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Abstract of the Dissertation
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by
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Doctor of Philosophy
in
Biomedical Engineering
Stony Brook University

2014

Quantitative ultrasound (QUS) has been accepted widely as a non-invasive, economic,
non-radioactive and portable modality for assessing bone heath status. This technology utilizes
the basic physical mechanism of interaction between ultrasound wave and bone structure to
provide mechanical and structural information of bone. Instead of only evaluating the quantity of
bone like other traditional techniques such as duel energy X-ray absorptiometry (DXA), QUS is
also capable of measuring the quality of bone such as anisotropy, microarchitecture and
microfracture. This advantage of QUS is beneficial for treating the patient suffering from
osteoporosis or other bone health deterioration, long term bed-rest patient and astronaut
experiences low gravity environment. To improve the current QUS technology for bone
mechanical properties assessment and fracture risk prediction, the focuses of this study are: 1) to
develop a novel QUS measurement protocol to predict the principal structural orientation (PSO)
of spherical trabecular bone model; 2) to use finite element analysis (FEA) to evaluate the
mechanical properties in the PSO predicted by QUS; 3) to apply this novel QUS measurement on
human calcaneus as an improved evaluation for the mechanical properties. It is shown that the

PSO predicted by QUS is highly close to the PSO predicted by micro computed tomography



(CT), and the average angle difference is less than 5using prediction of ultrasound velocity.
The FEA simulation based on the CT images showed the mechanical strength in the PSO
predicted by QUS is significantly higher than the anatomical orientations and highly close to the
value in longest vector of MIL tensor measured by pPCT. By applying the same QUS
measurement of PSO on bovine cubic bone samples and human calcaneus, the correlations
between the QUS parameters and the mechanical and structural properties of trabecular bone
were significantly improved (p<0.05), suggesting that such QUS measurement can be applied to
human calcaneus evaluation and improves the reliability and accuracy for bone strength

measurement and fracture risk assessment.
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1 Introduction

1.1 Osteoporosis

Osteoporosis is a condition of generalized skeletal fragility in which even loading such as
routine daily activity can cause fracture due to the insufficient strength of bone (Marcus et al.,
2009). This progressive, systematic metabolic disease is usually characterized by a decrease in
bone density and strength that increases that chance of fracture. Osteoporosis is a major public
health threat for United States of America that 10 million Americans, in which eight million are
women and two million are men, are estimated to already have the disease. It is also estimated
that another 30 million of Americans are having low bone mass, which makes them highly
susceptible for osteoporosis. Osteoporosis is also responsible for more than 1.5 million fractures
annually. It is predicted that about one in every two women and one in four men of age over 50
will have an osteoporosis-related fracture in her/his remaining life time. The financial burden
came along with these fractures is reported to be 18 billion U.S. dollars annually and keeps rising
(Foundation, 2010).

As a living, vital and dynamic connective tissue, the structure and composition of bone
reflect a balance between its main functions: (1) sustaining loads from external actions (gravity)
or from muscular insertion (movement); (2) protecting the vital organs; (3) maintaining the
mineral and lipids homeostasis; (4) and producing blood cells. The main components of bone are
cortical (or compact) and trabecular (or cancellous) bones, between which the distinction is
mainly porosity. The porosity of cortical bone ranges only 5-20%, while the porosity of
trabecular bone ranges from 40% to 95%. Cortical bone composes the external envelope of all
bones: long bones such as femur or tibia, short bones such as vertebra or calcaneus and flat bones
such as the skull. Cortical bone presents a dense structure of low porosity that seems compact at
the macroscopic level. Cortical bone consists mainly of secondary osteons and circumferential
lamellae that ring the outer surface of the diaphysis and a type of lamellar bone known as
interstitial bone. Trabecular bone is usually found in the inner parts of bones. It looks like a
porous sponge with a 3-dimensional network of rod- and plate-shape trabeculae surrounding an
interconnected pore space filled with bone marrow (Martini and Ober, 2006, Marcus et al., 2009,
Laugier and Halat, 2011, Njeh et al., 1999, Martin et al., 1998).



The material properties of trabecular bone are influenced by many factors. The most
influential determinants are considered apparent density and the microstructural arrangement of
the trabecular network. For example, a 25% decrease in trabecular density, approximately
equivalent to 15 years of age-related bone loss, can cause a 44% decrease in stiffness and
strength of trabecular bone (Marcus et al., 2009). At the same time, it is also shown that for the
same decrease in bone mass, loss of trabecular elements can cause 2 to 5 times of loss of bone
strength more than decrease of trabecular thickness (Silva and Gibson, 1997). Other clinical
studies also demonstrated the importance of trabecular bone microarchitecture that re-oriented
trabecular network after adjusting to fractures could lead to weakening withstanding ability to
unusual sideway loading conditions (Aaron et al., 2000, Link et al., 2000, Legrand et al., 2000,
Ciarelli et al., 2000).

Table 1 - T-score values according to four groups of subjects. BMD is the Bone Mineral Density
assessed by dual X-ray absorptiometry.

Normal BMD T-score >-1.0
Low bone mass or osteopenia -1.0 > BMD T-score >-2.5
Osteoporosis -2.5>BMD T-score
Established osteoporosis -2.5 > BMD T-score and at least one osteoporotic fracture

There is still no found cure for osteoporosis (Foundation, 2010), which makes early
diagnosis of osteoporosis extremely important. Currently, the most adopted diagnosis for
osteoporosis in clinical practice heavily relies on bone mineral density (BMD) measured by dual
energy X-ray absorptiometry (DXA). This diagnostic method is based on the T-score concept
that the measured BMD value of an individual subject is compared to the mean value of a
healthy young reference population, then the difference is normalized by the standard deviation
of the reference population distribution as a T-score (Units and Bethesda, 2009). This T-score
falls into one of the four categories defined by World Health Organization (WHO) as diagnosis
for BMD (Kanis et al., 2005) (Table 1).



1.2 Quantitative ultrasound

Despite of its widely acceptance, the current DXA-based BMD measurement only focus
on the quantification of bone mass, failing to take the other factors of bone quality into
consideration for osteoporosis diagnosis. For example, BMD measurement is insensitive to
measuring orientation, unable to provide information regarding to the spatial network
architecture of trabecular structure. As National Institute of Health (NIH) defined that, “Bone
quality refers to architecture, turnover, damage accumulation (e.g., microfractures) and
mineralization” (2000). Complementary diagnostic methods to asses fracture risk are in urgent
need. The rise of quantitative ultrasound (QUS) suggested an economic, fast, non-radioactive,

portable and promising alternative for the task.

Compared to other imaging methods, ultrasound is non-invasive, radiation free, low cost,
repeatable, safe, easy to operate and can provide immediate results. The currently used MRI and
bone scintigraphy diagnostic methods are non-specific and frequently overlook the early
symptoms of stress fracture, and the excellent results in the ultrasonography studies in the recent
years have shown the high potential that ultrasound imaging method is capable of overcoming
these drawbacks. QUS, utilizing the fundamental theory of wave propagation, has been more and
more used in diagnosing bone health and characterizing bulk material and mechanical properties
of bone (Njeh et al., 1997, Kilappa et al., 2010, Zheng et al., 2009, Zheng et al., 2007, Njeh and
Langton, 1997, Nicholson, 2008, Lin et al., 2009, Xia et al., 2007, Xia et al., 2005, Gluer, 1997).
As ultrasonic wave propagates through different mediums, both the velocity and the amplitude of
the wave are modified. Properties of different mediums can thus be characterized based on the
way ultrasonic wave is modified. The existing commercial QUS devices usually use the
measurement of velocity and attenuation recorded by the device for such characterizing. And
based on attenuation, another ultrasound parameter broadband ultrasound attenuation (BUA), the
linear slope of the frequency-dependent spectrum of the ultrasound attenuation, is often used as
indicator of bone health (Njeh et al., 1999).

The velocity of ultrasonic wave propagating through a certain medium is closely

associated with the material properties of the medium. For example, an ultrasonic wave



propagating through a straight, uniform, solid bar with small cross-sectional dimensions

compared to the wavelength, the ultrasound velocity UV is defined as following equation:

uv = \/E (6.1)
P

where p is the density and E is the Young’s modulus of the medium (Kolsky, 1963).
When the wavelength is small compared to the dimensions of the cross-section of the medium,

the equation to calculate UV is given as:

~ E(1-v)
V= \/p(l+ v)(1-2v) ©2)

where v is the Poisson ratio of the medium.

As ultrasound wave propagates through the medium, some of its energy is inevitably lost
due to the reflection, absorption and scattering, and this phenomenon is known as attenuation.
Ultrasound attenuation (ATT) is usually reported in decibels (dB),measured using the

substitution method developed by Langton et al. (Langton et al., 1984):
ATT =20log,, (%} (6.3)

where A; is the amplitude of the ultrasound wave transmitted through the sample and A;
is the amplitude of the reference ultrasound wave transmitted through the water. Or:

ATT =10log,, [:—1} (6.4)

2

where |y is the intensity of the ultrasound wave transmitted through the sample and I, is

the intensity of the reference ultrasound wave transmitted through the water.

By using Fourier transformation, the attenuation as a function of the ultrasound frequency

f can be mathematically derived in a frequency-dependent spectrum. The attenuation curve over



a certain range of frequency is quasi-linear, and the attenuation is approximately linearly

proportional to frequency:
ATT (f)=af (6.5)

where o is the slope of the attenuation as a function of frequency in dB/MHz, known as
broadband ultrasound attenuation (BUA). In some applications, BUA is also normalized to

sample thickness ans reported in do/MHz/cm.



1.3 QUS measurement for trabecular bone architecture

Since its introduction to bone health assessment almost 30 years ago (Langton et al.,
1984), QUS has been considered to be able to measure not only bone quantity, but also bone
quality (Cortet et al., 2004, Nicholson et al., 2001, Grimm and Williams, 1997, Laugier et al.,
1997, Gluer, 1997). Despite its technical immaturity and lack of standardization between
different technical approaches, QUS has shown its promising ability in early screening for
osteoporosis, and National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS)

has justified QUS as an imaging tool for evaluating and assessing bone quality (Health, 2007).

Not only QUS has the ability to characterize the bulk material properties of bone, the
propagation of ultrasound wave is also sensitive to the internal microstructure. Theoretically,
Ha'mt et al. used finite-difference time-domain simulation to show that degree of anisotropy (DA)
affects the time separation between the fast and slow ultrasound waves in trabecular model
(Hast et al., 2008). The same observation was found by Hosokawa et al. in a stratified trabecular
bone model as well (Hosokawa, 2009a). This difference in separation time is in agreement with
the finding that fast waves are more closely related to the material properties and
microarchitecture of bone phase in the bone/marrow composite material, whereas the slow waves
are more related to the marrow phase (Hosokawa and Otani, 1997, Mizuno et al., 2010, Mizuno
et al., 2009, Yamamoto et al., 2009, Mizuno et al., 2008, Hosokawa, 2006, Hosokawa and Otani,
1998). These researchers all agree that when the ultrasound wave propagates along the principal
orientation of trabecular bone, the fast wave velocity is the fastest. And it is commonly known
that, this principal structural orientation is heavily associated with the mechanical loading
environment. According to “Wolff’s law” published by Julius Wolff, bone continually remodels
and adapts its structure in response to the mechanical milieu (Wolff, 1896). Although it is still
unknown that how exactly this adaptation process occurs, it has been shown by many
researcher’s work that the interaction between QUS and bone can provide useful information
about the anisotropic microstructure and mechanical properties of trabecular bone (Cowin and
Cardoso, 2011, Cardoso and Cowin, 2011, Cardoso and Cowin, 2012, Lee et al., 2007, Mizuno et
al., 2010, Mizuno et al., 2009, Mizuno et al., 2008, Hosokawa and Otani, 1998, Hosokawa,
2011b, Han and Rho, 1998).



For the past few years, many researchers have been investigating extensively on the
interaction between ultrasound wave propagation and the anisotropic structure of trabecular bone.
Cardoso and Cowin (Cowin and Cardoso, 2011, Cardoso and Cowin, 2011, Cardoso and Cowin,
2012) studied the relation between fabric tensor — a measurement of the degree of anisotropy of
the trabecular bone — and the wave propagation equations in anisotropic porous media. An angle-
dependent model to the classic Biot’s theory (Biot, 1956b, Biot, 1956a) to predict the ultrasound
velocity in an anisotropic trabecular bone model was also introduced (Lee et al., 2007). Mizuno
et al. reported in vitro studies on the different effects of the structural anisotropy of trabecular
bone on the velocity of the fast wave and slow wave components of the broadband ultrasound
signal (Mizuno et al., 2010, Mizuno et al., 2009, Mizuno et al., 2008). These data strongly
suggests that it is feasible to use QUS to predict the principal structural orientation (PSO) of
trabecular bone.

With the current technology, it is estimated that nearly 80% of the variation of QUS
parameters can be explained by bone quantity with an additional 8-17% contributed by bone
architectural parameters (Nicholson et al., 2001, Cortet et al., 2004), which means 50-70% of the
variation of bone elasticity and strength can be predicted by QUS parameters (Langton et al.,
1996, Han et al., 1997, Bouxsein and Radloff, 1997, Hakulinen et al., 2005, Toyras et al., 2002),
leaving a big margin for technical improvement. As the most popular site for in vivo QUS
measurement, human calcaneus is easily accessible and constituted by 90% trabecular bone,
which can display bone metabolic changes before cortical bone due to a higher metabolic
turnover rate (Njeh et al., 1999). The relatively flat and parallel lateral surfaces and thin
overlaying soft tissue are ideal for transmission mode of QUS measurement. The commonly used
QUS devices for calcaneus scan adapt a transmission configuration in which a transmitter and a
receiver are placed on the medial and lateral sides of the calcaneus, respectively. In this
configuration, the calculation of ultrasound attenuation, as introduced by Langton et al. as the
classic substitution method (Langton et al., 1984), utilizes a reference wave signal obtained
through water to compare to the wave signal received with the human foot positioned between
the two ultrasound transducers. Since BMD measured by DXA is the current gold standard for
the diagnosis of osteoporosis, research has been performed to evaluate the relationship between
QUS parameters and calcaneal BMD measured by DXA. The correlation coefficient (R) varied
between 0.49 and 0.81 (Laugier and Halat, 2011). To improve the ability of QUS to correlate
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with BMD, mechanical properties of calcaneus, one possible solution is to take the

microstructure of trabecular bone into consideration for the scanning orientation.



2  Hypotheses and Specific Aims

In this research, it is expected that a new QUS measurement protocol based on 3-
dimensional circumferential scanning can be developed to predict the principal structural
orientation (PSO) of trabecular. This development will utilize an ideal spherical bone model for
QUS measurement, and the results of the PSO will be compared to the current gold standard —
micro computed tomography (UCT). This prediction will be based on the interaction between the
ultrasound wave and the trabecular alignment, and multiple QUS parameters such as ultrasound
velocity and attenuation will be used for the prediction. The prediction for the PSO serves the
purpose of analyzing the mechanical properties of trabecular bone. Therefore, an analysis on the
mechanical properties according to the PSO prediction will be performed in the second part of
the study. Given the spherical nature of the trabecular bone model used in the experiment and
repeatability of the mechanical testing, finite element analysis (FEA) based on pCT imaging will
be utilized to characterize the mechanical properties in different orientation of the same spherical
bone model. This FEA simulation can also provide insights of the possible angle difference of
the PSO prediction by QUS when compared to CT data. It is hypothesized that this novel QUS
method can achieve the same accuracy as PCT in predicting the PSO of trabecular bone. After
the successful development of the new QUS measurement of finding the PSO, such method will
be applied to trabecular bone cubes as an interim study between ideal spherical model to realistic
human calcaneus with complex and irregular geometry. A more practical and realistic QUS
protocol will be developed using the bone cube model before the final stage of the study — apply
the novel QUS measurement on whole human calcaneus to verify the improvement in predicting
the structural and mechanical properties. Given that this new QUS method was developed based
on ideal spherical bone model, certain modification and compromise were needed to be made to
apply the measurement on human calcaneus with irregular geometry. The experiment will be
initiated with the circumferential QUS measurement on the transverse plane within a limited
angle range. This QUS measurement is consisted of both transmission and reflection modes. The
purpose of using reflection mode is to correct the signal difference induced by the variance of
sample thickness—instead variance of microstructure—in different scanning angles in
transmission mode. It is proposed by using this combined QUS measurement, the correlation

between the QUS parameters and the mechanical properties of trabecular bone can be improved.



The overall objective of this work is to develop a novel non-invasive ultrasonic imaging
method to predict the principal structural orientation (PSO) of trabecular bone, and furthermore
correlate such ultrasonic evaluation with the mechanical and structural properties of trabecular
bone. Following specific aims are designed in accordance to the hypotheses for the purpose of

the global objection.

Hypothesis 1: QUS measurement in a 3-dimensional and rotational manner on
trabecular bone can provide enough information to reconstruct a 3-dimensional ultrasound

profile to predict the PSO of trabecular bone.

The propagation of ultrasound wave in trabecular bone is substantially influenced by the
anisotropy of the trabecular structure. Previous studies have shown that both ultrasound velocity
and amplitude is dependent on the scanning angle of the ultrasound signal into the bone sample.
In order to perform rotational QUS scanning of the bone sample to measure the difference
induced by the anisotropic structure, instead of the difference induced by altered thickness in
different orientations, a spherical bone ball model is used in this aim. To show the accuracy of

the prediction, MIL tensor based on CT images will be used for comparison.

Specific Aim 1: Perform 3D rotational QUS measurement on bovine spherical
trabecular bone samples to predict the PSO, compare the results to the MIL tensor based
on the LCT images of the samples. The work in this aim will be completed in the following

steps:

1. Prepare seven bovine spherical trabecular bone samples from distal femur for QUS
measurement using lathe machine, and mark the anatomical orientations on the bone balls.

2. Perform pCT scan on the spherical bone samples, and obtain the structural parameters
including mean intercept length (MIL) tensor from the evaluation.

3. Use QUS to scan the spherical bone samples in an incremental, 3-dimensional and rotational
manner and obtain the raw ultrasound wave data to reconstruct an ultrasonic responsive
profile for each sample.

4. Reconstruct the ultrasonic profile for each sample and predict the PSO with two ultrasound
parameters (velocity and attenuation) in a coordinates system based on the anatomical

orientations.
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5. Compare the PSO prediction of QUS with the longest vector of MIL tensor from pCT.

Hypothesis 2: The PSO predicted by QUS is associated with the anisotropic
mechanical properties of trabecular bone, and such PSO should align with the orientation
with the highest mechanical strength.

The microarchitecture and alignment of trabecular bone is intended to adapt to the
particular mechanical milieu applied to it. Due to this anisotropic mechanical property,
assessment for trabecular bone quality and fracture risk prediction has to take the measurement
orientation into consideration. In this aim, finite element models will be generated based on the
CT images of the spherical bone samples used in S.A. 1. Compressive loading will be applied
to the models in simulation to evaluate the mechanical properties in different orientations. In

vitro mechanical testing will be used as validation for the FEA.

Specific Aim 2: Determine the mechanical strength in different orientations of finite
element models based on the pCT images of spherical trabecular bone samples and validate
the models by in vitro mechanical testing. The work in this aim will be completed in the

following steps:

1. Generate seven finite element models based on the pCT images of the bovine spherical
trabecular bone samples obtained in S.A. 1.

2. Apply compressive loading to the models in different orientations, including the anatomical
orientations, longest vector of MIL tensor and the PSOs predicted by QUS parameters in
SA. 1

3. Determined the mechanical strength of the bone models in different orientations based on the
FEA results.

4. Validate the FEA determined bone strength by performing in vitro mechanical testing on the
spherical bone samples obtained in S.A. 1.

Hypothesis 3: Ultrasound scanning in the principal structural orientation can
significantly improve the correlations with the structural and mechanical properties of

trabecular bone with a cubic model.
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Due to the geometry of cubic trabecular bone model, fully 3-dimensional measurement
would be unrealistic and extremely difficult to achieve at this stage. Therefore, instead of the
fully 3-dimensional ultrasound measurement, simplified 2-dimensionally rotational measurement
in the frontal and transverse planes will be employed to test the hypothesis. To take the irregular
geometry of bone cube into consideration for the measurement, surface topology with aid of the
reflection mode of ultrasound measurement will be utilized to measure the sample thickness in
difference scanning orientations. Additionally, the ultrasound measurement normalized by the
sample thickness in the PSO will be used to correlate with the structural and mechanical

parameters of the sample.

Specific Aim 3: Combine the transmission and reflection modes of ultrasound
measurements of trabecular bone cubes in the principal structural orientation, and
correlate the ultrasound results with the structural and mechanical parameters. The work

in this aim will be completed in the following steps:

1. Use transmission mode ultrasound to measure the attenuation and ultrasound velocity of
trabecular bone cubes in various angles in the frontal and transverse planes.

2. Use reflection mode ultrasound to perform surface topology of the trabecular bone cubes and
calculate the sample thickness in different scanning orientations.

3. Combine the data from the transmission and reflection modes to predict the principal
structural orientation of the sample.

4. Correlate the ultrasound parameters in the principal structural orientation and the structural
and mechanical parameters of the sample, and compare this correlation with the conventional

ultrasound scanning method.

Hypothesis 4: Ultrasound scanning in the principal structural orientation can
significantly improve the correlations with the density, structural and mechanical

properties of human calcaneus.

As the final stage of the study, bone mineral density, structural and mechanical properties
of human calcaneus samples will be obtained, and the same QUS measurement used in S.A. 3
will be applied to them. Improved correlations between QUS and the material properties of

calcaneus are expected.
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Specific Aim 4: Combine the transmission and reflection modes of ultrasound
measurements of human calcaneus in the principal structural orientation, and correlate the
ultrasound results with the density, structural and mechanical parameters. The work in this

aim will be completed in the following steps:

1. Use transmission mode ultrasound to measure the attenuation and ultrasound velocity of
human calcaneus in various angles in the frontal plane.

2. Use reflection mode ultrasound to perform surface topology of human calcaneus and
calculate the sample thickness in different scanning orientations.

3. Combine the data from the transmission and reflection modes to predict the principal
structural orientation of the sample.

4. Correlate the ultrasound parameters in the principal structural orientation and the density,
structural and mechanical parameters of the sample, and compare this correlation with the

conventional ultrasound scanning method.
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3 Prediction of Trabecular Bone Principal Structural Orientation using Quantitative

Ultrasound Scanning

3.1 Introduction

According to the Wolff’s law, bone has the ability to adapt its structure in response to the
mechanical environment, and the alignment of trabecula is heavily influenced by the stress
applied to it (Martin et al., 1998). This internal structural anisotropy of trabecular bone
substantially affects its mechanical properties in different orientations, and the anisotropic
deterioration of the trabecular structure increases the risk of fracture. Therefore, simply
measuring the “quantity” of bone such as bone mineral density (BMD) by using dual-energy X-
ray absorptiometry (DXA) is not sufficient to fully characterize the “quality” of bone. Since
being introduced by Langton et al., quantitative ultrasound (QUS) has been widely used for bone
health status assessment (Ashman et al., 1987, Nicholson et al., 1994, Gluer, 1997, Njeh et al.,
1997, Cardoso et al., 2003, Lin et al., 2006, Kaufman et al., 2007, Qin et al., 2007). Compared to
the current gold standard, DXA, QUS has the advantages such as safe, low cost, portable,
radiation-free and easy to operate. As ultrasound wave propagates through bone, both the
velocity and the amplitude of the wave are modified. This modification can provide useful

information of the mechanical properties of bone, i.e., the elastic modulus (Njeh et al., 1999).

For the past few years, many researchers have been investigating extensively on the
interaction between ultrasound wave propagation and the anisotropic structure of trabecular
bone. Cardoso and Cowin (Cowin and Cardoso, 2011, Cardoso and Cowin, 2011, Cardoso and
Cowin, 2012) studied the relation between fabric tensor — a measurement of the degree of
anisotropy of the trabecular bone — and the wave propagation equations in anisotropic porous
media. An angle-dependent model to the classic Biot’s theory (Biot, 1956b, Biot, 1956a) to
predict the ultrasound velocity in an anisotropic trabecular bone model was also introduced (Lee
et al., 2007). Mizuno et al. reported in vitro studies on the different effects of the structural
anisotropy of trabecular bone on the velocity of the fast wave and slow wave components of the
broadband ultrasound signal (Mizuno et al., 2010, Mizuno et al., 2009, Mizuno et al., 2008).

Hosokawa and Otani investigated the same subject (Hosokawa and Otani, 1998), and later on
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computational simulation work was also reported by Hosokawa (Hosokawa, 2011b). Han and
Rho (Han and Rho, 1998) reported that a combination of BMD and elastic anisotropy of the bone
resulted in an enhanced correlation with broadband ultrasound attenuation, a spectrum of

ultrasound attenuation in frequency domain.

Although those investigations mentioned above have shown how ultrasound wave
propagation in trabecular bone is influenced by the anisotropic structural property of trabecular
bone in both computation simulations and in vitro experiments, some basic and fundamental
questions remained unanswered: if ultrasound wave can be used to characterize the anisotropy of
the porous structure of trabecular bone, can we use quantitative ultrasound to predict such
principal alignment of trabecula, and to what degree? Which quantitative ultrasound parameter
has the better ability to provide information to characterize the anisotropy of the trabecular
structure? The objective of this presented study is to employ quantitative ultrasound to non-
invasively predict the principal structural orientation of trabecular bone, and use the longest

vector of MIL tensor, the current gold standard, to validate the accuracy of such prediction.
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3.2 Materials and methods

3.2.1 3-D volumetric trabecular sample preparation

Seven trabecular bone cylinders (& 38.1 mm) were cut from distal bovine femurs using
cylindrical cutting bit. Then seven trabecular bone balls (@ 25.4 mm) were machined from the
bone cylinders using lathe machine. Anatomical orientations were first marked on the surface of
the cylinder. Then one half of the bone ball was machined, and the orientation markers were
extended to the newly machined semi-spherical surface before the other half of the bone ball is
machined. Anatomical poles were marked on the surfaces of the bone balls to indicate the three
principal anatomical orientations — anterior-posterior (AP), medial-lateral (ML) and proximal-
distal (PD). The bone marrow inside the trabeculae was flushed out using dental water-pick. For
preservation, the bone balls were wrapped in gauze soaked with saline and 70% ethanol “half-
and-half” solution and stored in 4°C refrigerator. Before quantitative ultrasound measurement,
the bone balls were put into a vacuum chamber for three hours to remove the air bubbles trapped

among the trabeculae.
3.2.2 Quantitative ultrasound measurement

Quantitative ultrasound measurement was performed by using a scanning confocal
acoustic diagnostic (SCAD) system (Xia et al., 2007), consisted of a computer-controlled 2-
dimensional scanner unit and a pair of focused transducers (V302-SU-F2.00IN, Olympus NDT
Inc., Waltham, MA) with a center frequency of 1 MHz. The diameter of the transducers is 25.4
mm, and the confocal length of the transducers is 50.8 mm. Therefore, the transducers were
coaxially installed 101.6 mm away from each other, aligning with the center of the bone ball
which is placed in a rotation stage at the midpoint of the two transducers. The rotation stage is
consisted of a holder for the bone ball and a base with angular calibration (Figure 1). For
ultrasound measurement, ultrasonic pulses transmitted through the center of the bone ball, and
the bone ball was rotated 10 degrees around the long axis of the rotation stage between every two
scans. For every bone ball, ultrasound measurement was performed around all three anatomical
axes, resulting 36 scans around each axis and 108 scans in total for each trabecular bone ball.

Because of the shape of the bone ball sample, for each measurement in different scanning angles
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of a bone ball, the distance that ultrasound wave traveled in the bone sample should be the same.
Therefore, the difference of amplitude and signal arrival time among the received signals in
different scanning angles of a bone ball was induced by the anisotropic material property. The
ultrasound results were then processed and visualized in a custom written MATLAB program.
For each measurement, ultrasound attenuation and velocity were calculated using the classic
substitution method (Langton et al., 1984). Based on the previous work showing that the speed of
fast wave is more related with the change of the incident angle than the speed of slow wave, and
that the amplitude of both the fast wave and slow wave are influenced by the incident angle
(Mizuno et al., 2010, Hosokawa and Otani, 1998), the fast wave of the ultrasound pulse was

chosen for the velocity calculation via the following equation:

_¢cd
d —c,At

C, (3.2)

Here, cy is the ultrasound velocity in the bone sample, ¢y, is the ultrasound velocity in the
water, d is the diameter of the bone ball, and A4z is the phase difference of the same signal
landmark of the reference signal and the sample signal. In this study, 1480 m/s was used for the
velocity of ultrasound in water (Langton et al., 1990).
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Figure 1 - Schematic representation of the ultrasound measurement experiment set up. A
trabecular bone ball is placed onto a holder with a rotation stage. The stage was placed in a water
tank filled with degassed water. Two ultrasound transducers used for the measurement were
placed on both sides of the bone ball, with the bone ball at the confocal point. The ultrasound
signal was transmitted from one of the transducers and received by the other one after
propagating through the bone ball sample and the water between the sample and transducers.

3.2.3 CT scanning and imaging

PCT with a resolution of 18 pum was performed on each trabecular bone ball by using a
PCT 40 system (SCANCO Medical AG, Briitisellen, Switzerland). In order to eliminate the
influence from the surface condition induced by the machining of the bone ball, a cubic volume
(151515 mm?®) of trabecular bone in the center of the bone ball was used for evaluation. The
longest vector of the MIL tensor H was obtained from the pCT system. Currently, MIL is the
gold standard of quantifying the structural anisotropy (Whitehouse, 1974). When straight lines in
an arbitrary direction intercept with a medium, the average value of the intercept lengths is
defined as MIL, and the degree of anisotropy is defined as the ratio of the longest MIL in the
principle direction of the medium to the shortest MIL in the orthogonal direction. By the
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definition of MIL tensor, the longest vector indicates the direction in which smallest number of

intercepts occurs. According the equation:

MIL (8, (p)=ﬁ (3.2)

Where MIL(, ¢) is the length of a MIL vector in a certain direction, Lot is the total
length sectors of lines in that certain direction and N, ¢) is the number of intersections, the
number of intersections and MIL vector length is inversely proportional to each other; a long
MIL vector indicates small number of intercepts (Tabor, 2011). Therefore, the longest MIL
vector indicates the smallest number of intersections, which should be the main direction of

trabeculae.

A piece of rubber foam was used to fix the sample in certain orientation during the CT
scanning, and a screw was inserted in the foam and included in the CT scanning as the reference
of the sample’s orientation. The MIL tensor was computed in a cube volume within the sample.
Based on the pCT data, the average trabecular thickness for all the samples was 189 pm, about
10 times of the scanning resolution 18 pm. This resolution should be fine enough to characterize
the geometrical information of the sample. To binarize the images, a threshold value of 138 was

used and it was based on triangularization of surfaces.
3.2.4 Calculation of the principal structural orientation of bone ball

A Cartesian coordinates system (x-, y- and z-axes) with the origin set at the center of the
bone ball was defined to calculate the principal structural orientation. The quantitative ultrasound
parameters were plotted against the scanning incident angle on the corresponding orthogonal
plane in the Cartesian coordinates system. Based on the ultrasound parameter around three
different axes (AP, ML and PD), a specific angle in which the ultrasound with the peak
measurement was chosen for calculation for the specific orthogonal plane. In the 3-dimensional
Cartesian coordinates system, a plane normal to the orthogonal plane was determined based on
that angle, and the three normal planes of all three corresponding measuring anatomical planes

can be denoted as the following 3 equations:
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ax+by+cz=0
ax+hb,y+c,z=0 (3.3)
aX+byy+c,z=0

The normal vectors of these planes, (ai,b1,c1), (az,bz,c2) and (az,bz,c,), were used to

calculate the 3 intersecting lines between every two planes using the following equations:

, =(a,b,c)x(a,,h,,c,)
2 =(a,b,¢)x (a5, b, ;) (3.4)
s =(a,,b,,¢,)x(as,by,cy)

Theoretically, these three vectors should represent the same direction because all three
planes intersect at the same line. This is based on the assumption that there is one principle
orientation in the bone ball sample, and the ultrasound measurement in the direction along this
orientation should have the highest values. The peak values recorded in the rotational
measurements around three anatomical axes were in the direction which is the projection of the
principal orientation on the orthogonal planes. For example, the peak value in the measurements
rotating around x-axis was in the direction of the projected vector of the principal orientation on
the y-z plane. Therefore, when using the intersections of every two normal planes to determine
the principal orientation, the results should be the same line, because there can be only one

intersecting line between every two planes.

Due to the inevitable measurement error, intersection vectors of every two planes differed
from each other. Therefore, a center vector I(x, y, z) is calculated from the intersection vectors
(12, 113 and ly3). The three intersection vectors were converted from Cartesian coordinates
system (X, y, z) to Spherical coordinates system (», 6, ¢). Then the angular components of the
vectors were averaged as the angular components of the center vector. The magnitude of the
center vector was arbitrarily decided as 1. The center vector was then converted back to
Cartesian coordinates system to compare to the longest vector of the MIL tensor, H(Xy, YH, Zn)

by using the following equation:

Q= cos{ H-l ] (3.5)




An illustration of the mathematic approach of the calculation for the principal orientation
was shown in Figure 2.

Figure 2 - The trabecular bone ball (dark sphere) was placed in a Cartesian coordinates system
defined by the orthogonal anatomical planes (frontal, sagittal and transverse planes) with the
center of the ball placed at the origin of the coordinates. Based on the rotational ultrasound
measurement around 3 anatomical axes, the angles a, B and y were determined. These are the
angles in which the ultrasound measurements obtained peak values. According to these angles,
three vectors (dash arrows) on the corresponding orthogonal anatomical planes were determined,
i.e., the vector on the transverse plane is determined by the ultrasound measurements around
proximal-distal axis. Along the direction of each of these 3 vectors, a plane was defined normal
to the corresponding anatomical plane. These normal planes (gray planes) intersect at one line
(dash line). The normal vectors of these normal planes were used to define the intersection line
using Equation (3.3) and Equation (3.4). A vector (dark arrow) along the direction of that
intersection line is defined as the principal orientation predicted by ultrasound, and the angle
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difference ¢ compared to the longest vector of MIL tensor (light arrow) was calculated using
Equation (3.5).
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3.3 Results

The received ultrasound wave from all incident angles for the same bone ball showed

angle-dependent pattern in both amplitude and signal arrival time (Figure 3).

Scan Angle (°)

| |
25 2525 | 5025 7525 10025 12525 15025

SAt=2.5u8 ! Time (ns)

Figure 3 - Typical ultrasound waves transmitted through the trabecular bone ball in 36 different
incident angles around one anatomical axis. Both amplitude (value on y-axis) and arrival time
(value on x-axis) of the ultrasound waves showed angle-dependent pattern.

To further analyze this pattern, the x-axis value (arrival time) and the y-axis value
(amplitude) of the first high peaks of all the 36 received ultrasound signals in different incident

angles around one anatomical axis of a trabecular bone ball are plotted in Figure 4.
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Figure 4 - By tracing the first high peaks of the 36 received ultrasound signals around 1
anatomical axis of a trabecular bone ball (a), similar angle-dependent patterns between the
incident angle and the amplitude of the signal (b) and signal arrival time (c) can be observed. The
high peaks and low valleys in these curves indicate that both amplitude and arrival time are
affected by the anisotropy of the trabecular structure. These peaks and valleys also showed
geometrical symmetry: the two peaks/valleys are located approximately 180<away from each
other, indicating that they come from the same ultrasound propagating pathway, only in opposite
directions.

The high peaks and low valleys in these curves indicate that both amplitude and arrival

time are affected by the anisotropy of the trabecular structure. These peaks and valleys also
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showed geometrical symmetry: the two peaks/valleys are located approximately 180 <away from
each other, indicating that they come from the same ultrasound propagating pathway, only in
opposite directions. The peak values of the 180< apart measurements were averaged. 4
consecutive scans are plotted in Figure 5, in which both fast and slow wave components of the
ultrasound pulses can be observed. It is demonstrated that, as the scan angle changes, the signal
arrival time of the fast wave components changes gradually. On the other hand, little change in

arrival time can be observed for the slow wave components.

According to the UCT data, the average porosity of the samples was 0.67. Of all 21
rotational measurements (3>7), the phenomenon that the fast wave amplitude is larger than the
slow wave amplitude was observed in 14 measurements. And in the other 7 measurements, the
slow wave amplitude was larger than the fast wave amplitude. Due to the certain existence of
overlapping between the fast wave and slow wave components, the first high peak of the whole
ultrasound pulse signal was chosen as the landmark to calculate the ultrasound velocity in
Equation (3.1), and the amplitude of the whole ultrasound pulse signal was used to calculate the

attenuation of the signal.
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Figure 5 - The fast wave and slow wave components of the received ultrasound pulses in 4
consecutive incident angles. The arrival time of the fast wave component gradually altered as the
scanning angle changed, while the arrival time of the slow wave component remained relatively

unaffected.

Similar to the amplitude and arrival time curves in Figure 4, the ultrasound attenuation
and velocity curves from 36 scans around each anatomical axis of a bone ball showed similar
trends with adjacent peak and valley positions (Figure 6). The ultrasound velocity measured from
all 7 bone balls ranged from 1700 m/s to 2300 m/s, and this range is in accordance to the velocity
of the fast wave in bovine trabecular bones reported by other investigators” work (Hosokawa and
Otani, 1997, Mizuno et al., 2010, Mizuno et al., 2008, Lee et al., 2007, Cardoso et al., 2003).
Despite that these attenuation and velocity results showed high correlations for all 7 bone balls

with an overall average R? value of 0.79 (



Table 2), certain phase shift can be observed. In Table 3, the angle difference between the
principal structural orientations predicted by quantitative ultrasound and pCT is listed. Both
ultrasound attenuation (ATT) and the velocity of the fast wave (UV) were used for the
prediction. Here, 11, 113 and I3 are the vectors of the interception lines calculated from Equation
(3.4) and 1 is the center vector calculated from I, 113 and 3. For the prediction, the principal
structural orientation predicted using ATT has an average angle difference of 11.67<from the H
vector predicted by CT, while the orientation predicted using UV has a difference of only 4.452
Statistically, a paired t-Test showed that the prediction from UV has a significantly smaller error
than ATT (p<0.05).
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Table 2 - Average Pearson correlation coefficient values (R2zstandard deviation) between
ultrasound velocity and attenuation for all 7 bone balls around 3 different anatomical axes.

AP ML PD Average
R? 0.7740.11 0.7540.09 0.8340.08 0.7940.09

Table 3 - Angle difference (<) between the principal structural orientations predicted by pCT and
quantitative ultrasound calculated from Equation (3.5). In this table, 112, l13 and I3 are the
vectors of the intersection lines calculated from Equation (3.4), and velocity of the fast wave
(UV) results were used for the prediction. Overall, the orientation predicted by UV has less
average angle difference, 4.45< with the CT orientation than the prediction of the ATT, whose
average angle difference is 11.67<

Average+
Bonel Bone2 Bone3 Bone4 Bone5 Bone6 Bone7  Standard
deviation

i, 545 9.48 21.34 9.86 13.01 7.59 1.77
lis 3334 2475 10.56 8.00 18.32 6.72 20.18 14.13#49.03

ATT I3 2944 16.73 9.88 2.72 2546  17.76 4.33
I 2052 16.06 10.74 3.13 18.61 5.03 765 11.6736.83
i, 6.98 2.72 2214 1091 2836 1212 6.43

UV li3  8.26 1.24 9.43 18.53 5.35 1554 2298 11.59#/.02

I3  6.22 4.93 1149 1241 1173 16.96 8.73
| 6.30 241 5.45 0.82 7.16 4.34 467  4.4542.20
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Figure 6 - Typical ultrasound attenuation and fast wave velocity curves of all the ultrasound
scans around 1 anatomical axis of the same bone ball. Similar trends with adjacent peak/valley
positions can be observed, while certain phase shift also exists between two curves.
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3.4 Discussion

This work presented a non-invasive quantitative ultrasound method to predict the
principal structural orientation of trabecular bone. Both attenuation and fast wave velocity of the
ultrasound signal were used for independent predictions, and these predictions were evaluated by
comparing to the current gold standard — the longest vector of the MIL tensor. For the ultrasound
velocity calculation, the velocity of the fast wave component was chosen based on the previously
reported phenomenon that fast waves are more related to the material properties of the solid
phase in a porous medium, whereas the slow waves are more related to the liquid phase
(Hosokawa and Otani, 1997, Mizuno et al., 2010, Mizuno et al., 2009, Yamamoto et al., 2009,
Mizuno et al., 2008, Hosokawa, 2006, Hosokawa and Otani, 1998). These investigators all
agreed that when the ultrasound wave propagates along the direction of the trabecular bone
alignment, the phase velocity of the fast wave is the fastest. The explanation for this
phenomenon is that the ratio of trabecular structure along its alignment is the highest and the

compression velocity of ultrasound in bone material is much higher than in water.

Table 4 - Angle difference between the predicted trabecular structural orientation by UV and
ATT.

Average+
Bone Bone Bone Bone Bone Bone Bone g
Standard
1 2 3 4 5 6 7 .
deviation

Angle difference
between UV and 21.48 14.19 5.57 3.22 13.35 1.06 3.89 8.96+47.48
ATT (°)

By definition, the longest vector of the MIL tensor is the direction in which a straight line
intercepts with the most bone content. Therefore, a pathway along this direction, in which the
“solid/liquid” or “bone/water” ratio is the highest, is expected to give rise to the greatest fast
wave velocity — as presented in this study. Although certain bone-water or water-bone interfaces
still exist along the trabecular structural orientation, their effect on the velocity of ultrasound
wave is much smaller than that on the attenuation. Besides the energy absorption, the scattering
and refraction caused by these interfaces substantially contribute to the measurement of
ultrasound attenuation. This difference represents itself as the phase shift we observed in the
ultrasound velocity and attenuation curves around 1 anatomical axis of a bone ball (Figure 6),

and eventually resulted in the angle difference between the predictions for the principal
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orientations (Table 4). The overall average angle difference is 8.96with the maximum of 21.48°

and the minimum of 1.062

The prediction of fast wave velocity has a smaller angle difference (4.459 with the MIL
vector than the prediction of the attenuation (11.679. This finding is in agreement with the work
of Mizuno et al. (Mizuno et al., 2010), in which the velocity of fast wave was shown to have a
higher correlation with the MIL tensor than the ultrasound attenuation. The prediction of fast
wave ultrasound velocity is not only better than attenuation by the average angle difference, but
also by the angle variance of the interception vectors I, l13 and l,3. As shown in Table 3, the
average angle difference for these individual interception vectors from the ATT prediction was
14.13< with a standard deviation of 9.03< On the other hand, the average angle difference for
the individual interception vectors from the UV prediction was 11.59< with a standard deviation
of 7.02< The variance of individual interception vectors were reduced by the introduction of the

center vector I The calculation of | was based on assumption that, theoretically the magnitudes

of 115, l13 and I3 are the same, and the angle variance came from the error of measurement and
interpretation of the ultrasound attenuation and velocity curves. Therefore, these individual
vectors were normalized and converted into a spherical coordinates system to calculate the center

vector by averaging the angular components of the coordinates of the individual vectors.

This center vector approach lowered the error in calculating the predicted orientations
from both ultrasound attenuation and velocity by reducing the prediction error from 14.13°to
11.67< for ATT and from 11.59°to 4.45° for UV. Considering that the increment of the
rotational ultrasound scan was 109 an angle error of 4.45%for the prediction is promising and
satisfactory. Such small error demonstrated the feasibility of using quantitative ultrasound to
non-invasively predict the principal structural orientation. Although, as shown in this study,
ultrasound velocity has a better prediction for the MIL tensor than attenuation, future study
should take combining the predictions from ATT and UV as a comprehensive method into
consideration. Ultrasound velocity can provide reliable information of the structural alignment of
the trabecular bone, but the mechanical properties in such alignment direction is yet to be tested.
It is very crucial to verify the mechanism behind the difference between the predictions for the
structural orientation by different ultrasound parameters. By integrating the potential angle-

dependent mechanical information carried by ultrasound attenuation with the existing prediction
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protocol, a more precise and extensive method to provide information of both structural and

mechanical anisotropy of the trabecular bone tissue is expected to be established.
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4 Principal Trabecular Structural Orientation Predicted by Quantitative Ultrasound is

Strongly Correlated with nFEA Determined Anisotropic Apparent Stiffness

4.1 Introduction

One important observation about trabecular bone is its ability to adapt its structure
according to the specific mechanical environment, as commonly defined as “Wolff’s law”
(Wolff, 1896, Martin et al., 1998). This anisotropic nature of trabecular bone indicates that the
“quality” of bone cannot be simply characterized by using dual-energy X-ray absorptiometry
(DXA) to quantify some global parameters of bone, such as bone mineral density (BMD). As the
National Institutes of Health specifies, “Bone quality refers to architecture, turnover, damage
accumulation (e.g., microfractures) and mineralization” (2000). To overcome the limitation of
the current bone imaging techniques, researchers have developed alternative modalities to assess
bone quality and predict fracture risk (Cody et al., 1999, Link, 2012, Tommasini et al., 2012,
Krug et al., 2010, Burghardt et al., 2011). Quantitative ultrasound (QUS), a safe, low cost,
portable, radiation-free and noninvasive imaging tool, has been widely used for bone quality
assessment since it was introduced (Ashman et al., 1987, Cardoso et al., 2003, Gluer, 1997, Haiat
et al., 2008, Njeh et al., 1997, Langton et al., 1984, Lin et al., 2006, Qin et al., 2007).

The propagation of ultrasound waves through trabecular bone is heavily influenced by the
macroarchitecture and alignment of trabeculae (Mizuno et al., 2010). Recently, many researchers
have been investigating the interaction between the anisotropic trabecular macroarchitecture and
the quantitative ultrasound propagation (Cardoso and Cowin, 2011, Cardoso and Cowin, 2012,
Cowin and Cardoso, 2011, Lee et al., 2007, Mizuno et al., 2009, Mizuno et al., 2008, Mizuno et
al., 2010, Hosokawa and Otani, 1998, Han and Rho, 1998, Hosokawa, 2009b, Hosokawa, 2010,
Hosokawa, 2011b, Hosokawa, 2011a). In a 3-dimensional volumetric trabecular structure, not
only the alignment of the trabeculae but also the “solid/liquid” or “bone/marrow” interfaces play
a very important role in scattering, refracting and attenuating the ultrasound wave. It has been
recognized by researchers that the microstructure of trabecular bone has a substantial effect on
the measurement of QUS that generalizing the bone quality by using any global measurement

value may lose information about anisotropic material properties of trabecular bone. Our
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previous work successfully demonstrated a noninvasive quantitative ultrasonic method to predict
the principal structural orientation (PSO) of trabecular bone (Lin et al., 2012). Such prediction
using both ultrasound attenuation and velocity showed highly correlated results compared to the
current gold standard—the longest vector of mean intercept length (MIL) tensor measured using
micro computed tomography (UCT). Finite element analysis (FEA) based on UCT has been used
as a noninvasive tool to evaluate the mechanical properties of bone (Keaveny, 2010, Eswaran et
al., 2009, Wald et al., 2011, Yeni et al., 2008, Kim et al., 2007, Liu et al., 2009, Beuvill et al.,
2006).

Although it is commonly accepted that trabecular architecture is aligned against loading
through remodeling, and it has been shown that such principal direction in trabecular bone can be
predicted by the QUS, certain angle differences still exist between QUS prediction and CT
measurement. It remains unknown whether this angle difference can induce significant
differences in mechanical properties or not. It is hypothesized that the principal trabecular
structural orientation predicted by QUS is strongly correlated with |UCT-based uFEA determined
anisotropic mechanical strength. The objective of this study is then to evaluate the mechanical
properties in different principal structural orientations predicted using different methods, i.e.,
QUS and pCT validated by mechanical testing, thus to investigate the ability of QUS as a means
to predict the principal structural orientation and principal strength of trabecular bone
noninvasively. By validating the ability of QUS in predicting the PSO with the highest
mechanical properties of trabecular bone, it is beneficial for future QUS applications in a way
that QUS measurement in the PSO can provide information more correlated with the mechanical

properties than in other orientations.

4.2 Materials and methods

4.2.1 3-D volumetric trabecular sample preparation and uCT imaging

Seven spherical trabecular bone samples (& 25.4 mm) were machined from seven distal
bovine femurs using a lathe machine. Three principal anatomical orientations were marked on
the surfaces of the bone samples as anterior-posterior (AP), medial-lateral (ML) and proximal-
distal (PD). The bone marrow inside the trabeculae was flushed out using a dental water-pick.
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CT imaging with resolution of 18 pm was performed on each trabecular bone ball by
using a PCT 40 system (SCANCO Medical AG, Brtitisellen, Switzerland) to obtain the 3-
dimensional geometry of the bone ball samples. The longest vector of the mean intercept length
(MIL) tensor—the current gold standard of quantifying the structural anisotropy—was
calculated using the CT system (Whitehouse, 1974). The calculation function for MIL tensor is
provided by the software of the CT system. Then the 3-dimensional images of bone ball
samples were converted into digital imaging and communications in medicine (DICOM) format
images for later analysis using information processing language (IPL) in the pUCT system.

4.2.2 Quantitative ultrasound measurement and prediction for the principal structural

orientation

A scanning confocal acoustic navigation (SCAN) system (Xia et al., 2007) was used for
the quantitative ultrasound measurement. The center frequency of the two focused transducers
(V302-SU-F2.00IN, Olympus NDT Inc., Waltham, MA) is 1 MHz; the diameter of the
transducers is 25.4 mm; and the confocal length of the transducers is 50.8 mm. The transducers
were coaxially installed 101.6 mm away from each other, aligning with the center of the bone
ball which is placed in a rotation stage at the midpoint of the two transducers. For ultrasound
measurement, the spherical bone sample is placed on a rotational stage, and rotational QUS
measurement was performed on three orthogonal planes perpendicular to the three anatomical
axes of the bone specimen. During each scan, broadband ultrasound pulses with center frequency
of 1 MHz were repeatedly transmitted through the center of the bone ball, and the average
product of these 400 pulses was used for analysis. For the measurement on each orthogonal
plane, the increment between every two QUS scan was 10 degrees, generating a total of 36 scans
on each plane and 108 scans for every bone sample. This rotational QUS measurement method is
based on the assumption that QUS measurement in the PSO has the highest result, and the peak
measurement on each orthogonal plane is the projection of the measurement in PSO on that
plane, and therefore can be used to back-calculate the 3-dimensional vector of PSO. Two QUS
parameters, Ultrasound attenuation (ATT) and ultrasound velocity (UV) were calculated using
the classic substitution method (Langton et al., 1984). ATT is calculated using the following

equation:
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ATT =10log,, [H (4.1)

2

Where 1; and I, are the intensity of reference and sample wave, calculated by integrating the
amplitude of the received pulse over time. UV is calculated using the following equation:
C.d

V=t 4.2
d-C At 4.2)

Where C. is the velocity of ultrasound in water, A¢ is the arrival time difference between
reference and sample wave and d is the diameter of the bone sample. In this study, the first high

peak of the fast wave is used as the landmark to calculate the time difference 4¢.
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Figure 7 - The trabecular bone ball (blue sphere) was placed in a Cartesian coordinates system
defined by the orthogonal anatomical planes (frontal, sagittal and transverse planes) with the
center of the ball placed at the origin of the coordinates. Based on the rotational ultrasound
measurement around 3 anatomical axes, the angles a,  and y were determined. These are the
angles in which the ultrasound measurements obtained peak values. According to these angles,
three vectors (green arrows) on the corresponding orthogonal anatomical planes were determined,
i.e., the vector on the transverse plane is determined by the ultrasound measurements around
proximal-distal axis. Along the direction of each of these 3 vectors, a plane was defined normal
to the corresponding anatomical plane. These normal planes (gray planes) intersect at one line
(blue dash line). The normal vectors of these normal planes were used to define the intersection
line using Equation (4.3) and Equation (4.4). A vector (black arrow) along the direction of that
intersection line is defined as the principal orientation predicted by ultrasound, and the angle
difference ¢ compared to the longest vector of MIL tensor (pink arrow) was calculated.

As shown in Figure 7, a Cartesian coordinate system (x-, y- and z-axes) with the origin

set at the center of the bone ball was defined in accordance to the anatomical orientations (AP,
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ML and PD) to calculate the PSO. The QUS parameters were plotted against the scanning angle
on the corresponding orthogonal plane in the Cartesian coordinates system. A specific angle was
determined based on the peak measurement of the QUS parameters for the measurement around
a specific anatomical axis. In the 3-dimensional Cartesian coordinates system, a plane normal to
the orthogonal plane was determined based on that angle, and the three normal planes of all three

corresponding measuring anatomical planes can be denoted as the following 3 equations:

ax+by+cz=0
a,x+b,y+c,z=0 (4.3)
ax+by+c,z=0

The normal vectors of these planes, (ai,b1,c1), (az,b2,c2) and (az,b,,c;), were used to

calculate the 3 intersecting lines between every two planes using the following equations:

,=(a,b,c)x(a,,b,.c,)
2 = (3,6 )x(8g,bs, ¢4 (4.4)
s =(a,,b,,¢,)x(a,b;,C;)

Theoretically, these three vectors should represent the same direction because all three
planes intersect at the same line. Again, this is based on the assumption that QUS measurement
in the PSO should have the highest values and the peak values recorded in the rotational
measurements around three anatomical axes were in the projected vector of PSO of the principal
orientation on the orthogonal planes. For example, the peak value in the measurements rotating
around x-axis was in the direction of the projected vector of the PSO on the y-z plane. Therefore,
when using the intersections of every two normal planes to determine the principal orientation,
the results should be the same line, because there can be only one intersecting line between every
two planes. Due to the inevitable measurement error, intersection vectors of every two planes
differed from each other. Therefore, a center vector I(X, y, z) is calculated from the intersection
vectors (l12, 113 and I3). The three intersection vectors were converted from Cartesian coordinate
system (X, Y, z) to Spherical coordinate system (r, 6, ). After that, the angular components of the
vectors were averaged as the angular components of the center vector. The magnitude of the

center vector was arbitrarily decided as 1. The center vector was then converted back to
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Cartesian coordinates system to compare to the longest vector of the MIL tensor, H(Xu, Y1, ZH)

by using the following equation:

Hel
=C0s!| —— (4.5)
g [|H||.J

4.2.3 Finite element analysis of UCT-based trabecular bone ball models

The implementation of the spherical trabecular bone model gave rise to the feasibility of
repeating the mechanical testing on the same bone specimen in different orientations, besides the
anatomical orientations which were the only available options in the traditional bone cube model.
FEA based on pCT images usually consists of the following steps: convert the gray-scale
Hounsfield Unit data in the standard DICOM format into calibrated and segmented values;
convert the calibrated DICOM image into finite element model and assign local material
property to it; apply loading and boundary conditions to the finite element model; validate the
finite element model using in vitro mechanical testing. The unfiltered DICOM format pCT
images of each bone ball were processed and converted into a 3-D tetrahedral meshing structure.
To eliminate the effect induced by the surface condition, a smaller spherical subvolume of
trabecular bone with a diameter of 12 mm from the center of each bone ball image was cropped
out for analysis. For image segmentation, global optimum threshold values were chosen by
visual observation to include all trabeculae of the bone sphere. For some models, manual
modifications of the threshold values were implemented by visually comparing the segmented

image and the underlying original image for all CT images by only one observer.

The segmented spherical sub-volumes of the bone samples were then used for mesh
generation (Mimics V. 16.0, Meterialise NV, Plymouth, MI). Filters were applied to the volume
of voxels to close small holes, filter small isolated parts, smooth the surface and improve
connectivity of the model. Then a mesh of tetrahedral 4-point elements (C3D4) was created by
grouping every two neighbor voxels together. The 3-dimensional mesh model was exported to
ABAQUS version 6.10EF (Dassault Systemes, Inc., Providence, RI) (Figure 8). Certain notable
changes can be observed between finite element model and the CT image. These changes due
to the filters applied and the grouping of voxels can induce differences between the mechanical

properties between FEA and in vitro experiments. These differences are considered uniform
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throughout each model and independent of any tested orientation; therefore, do not affect the

comparison between mechanical properties in different tested orientations.

Figure 8 - Typical cross-section of the spherical bone model in ABAQUS (left) and the binarized
CT image of the same section (right). After converted from the DICOM image from pCT using
Mimics, the finite element mesh models used in the simulation were able to capture most of the
geometrical features of the bone samples and reproduce the original structure of the samples.

In the simulation, all seven bone ball models were loaded compressively in six
orientations, AP, ML, PD, ATTmax (PSO predicted by ultrasound attenuation), UVmax (PSO
predicted by ultrasound velocity) and MIL (PSO predicted by the longest vector of MIL tensor).
Trabecular bone tissue in the models was assumed as homogenous and linear elastic isotropic.
Density of 1739 kg/m® (Ashman and Rho, 1988) and Poisson’s ratio of 0.3 (Wirtz et al., 2000)
were assigned to the material properties of the models. The Young’s modulus assigned to each
bone ball model was back-calculated from in vitro validation mechanical testing. The average
Young’s modulus of seven bone balls is 15.9 GPa. As shown in Figure 9, along the loading
direction, two reference points (RP1, RP2) were defined 12 mm away from the center of the
bone ball, on opposite sides. Two sets of nodes (NS1, NS2) were defined in accordance to the
two reference points by using the following procedure: 1) two parallel planes perpendicular to
the loading direction axis were defined; 2) one of the planes was tangent to the bone ball surface,
and the other one was 0.2 mm into the bone ball; 3) the nodes between these two planes were

included in the node set. The node sets were generated through a custom MATLAB program.
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The nodes in NS1 and NS2 were applied coupling with RP1 and RP2 in all six degrees of
freedom. The introduction of RP1, RP2, NS1 and NS2 is to make sure that the compression
loading is normal to the surface of the spherical model and through the center of the model. For
the compressive loading, RP1 was pinned in all six degrees of freedom, while RP2 translated
towards to center of the bone ball along the loading direction coupling with all the nodes in NS2
for 2,000 pstrain, namely 0.024 mm. This loading was done over the duration of 1 second. The
reaction force of the whole model under the loading and the von Mises stress were recorded for
analysis. Based on the reaction force of the bone ball models, the apparent stiffness of the bone
samples in different loading orientations can be calculated by dividing the reaction force by the
loading displacement. To focus on the stiffness difference between different orientations, and to
eliminate the stiffness variance between different samples, the stiffness results in 6 orientations

of each model were normalized to the stiffness value in the MIL orientation.
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Figure 9 - For the boundary condition of the model, two sets of nodes (NS1, NS2) were defined
to couple with two reference points (RP1, RP2). RP1 and RP2 were both 12 mm away from the
center of the bone ball. The nodes in NS1 and NS2 (grey region in the schematic figure on the
right) were respectively coupling constrained with RP1 and RP2 in all six degrees of freedom.
During the loading, RP1 was encastred in all six degrees of freedom, and RP2 translated towards
the center of the bone ball along the loading direction coupling with all the nodes in NS2 for
2,000 pstrain.

4.2.4 Invitro mechanical testing of the trabecular bone balls

In vitro mechanical testing for the bone balls was performed to validate the model used in
FEA. All seven bone balls were thoroughly thawed for 3 hours before the mechanical testing.
Axial compressive loading was performed on a MTS MiniBionix 858 (MTS Corporation,
Minneapolis, MN) axial load frame with TestStar 1l control software and a 5 kN MTS 19F-01
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load cell. Two cylindrical holders were made of self-curing acrylic material to provide an
interface between the bone sample and the loading piston (Serra-Hsu et al., 2011). One surface of
the holder was polished flat with sand paper, and the other surface was made as a concave
surface with a spherical wax mode, which had the same diameter as the bone balls. This concave
surface created a bowl shape contact area about 1 mm deep to provide stable and uniformly
distributed loading over the contact interface between the holder and the bone balls (Figure 10).
The loading protocol began with a 50 N preload to make sure full contact between all the
interfaces and eliminate the effect caused by the surface conditions of the samples. The loading
then proceeded for 2,000 pstrain, namely 0.05 mm at the rate of 0.005 mm/s. The loading piston
retreated back after the compressive loading, and the same loading cycle was repeated for 5
times. Force applied to the bone sample and displacement of the loading piston were recorded to
calculate the apparent stiffness of the bone balls. For each bone ball sample, the compressive

loading was performed in three anatomical orthogonal orientations, AP, ML and PD.
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Figure 10 - Schematic representation of the in vitro mechanical testing set up. The bone ball was
placed between two cylindrical holders with concave surfaces. The holders are made of self-
curing acrylic, and each has one flat surface and one concave surface. The concave surfaces
created a bowl shape area about 1 mm in depth and provided stable and uniformly distributed
loading between the bone ball and the holder; the flat surface secured the stable and solid contact
between the holders and the loading piston or load cell.

4.2.5 Data analysis

All values are reported as mean * standard deviation. To confirm the normality of the
data, Shapiro-Wilk test was performed, and normality was determined at significance of W<0.05.
Repeat measures analysis of variance (ANOVA) and Tukey’s post-hoc test were used to detect
statistically significant differences between the normalized stiffness in different orientations. The
same statistics test was also performed to compare the normalized von Mises stress in different
tested orientations. Significance was determined at p<0.05, p<0.001 and p<0.0001. Correlations

between stiffness in the PSOs predicted by QUS parameters and microCT and between FEA and
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in vitro mechanical loading were determined by using multiple linear regressions and Pearson’s

correlation coefficient.
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4.3 Results

As reported in previous publication (Lin et al., 2012), the average angle difference
between the PSOs predicted by ultrasound attenuation (ATTmax) and CT is 11.6746.83< the
angle difference between prediction by ultrasound velocity (UVmax) and pCT is 4.4532.20°
The predictions from ATTmax and UVmax have an average angle difference of 8.96+47.48°.
While stiffness in UVmax direction had the highest value out of all tested orientations, ML
direction had the lowest value, 36.6% less than the stiffness in UVmax direction (p<0.001). The
other two anatomical orientations, AP and PD, were 14.6% and 27.6% (p<0.05), which is lower
than UVmax. Stiffness in ATTmax and MIL directions were only 2.9% and 3.8% lower than
UVmax (Figure 11). No statistical significance was found between the stiffness in the PSOs
predicted by ATTmax, UVmax and MIL. With further analysis, highly significant correlations
were also found between stiffness in the PSOs predicted by QUS parameters versus the longest
vector of MIL tensor; ATTmax vs. MIL, R?=0.98, p<0.001; UVmax vs. MIL, R?=0.92, p<0.001
(Figure 12). Von Mises stress was also reported from the FEA in the same normalized manner as
stiffness. Similar to stiffness, the Von Mises stress in the PSO predicted by UVmax has the
highest value, only 1% and 1.1% higher than ATTmax and MIL, but 6.4%, 21.8% (p<0.001) and
14.7% (p<0.05) higher than the values of AP, ML and PD, respectively (Figure 13).
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FEA stiffness normalized to MIL direction
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Figure 11 - The stiffness data from FEA was normalized to the values in the MIL orientations.
Significant difference was observed: AP vs. ML, p<0.05; ML vs. ATTmax, p<0.0001; ML vs.
UVmax, p<0.0001; ML vs. MIL, p<0.0001; PD vs. ATTmax, p<0.001; PD vs. UVmax, p<0.001,
PD vs. MIL, p<0.001. No significant difference was observed between the stiffness in the PSOs
predicted by ultrasound parameters and CT.
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Figure 12 - When comparing the stiffness from FEA of all seven bone ball models, highly
significant correlations were found between the stiffness in the PSOs predicted by QUS and |LCT.
(a) ATTmax vs. MIL, R?=0.98, p<0.001; (b) UVmax vs. MIL, R?=0.92, p<0.001.
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FEA von Mises stress normalized to MIL direction
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Figure 13 - The von Mises stress data was also normalized to the values in the MIL orientations.
Significant difference was observed: AP vs. ML, p<0.05; ML vs. ATTmax, p<0.0001; ML vs.
UVmax, p<0.0001; ML vs. MIL, p<0.0001; PD vs. ATTmax, p<0.05; PD vs. UVmax, p<0.05;
PD vs. MIL, p<0.05. No significant difference was observed between the von Mises stress in the
PSOs predicted by ultrasound parameters and UCT.
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Figure 14 - Comparison between the stiffness from both in vitro mechanical testing and FEA.
The stiffness data from two different tests followed the same trend. The average difference
percentage between the stiffness of two tests in the same orientation is 4.0%, and there is no

significant difference found.
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Figure 15 - Highly significant correlation was found between the stiffness data for all anatomical
orientations of all seven bone balls in FEA and in vitro mechanical testing (R?=0.61, p<0.001).

Similar to the data analysis of FEA, the slope of the loading force vs. loading
displacement curve was calculated as the stiffness of the bone sample from the in vitro
mechanical tests. The stiffness data from in vitro mechanical loading shows the same
AP>PD>ML trend as the FEA data. Stiffness in ML direction is 16.0% and 9.0% lower than AP
and PD. By comparing the stiffness from FEA and in vitro mechanical testing of the same
loading direction, no significant difference was found in all three orientations (Figure 14). By
pooling the stiffness data points of all anatomical orientations together, a highly strong and
significant correlation (R*=0.61, p<0.001) exits between the FEA and in vitro mechanical testing
(Figure 15).

4.4 Discussion

This study evaluated the mechanical properties of trabecular bone in various orientations

by using CT-based FEA method. The seven spherical trabecular bone samples were the same
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samples used in a previous study (Lin et al., 2012) to demonstrate the ability of QUS in detecting
the principal structural orientation. Therefore, performing the JFEA on the same bone specimens
not only served the purpose of validating such QUS prediction for PSO, but also helped to
provide new insights on the correlation between QUS prediction and the anisotropic mechanical

properties and microarchitecture of trabecular bone.

Previous studies (Hosokawa and Otani, 1997, Mizuno et al., 2010, Mizuno et al., 2009,
Yamamoto et al., 2009, Mizuno et al., 2008, Hosokawa, 2006, Hosokawa and Otani, 1998) all
suggested that when ultrasound waves propagate along the direction of the trabecular bone
alignment, ultrasound velocity is the fastest and the attenuation is the highest. The explanation
for this phenomenon is that the ratio of trabecular structure along its alignment is the highest and
the compression velocity of ultrasound in bone material is much higher than in water, and the
ultrasound attenuation coefficient of bone material is also much higher than water or marrow.
These findings all support our QUS prediction of PSO using either ATT or UV. The prediction
of UV has a smaller angle difference (4.459 with the MIL vector than the prediction of ATT
(11.679. This finding is in agreement with the work of Mizuno et al. (Mizuno et al., 2010), in
which the velocity of fast wave was shown to have a higher correlation with the MIL tensor than
the ultrasound attenuation. This study didn’t focus on separation of the overlapping fast and slow
waves. From the previous work, while the overlapping is observed, it didn’t affect distinguishing
the first high peak for the analysis of the signal arrival time. While the analysis of the ultrasound
velocity is based on the fast wave, the attenuation calculation takes both fast and slow waves into
consideration. This difference could be accountable for the angle difference between the PSO
predictions of UV and ATT. The prediction of fast wave ultrasound velocity is not only better
than attenuation by the average angle difference, but also by the angle variance of the
interception vectors li2, 113 and l,3. For the ease of comparing the angle difference of PSOs
predicted by QUS and pCT and investigating the effect of the trabecular orientation on the
mechanical properties, mean intercept length values of the PSOs predicted by ATTmax, UVmax

and the maximum MIL from pCT are listed in Table 5.

Table 5 - Tensor coordinates values of the maximum MIL orientation from the pCT system and
QUS measurement and the length of the vector in the MIL orientation |H2| in mm. The values of
the QUS parameters, ATTmax and UVmax are converted from the spherical coordinates system.
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These values are used in the calculation of the angle difference between the PSOs predicted by
LCT and QUS.

Bone 1 Bone 2 Bone 3 Bone 4 Bone 5 Bone 6 Bone 7

x  -0.04 0.70 -0.71 0.54 -0.04  -0.39 0.70
MIL y 042 -0.04 -0.02 -0.04 -0.78 -0.12 -0.08
z 050 0.33 0.25 -0.23 0.16 0.83 0.25
x  -0.12 0.81 -0.89 0.93 -0.31 -0.34 0.88
ATTmax y  0.34 -0.31 -0.19 -0.11 -0.88 -0.12 -0.14
z 093 0.50 0.41 -0.35 0.37 0.93 0.45
x  -0.16 0.89 -0.93 0.92 -0.09 -0.35 0.91
UVmax y  0.65 -0.07 -0.12 -0.08 094 014  -0.16
z 074 0.46 0.36 -0.39 0.32 0.93 0.39
IH2| (mm) 0.65 0.77 0.75 0.59 0.79 0.93 0.75

In our study, the average material elastic modulus assigned to the model, 15.9 GPa, was
in the range of the reported data of the previous studies (Ashman and Rho, 1988, Hosokawa and
Otani, 1997, Isaksson et al., 2010). This value was back-calculated based on the biomechanical
testing results, further proving the validity of the FEA model. According to the our previous
work (Lin et al., 2012), there are certain angle differences between PSOs predicted by QUS
parameters and UCT. Although these angle differences are relatively small, before this study, it
was unknown how much of a difference in mechanical properties this angle difference can
induce. It is very important to address that the PSO predicted by QUS not only has the highest
value in QUS measurement, but also has the highest mechanical properties. The development of
using QUS to predict PSO serves the purpose of finding the best orientation to perform QUS
measurement in order to get the highest correlation with mechanical properties. The loaded
volumes of the bone balls in the FEA model are the center subvolume of the real bone balls and
are smaller than the bone balls used in the mechanical test. This alteration resulted in the
variation of the structural orientation of the outer layer of the trabecular bone ball not being
analyzed in the FEA model. For the ROl of the QUS measurement, the ultrasound pulse
propagates through the center of the bone ball, comparable to the ROI of the in vitro mechanical
testing. In this study, due to the different ROIs used in the FEA model and QUS measurement,
the in vitro mechanical testing also serves as a transition method to compare the results of FEA
and QUS, besides validating the FEA model.
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The main goal of this study is to find out how much the mechanical properties
differentiate between the PSO predicted by QUS and the MIL orientation. Before the FEA, the
angle difference between the PSO and MIL was quantified by QUS measurement. However, it is
inappropriate to define whether this angle difference is “big” or “small” until the difference of
the mechanical properties is determined. The stiffness in the PSOs predicted by ATTmax and
UVmax are very close to the value in MIL orientation, with no significant differences. On the
other hand, a significant difference can be found between the stiffness in the anatomical
orientations and the QUS-predicted PSOs. These results lead to the conclusion that although the
PSOs predicted by QUS and CT have certain angle differences, the mechanical properties
measured in these PSOs are of the same level, having no significant differences. The significant
correlations between the stiffness in the PSO predicted by QUS parameters and MIL, in addition
to the small difference of stiffness value, further demonstrated the ability of QUS in finding the

principal orientation with the highest apparent stiffness.

It is noted that the correlation between the stiffness in the PSO predicted by UV and in
the MIL orientation is lower than the correlation between the stiffness in the PSO predicted by
the ATT and tin the MIL orientation, while the angle of the MIL orientation is more closer to the
angle of the PSO predicted by UV than by ATT. In this study, we are more focus on relative
comparison of mechanical properties in different orientations, the correlations between the
stiffness in the PSOs predicted by QUS parameters and MIL directions can show us the validity
of the FEA model in showing the relative relation of the mechanical properties in different
orientations. We do not have any direct evidence to show a smaller angle difference between two
orientations can lead to a higher correlation of mechanical properties in the two orientations.
While the difference of mechanical properties in two close orientations can be small because of
the small variation in structure, the correlations between the mechanical properties in these
orientations could be affected by many factors, e.g., the two outliers in the UVmax stiffness vs.
MIL stiffness graph. What we can conclude from the data presented in this paper is that the
stiffness in the PSO predicted by QUS is not significantly different from the stiffness in the MIL
direction. Further research on the geometrical distribution of the PSOs and MIL orientations
could provide more insight on the relation between the proximity of orientations and the

correlations of mechanical properties in the orientations.
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The aim of both loading conditions in the FEA and in vitro was to make sure the
compressive loading was normal to the sample surface, through the center of the bone ball and
aligned with the desired tested orientation. The introduction of the concave holder used in the in
vitro mechanical testing was able to stabilize the spherical bone sample during the compressive
loading, and apply the loading uniformly over the concave surface along the orthogonal
anatomical orientation of the bone ball sample. The linear translation of the reference point and
the coupling between it and the node group was also able to simulate the same loading condition
as the in vitro testing.

From our FEA analyses, von Mises stress was used to measure the equivalent stress to
predict local tissue failure. The von Mises stress which takes into consideration principal and
shear stresses of our bone model can predict the onset of bone yielding and indicate an increased
propensity for local stress concentrations which could lead to local tissue failure. Displacement
controlled compression loading protocol was used to ensure the same exertion of strain was
applied on all bone models in every tested orientation. Our data clearly indicates that under the
same compressive loading protocol, the distribution of von Mises stresses when loaded in the
PSOs predicted by QUS is similar to that of MIL orientation and significantly higher than other
anatomical orientations. While it is indicated that the local concentration of stress is higher in
those QUS orientations, it is also implied that it takes more work to deform the bone in these
PSOs due to the higher resistant force. The apparent stiffness data, combined with von Mises
stress data, comprehensively leads to the conclusion that QUS clearly predicts the geometrical
anisotropy nature of our bone models, and the PSOs predicted by QUS parameters not only have
the higher apparent stiffness, but also are more structurally stable and less likely to vyield,

compared to the anatomical orientations.

It should be recognized that the essential methodologies and mechanisms of predicting
such PSO are different when using QUS and LCT (Whitehouse, 1974). Researchers have shown
that there is a certain angle difference between the trabeculae alignment and the orthogonal
anatomical orientations (Pidaparti and Turner, 1997), between the loading milieu applied and the
force distribution pattern (Biewener et al., 1996), and between the principal orientation of the
loading environment and the principal alignment of the trabeculae (Gefen and Seliktar, 2004).

These findings all remind us of the fact that simply investigating the geometric parameters
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cannot provide a comprehensive understanding of how the microarchitecture of trabecular bone

is affected by the mechanical environment and react to it in return.

As a successive study of the previous work (Lin et al., 2012), this paper evaluates the
mechanical properties in the PSO predicted by QUS, thus validated the ability of QUS in
predicting such orientations. Future studies should take a step back and use this angle-dependent
mechanical information to understanding the mechanism of such QUS modality. One limitation
of this study is that successive compressive loading tests were performed on one sample in the in
vitro testing. Residual effects such as microcrack induced by the previous compressive loading
can affect the results of the latter testing in different orientation. To minimize such effect, the
compressive loading was controlled at 2000 pstrain, which is within the elastic deformation
range of trabecular bone and reported as the peak strain experienced by human in daily vigorous
activities (Burr et al., 1996, Burr et al., 1998, Rubin and Lanyon, 1984). With this study, it is
shown that although there is a certain angle difference between the PSOs predicted by QUS and
CT, the mechanical properties in these orientations are very close. A further study in the details
of the propagation of ultrasound wave in trabecular bone, combined with the comprehensive
information of the geometrical parameters, should be able to take us one step closer to the
answer of the very question: can we use gquantitative ultrasound to find the principal structural

orientation of trabecular bone, and why?
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5 Enhanced correlation between quantitative ultrasound parameters and structural and

mechanical properties using combined transmission-reflection measurement

5.1 Introduction

It is widely accepted that quantitative ultrasound (QUS) can quantify fracture risk (Bauer
et al., 1997, Hadji et al., 2000, Huopio et al., 2004), as well as predict fracture type
(Drozdzowska and Pluskiewicz, 2002). When ultrasound waves travel through trabecular bone, a
porous media, information regarding material properties, such as density, elastic modulus and
anisotropy can be calculated by evaluating two main ultrasound parameters, velocity and
attenuation (Njeh et al., 1999, Laugier, 2006). These two parameters are heavily influenced by
not only the quantity of bone mass, but also the macroarchitecture and alignment of trabeculae
(Mizuno et al., 2010). The anisotropic structure of trabecular bone is the result of adaptation to
its mechanical environment, according to “Wolff’s Law” (Wolff, 1896). Recent studies describe
the interaction between trabecular bone structural alignment and ultrasound wave (Cardoso and
Cowin, 2011, Cardoso and Cowin, 2012, Cowin and Cardoso, 2011, Lee et al., 2007, Mizuno et
al., 2009, Mizuno et al., 2008, Mizuno et al., 2010, Hosokawa and Otani, 1998, Han and Rho,
1998, Hosokawa, 2009b, Hosokawa, 2010, Hosokawa, 2011b, Hosokawa, 2011a, Liu et al.,
2014). These researchers all came to the same conclusion; that quantitative ultrasound is
sensitive enough to pick up the difference of structural and mechanical properties of trabecular
bone in different orientations, and generally provide more comprehensive information of bone

“quality” than simply bone “quantity”.

Our group and others reported a novel QUS method using a 3-dimensional rotational
ultrasound scan to predict the principal structural orientation (PSO) of spherical trabecular bone
specimens (Lin et al., 2012, Mizuno et al., 2010). This work demonstrated that ultrasound has the
ability to predict the trabecular structural orientation just as accurately as the current gold
standard—the longest vector of mean intercept length (MIL) tensor measured using micro
computed tomography (MCT). Further study utilized a finite element model of spherical
trabecular bone validated the QUS prediction of PSO (Lin et al., 2014). The mechanical
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properties in the PSO predicted by QUS are significantly higher than the anatomical orientations

and comparatively close to the longest vector of MIL tensor.

While traditional QUS measurement, especially of the human calcaneus, is performed in
medial-lateral orientation, the results of our previous work indicate that QUS measurement can
determine the structural alignment of trabecular bone and correlate strongly with mechanical
properties of the trabecular bone. By performing ultrasound scan in the critical orientations, the
prediction of mechanical properties can be improved from simply performing QUS measurement
conventionally in the anatomical orientations. This present study aims to improve the
correlations between QUS parameters and structural and mechanical properties of trabecular
bone by performing QUS measurement in the PSO determined by QUS. To progress from an
ideal spherical bone model used in the previous work, trabecular bone specimens with more
practical cubic geometry are tested. To eliminate the samples thickness difference in different
QUS scanning angles, reflection mode QUS as described by Xia et al. (Xia et al., 2007) is
performed to measure the sample thickness in different scanning orientations. The sample
thickness measured by reflection mode is combined with the transmission mode QUS scan to
evaluate the structural and mechanical properties.
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5.2 Materials and methods

5.2.1 Trabecular bone cubes preparation

24 trabecular bone cubes were harvested from the distal end of bovine femurs. The
samples were cut into 15-20 mm cubes using a slow speed diamond saw (Microslice, Metals
Research Limited, Cambridge, England) with constant water irrigation. The principal anatomical
orientations were marked on the surfaces of the bone samples as anterior-posterior (AP), medial-
lateral (ML) and proximal-distal (PD). The fat marrow among the trabeculae was flushed out
using dental water-pick. For preservation, the bone specimens were soaked in saline and 70%
ethanol “half-and-half” solution and stored in a 4<C refrigerator. Before quantitative ultrasound
measurement, the bone cubes were put into a vacuum chamber while in solution for three hours

to remove the air bubbles trapped among the trabeculae.
5.2.2 Quantitative ultrasound measurement

Quantitative ultrasound measurements were performed by using a scanning confocal
acoustic navigation (SCAN) system (Xia et al., 2007), consisted of a computer-controlled 2-
dimensional scanner unit and a pair of focused transducers (V302-SU-F2.00IN, Olympus NDT
Inc., Waltham, MA) with a center frequency of 1 MHz. The diameter of the transducers is 25.4
mm, and the confocal length of the transducers is 50.8 mm. The transducers were coaxially
installed 101.6 mm away from each other on a rotational stage, aligning with the center of the
bone cube which was wrapped in acoustic-wave-proof foam at the midpoint of the two
transducers. QUS measurements were performed in two orthogonal anatomical planes, frontal
plane and transverse plane, in a defined range of angle utilizing the rotational stage. As shown in
Figure 16, for QUS measurement on transverse plane, an angle range of 60° was defined with the
medial-lateral axis as the neutral axis. The QUS scans were performed in this 60° range with an
interval of 5°, namely a total of 13 scans on frontal plane for each sample. As for the QUS scan
on frontal plane, a similar angle range of 60° was also defined for the measurement with the
medial-lateral axis as the neutral axis. For each scanning angle on each anatomical plane, the

QUS measurement was performed in 2 different modes; transmission and reflection.
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Figure 16 - Schematic representations of the QUS measurement configuration on (a) transverse
plane and (b) frontal plane. For both planes, medial-lateral axis is used as the neutral axis, and
the QUS measurement is performed is a 60° angle range, #30° from the medial-lateral axis.
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Within the 60° angle scanning range, the interval between every two scans is 5°, resulting 13
scanning angles on each plane of each sample.

5.2.2.1 Transmission mode QUS measurement

The transmission mode QUS measures the interaction between the ultrasound wave and
trabecular bone, and therefore material properties of trabecular bone can be derived from the
received ultrasound wave after propagating through the bone sample. As shown in Figure 17 (a),
in transmission mode, an ultrasound wave was emitted by one transducer and received by
another after traveling through the trabecular bone cube sample. Two QUS parameters,
ultrasound attenuation (ATT) and ultrasound velocity (UV) were calculated using the classic

substitution method (Langton et al., 1984). ATT is calculated using the following equation:

ATT =10log,, [:ij (5.1)

2

Where 1; and I, are the intensity of reference and sample wave, calculated by integrating the

amplitude of the received pulse over time. UV is calculated using the following equation:

UV = C.d

__Ga 5.2
d-C At ©.2)

Where C; is the velocity of ultrasound in water, 4z is the arrival time difference between
reference and sample wave and d is the diameter of the bone sample. In this study, the first high
peak of the fast wave is used as the landmark to calculate the time difference 4¢.

5.2.2.2 Reflection mode QUS measurement

The reflection mode ultrasound scan was utilized to measure the thickness of trabecular
bone for each scanning angle. In this mode, the echo of the ultrasound wave off of the surface of
the bone cube sample is picked up by the same transducer which emitted the ultrasound wave.
The same measurement was repeated using both transducers to calculate the distance between

the transducers and bone cube, d; and d,:
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dl = Crt1
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Where C; is the velocity of ultrasound in water, t; and t, are the time taken for the
ultrasound pulses from both transducers to bounce back off the surface of the bone cube and

return to the transducers. With d; and d,, the thickness of the bone cube d was calculated:
d=D-d,—d, (5.4)

Where D is the distance between the two transducers, 101.6 mm. Figure 17 (b) illustrates
the relation of the measuring of the distances. Then, the calculated bone cube thickness d was
used in equation (5.2) to calculate the ultrasound velocity and normalize the ultrasound
attenuation calculated using equation (5.1).
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Figure 17 - Schematic representation of (a) transmission mode QUS measurement and (b)
reflection mode measurement. For transmission mode, ultrasound wave is emitted by one
transducer and received by the other transducer on the side of the sample after propagating
through the sample. For reflection mode, each transducer emits its own ultrasound wave signal
and picks up the echo bounced back off the surface of the sample. Based on the time of flight of
the echo, the distances between the sample surface and the transducer, d; and d,, can be
determined. The sample thickness can also be calculated, given the distance between two
transducers D.

5.2.2.3 Combination of transmission and reflection modes of QUS measurement

The attenuation data from the transmission mode QUS measurement was normalized to
the sample thickness in the corresponding scanning angle, which was obtained from the
reflection mode QUS measurement. Ultrasound velocity in transmission mode was also
calculated based on the sample thickness from reflection mode measurement. For attenuation, the
angle with the highest normalized attenuation value was considered to be along the structural
orientation of the trabecular architecture. The normalized attenuation value was denoted as
ATT+.r, while the conventional attenuation value in the medial-lateral orientation was denoted as

ATTwm.L. The same calculation was also applied to the ultrasound velocity data. The highest
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normalized velocity value among all scanning angles was denoted as ATT+.g, and the velocity

value in the medial-lateral orientation was denoted as UV ...
5.2.3 CT imaging

PCT imaging with a resolution of 30 m was performed on each trabecular bone cube
using a PCT 40 system (SCANCO Medical AG, Brditisellen, Switzerland) to analyze the
structural properties, such as structural model index (SMI), bone volume fraction (BV/TV), bone
surface density (BS/BV), trabecular bone number (Th.N), trabecular thickness (Tb.Th),
trabecular spacing (Th.Sp) and degree of anisotropy (DA).

5.2.4 Compressive mechanical loading

Compressive mechanical loading was performed on a MTS MiniBionix 858 (MTS
Corporation, Minneapolis, MN) axial load frame with TestStar Il control software and a SMT2-
2000N load cell (Interface Inc., Scottsdale, AZ). A smooth curved nail head was placed on the
top surface of the bone cube to guide the loading force from the loading piston along the normal
orientation of the bone cube surface. This method overcame the slight deviation from the
parallelism between the top and bottom surfaces of the bone cube (Mittra et al., 2008). The
loading protocol began with a 50 N preload to make sure full contact between interfaces and
eliminate effects caused by the surface conditions of the samples. The loading then proceeded for
2,000 pstrain at the rate of 0.005 mm/s to minimize the effect caused by the viscosity of bone
material. The loading piston retreated back after the compressive loading, and the same loading
cycle was repeated for 5 times. The force and displacement data recorded by the system was then

used to calculate the Young’s modulus (E) of the bone cube using the following equation:

E_Fd

TN (5.5)

Where F is the loading force of the piston, | is the displacement of the loading piston, d is the

thickness of the sample and A is the cross section area perpendicular to the loading orientation.
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5.2.5 Data analysis

Linear correlation analysis was performed between the ultrasound parameters and the
structural parameters, and between the ultrasound parameters and the mechanical property.
Further analysis of covariance (ANCOVA) was made between the correlations of conventional
QUS scan in medial-lateral orientation and the combined transmission-reflection method to
evaluate the improvement of adapting the new QUS method. ANCOVA was performed using

SPSS, in which p-value less than 0.05 was considered significant.
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5.3 Results

The thickness of the bone cubes in medial-lateral orientation was measured using a

caliper to validate the accuracy of the reflection mode ultrasound scan. The reflection mode QUS

demonstrated significant agreement with the thickness determined by caliper with correlation

coefficient R?=0.87 (Figure 18). The mean, standard deviation, range and the 95% confidence

interval of the structural, mechanical and QUS parameters are listed in Table 6.

Thickness measured by R-mode QUS (mm)
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Figure 18 - Linear regression analysis of the sample thickness measured by caliper and reflection
mode QUS shows high linear correlation (R?> = 0.87). This high correlation between two
measurements validates the accuracy of the reflection mode QUS measurement.

Table 6 - Mean, standard deviation, maximum, minimum and the 95% confidence interval of the
measured structural, mechanical and QUS parameters.

Mean SD Maximum Minimum 95% CI
Structural
SMI -0.43 1.06 1.51 -2.12 -0.85-0.00
BVITV 0.39 0.10 0.54 0.18 0.35-0.43
BS/BV (1/mm) 10.01 2.27 14.77 6.71 9.11-10.92
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Th.N (1/mm) 1.85 0.20 2.24 1.33 1.77-1.93

Th.Th (mm) 0.21 0.05 0.30 0.14 0.19-0.23
Th.Sp (mm) 0.34 0.09 0.62 0.23 0.30-0.38

DA 1.69 0.29 2.39 1.32 1.57-1.81
Mechanical

Modulus (MPa)  304.16 73.07 444.86 120.06 274.92 - 333.39
QUS (transverse)

ATTwmL
(dB/mm) 0.83 0.16 1.15 0.60 0.77-0.90
ATTrr (dB/mm) 0.95 0.19 1.30 0.60 0.87-1.02

UVm.L (mm/s)  1566.84 67.28 1728.80  1454.13  1539.93 - 1593.76
UV1.r (Mmm/s)  1600.28 76.87 1777.05  1484.87 1569.53 - 1631.04
QUS (frontal)

ATTw
(dB/mm) 0.86 0.18 1.25 0.58 0.79 - 0.93
ATTrg (B/mm)  0.96 0.19 1.33 0.61 0.89-1.04

UVm.L (mm/s)  1577.41 75.42 1731.35 1446.00 1547.23 - 1607.58
UV1r (Mmm/s)  1626.40 86.27 1779.96 1487.80  1591.88 - 1660.91

5.3.1 QUS measurement on transverse plane

The transmission ATT data was normalized to the sample thickness obtained from
reflection mode measurement. On transverse plane, the average of ATTy.. was 0.83#0.16
dB/mm, significantly 12% lower than the average of ATTtrg, 0.9440.19 dB/mm (p<0.05). The
linear correlation between ATTw. and ATTrr was significant (R?=0.79, p<0.001). For
ultrasound velocity, the average of UVy. 1566.84367.28 m/s was only 2% lower than the
average of UVyg, 1600.28476.87 m/s, and the linear correlation between them was also
significant (R?=0.86, p<0.001).

The correlation between ultrasound parameters and both structural and mechanical
parameters are listed in Table 7. No significant correlation was found between QUS parameters
and degree of anisotropy. All other structural or mechanical parameters have significant
correlation with at least one QUS parameter, either ATT or UV.

Table 7 - Linear correlation coefficient (R) between QUS parameters on transverse plane and
structural and mechanical parameters. All structural or mechanical parameters have significant
correlations with at least one QUS parameters, except for DA.

ATTw.L ATTrr UVm-L UVrr
(dB/mm) (dB/mm) (mml/s) (mml/s)
SMI -0.66*** -0.70*** -0.47* -0.46*
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BVITV 0.68*** 0.73*** 0.44* 0.45*

BS/BV (1/mm) -0.62%* -0.73%** -0.35 -0.40
Th.N (1/mm) 0.56** 0.48* 0.58** 0.46*
Th.Th (mm) 0.59** 0.72%** 0.29 0.36
Th.Sp (mm) -0.69%** -0.71%** -0.54** -0.49*

DA 0.12 0.24 0.02 0.13

Modulus (MPa) 0.61** 0.69*** 0.46* 0.46*

(* - p<0.05, ** - p<0.01, *** - p<0.001)
ANCOVA test showed that ATT+.r has significant higher correlations with BS/BV (p<0.05),
Th.Th (p<0.01) and DA (p<0.05), when compared to ATTw- (
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Table 8). As for ultrasound velocity measurement, UVt only showed significantly improved
prediction for Th.N (p<0.05) and Th.Th (p<0.001), when compared to UV (Table 9).
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Table 8 - Comparison of the correlation coefficients (R) between ultrasound attenuation on
transverse plane and structural and mechanical parameters shows that ATTt.r has significant
better prediction for BS/BV, Th.Th and DA than AT T ...

ATTue  ATTrr 0

SMI -0.66 -0.70 N.S.
BV/TV 0.68 0.73 N.S.
BS/BV (I/mm)  -0.62 073 <0.05
Th.N (1/mm) 0.56 0.48 N.S.
Th.Th (mm) 0.59 0.72 <0.01
Th.Sp (mm) -0.69 -0.71 N.S.
DA 0.12 0.24 <0.05
Modulus (MPa)  0.61 0.69 N.S.

Table 9 - Comparison of the correlation coefficients (R) between ultrasound velocity on
transverse plane and structural and mechanical parameters shows that UVtg has significant
better prediction for Th.N and Th.Th than UV..

UVmL UVtr p

SMI -0.47 -0.46 N.S.

BV/TV 0.44 0.45 N.S.

BS/BV (1/mm) -0.35 -0.40 N.S.
Th.N (1/mm) 0.58 0.46 <0.05
Tb.Th (mm) 0.29 0.36 <0.001

Th.Sp (mm) -0.54 -0.49 N.S.

DA 0.02 0.13 N.S.

Modulus (MPa) 0.46 0.46 N.S.

5.3.2 QUS measurement on frontal plane

For QUS measurement in the frontal plane, the average of ATTy.. was 0.8630.17
dB/mm, 10.37% lower than the average of ATTr., 0.9640.19 dB/mm. The linear correlation
between ATTm.. and ATTr.r Was significant (R°=0.87, p<0.001). For ultrasound velocity, the
average of UV 1581.85473.84 m/s was 2.3% lower than the average of UV, 1619.72481.62

m/s, and the linear correlation between them was also significant (R=0.91, p<0.001).

The correlation between ultrasound parameters and both structural and mechanical

parameters are listed in Table 10. No significant correlation was found between QUS parameters
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and degree of anisotropy. All other structural or mechanical parameters had significant
correlation with both ATT and UV. Furthermore, almost all correlation coefficient values from

the measurement in frontal plane were higher than those from the measurement on transverse
plane, excepting correlation between ATTy.. and Th.N.
Table 10 - Linear correlation coefficient (R) between QUS parameters on frontal plane and

structural and mechanical parameters. All structural or mechanical parameters have significant
correlations with QUS parameters, except for DA.

ATTm.L ATTrr UVm.L UVrr
(dB/mm) (dB/mm) (mm/s) (mm/s)
SMmI -0.73%** -0.81%** -0.67%** -0.75%**
BV/TV 0.75%** 0.83*** 0.73%** 0.79%**
BS/BV (1/mm) -0.69%** -0.81*** 0.56** -0.64%***
Tb.N (1/mm) 0.56** 0.58** 0.59%* 0.62%*
Tb.Th (mm) 0.67*** 0.80*** 0.52%* 0.62**
Th.Sp (mm) -0.74%** -0.79%*** -0.66%*** -0.73%**
DA 0.19 0.35 0.28 0.24
Modulus (MPa) 0.61** 0.73%** 0.50* 0.59**

(* - p<0.05, ** - p<0.01, *** - p<0.001)

Combined transmission-reflection QUS measurement showed significantly improved
correlation with mechanical and structural parameters in the frontal plane than transverse plane
measurement. ATT+.g had significantly higher correlations with SMI (p<0.01), BV/TV (p<0.01),
BS/BV (p<0.001), Tb.Th (p<0.001), DA (p<0.05) and Young’s Modulus (p<0.001), when
compared to ATTwm.. (Table 11). As for ultrasound velocity measurement, UV1.r showed
significantly improved prediction for SMI (p<0.01), BV/TV (p<0.05), BS/BV (p<0.05), Th.Th
(p<0.01), Tb.Sp (p<0.05) and Young’s Modulus (p<0.01), when compared to UV .. (Table 12).

Table 11 - Comparison of the correlation coefficients (R) between ultrasound attenuation on
frontal plane and structural and mechanical parameters shows that ATTr.r has significant better
prediction for SMI, BV/TV, BS/BV, Th.Th, DA and Modulus than AT T ...

ATTuL ATTTtr P
SMI -0.73 -0.81 <0.01
BV/TV 0.75 0.83 <0.01
BS/BV (1/mm) -0.69 -0.81 <0.001
Tb.N (1/mm) 0.56 0.58 N.S.
Th.Th (mm) 0.67 0.80 <0.001
Tb.Sp (mm) -0.74 -0.79 N.S.
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DA 0.19 0.35 <0.001
Modulus (MPa) 0.61 0.73 <0.001

Table 12 - Comparison of the correlation coefficients (R) between ultrasound velocity on frontal
plane and structural and mechanical parameters shows that UVtr has significant better
prediction for SMI, BV/TV, BS/BV, Th.Th, Th.Sp and Modulus than UV ...

UVM.L UVT.R p

SMI -0.67 -0.75 <0.01
BVITV 0.73 0.79 <0.05
BS/BV (1/mm) -0.56 -0.64 <0.05
Tb.N (1/mm) 0.59 0.62 N.S.
Th.Th (mm) 0.52 0.62 <0.01
Th.Sp (mm) -0.66 -0.73 <0.05
DA 0.28 0.24 N.S.
Modulus (MPa) 0.50 0.59 <0.01
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5.4 Discussion

This study is designed to combine transmission and reflection modes of QUS
measurement to improve the prediction for the structural and mechanical properties of trabecular
bone. Our previous works have shown that the correlation between QUS measurement and
mechanical strength of trabecular bone is highly orientation-dependent, in the manner that the
orientation in which ultrasound attenuation and velocity peak has the highest mechanical strength
(Lin et al., 2012, Lin et al., 2014). These previous results were obtained from ideal spherical
trabecular bone specimens or models, of which sample thickness remained the same for all
measuring orientations. To progress from ideal model to realistic bone geometry, this present
study employs cubic trabecular bone sample as an interim model to explore the feasibility of
applying QUS technique on real human bones. The cubic model gives rise to the need of taking
the varying sample thickness in different scanning orientations into consideration. Reflection
mode QUS is a well-established method of measuring the distance between an object and the
ultrasound transducer, based on the time of flight of the reflected echo. The high linear
correlation shown in Figure 18 between the medial-lateral thickness measured by caliper and

reflection mode QUS validated the accuracy of such distance measurement.

The intended application of this technique is to scan clinically critical sites very rich in
trabecular bone that have high fracture risk, such as the human calcaneus. As mentioned before,
the current QUS protocol for calcaneus only includes scanning in the medial-lateral orientation,
in which the results may not be the best predictor for the mechanical strength. Considering the
physiological location of calcaneus and its surrounding structure, QUS in the frontal and
transverse planes was performed to evaluate the efficacy of this combined QUS measurement
and to develop the proper protocol to apply it. As shown in Table 8, Table 9, Table 11 and Table
12, linear correlations between QUS and structural and mechanical properties in the frontal plane
are generally higher than those in the transverse plane. This trend is expected because the frontal
plane is more aligned to the weight bearing orientation, provided that the samples used in this
study are from bovine distal femur, and the future intended measuring site is human calcaneus. It
is also observed that significant prediction of elastic modulus was only found in measurement in

the frontal plane, not in the transverse plane. This finding supports that measurement in the
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frontal plane is a better configuration and can provide information more relevant to the

mechanical properties than the transverse plane.

Most structural and mechanical parameters have significant correlations with both QUS
parameters and in both anatomical planes, except for DA. Degree of anisotropy, defined as the
ratio of the longest vector of the mean intercept length (MIL) tensor over the shortest vector, is
based on the calculation of MIL tensor (Whitehouse, 1974). Therefore to obtain a reliable
prediction of degree of anisotropy using QUS, a complete 3-D measurement over the specimen is
required. In this study, QUS measurement was only performed on 2 anatomical planes and
within a 60° angle range, and was not able to ensure that the longest and shortest vector of MIL
tensor were included in the scanning orientations. While this confined scanning range is a
limitation of this QUS technique, it is also realistic, given the fact that full 360° QUS is not
possible on any of the 3 anatomical planes for human calcaneus because of the existence of other
bones like tibia and tarsal bones. Therefore, a confined 60° scanning angle range in the frontal
and transverse plane is a practical approach to collect orientation-dependent QUS information in

a physiologically feasible configuration.

The results show that combined transmission-reflection QUS significantly improves the
ability to determine the structural and mechanical properties when compared to the conventional
QUS measurement in medial lateral orientation. This improvement is achieved by taking
additional consideration of the different sample thickness in different scanning orientations and
the fact that QUS information more aligned to the weight bearing orientation is more correlated
with the mechanical strength. Figure 19 (a) details the attenuation data in the frontal plane of a
bone cube sample before being normalized to the samples thickness. From all the scanning
orientations, medial-lateral (0 has the lowest attenuation value (12.79 dB), whereas
measurements in +30<and -30orientations have relatively higher values (15.42 dB and 15.61
dB). The longer sample thickness in these orientations contributed to the higher ultrasound
attenuation values. By normalizing the attenuation values to the corresponding sample
thicknesses, the data in Figure 19 (b) shows that QUS measurements at +30° have the highest
normalized attenuation value (0.86 dB/mm) and are chosen to represent this sample in the
correlation analysis with structural and mechanical properties. As shown in Figure 20, this

method significantly improved the correlation between ultrasound attenuation and BV/TV. The
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same mechanism applies to the ultrasound velocity analysis, in which sample thickness plays an
intrinsically important role in the calculation process, as indicated in equation (5.2). It has been
reported by Xia et al. (Xia et al., 2007) that a subtle change in sample thickness can cause
significant difference in ultrasound velocity calculation, which implies that simply assume a
uniform sample thickness for ultrasound measurement can cause error that leads to inaccurate

prediction for bone strength and fracture risk.
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Figure 19 - Attenuation values of a bone cube sample in all scanning angles on frontal plane (a)
before and (b) after normalization the sample thickness in each scanning angle. Before
normalization, medial-lateral orientation (0<) has the loweat attenuation value (12.79 dB),
whereas measurements in +30 “and -30 <orientations have relatively higher values (15.42 dB and
15.61 dB). After normalization, QUS measurement in +30<° has the highest normalized
attenuation value (0.86 dB/mm) and is chosen to represent this sample in the correlation analysis
with structural and mechanical properties.
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Figure 20 - Linear correlation between ultrasound attenuation (ATT) and bone volume fraction
(BVITV) using (a) traditional QUS (ATTy..) in medial-lateral orientation and (b) combined
transmission-reflection QUS (ATTr.r) in the frontal plane. Correlation of ATTrr vs. BV/TV (R?
= 0.69) is significantly higher than ATTy.. vs. BV/TV (R? = 0.56), p<0.01.
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5.5 Conclusion

Reflection mode QUS scanning can accurately measure the sample thickness in different
scanning orientations; such sample thickness can be used to normalize the transmission mode
QUS data, thus to determine the peak normalized QUS parameters. The normalized QUS values
demonstrate significantly improved correlations with structural and mechanical properties of
trabecular bone, when compared to the QUS values obtained from current QUS measurement
protocol. This improvement indicates that better prediction for bone strength and fracture risk
can be achieved by applying this combined transmission-reflection QUS measurement in proper

clinical environment.
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6 Trabecular Bone Architectural and Strength Assessment with Angle Sensitive
Transmission and Reflection Measurement in Human Calcaneus using Quantitative

Ultrasound

6.1 Introduction

Quantitative ultrasound (QUS) is capable of quantifying fracture risk (Bauer et al., 1997,
Hadji et al., 2000, Huopio et al., 2004), as well as predict fracture type (Drozdzowska and
Pluskiewicz, 2002). Ultrasound velocity and attenuation are the two primary QUS parameters
used in predicting structural and mechanical properties of bone, such as density, elastic modulus
and anisotropy (Njeh et al., 1999, Laugier, 2006). These parameters are heavily influenced by
not only the quantity of bone mass, but also the macroarchitecture and alignment of trabeculae
(Mizuno et al., 2010). The anisotropic structure of trabecular bone is the result of adaptation to
its mechanical milieu, according to “Wolff’s Law” (Wolff, 1896). Recent studies describe the
interaction between trabecular bone structural alignment and ultrasound wave (Cardoso and
Cowin, 2011, Cardoso and Cowin, 2012, Cowin and Cardoso, 2011, Lee et al., 2007, Mizuno et
al., 2009, Mizuno et al., 2008, Mizuno et al., 2010, Hosokawa and Otani, 1998, Han and Rho,
1998, Hosokawa, 2009b, Hosokawa, 2010, Hosokawa, 2011b, Hosokawa, 2011a, Liu et al.,
2014). These data suggested that QUS is sensitive enough to pick up the difference of structural
and mechanical properties of trabecular bone in different orientations, and generally provide
more comprehensive information of bone “quality,” such as architecture and strength of bone,

than simply bone “quantity,” e.g., bone density.

With the current technology, it is estimated that nearly 80% of the variation of QUS
parameters can be explained by bone quantity with an additional 8-17% contributed by bone
architectural parameters (Nicholson et al., 2001, Cortet et al., 2004), which means 50-70% of the
variation of bone elasticity and strength can be predicted by QUS parameters (Langton et al.,
1996, Han et al., 1997, Bouxsein and Radloff, 1997, Hakulinen et al., 2005, Toyras et al., 2002),
leaving a big margin for technical improvement. As the most popular site for in vivo QUS
measurement, human calcaneus is easily accessible and constituted by 90% trabecular bone,

which can display bone metabolic changes before cortical bone due to a higher metabolic
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turnover rate (Njeh et al., 1999). The relatively flat and parallel lateral surfaces and thin
overlaying soft tissue are ideal for transmission mode of QUS measurement. The commonly used
QUS devices for calcaneus scan adapt a transmission configuration in which a transmitter and a
receiver are placed on the medial and lateral sides of the calcaneus, respectively. In this
configuration, the calculation of ultrasound attenuation, as introduced by Langton et al. as the
classic substitution method (Langton et al., 1984), utilizes a reference wave signal obtained
through water to compare to the wave signal received with the human foot positioned between
the two ultrasound transducers. Since BMD measured by DXA is the current gold standard for
the diagnosis of osteoporosis, research has been performed to evaluate the relationship between
QUS parameters and calcaneal BMD measured by DXA. The correlation coefficient (R) varied
between 0.49 and 0.81 (Laugier and Halat, 2011).

To improve the ability of QUS to correlate with BMD, mechanical properties of
calcaneus, one possible solution is to take the microstructure of trabecular bone into
consideration for the scanning orientation. Our group and others reported a novel QUS method
using a 3-dimensional rotational ultrasound scan to predict the principal structural orientation
(PSO) of spherical trabecular bone specimens (Lin et al., 2012, Mizuno et al., 2010). This work
demonstrated that ultrasound has the ability to predict the trabecular structural orientation just as
accurately as the current gold standard—the longest vector of mean intercept length (MIL) tensor
measured using micro computed tomography (CT). Further study utilized a finite element
model of spherical trabecular bone validated the QUS prediction of PSO (Lin et al., 2014). The
mechanical properties in the PSO predicted by QUS are significantly higher than the anatomical

orientations and comparatively close to the longest vector of MIL tensor.

While traditional QUS measurement, especially of the human calcaneus, is performed in
medial-lateral orientation, the results of our previous work indicate that QUS measurement can
determine the structural alignment of trabecular bone and correlate strongly with mechanical
properties of the trabecular bone. By performing ultrasound scan in the critical orientations, the
prediction of mechanical properties can be improved from simply performing QUS measurement
conventionally in the anatomical orientations. This present study aims to improve the
correlations between QUS parameters and structural and mechanical properties of trabecular

bone by performing QUS measurement in the PSO determined by QUS. To progress from an
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ideal spherical bone model to a more clinically relevant configuration, human cadaver calcanei
specimens are tested. To eliminate the effect caused by irregular geometry and samples thickness
difference in different QUS scanning angles, reflection mode QUS as described by Xia et al.
(Xia et al.,, 2007) is performed to measure the sample thickness in different scanning
orientations. The sample thickness measured by reflection mode is combined with the

transmission mode QUS scan to evaluate the structural and mechanical properties.
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6.2 Materials and methods

6.2.1 Calcaneus sample preparation

55 human cadaver calcanei were harvested from the anatomical lab at Stony Brook
University Medical School and were kept frozen at -40 C°. The age span of the cadavers ranged
from 53 to 92. The soft tissue on the calcaneus was carefully cleaned off by using surgical
scalpel. Anatomical orientations were marked on the surface of the bone samples using

permanent marker.
6.2.2 DXA measurement

The 55 intact calcanei were scanned in a DXA machine (Hologic QDR 4500A) with the
lumbar spine settings in array mode. For each sample, the volume of interested (VOI) being
scanned was the posterior part where the lateral and medial surfaces are relatively flat and
parallel. DXA instrument operation, data collecting and bone mineral density (BMD) calculation

was all performed by certified technician from Stony Brook Osteoporosis Center.
6.2.3 VivaCT imaging

VivaCT imaging with a resolution of 39 pm was performed on each calcaneus using a
VivaCT 40 system (SCANCO Medical AG, Brditisellen, Switzerland) to analyze the structural
properties, such as connectivity density (Conn-Dens.), structural model index (SMI), bone
volume fraction (BV/TV), bone surface density (BS/BV), trabecular bone number (Th.N),
trabecular thickness (Tb.Th), trabecular spacing (Th.Sp) and degree of anisotropy (DA). The
VOI being analyzed in the vivaCT is the same VOI in the DXA measurement for BMD.

6.2.4 Quantitative ultrasound measurement

Quantitative ultrasound measurements were performed by using a scanning confocal
acoustic navigation (SCAN) system (Xia et al., 2007), consisted of a computer-controlled 2-
dimensional scanner unit and a pair of focused transducers (V302-SU-F2.00IN, Olympus NDT
Inc., Waltham, MA) with center frequency of 1 MHz. The diameter of the transducers is 25.4

mm, and the confocal length of the transducers is 50.8 mm. In order to infiltrate the calcanei with
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degassed water to eliminate the air bubbles within the trabecular structure, a trabecular cylinder
of 23 mm diameter was drilled out of the calcaneus along medial-lateral orientation at the
relatively flat region of posterior part of the calcaneus, keeping the cortical bone plate on both
ends of the bone cylinder (Figure 21). The fat marrow among the trabeculae was flushed out
using dental water-pick. The trabecular bone cylinder was then put in degassed water bath in a

vacuum chamber for 6 hours to ensure no air bubble is trapped in the bone cylinder.
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Figure 21 - Schematic representations of the QUS measurement configuration from the posterior
view of the calcaneus. A cylinder of 23 was drilled out of the calcaneus along medial-lateral
orientation at the relatively flat region of posterior part of the calcaneus, keeping the cortical
bone plate on both ends of the bone cylinder. The cylinder is shown as the volume between two
parallel dash lines in this figure. Medial-lateral (M-L) axis is used as the neutral axis, and the
QUS measurement is performed is a 40° angle range, #220° from the M-L axis. Within the 40°
angle scanning range, the interval between every two scans is 5°, resulting 9 scanning angles for
each sample.

During QUS measurement, the transducers were coaxially installed 101.6 mm away from
each other on a rotational stage, aligning with the center of the bone cylinder which was wrapped
in acoustic-wave-proof foam at the midpoint of the two transducers. QUS measurements were
performed in the frontal in a defined range of angle utilizing the rotational stage. As shown in
Figure 21, an angle range of 40< x20°from medial-lateral axis, was defined with the medial-

lateral axis as the neutral axis. The QUS scans were performed in this 40° range with an interval
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of 5°, namely a total of 9 scans for each sample. For each scanning angle on each anatomical

plane, the QUS measurement was performed in 2 different modes; transmission and reflection.
6.2.4.1 Transmission mode QUS measurement

The transmission mode QUS measures the interaction between the ultrasound wave and
trabecular bone, and therefore material properties of trabecular bone can be derived from the
received ultrasound wave after propagating through the bone sample. As shown in Figure 22 (a),
in transmission mode, an ultrasound wave was emitted by one transducer and received by
another after traveling through the trabecular bone cylinder sample. Two QUS parameters,
ultrasound attenuation (ATT) and ultrasound velocity (UV) were calculated using the classic
substitution method (Langton et al., 1984). ATT is calculated using the following equation:

ATT =10log,, (:ij (6.1)

2

Where 1; and I, are the intensity of reference and sample wave, calculated by integrating the

amplitude of the received pulse over time. UV is calculated using the following equation:

UV = C.d

__&a 6.2
d-C At ©.2)

Where C, is the velocity of ultrasound in water, 4¢ is the arrival time difference between
reference and sample wave and d is the diameter of the bone sample. In this study, the first high

peak of the fast wave is used as the landmark to calculate the time difference 4¢.
6.2.4.2 Reflection mode QUS measurement

The reflection mode ultrasound scan was utilized to measure the thickness of trabecular
bone for each scanning angle. In this mode, the echo of the ultrasound wave off of the surface of
the bone cylinder sample is picked up by the same transducer which emitted the ultrasound
wave. The same measurement was repeated using both transducers to calculate the distance

between the transducers and bone cylinder, d; and da:
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dl = Crt1

6.3
dz :Crtz (63)

Where C; is the velocity of ultrasound in water, t; and t, are the time taken for the ultrasound
pulses from both transducers to bounce back off the surface of the bone cylinder and return to the

transducers. With d; and d,, the thickness of the bone cylinder d was calculated:
d=D-d,—d, (6.4)

Where D is the distance between the two transducers, 101.6 mm. Figure 22 (b) illustrates the
relation of the measuring of the distances. Then, the calculated bone cylinder thickness d was
used in equation (6.2) to calculate the ultrasound velocity and normalize the ultrasound
attenuation calculated using equation (6.1).
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Figure 22 - Schematic representation of (a) transmission mode and (b) reflection mode QUS
measurements. For transmission mode, ultrasound wave is emitted by one transducer and
received by the other transducer on the side of the sample after propagating through the sample.
For reflection mode, each transducer emits its own ultrasound wave signal and picks up the echo
bounced back off the surface of the sample. Based on the time of flight of the echo, the distances
between the sample surface and the transducer, d; and d,, can be determined. The sample
thickness can also be calculated, given the distance between two transducers D.

6.2.4.3 Combination of transmission and reflection modes of QUS measurement

The attenuation data from the transmission mode QUS measurement was normalized to
the sample thickness in the corresponding scanning angle, which was obtained from the
reflection mode QUS measurement. Ultrasound velocity in transmission mode was also
calculated based on the sample thickness from reflection mode measurement. For attenuation, the
angle with the highest normalized attenuation value was considered to be along the structural
orientation of the trabecular architecture. The normalized attenuation value was denoted as
ATTr.r, while the conventional attenuation value in the medial-lateral orientation was denoted as

ATTwm.L. The same calculation was also applied to the ultrasound velocity data. The highest
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normalized velocity value among all scanning angles was denoted as ATT+.r, and the velocity

value in the medial-lateral orientation was denoted as UV ...
6.2.5 Compressive mechanical loading

Compressive mechanical loading was performed on a Bose TestBench loading system
(ElectroForce Group, Bose Corporation, Eden Prairie, MN) with a 100 Ib load cell. A slow speed
diamond saw (Microslice, Metals Research Limited, Cambridge, England) with constant water
irrigation was used to cut off the uneven cortical end plates of the cylinder sample. The loading
protocol began with a 10 N preload to make sure full contact between interfaces and eliminate
effects caused by the surface conditions of the samples. The loading then proceeded at the rate of
0.005 mm/s to minimize the effect caused by the viscosity of bone material. The force and
displacement data recorded by the system was then used to calculate the Young’s modulus (E) of

the bone cylinder using the following equation:

E_Fd

1A (6.5)

Where F is the loading force of the piston, | is the displacement of the loading piston, d is the

thickness of the sample and A is the cross section area perpendicular to the loading orientation.
6.2.6 Data analysis

Linear correlation analysis was performed between the ultrasound parameters and the
structural parameters, and between the ultrasound parameters and the mechanical property.
Further analysis of covariance (ANCOVA) was made between the correlations of conventional
QUS scan in medial-lateral orientation and the combined transmission-reflection method to
evaluate the improvement of adapting the new QUS method. ANCOVA was performed using

SPSS, in which p-value less than 0.05 was considered significant.
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6.3 Results

The mean, standard deviation, range and the 95% confidence interval of the structural,
mechanical and QUS parameters are listed in Table 13. The transmission ATT data was
normalized to the sample thickness obtained from reflection mode measurement. The average of
ATTy.Lwas 0.6840.17 dB/mm, 10.53% lower than the average of ATT+1.g, 0.7640.19 dB/mm.
The linear correlation between ATTw.. and ATTr.r was significant (R°=0.89, p<0.001). For
ultrasound velocity, the average of UV 1539.62455.55 m/s was 1.17% lower than the average
of UV+R, 1557.88463.47 m/s, and the linear correlation between them was also significant
(R?=0.87, p<0.001).
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Table 13 - Mean, standard deviation, maximum, minimum and the 95% confidence interval of
the measured structural, mechanical and QUS parameters.

Mean SD Maximum  Minimum 95% CI
Structural
Conn-Dens. (1/mm?®  2.05 0.79 35 0.47 1.84-2.25
SMI 1.42 0.54 2.8 0.66 1.28-1.56
BVITV 0.22 0.08 0.36 0.05 0.19-0.24
BS/BV (1/mm) 10.28 2.28 16.63 5.84 9.68-10.89
Th.N (1/mm) 1.03 0.26 141 0.37 0.96-1.09
Th.Th (mm) 0.20 0.05 0.34 0.12 0.19-0.22
Th.Sp (mm) 0.87 0.46 2.55 0.47 0.75-0.99
DA 1.70 0.08 1.91 1.47 1.68-1.72
Mechanical
Modulus (MPa) 170.00 86.41 367.72 13.14 153.16-198.84
Density
BMD (g/cm?) 0.50 0.16 0.79 0.12 0.46-0.54
QuUsS
ATTy. (dB/mm) 0.68 0.17 1.10 0.26 0.64-0.73
ATT+1r (dB/mm) 0.76 0.19 1.18 0.34 0.71-0.81

UV (mmis) 1539.62 55.55 1667.93 143546  1524.94-1554.30
UV (MM/s) 1557.88 63.47 1689.84  1437.28  1541.10-1574.65

The correlation between ultrasound parameters and both structural and mechanical
parameters are listed in Table 14. No significant correlation was found between QUS parameters
and degree of anisotropy, whereas all other structural or mechanical parameters had significant
correlation with both ATT and UV. ATTrr had significantly higher correlations with Conn-
Dens. (R?=0.17 to R?=0.26, p<0.05), BV/TV (R?*=0.45 to R?=0.54, p<0.5), Th.N (R°=0.35 to
R?=0.45, p<0.05), Th.Sp (R?=0.43 to R?=0.49, p<0.05), Modulus (R?=0.42 to R?=0.54, p<0.05)
and BMD (R?=0.53 to R?=0.63, p<0.05), when compared to ATTm.. (Table 15). As for
ultrasound velocity measurement, UVt showed significantly improved prediction for Conn-
Dens. (R?=0.28 to R°=0.38, p<0.05), BV/TV (R?=0.52 to R?*=0.61, P<0.05), BS/BV (R*=0.40 to
R?=0.57, p<0.01), Th.Th (R?=0.27 to R?=0.47, p<0.01), Modulus (R?*=0.45 to R?*=0.57, p<0.05)
and BMD (R®=0.59 to R?*=0.65, p<0.05), when compared to UV._ (Table 16).

Table 14 - Linear correlation coefficient (R) between QUS parameters on transverse plane and
structural and mechanical parameters. All structural or mechanical parameters have significant
correlations with at least one QUS parameters, except for DA. (* - p<0.05, ** - p<0.01, *** -
p<0.001)

ATTy (dB/mm)  ATT1g (dB/mm)  UVy, (mm/s)  UVrig (mm/s)
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Conn-Dens. (1/mm?°) 0.41** 0.51*** 0.53*** 0.62***

SMI -0.76%** -0.77%** -0.74%%* -0.79%**
BV/TV 0.67%** 0.73%** 0.72%%* 0.79%**
BS/BV (1/mm) -0.70%** -0.72%%* -0.64%** -0.75%*x
Tb.N (1/mm) 0.59%+* 0.67%** 0.69%** 0.74%%*
Tb.Th (mm) 0.60%** 0.61%** 0.52%%* 0.68%**
Tb.Sp (mm) -0.65%* -0.70%*x -0.69%* -0.69%*
DA 0.07 0.09 0.09 0.19
Modulus (MPa) 0.65%** 0.73%** 0.67%** 0.76%%*
BMD (g/cm?) 0.73%** 0.79%** 0.77%* 0.81%**

Table 15 - Comparison of the correlation coefficients (R) between ultrasound attenuation and
structural and mechanical parameters shows that ATTrr has significant better prediction for
Conn-Dens., BV/TV, Th.N, Th.Sp, Modulus and BMD than ATT ..

ATTuL (dB/mm) ATTrr (dB/mm) p

Conn-Dens. (1/mm?) 0.41 0.51 <0.05
SMI -0.76 -0.77 N.S.
BV/ITV 0.67 0.73 <0.05
BS/BV (1/mm) 0.70 -0.72 N.S.
Th.N (1/mm) 0.59 0.67 <0.05
Th.Th (mm) 0.60 0.61 N.S.
Th.Sp (mm) -0.65 -0.70 <0.05
DA 0.07 0.09 N.S.
Modulus (MPa) 0.65 0.73 <0.05
BMD (g/cm?) 0.73 0.79 <0.05

Table 16 - Comparison of the correlation coefficients (R) between ultrasound velocity on frontal
plane and structural and mechanical parameters shows that UVr.r has significant better
prediction for Conn-Dens., BV/TV, BS/BV, Th.Th, DA, Modulus and BMD than UV._.

UVy (mm/s)  UV1g (mm/s) D

Conn-Dens. (1/mm®) 0.53 0.62 <0.05
SMI -0.74 -0.79 N.S.

BV/TV 0.72 0.79 <0.05

BS/BV (1/mm) -0.64 -0.75 <0.01
Tb.N (1/mm) 0.69 0.74 N.S.
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Th.Th (mm)
Th.Sp (mm)
DA

Modulus (MPa)
BMD (g/cm?)

0.52
-0.69
0.09
0.67
0.77

0.68
-0.69
0.19
0.76
0.81

<0.01
N.S.
<0.05
<0.05
<0.05
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6.4 Discussion

QUS measurement for calcaneus had been performed in the current configuration for
years. The relatively thin cortical cortex, flat and parallel geometry and richness of trabecular
bone make it the most popular location for QUS measurement for prediction of bone health
status (Chin and Ima-Nirwana, 2013, Floter et al., 2011). QUS for calcaneus provides a fast, non-
radioactive and quantitative analysis of bone health status at low cost. However, this current
configuration adopted by most commercial QUS devices only performs the measurement in
medial-lateral orientation. This present study aims to design a combined transmission and
reflection modes of QUS measurement for human calcaneus in an adjusted orientation, which is

more relevant to the structural and mechanical properties of trabecular architecture.

Our previous works showed that the correlation between QUS measurement and
mechanical strength of trabecular bone is highly orientation-dependent, in the manner that the
orientation in which ultrasound attenuation and velocity peak has the highest mechanical strength
(Linetal., 2012, Lin et al., 2014). Other researchers have also demonstrated that reflection mode
of QUS can also pick up the changes of structure of trabecular bone in different orientations (Liu
et al., 2014). These previous results were obtained from ideal spherical or cylindrical trabecular
bone specimens or models, of which sample thickness remained the same for all measuring
orientations. For a bone sample with complex and irregular geometry, sample thickness in
different orientation varies, which give rise to the need of taking this factor into the consideration
of QUS measurement, for both ATT and UV. Reflection mode QUS is a well-established method
of measuring the distance between an object and the ultrasound transducer, based on the time of
flight of the reflected echo. This technique is proven to be very capable of doing surface
topology and mapping even for biological samples with complex and irregular geometry, such as

calcaneus (Xia et al., 2007).

In order to find the principal structural orientation of calcaneus, QUS was performed in
multiple orientations in the frontal plane. Our previous QUS method included rotational QUS
measurements in all 3 anatomical planes (Lin et al.,, 2012). Considering the physiological
location of calcaneus and its surrounding structure, the frontal and transverse planes are the only

feasible planes to perform QUS measurement in a confined range of angle. Furthermore, the
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frontal plane is more aligned to the weight bearing orientation than the transverse plane and

therefore was chosen as the measuring plane for this QUS configuration.

All structural and mechanical parameters have significant correlations with both QUS
parameters, except for DA. Degree of anisotropy, defined as the ratio of the longest vector of the
MIL tensor over the shortest vector, is based on the calculation of MIL tensor (Whitehouse,
1974). Therefore, to obtain a reliable prediction of degree of anisotropy using QUS, a complete
3-D measurement over the specimen is required. In this study, QUS measurement was only
performed in the frontal plane and within a 40° angle range, not ensuring that the longest and
shortest vectors of MIL tensor were included in the scanning orientations. While this confined
scanning angle range is a limitation of this QUS technique, it is also realistic, given the fact that
full 360° QUS is not feasible on any of the 3 anatomical planes for human calcaneus because of
the existence of other bones like tibia and tarsal bones. Therefore, a confined 40° scanning angle
range in the frontal plane is a practical approach to collect orientation-dependent QUS

information in a physiologically feasible configuration.

The results show that combined transmission-reflection QUS significantly improves the
ability to predict the structural and mechanical properties when compared to the conventional
QUS measurement in medial-lateral orientation. This improvement is achieved by taking
additional consideration of the different sample thickness in different scanning orientations and
the fact that QUS information more aligned to the weight bearing orientation is more correlated
with the mechanical strength. The longer sample thickness in these orientations contributed to
the higher ultrasound attenuation values. As shown in Figure 23, normalizing the attenuation to
the sample thickness significantly improved the correlation between ATT and BV/TV. The same
mechanism applies to the ultrasound velocity analysis, in which sample thickness plays an
intrinsically important role in the calculation process, as indicated in equation (6.2). It has been
reported by Xia et al. (Xia et al., 2007) that a subtle change in sample thickness can cause
significant difference in ultrasound velocity calculation, which implies that simply assume a
uniform sample thickness for ultrasound measurement can cause error that leads to inaccurate
prediction for bone strength and fracture risk. As shown in Table 13, even subtle difference
between ATTy.. and ATTrr and between UV, and UVyg can cause significant difference in the

correlations with density, structural and mechanical properties of trabecular bone.
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Figure 23 - Linear correlations between ultrasound attenuation (ATT) and bone volume fraction
(BVITV) using (a) traditional QUS (ATTwm.) in medial-lateral orientation and (b) combined
transmission-reflection QUS (ATT+.r) in the frontal plane. Correlation of ATT+.r vs. BV/TV (R2
= 0.54) is significantly higher than ATTy.. vs. BV/TV (R? = 0.44), p<0.05.

In conclusion, reflection mode QUS scanning can accurately measure the sample
thickness in different scanning orientations; such sample thickness can be used to normalize the
transmission mode QUS data, thus to determine the peak normalized QUS parameters. The
normalized QUS values demonstrate significantly improved correlations with structural and
mechanical properties of human calcaneus, when compared to the QUS values obtained from
current QUS measurement protocol. This improvement indicates that better prediction for bone
strength and fracture risk can be achieved by applying this combined transmission-reflection
QUS measurement in proper clinical environment; it also pushes QUS one step further towards a
more reliable and accurate imaging tool to replace DXA as the general standard for bone health

status assessment.
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7  Summary and discussion

Osteoporosis is a major public health threat for America, affecting eighteen million
Americans and generating a financial burden of eighteen billion annually. Osteoporosis is
usually characterized by a decrease in bone density and strength, which leads to high
susceptibility of fracture. Therefore, early diagnosis of osteopenia or osteoporosis can result in
timely treatment and intervention to avoid unnecessary financial lost and further complication in

bone health status.

Currently gold standard of diagnosis for osteoporosis is dual-energy x-ray absorptiometry,
namely DXA. By determining the amount of radiation energy absorption by different tissue,
either soft tissue or bone, DXA can be used to measure the bone mineral density of the patient;
and it is the most widely used technique to quantify bone content or bone density. Despite its
widespread use, DXA has some inconvenient disadvantages, such as its immobility. The
relatively big size of DXA makes it impossible to be used as a portal device in small clinics and
increase the difficulty of operation. Secondly, DXA is too expensive to be used as a home
screening tool for bone health status. Furthermore, DXA is intrinsically radioactive and therefore
inconvenient for some application, such as bone health monitoring for astronauts in space-flight

mission.

In light of the shortcomings of DXA, researchers have been looking for alternatives; and
quantitative ultrasound is a very ideal candidate, because it is cheap, easy to operate, portable
and non-radioactive. It has been 30 years since it was introduced to bone imaging field and has
been widely used to monitor bone health status. Commercial QUS devices have been made
available to assess the bone quality in hospitals and clinics. Over the past years, many
researchers have been improving quantitative ultrasound technology to improve its accuracy to
predict bone strength and fracture risk. With the current technology, it is estimated that nearly
80% of the variation of QUS parameters can be explained by bone quantity with an additional 8-

17% contributed by bone architectural parameters.

According to the “Wolff’s Law”, as a living, vital and dynamic connective tissue, the

structure and composition of bone is a product of adaptation to the mechanical loading
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environment. The porosity of cortical bone ranges only 5-20%, while the porosity of trabecular
bone ranges from 40% to 95%. Trabecular bone is usually found in the inner parts of bones. It
looks like a porous sponge with a 3-dimensional network of rod- and plate-shape trabeculae
surrounding an interconnected pore space filled with bone marrow. The most influential
determinants of the material properties of trabecular bone are considered apparent density and
the microstructural arrangement of the trabecular network. Besides the obvious influence of bone
density to bone strength, researchers have also demonstrated that the alignment of trabecular

structure can significantly affect the bone quality.

Many researchers have been investigating extensively on the interaction between
ultrasound wave propagation and the anisotropic structure of trabecular bone and have clear
evidence that ultrasound wave is sensitive to the structural alignment of trabecular bone. This
gave rise to the possibility of including the microarchitecture information of trabecular bone in
the ultrasound measurement to improve its accuracy. Given this challenge, the first problem we
need to tackle is how to use ultrasound to measure the principal structural alignment, which is

closely related to the anisotropic mechanical properties of trabecular bone.

The results shown in Chapter 3 gave a very clear answer to this question: ultrasound can
be used to predict the principal structural orientation of trabecular bone. When compared to the
current gold standard of measuring anisotropy, mean intercept length tensor calculated by uCT,
the principal structural orientations predicted by ultrasound attenuation and velocity are very
close, with about 5<difference between the PSO predicted by ultrasound velocity and mCT, and
about 10° difference between the PSO predicted by ultrasound attenuation. This prediction is in
agreement with the previous findings that the velocity of fast wave was shown to have a higher
correlation with the MIL tensor than the ultrasound attenuation. This work not only proved the
ability of QUS to predict the principal structural orientation of trabecular bone, but also provided
a theoretical and technical foundation to the next stages of the study — to improve the accuracy of

QUS by considering the microstructure of trabecular bone.

Although the result from this first stage of the study is promising, questions still remained
to be answered: does trabecular bone has the highest mechanical strength in the PSO predicted
by ultrasound? How different is the mechanical strength in such PSO from other orientations? Is
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the angle difference between the PSO predicted by ultrasound and the longest vector of MIL
tensor significant? To answer these questions, we performed the finite element analysis on a

bone ball model in the second specific aim of the study, which is described in Chapter 4.

The finite element bone ball model used Chapter 4 made it feasible to evaluate the
mechanical properties of the same structure in different orientations, including the PSOs
predicted by QUS, longest vector of MIL tensor and 3 anatomical orientations. It is concluded
from the results that the stiffness in the PSOs predicted by QUS are very close to the value in the
MIL orientation, with no significant differences, while significantly higher than the stiffness in
the anatomical orientations. These results suggested that although the PSOs predicted by QUS
and UCT have certain angle differences, the mechanical properties measured in these PSOs are of

the same level, having no significant differences.

At this point, the results from the first two aims showed a QUS method of predicting the
principal structure orientation of trabecular bone in which the bone structure has the highest
mechanical strength. It was hypothesized that ultrasound measurement in such orientation can
improve the prediction of mechanical properties of trabecular bone, comparing to the
conventional QUS measurement. The most popular anatomical location of QUS measurement is
calcaneus, because of its richness of trabecular bone and relatively simple and parallel geometry.
And traditionally, QUS measurement for human calcaneus is performed in the medial-lateral

orientation.

To progress from an ideal bone ball model to a more realistic model, an interim
trabecular bone cube model was introduced in Chapter 5 as a foundation to build the novel QUS
measurement for whole calcaneus on. Reflection mode was first introduced to this study in this
chapter. It was used to measure the different sample thickness in different QUS scanning
orientations. It was shown in Chapter 5 that the combined transmission-reflection mode QUS
measurement was able to translate the rotational measurement for spherical model to the more
realistic bone cube model and improved the correlations between QUS parameters and
mechanical properties, comparing to the traditional QUS measurement in medial-lateral

orientations.
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This novel combined transmission-reflection mode QUS measurement includes two
stages of measurement: 1) use transmission and reflection modes of QUS to determine the
principal structural orientation within a confined scanning angle range, 2) correlate the QUS
parameters in that principal orientation with the mechanical and structural parameters obtained
from mechanical test and uCT. Thorough evaluations were also performed to compare the
measurements in the frontal and transverse planes. As expected, the QUS measurement in the
frontal plane had better improvement than measurement in the transverse plane, whereas
measurements in both planes showed improvement to the traditional measurement. This
comparison further validated the rational of such combined mode measurement, because
compared to transverse plane, trabecular structure in frontal plane is more aligned to the weight
bearing orientation and has more variation in architecture induced by the mechanical loading

condition.

With the significantly improved correlations between QUS and structural and mechanical
properties, the next logical step would be to apply this measurement to a furthermore realistic
model — whole human calcaneus. This stage of the study is considered the final step of validating
the efficacy of such measurement technique before it could be applied to in vivo condition. By
achieving the same improvement in correlations with mechanical and structural properties as
shown in Chapter 6, it was concluded that such combined QUS measurement can be applied to
critical anatomical sites, such as calcaneus, to better predict the mechanical strength and fracture

risk than the conventional QUS measurement.
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8 Clinical relevance and significance

This dissertation showcased a combined transmission-reflection mode ultrasonic
measurement to improve the prediction for the mechanical and structural properties of trabecular
bone by performing the ultrasound scanning in the principal structural orientation. This method
IS easy to incorporate to the current QUS measurement devices: an angular array ultrasound
transducer could be employed to the measurement system to shorten the measuring time
covering a wide angle range. Such addition to the current QUS system requires minimal
technical upgrade or designing reconfiguration and could fit most of the available commercial
QUS devices in the clinical market. Given the opportunity of large population clinical study, this
combined transmission-reflection mode QUS measurement designed in this dissertation can be
beneficial to millions of patients and senior people at risk of osteoporosis with more reliable and

accurate measurement of bone strength and prediction of fracture risk.
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Abbr./
Symbol
Ultrasound
QUS
SCAD
ATT

uv

BUA

AT Tmax
UVmax

ATTrr

UVtr

ATTwL
UVm-L
Structural
BVITV
SMI
BS/BV
Th.N
Th.Th
Th.Sp
DA

MIL
Mechanical

Modulus

General
BMD
DXA
uCT

R

SD
FEA

10 List of Abbreviations, Symbols, and their Definitions

Definition

Quantitative ultrasound

Scanning confocal acoustic diagnostic system

Ultrasound attenuation

Ultrasound velocity

Broadband ultrasound attenuation

Principal structural orientation predicted by ultrasound attenuation

Principal structural orientation predicted by ultrasound velocity

Ultrasound attenuation measured by transmission-reflection combined
method

Ultrasound velocity measured by transmission-reflection combined
method

Ultrasound attenuation in the medial-lateral orientation
Ultrasound velocity in the medial-lateral orientation

Bone volume fraction
Structural model index
Bone surface density
Trabecular bone number
Trabecular thickness
Trabecular spacing
Degree of anisotropy
Mean intercept length

Young’s modulus, the geometrically normalized stiffness. Usually
calculated as the slope of the linear region of the stress/strain curve

Bone mineral density

Dual-energy X-ray absorptiometry

Micro computed tomography

Pearson product-moment correlation coefficient
Standard deviation

Finite element analysis
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Cc
=

dB/mm

m/s

dB/mm
m/s

%
1/mm

mm
mm

Pa

glem?



