefore, HFRI which is defined as
an average ratio between the actual stresses induced by applied forces and the allowable
stresses of the femur bone over an ROI is mostly determined by the individual body
weight. Moreover, 18 cases are underweight (BMI < 18.5 kg/m?); 103 cases are normal
(BMI: 18.5-24.9 kg/m®); 51 cases are overweight (BMI: 25.0-29.9 kg/m®); and 38 cases
are obese (BMI > 30.0 kg/m?) in this study. Since trochanteric soft tissue thickness which
is important to resist hip fracture during a sideways fall [103] was not provided by the
hospital and this thickness is found to be thicker in overweight or obese women than that
in non-obese women, the cushioning effect of trochanteric soft tissue cannot be simulated
for approximately 43% of the cases in this study. Therefore, both of the definition of
HFRI and lack of damping effect of trochanteric soft tissue on the FE hip model make the

positive correlation between BMI and HFRI in this study. If the buffering effect of tro-
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chanteric soft tissue thickness can be incorporated in the FE loading conditions in a future
study, the correlation between BMI and HFRI may be consistent with the clinical studies.
Despite this contradiction, when BMI is being considered as a factor of adjusting individ-
ual differences rather than being a risk factor, it is reasonable to put it in the denominator
of the NCBT expression. A recent study has shown a positive correlation between BMI
and CBT in the proximal femur [80], but larger CBT in higher BMI subjects does not
mean they have lower hip fracture risk, so BMI is put in the denominator in order to
counteract this individual differences.

As shown in Tables 6-7 to 6-9, all NCBTs have stronger correlations with the corre-
sponding HFRI than the aBMD and T-score. These higher correlations between NCBT
and HFRI suggest that NCBT can be the substitute of HFRI in assessing hip fracture risk.
In comparison with NCBTs at the medial sides of the three critical cross-sections, all the
lateral sides have higher correlations with HFRIs. It can be further observed from Tables
6-7 to 6-9 that NCBT at the lateral side of the NFN is correlated most strongly with HFRI
(#* = -0.81, p<0.001), which substantiates previous studies that local thinner part of the
lateral side at the NFN may predispose a hip to fracture [29, 31, 73]. Bones generally ex-
pand with age by periosteal apposition [67], leading to more porous and thinner cortex.
The process is an adaptation to maintain bone strength, as increasing the cross-section ar-
ea of bone can reduce bending stress and resist bending fracture. However, if cortical
bone continues to become thinner, local buckling may occur at the thinner cortex [67].
Therefore, the higher rate of bone loss at the lateral side of the proximal femur may initi-
ate hip fractures, especially at the femoral neck, which has been reported in the previous

studies [29, 31]. The maximum compressive strains occur at the lateral side of the NFN
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during a sideways fall [29]. In an ex vivo experiment, cadaveric femora underwent frac-
ture at the thin lateral cortex of the femoral neck [31].

The advantages of the proposed NCBT expression lie in considering various factors to-
gether. Considering individual differences in both body weight and height, BMI is intro-
duced in the NCBT expression. The remaining two factors, namely, bone material prop-
erty and bone geometry, are considered in the NCBT expression as well. It has been sug-
gested that aBBMD captured by DXA reflects bone material property and thus utilized in
the NCBT expression. However, the key factor which leads to osteoporotic hip fractures
is the reduced mechanical strength of femur in certain regions. The reduced mechanical
strength of femur cannot be detected by aBMD alone. As described before, bone geome-
try is one of the three factors affecting the mechanical strength of bone. Therefore, struc-
tural aspects of femur are included into the NCBT expression. The combination of the
above factors makes NCBT can be a surrogate of HFRI in assessing hip fracture risk in

this study.

7.3 Assessment of the Short-term Precision

Study Results

7.3.1  Assessment of the Short-term Precision Study Results of
Normalized Cortical Bone Thickness

From Tables 6-10 to 6-12, it can be observed that DXA-derived CBTs and NCBTs are

more location-sensitive than FNAL, FNSA, and average aBMD. By comparing the re-
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sults listed in Tables 6-10 & 6-11, the CVs in NCBT are slightly higher than the CVs in
CBT. This is reasonable as NCBT contains CBT and other hip geometric parameters
which will definitely lower its repeatability. The scope of CVs in NCBT is from 2% ~ 3.5%
as shown in Table 6-11, whereas for the requirement of clinical applications, the CVs
should be in the range of 2% ~ 3% [85]. Hence, the repeatability of NCBT still needs to
be improved before applying in the clinical environment. One main reason responsible
for the lower repeatability in NCBT is that only a cross-section (line) rather than a sec-
tional region is used in estimating CBT. By estimating CBT at a number of neighboring
cross-sections and then averaging the obtained CBTs, it is possible to improve the repeat-
ability of NCBT.

There are other factors affecting the repeatability of NCBT in this study. As discussed in
Section 3.2.3, DXA is not designed for measuring spatial dimensions but bone mineral
contents. Low resolution and noise in DXA image severely influence accurate edge de-
tection of the proximal femur, particularly in the thin lateral femoral neck and/or intertro-
chanter. Since the detection of femur contour is crucial before estimating CBT, the in-
tended critical cross-sections are affected by the quality of DXA image and thus lead to
lower precision of NCBT. Another factor resulting in the lower precision of NCBT is the
truncation of the femoral shaft in some DXA images. It affects the identification of the
FSA and thus the FS cross-section. As the IT cross-section is aligned with the bisector of
the femoral neck-shaft axis, the inaccurate location of the FSA affects the determination
of the IT cross-section. Hence, the precision of NCBT may be affected by the hip axis
placement. Finally, inconsistent positioning may be the critical factor leading to the lower

precision of NCBT. If optimal precision intends to be obtained, consistency of the initial
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and sequential scans must be performed on the same proximal femur. However, current
quality control of DXA is only suitable for aBMD measurement. The aBMD is more tol-
erant to positioning error than NCBT. One of the main causations of inconsistent reposi-
tioning is hip rotation. Hip position differs by rotating around the femoral head and/or the
axis of the cross-sections. Therefore, a small difference of the projecting orientation of
hip has significant effects on the determinations of the three critical cross-sections as well
as the estimation of CBTs. It has been reported that hip positioning devices such as jig
acting at the femoral neck can considerably improve the precision of aBBMD measurement
[104, 105]. This may also enhance the precision of NCBT if it is applied clinically on the

patients.

7.3.2  Assessment of the Short-term Precision Study Results of
Hip Fracture Risk Index

It should be first noted that all HFRIs shown in Table 6-13 are obtained using the mesh
size which satisfies the convergence tests. Increasing the Gauss integration order cannot
considerably improve the precision of HFRI [32], so a 3-point rule is employed for all the
cases when calculating HFRIs. From Table 6-13, the CVs in HFRI are in the range of 3%
~ 4%, which are generally larger than the CVs in NCBT and the average aBMD as shown
in Tables 6-11 & 6-12. The lower repeatability in HFRI is normal as more factors affect
the precision of HFRI than that of NCBT and average aBMD. It has been demonstrated
that FEA would not introduce any random errors in the finite element modeling process if
the same segmented geometric model and loading/boundary conditions are used [32].

Therefore, FEA would not introduce any differences in HFRI. However, subject position-
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ing has a great effect on the precision of HFRI. Inconsistent positioning in the initial and
repeat scan is the main factor to affect the precision of NCBT and aBMD as described in
the previous subsection. For HFRI, this positioning error affects the projected aBMD
which is utilized in the femur bone’s Young’s modulus and yield stress. Moreover, posi-
tioning error introduces the differences in the element mesh generation due to the dis-
crepancy in projected geometry of the proximal femur. To improve the repeatability of
HFRYI, the consistency of positioning in DXA scan is required. Several procedures can be
used to improve the quality of DXA scan, for example, auxiliary equipment of adjusting
hip rotation can be used to keep the legs of patients have the same projected femurs; a
leg-fixed device can be applied so the legs of patients would be straight and motionless

during scanning.
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Chapter 8

Conclusions and Future Work

Hip fracture is a global health issue. It is commonly desired to develop an improved pre-
dictor to estimate the individual hip fracture risk. In this reported research, the purpose is
to find a predictor which can be used as the substitute of HFRI in assessing hip fracture
risk. NCBT estimated from DXA image is then proposed. HFRI is used as a baseline for
evaluating the effectiveness of NCBT in assessing hip fracture risk. In-house developed
MATLAB codes for estimating CBT from DXA image and for constructing DXA-based

finite element model are respectively validated and verified in this study.

8.1 Conclusions and Contributions

A total of 210 clinical female cases were obtained from the Manitoba Bone Mineral Den-
sity Database for this investigation. A novel parameter known as NCBT has been pro-
posed in this study. It has been found that NCBTs at the six locations of the proximal fe-
mur, namely, at the medial and lateral sides of the NFN, the IT cross-section, and the FS
cross-section, are highly correlated with the corresponding HFRI. Notably, NCBT at the

lateral side of the NFN has the strongest correlation with HFRI at the femoral neck region
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(** =-0.81, p<0.001). Some procedures, such as a stricter guideline of subject positioning

in DXA scanning and development of DXA technique in improving image quality,

should be implemented to improve both the precision and accuracy of NCBT. This re-

ported research suggests that NCBT can be used as the substitute of HFRI in assessing

patients who are susceptible to a hip fracture in this study.

The main contributions of the current study are stated as follows:

1.

An algorithm for estimating medial and lateral CBT from DXA image at the three
critical cross-sections has been introduced in this study.

A novel predictor known as NCBT is proposed. Bone material property, bone geom-
etry, and individual differences such as body weight and height of individual subject
are considered in the NCBT expression and prove NCBT can be the substitute of
HFRI in assessing hip fracture risk in this study.

A semi-automatic contour extraction of the proximal femur is created in this study.
Individual body weight and height are incorporated into the FE model to simulate the

real scenario of sideways fall instead of using a constant value.

8.2 Future Work

1.

A well-defined algorithm of digital image processing will be implemented in order to
eliminate the effects of noise and soft tissue surrounding the proximal femur.

An automatic contour extraction of the proximal femur will be developed in the fu-
ture in order to eliminate the effects of manual operation.

An adequate and appropriately positioned region of interest will be developed in the

future to replace the three critical cross-sections of the proximal femur. The means of
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CBTs will be calculated on those defined ROIs in order to reduce the region sensitiv-
ity and thus improve the precision.

Non-linear correlations between the individual parameters and HFRIs will be consid-
ered to see how this effect affects the NCBT expression.

Modified version of BMI such as the ratio of fat mass or lean mass to patients’
heights or specified age’s heights square will be explored.

Sensitivity to therapy effectiveness and the ability of discriminating clinical hip frac-
ture cases as well as fracture types will be investigated.

Trochanteric soft tissue thickness will be considered in the FE model.
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