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Abstract

Speed of Sound and Broadband Ultrasound Attenuation are two discriminating
parameters for good and oesteoporotic bones. A cross-correlation based method is used to
calculate phase velocity and attenuation. The method applies a window in correlation lag
instead of in time domain and is more robust than the Fourier-based method. Transmission
decay is also derived and corrected using the reflection signal upon bone-water interface.

Bone samples are cut into four thicknesses and measured. Bone groups of the
thinnest thickness for both bovine and pig bone are more likely to show negative dispersion.
BUA in the bovine transverse direction is obviously higher than that in axial direction.
However, the linear dependence of BUA on thickness is not obvious. Transmission losses in
bovine bones obtained using echo signal is comparable with those obtained using acoustic

impedance.
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Chapter 1

Introduction

1.1 Bone and Osteoporosis

Major part of the skeleton is bone, which provides structural support for muscles,
protects vital organs, and makes movement possible. Although bone is strong and hard, it
is dynamic and constantly changing tissue. The mineral content should be balanced by
resorption and rebuilding procedure. Otherwise disease such as osteoporosis will occur.

The shape and function of bone varies from sites to sites, but bone from different
sites share some similarity. All bone is built by the matrix of collagen fibers and mineral
crystals, and contains four types of cells: osteoprogenitor cells, osteoblasts, osteocytes,
and osteoclasts. Osteoprogenitor cells are unspecialized cells and can develop into
osteoblasts (Tortora et al, 1993). Osteoblasts are bone-forming cells and can secrete
collagen and other organic components needed to build bone. Usually they are found on
the surfaces of bone. When they are surrounded with matrix materials, they become
osteocytes and lost the forming ability. Osteocytes are the principal cells of bone tissue,
and maintain daily cellular activities of bone tissue. Osteoclasts settle on the surfaces of
bone and function in bone resorption (Tortora et al, 1993).

There are many small spaces between hard components of bone. Depending on the
size and distribution of the spaces, the region of a bone can be categorized as compact or
spongy (Tortora et al, 1993). Compact bone tissue (also called cortical bone) contains few
spaces and forms the external layer of all bones. Spongy bone (also called trabecular bone)

is the interior of bone and consists of a three dimensional lattice of branching spicules or

1
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plates. The space between the bone mineral is bigger in spongy bone than that in compact
bones, shown in figure 1.1. The thickness of trabeculae varies from 0.03 mm to 0.21 mm
and the separation ranges from 0.21 mm to 1.17 mm, as reported by Miiller et al. (1997).

There is a Haversian system called osteon inside the compact bone, providing the
routes for nutrients and oxygen to reach the osteocytes and wastes to diffuse away.
However, in spongy bone tissue, there is no osteon. The spaces between trabeculae are
filled with marrow and blood vessels, from which osteocytes not deeply buried in
trabeculae have access to nutriments directly (Tortora et al, 1993). Woven bone is another
kind of bone, which only occurs if bone has to be formed rapidly, such as fracture healing,
bone tumors, and tumor-like lesions (Hahn et al, 1997).

During the life of bone, all changes in bone tissue are based on four cell
mechanisms: modeling, remodeling (Khan et al, 2001) perforation (Tortora et al, 1993;
Hahn et al, 1997) and microcallus formations (Hahn et al, 1997). Both the formation of
new bone tissue without prior resorption and resorption without subsequent bone
formation are termed modeling; Remodeling includes the resorption followed by bone
formation. The difference between modeling and remodeling is that, in the growing
skeleton, modeling is dominant while in the non-growing skeleton, remodeling is
dominant. Perforation refers to the complete separation of rod-like trabeculae or the
perforation of plate-like structures of cancellous bone; Microcallus formations consist of
immature woven bone and are formed at locally stressed sites in the bone tissue. Although
it is an indication of the relative instability of trabecular bone, the establishment of

microcallus formation is by no means a negative process. It is a physiological repair
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mechanism of the bone tissue to stabilize and renew old and brittle bone (Hahn et. al,
1997).

The most common disease of bone is osteoporosis, defined as a systemic skeletal
disease characterized by low bone mass and micro-architectural deterioration of bone
tissue, with a consequent increase in bone fragility and susceptibility to fracture
(Christiansen, 1993). Osteoporosis is often known as "the silent thief" because bone loss
occurs without symptoms. Osteoporosis has long been viewed as a disturbance of the bone
metabolism due to osteoblast insufficiency, which leads to a negative bone balance in the
normally functioning relationship between formation and decomposition. However,
Parfitt et al. (1983) thought the perforation of supporting structure rather than the decrease
of trabeculae width causes the problem.

Osteoporosis has obvious physical and functional consequences such as kyphosis,
restricted range of motion, and pain. What are not so obvious are the psychosocial
sufferings that result from this metabolic bone disease. Many patients in the initial phases
of the disease express substantial anxiety, especially about the possibility of future
fractures and physical deformity. In sum, osteoporosis and related fractures are
devastating psychologically, socially, and economically (Gold, 1996 and Khan et. al,
2001). Ray et al. (1997) proved with data that osteoporosis was an important public health
problem that contributes to a significant proportion of fractures and associated health
expenditures in USA. Health care expenditures attributable to osteoporotic fractures in
1995 were estimated at US $13.8 billion, of which US $10.3 billion (75.1%) was for the
treatment of white women, US $2.5 billion (18.4%) for white men, US $0.7 billion (5.3%)

for nonwhite women, and US $0.2 billion (1.3%) for nonwhite men. The results of their
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study suggest that, once a fracture occurs, substantial health care expenditures be incurred.
In Canada, the prevalence osteoporosis in women over 50 years was 12.1% at the lumbar
spine and 7.9% at the femoral neck in 2000, while that in men over 50 years was 2.9% at
the lumbar and 4.8% at the femoral neck (Tenenhouse et al, 2000). Therefore, evaluation
of screening programs and interventions used to prevent osteoporotic fractures are

warranted.

Osteons

Haversian
canal

Resorption
spaces

Trabecular
(cancellous)
bone

Lacunae

]
Cortical (compact) bone

Figure 1.1 Microstructure of cortical bone (Khan et al, 2001).
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1.2 Current techniques in bone research

Current techniques in bone research can be classified into three major categories:
X-ray techniques, MRI techniques and ultrasound techniques, according to their principle,
advantage, disadvantage and application.

1.2.1 X-Ray Techniques

The techniques adopt X-ray emitting device and take advantage of the x-ray
absorption property of different material. The results usually are 2D or 3D imaging of the
bone, through which information such as density or architecture parameters are further
analyzed. The drawbacks of those techniques are the radiation effect, the unavailability of
the expensive setup and high request for operator (Sievénen et. al, 1996). These techniques
can be subcategorized into following classes:

Dual-Energy X-Ray Absorptiometry (DEXA/DXA)

Most quantitative diagnostic methods for bone mechanical integrity used nowadays
are based on estimates of bone density measured by this 2D technique. The average Bone
Mineral Density (BMD) value was determined for a rectangular region of interest. This is
the only materialr property that can now be clinically measured non-invasively. Although
bone mass correlates significantly with fracture risk, its predictive value is poor, and
cannot be used as a reliable diagnostic tool by itself for the prediction of osteoporotic
fractures (van Rietbergen et al, 2002).

DEXA measurement is conducted under the simple assumption that the geometry
and structure of the bone is simple, therefore, the accuracy is compromised. Improvement

can be made by combination of using tomographic 3D data on geometry and using 2D
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DEXA on mass distribution of a bone at properly selected sites data on the entire bone
(Sievénen, 1996).

Quantitative Computed Tomography (QCT)

The fundamental strength of quantitative computed tomography is its ability to three
dimensionally measure BMD and geometry at any skeletal site. Lang et al. (1997)
described a novel application for three dimensionally measuring the integral and
trabecular bone mineral density in anatomically fixed subregions in the femoral neck and
trochanter in their article. The results showed that the BMD measures are highly correlated
with bone strength in vitro and the trabecular BMD measurements in vivo are highly
reproducible, indicating that the method is suitable for longitudinal evaluation of the
progression of metabolic bone disease (Lang et al.1997).

Micro-Computed Tomography (LCT)

This technique is similar to QCT, but with higher spatial resolution. Higher
resolution can be achieved by two ways. One is through improved acquisition setup
combined with a cone-beam reconstruction algorithm, as was pioneered by Feldkamp et al
(1989). The resolution of this method was 50 um, while another method pCT using
synchrotron radiation can get a spatial resolution of 1 pm to 2 pm (Godzins, 1983; Miiller
et al, 1997; Salomé et al, 1999). The findings of Stenstrodm et al. (2000) indicated that in
cancellous bone, bone strength is influenced not only by the trabecular structure but also
by the cortical bone surrounding this structure. Micro-CT gives basic information of both
cortical and cancellous structures, and may be useful to predict the risk of fracture

(Stenstroom et al, 2000).
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1.2.2 MRI Techniques

MRI technique obtains a 2D or 3D image of the bone architecture, and similar
analysis can be done as mentioned above. The principle of those techniques based on the
different content of 'H in marrow and trabecular bone, which lead to high image intensity
for marrow and low image intensity for bone in MR images (Majumdar and Genant, 1997;
Toffanina et al, 2001). There are drawbacks. They are not suitable when some metallic
implants exist in the object body. Also they are expensive and hard to weigh several
parameters in acquisition to obtain optimum results (Majumdar et al., 1995; Majumdar
and Genant, 1997; Majumdar et al., 1998).

Based on the 3D image from pCT or MRI, imaging processing techniques can be
used to quantify trabecular thickness, trabecular separation, bone volume density etc...
(Hildebrand et al, 1996; Miiller et al, 1997; Kothari et al, 1999). Other processing
techniques are developed to quantify the orientation of trabeculae (Kinney et al, 2005) and
to investigate the relationship between mechanical property and bone architecture
(Uchiyama et al, 1999; Follet et al, 2005). Usually the elastic modulus in the craniocaudal
direction was significantly higher than in the other two directions: mediolateral and
anteroposterior (Uchiyama et al, 1999)

1.2.3 Quantitative Ultrasound Techniques (QUS)

Transducer is used to transmit and receive a broadband ultrasound signal, with the
outcome measurement including ultrasound speed and broadband ultrasound attenuation
(BUA). QUS techniques have the potential to obtain the information of bone
micro-architecture. Furthermore, they are cheap and available for field test. Most

importantly, they are free of radiation. The application of QUS techniques, however, is
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limited by the fact that a number of inconsistencies in measurement exist and exactly what
ultrasound measures remains a puzzle (Khan et al, 2001). In other words, the physical
meaning of the measurement is not clear. More details and recent progress will be

discussed in a separated section.
1.3 Ultrasound techniques in bone research

Ultrasound techniques have been adopted in the characterization of bone tissue for
about half a century. The first application can be traced back to 1949 and was conducted
by Tesismann and Pfander (Ji, 1998). They measured ultrasonic attenuation and
propagation speed in the skull. While the application of ultrasonic techniques in clinical
diagnosis of osteoporosis was not conducted until 1984, Langton (1984) proposed BUA as
an indicator of bone quality. Since then, there has been an increasing trend of ultrasound
study.

Compared with other techniques, ultrasound technique has many advantages.
Usually, a broadband ultrasound pulse is generated by a transducer and travels through the
bone, then the signal is received by a receiver transducer (transmission mode, as shown in
Figure 1.2) or is reflected and received by the same transceiver (reflection mode). Through
the interaction with bone structure, the pulse carries information of the bone density and
microstructure. The advantage can be summarized as following: (1) Ultrasound is a
mechanical disturbance of supra-audible frequency, therefore it involves no ionizing
radiation; (2) Ultrasound field through bone tissue is affected by the acoustic properties
such as bone density, architecture, so it has the potential to obtain more information of
bone; (3) The ultrasound equipment is easy to operate and comfortable for the patient; (4)

The cost is low.
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Ultrasound technique, however, has its disadvantages: (1) The mechanisms of
ultrasound propagation and interaction with bone structure are poorly understood
(Tavakoli and Evans, 1992). (2) The measured quantities are not very consistent with the
bone parameters, which limit the clinical application of this technique (Ji, 1998; Khan et
al. 2001). (3) The interpretation of some ultrasound quantities remain uncertain (Langton,
1984). (4) The reproducibility varies in different system and usually is poor. Nicholson et
al. showed that the standard deviation of repeated SOS (Speed of Sound) measurement
was 28 m/s corresponding to a CV (Coefficient of Variation) of 1.6% and that of BUA was
0.16dB/MHz/cm corresponding to a CV of 1.2% (1994).

To overcome the above disadvantages, ultrasonic studies of cancellous bone have
been focused on two major directions: (1) Comparison between ultrasound qualities and
bone parameters obtained by other techniques. Nicholson et al. (1994) investigated the
dependence of ultrasonic properties on orientation in human vertebral bone and found
strong linear correlation existed between SOS and apparent density, as well as between
BUA and apparent density in AP and LT direction, while in CC direction, the correlation
was poor. Hans et al. (1999) found that the SOS was explained mostly by density and to a
small extent by elasticity, micro-architecture, and measurement orientation. Nicholson et al.
(2002) firstly demonstrated that bone marrow profoundly affected the acoustic properties of
cancellous bone from the human heel using BUA and backscatter measurement. (2)
Phantom or model studies aim to simulate and understand the relationship between
ultrasound qualities and controllable bone parameters (Clark et al. 1994; Hughes et al. 1999;

Wear 2001).
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The final goal of these works is to find a “diagnostic index” that can provide a
sensitive measure to discriminate a disease bone from competent bone. Unfortunately, this
aim is still far from achieved, although in some cases, those techniques show some

comparable indicator of bone quality.

Pulser-
receiver

Stepper | _
motor

Water bath

—{EH

A g

Yo Y\
Receiving '«—> Transmitting ¢
probe , L probe

DAY SRS AR

Figure 1.2 A typical experimental setup to measure bone in-vitro (taken
from Fig. 1, Droin et al, 1998).

The bovine trabecular bone is often used in-vitro research. Wu et al.(1995) studied
the impact of bone size on BUA using bovine bone. They measured the BUA of 9 pieces
of bovine trabecular bone, then cut them in half and repeated the measurement on 18
pieces of cut bones. The nonlinear results, BUA of 70 dB/MHz for thickness of 1.2 cm and

BUA of 98 dB/MHz for thickness of 2.4 cm suggested the device they used didn’t work
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well at higher BUA levels. Toyriés et al. (1999) measured BUA at 60-100 dB/MHz and
SOS at 1541-1686 m/s in bovine femur bone. They found that BUA increase in a highly
linear manner with bovine bone thickness of up to 2.5 cm. Lee et al. (2003) measured SOS
and BUA in three center frequencies and have the results as follow: for center frequency 1
MHz, SOS was 1694 + 43 m/s, BUA was 26.0 dB/cm/MHz; for center frequency 2.25
MHz, SOS was 1690 + 44 m/s, BUA was 25.5 dB/cm/MHz; for center frequency 3.5 MHz,

SOS was 1673 + 43 m/s, BUA was 19.6 dB/cm/MHz.

1.4 Objective and Organization of the Thesis

The objective of the thesis is to investigate dispersion and attenuation of the
ultrasound through cancellous bone samples. To calculate the phase velocity, a method
based on cross-correlation is applied to replace a common Fourier Transform-based
method.

Chapter 1 introduces briefly the bone structure, function and malfunction, then the
current techniques in the bone studies are summarized, and finally the objective and the
outline are given. Chapter 2 discusses the experimental setup and bone sample preparation.
The structure of the phantom will be discussed. All data will be displayed. Chapter 3
reviews the methods used in calculating the velocity or phase velocity, then a method based
on cross-correlation is applied to calculate the phase velocity in place of the common FFT
based method. Discussion of the results follows at the end. Chapter 4 first summaries three
power spectrum estimation methods briefly, then the equations calculating the attenuation
as well as the transmission loss are derived. The data processing results using these
equations are then discussed. Chapter 5 gives a summary of the thesis and indicates

direction of future research in this area.
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Chapter 2

In Vitro Ultrasonic Measurement of Bone Samples

2.1 Experimental Setup

The experimental setup includes ultrasound pulser/receiver, oscilloscope, ultrasound
preamplifier, water tank, transducers. Figure 2.1 displays the pulset/receiver and
oscilloscope. The model of computer controlled pulser/receiver is a Panametrics Model
5800, and the model of mixed signal oscilloscope is HP Hewlett Packard 54645D. A
preamplifier is necessary for the measurement when the signals are too weak. The

preamplifier is a small apparatus shown in Figure 2.1, and its model is Panametrics 5662.

Figure 2.1 Experimental Setup (pulser/receiver and oscilloscope).

12
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Figure 2.2 displays the water tank with transducers mounted on the opposite sides.
The water tank is 63x63 mm inside, and the transducers are 63 mm apart. The diameter of
the transducer produced by Panametrics is % inch in diameter and the center frequency is
1.0 MHz. The ruler attached to the bottom of water tank is used to locate the bone samples,
and the two lines inside the scale are used to assure the bone sample block the ultrasound
beam. If the bone sample straddles both lines at the same time, the ultrasound beam can
not bypass the bone sample. A slab of iron is placed at the bottom to support the bone

sample, so that

Figure 2.2 Experimental Setup (transducers mounted on water tank).

13
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the ultrasound beam will pass through the center of the bone sample. By keeping two
surfaces of the iron slab adjacent to the water tank and keeping the bone measurement
surface even with the iron edge surface, we are able to keep the bone sample in the same
place.

2.2 Bone Sample Preparation

In this thesis, we used cow bones and pig bones for samples. All bone samples are
harvested from femur head, and two bone directions are investigated, that is, transverse and
axial directions. Figure 2.3 illustrates the two directions. Axial direction is along the weight
bearing direction as illustrated by black arrow and transverse direction is perpendicular to
the axial direction and usually perpendicular to the surface of cortical bone layer, as

illustrated by the dash line.

Figure 2.3 Illustration of bone orientation.

14
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Band saw was used to cut the femur bones into slabs of different thickness. The slabs
have two parallel surfaces and 4 different thicknesses between the two parallel surfaces,
0.5cm, 1.0cm, 1.5cm, 2.0cm, were cut and investigated. Bone samples of these four sizes

are displayed in figure 2.4.

I’:’H![HHIHH,’NH[HH[HHIUH“H!IH!l[Hl‘ lHHlHHIlIH‘|IH‘IHl]HH\HH\HH\\Hl\HH\
1 12 13 14 15 16 17 18 19 20 21

5 6 7 8
A T e e e e e e R T e

Figure 2.4 Typical bone samples of four different sizes, from left
to right, the thickness are separately: 2 cm; 1.5 cm;
1.0 cm; 0.5 cm.

Figure 2.5 shows the bone sample surface perpendicular to the ultrasound beam. The
white circle indicates the area that the ultrasound beam transmits through and is the

measurement area. The parallel surfaces must be perpendicular to the ultrasound beam, and
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so is the measurement area. During the experiment, the measurement area is selected to
avoid the complex structure inside the trabecular bone, that is, to make the measured area as

homogenous as possible.

Figure 2.5 Measurement area of bone sample.

2.3 Discussion of Experiment Data

The experiments were divided into two groups: Experiment 1 includes 48 bone
samples. Twenty-five of them are bovine bones in transverse direction, 11 of them are
bovine bones in axial direction, 12 of them are pig bones in axial/transverse direction.

Experiment 2 involves some stratified phantoms simulating trabecular bone. Figure 2.6

16
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displays the water reference pulse and its spectrum. The waveform is clear, with the center

frequency at about 0.9 MHz. No scattering or reflection signal is present in the water pulse.
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Figure 2.6 Water pulse (A) and its spectrum (B).
2.3.1 Data for Experiment 1

Figure 2.7 shows the waveforms of 20 bovine bone samples. The measurement
surface is in the transverse direction. Figure 2.8 shows the same waveforms with
normalization by its maximum amplitude value. The waveform is normalized by its own
maximum amplitude. From Figure 2.7, the amplitude of the waveform decreases
dramatically with increase thickness of the bone. From Figure 2.8, we can see that the
waveform becomes more distorted with the thickness of the bone sample and one thing in

common among the distortion is the pulse broadening.
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Figure 2.9 shows the waveforms of 11 bovine bone samples, the measurement
surface is in the axial direction. Figure 2.10 shows the same waveforms but are normalized
by their own maximum amplitude. From Figure 2.9, the amplitude of the waveform
decreases dramatically with increase thickness of the bone. Again, Figure 2.10 show both
waveform distortion and pulse broadening.

By comparing Figure 2.8 and Figure 2.10, it is easy to find out that in the axial
direction the waveform is more complicated, for the case of thickness 0.5 cm and 1.0 cm. In
Figure 2.10, two of five axial direction samples (first and third one) of thickness of 0.5 cm
show so called ‘fast wave’, which is often characterized by low amplitude ‘waveform’ prior
to a high amplitude “waveform”. However, among 10 transverse samples of thickness of 0.5
cm in the figure 2.8, none of them show similar phenomenon and all show a relatively clear
pulse similar to the reference pulse through water. The bone samples of thickness of 1.0 cm
show similar results. All of two axial 1.0 cm samples in the figure 2.10 show a low
amplitude ‘waveform’ before a high amplitude ‘waveform’, but only one of five 1.0 cm
transverse samples in the figure 2.8 show this kind of waveform.

It have been reported that cancellous bone displays highly oriented structure in load
-bearing bones, showing anisotropic mechanical and ultrasonic properties (Nicholson et al.
1994; Hosokawa and Otani,1998). The above mentioned phenomenon seems to be
connected to the anisotropic mechanical and ultrasonic properties. The low amplitude
‘waveform’ looks like so called fast wave as predicted by Biot’s theory, based on the
character of low amplitude and earlier arrival time. However, it can be more
straightforwardly explained in a way other than using Biot’s theory, as follows: since there

is a highly oriented structure (axial direction) in load-bearing bones, part of the ultrasound
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will travel mostly through the marrow while other will travel mostly through the trabecular
rod or plate, thus causing the separation of fast wave from slow wave. On the other hand,
there is no highly oriented structure in the transverse directions, all ray paths go through the
bone with same portion between marrow and trabecular. This explanation agrees well with
the result using a stratified model (Hughes et al, 1999).

Figure 2.11 shows the waveforms of 12 pig bone sample. Since they are the first
bone samples we cut, we don’t realize the need of recording the orientation, those
measurement surfaces can be in either axial or transverse direction. Figure 2.12 shows the
normalized waveforms. The waveform is normalized by its own maximum amplitude. From
figure 2.11 we can see the amplitude of the waveform decreasing dramatically with the
thickness. From figure 2.12 we can see that the waveform distortion and pulse broadening

again, but it is not as severe as that in bovine bone samples.
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(A)2.0cm. (B)1.5cm. (C) 1.0 cm. (D) 0.5 cm

direction (Un-normalized)



‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey

1T

Amplitue Amplitue Amplitue Amplitue

Amplitue

s

(A) (B) () (D) (D)
1 1 1 1
-1 k -1 -4 { -1
0 40 50 30 40 50 30 40 50 0 40 50 30 40 50
1 1 1 1
-1 -1 -1 -1
0 40 50 30 40 50 30 40 50 0 40 50 0 40 50
—~ 1 1 1 1
0 40 50 %o 40 50 (N 40 50 %o 40 50 30 40 50
1 — 1 1 1
-1 -1 -1 -1
0 40 50 30 40 50 30 40 50 30 40 50 30 40 50
& 1 1 1 1
0 j: O ‘ H 0 u 0 u
L -1 -1 -1 -
0 40 50 30 40 50 30 40 50 30 40 50 %0 40 50
Time(usec) Time(usec) Time(usec) Time(usec) Time(psec)
Figure 2.8 Signal of bovine trabecular bone in transverse direction (Normalized by itself):

(A) 2.0 cm. (B) 1.5 em. (C) 1.0 cm. (D) 0.5 cm.
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Figure 2.9 Signal of bovine trabecular bone in axial direction (Un-normalized):
(A) 2.0 cm. (B) 1.5 cm. (C) 1.0 cm. (D) 0.5 cm.
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(A) 2.0 cm. (B)

Figure2.11 Signal of pig trabecular bone (Un-normalized)

1.5cem. (C) 1.0 cm. (D) 0.5 cm.
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Figure 2.13 (A) water reference signal and echo signals from

three typical bone samples: (B) Bovine bone

sample in axial direction surface. (C) Bovine bone

sample in transverse direction surface. (D) Pig

bone sample.

Figure 2.13 shows the waveforms of the water reference signal (A), the echo
waveform from the axial direction surface of bovine bone sample (B), the echo waveform
from the transverse direction surface of bovine bone sample (C), the echo waveform from

surface of pig bone sample (D). Those four signals are used to calculate the transmission

loss of the ultrasound propagation in chapter 4.
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2.3.2 Data for experiment 2
Experiment 2 includes 4 stratified phantoms, with the same experiment setup as
experiment 1, except that the phantom is put in a bigger water tank as shown in figure 2.14.
The phantom is composed of sheets of two kinds of material and four kinds of thickness.
Distance between two transducers is fixed and is 14.2 cm. For the thin phantom, the
distance of one boundary to the receiver is 6.6 cm, while the distance of another boundary to
the transmitter is 2.7 cm. For the thick phantom, the distance of one boundary to the receiver

is 6.8 cm, and the distance of another boundary to the transmitter is 2.8 cm.

Figure 2.14 Experimental Setup for phantom in big water tank.

A frame is used to hold the sheets in place. There are two kinds of frame: one frame

has thinner slots with total thickness of 4.9 cm and the other has thicker slots with total
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thickness of 4.6 cm, as shown in figure 2.15. White sheet is made of polystyrene and
thicknesses for thinner and thicker sheets are 0.75 cm and 1.55 cm respectively. The
transparent sheet is made of polycarbonate and thicknesses for thinner and thicker sheets

are 0.8 cm and 1.45 cm respectively.

Polystyrene

Figure 2.15 Phantoms and two kinds of material.

Figure 2.16 shows the structure of the four phantoms. In the figure, the white
represents the water, grey represents polystyrene and dark represents polycarbonate. Figure
2.17 shows the corresponding signals for the four phantoms. All signals are not normalized

and show the true amplitude.
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Figure 2.17 Ultrasound signals through four phantoms.
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Chapter 3

Estimation of Dispersion Curves Using Cross-Correlation
Method

3.1 Introduction

In-vitro studies of bone characterization using ultrasound have showed that speed of
sound (SOS) and broadband ultrasound attenuation (BUA) are two important parameters
(Langton, 1984; Strelitzki, 1996). Studies have shown that elastic moduli calculated from
SOS and density correlate well with mechanically-determined elastic moduli in both
cortical and cancellous bone (Ashman et a/ 1984). In this chapter, we will focus on
retrieving information about velocity dispersion from the data. Several methods have been
used in the literature (Ashman et al, 1984; Ashman et al, 1987; Jeong and Hsu, 1995;
Strelitzki et al 1996; Le, 1998; Droin et al, 1998; Hughes et. al.1999; Wear, 2001) and can
basically be categorized into time-based method and frequency-based method.

The outline of this chapter is as follows. First, we will give a brief summary of the
techniques in estimating the ultrasound velocity in bone. Secondly, we will describe the
cross correlation technique to estimate dispersion. Lastly, the technique will then be applied

to phantom and bovine bone data and discussion of results will be provided.
3.2 Methods of Velocity Measurement

3.2.1 Time-Domain Methods
Ashman et al (1984) discussed a continuous wave technique (CW) to measure the
elastic coefficients of human and canine cortical bone. The coefficients were determined by

the velocity and density of the samples. The arrival time of the signal through samples of
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small thickness was determined by measuring the phase shift of the signal required to align
with the input signal. Ashman et al (1987) also used a 50 kHz CW technique to measure
velocities in trabecular bone. The CW method was time consuming as one had to tune in the
phase shift to estimate the time delay. If there were phase shift measurement errors due to
reflections, mode conversions and other interfering signal, the results would be subject to
errors (Fitting and Adler, 1981).

Among the time-domain methods, the pulse-transmission technique was most often
used to determine SOS. Figure 1.2 shows a schematic diagram of a typical
pulse-transmission experiment. The experiment involves transmitting and receiving a short
pulse through water with and without the bone sample in the transmission path. The velocity
of the bone sample is calculated by the substitution equation (Le, 1998):

Ve =—d—'d— (31)
~At+—
|4

w

where d is the thickness of the bone sample, V,, is the ultrasound velocity in water, At is the
time difference between the transit time without bone sample in water and the transit time
with bone sample in water and can be written as

At = twater - tsample 3.2)
Where #,.r is the transit time of the pulse in water without bone sample in the transmission
path and fmpr 1 the transit time of the pulse in water with bone sample in the transmission
path.

Nicholson et al (1996) pointed out that measurement of velocity in trabecular bone
was sensitive to the criteria used to determine the transit time. Three different criteria: first

arrival, threshold and first zero-crossing, gave significant discrepancies in the derived
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velocities. These differences could account for a difference of 260 m/s between first arrival
and first zero-crossing. It was also pointed out that the change of the original pulse shape
seemed to arise from a combination of different physical processes such as attenuation,
dispersion and phase cancellation, given the fact that trabecular bone has a multiphase and
anisotropic structure. These effects made transit time velocity measurements unreliable in
trabecular bone and phase spectral analysis was suggested to provide better velocity
information on dispersion.

Le (1998) suggested an envelope technique to overcome the above mentioned
limitations. The method picked the peak of the envelope of a signal as a reference point to
measure transit time difference. The numerical results indicated that the velocities thus
obtained were more accurate and the technique was shown to be more robust in dealing with
noisy signals. Strelitzki et al (1996) adopted a cross-correlation technique to estimate the
transmit time. The time difference Az between the two signals is the lag corresponding to the
peak value of the cross-correlation function R(7), calculated by the Inverse Fourier
Transform (IFFT):

R(z)=F[S" (@)W (@)] (3.3)
where F'' means inverse Fourier Transform, S*(co ) is the complex conjugate of the Fourier
transformed signal in bone, and W(w) is the Fourier transformed signal in water.

Time-domain methods are only reliable for non-dispersive or weakly dispersive
medium. For absorptive medium, the pulse will be broadened due to selective removal of
high frequencies. Pulse delay is also obvious and more serious for the later portion of the

pulse. The delay will contribute to the uncertainty of the measurement.

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.2.2 The Phase Spectral Analysis Method
Let the signal through water be represented by w(f) and the signal through bone

sample by s(f). Their Fourier representatives are respectively:
W(@)= [wtle ™ dt

and
o0

S(w) = j s(e " dt . (3.4)

-

In this method, the phase velocity can be calculated using the following formula (Sachse
and Pao, 1978):

wd
wd
—Ad(w) + 7

w

v.(0) = (3.5)
where d is the thickness of the bone sample, V,, is the ultrasound velocity in water, Ag(w) is

the phase difference between the signal without bone sample in water and the signal with
bone.

The phase difference A¢g(w) between the two signals is given by (Jeong and Hsu,

1995; Droin et al, 1998),

_ Im[W(w)/S(@)]
Ad(w) = arctan { Re[lV (@)/ S((o)]} . (3.6)
or (Hughes et. al.1999; Wear, 2001):
A¢d(w) = arctan {_Im_[W@} —arctan {M} . (3.7)
Re[¥ (w)] Re[S(w)]
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The above two equations are identical in theory, however, the former one should be avoided
since the division of two signals will probably increase the uncertainty, especially when the
denominator is very small.

Quite often with this method, great care is required to isolate the directly transmitted
arrival for the analysis. This is not a trivial task as to decide where to truncate the data.
Truncating too soon will misrepresent the main pulse, but truncating too further in time will
include the latter reflection and scattering in the analysis.

Figure 3.1 shows a water pulse and a signal through a periodically layered phantom.
The signals were sampled at 4 x 107 samples/sec. Figure 3.2 shows their corresponding
spectra. Most of the signal energy lies within 0.7-1.1 MHz.

Figure 3.3 shows a series of truncated pulse with different window length. The
window applied was a boxcar. Figure 3.4 shows the corresponding dispersion curves. When
the signal is short, the dispersion is positive. As the signal length increase, the dispersion

becomes negative as more scattering or reflection contributes to the signal.
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Figure 3.1 The time responses of (A) a water pulse and (B) a pulse
through a bone-mimic phantom.
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Figure 3.2 The magnitude spectra of the water pulse (A) and the phantom
signal truncated at 538 data points (B) shown in Figure 3.1.
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3.3 Cross-correlation Technique for the Estimation of Phase Velocity

The cross-correlation function between two zero-mean time signals w(¢) and s(¢) is
R, (r)= j w(t)s(t +7)dt (3.8)
0

where 7 is the time lag (Bendat and Piersol, 1971). Cross correlation-function is a standard
technique of estimating the degree to which two time series are correlated. The cross

correlation spectrum is given by
@ ()= j R, ()" dz . (3.9)

It can be shown (see Appendix A) that the phase difference between these two signals is:

Im(®,, ()

A¢((D) = arctan(m

). (3.10)

Direct substitution of Ag(w) into (3.5) will yield the dispersion curve. At this stage, it is
equivalent to the FFT method discussed previously.

Figure 3.5 (A) shows the cross correlation of the two signals in Figure 3.1. The
cross-correlation has the absolute maximum similarity at a non-zero lag. To facilitate the
application of a window, it is more convenient to have the absolute maximum at zero lag
(Rabiner and Gold, 1975). To do so, the phantom signal was shifted to align with the water
pulse. Such a shift will introduce a phase shift of, say §. Figure 3.5 (B) shows the
cross-correlation of the shifted signal. Then the modified phase, Ag, (w) is given by

Ag (w) = Ap(w)+O(w) . (3.11)
A taper window w(¢) is also considered to focus on the most correlated portion of the

signals. Thus the windowed cross correlation is:
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IAZWS (r)=R,(t)-w, (1), (3.12)

where w,,(7) is the lag window and m is the width of the lag window.

w,(t)=0, 7<-(m-1)/20r 1>(m-1)/2 113
w, (7)), -(m-1)/2<r<(m-1)/2 3-13)
In our case, we adopted a Tukey window:
(1 27 (k1) r
—[1+cos(——=—7)], k<—(N-D+1
Sllveos =] S
Wy, () =4 1, %(N—1)+ls kSN—%(N—l), (3.14)
LeosZ-2ZED oy N-S(N-1)<k
12 r r N-1 2

where k=1t0o N, N is the window length, r is the ratio of taper to constant section and the
value is between 0 and 1. A rectangular window is for =0, and a Hann window is for »=1.
The default value for 7 is 0.5. Figure 3.6 displays some windows with the same 128 points
but of different taper ratio, . Figure 3.7 shows how a certain window is applied to the

cross-correlation of the shifted signal with the reference pulse.

The difference between cross-correlation method (CCM) estimating phase velocity
and the phase spectral analysis method (PSAM) lies in the procedure of calculating the
phase difference. The PSAM truncates the bone signal first, then applies Fourier Transform
and compares two phases to get the phase difference. The CCM calculates the
cross-correlation and applies windowing to the lag before further calculating the

cross-correlation spectrum, from which the phase difference was obtained directly.

Figure 3.8 and Figure 3.9 compare the dispersion curves calculated from CCM with

the result from PSAM. The solid lines represent the result of CCM with various window

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



length and tapering ratio and the dash line represent the result of PSAM without any

windowing.
(A)
5 T T 13
¥ 0
3o 5 0 5 10
(B)
5 T —T T
N 0
30 5 0 5 10

Time lag (usec)

Figure 3.5 The cross-correlation between two signals given in Figure
3.2: (A) without shifting and (B) the pulse through
phantom was delayed to align with the water pulse.
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Figure 3.6 A 128-point Tukey taper for different r-values.
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Figure 3.7 The cross-correlation of Figure 3.5(B) in solid line with a
Tukey taper of 400 points (r = 0.6) in dash line.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(A)

@ 2000«
E
1800 B 4 - - -
‘© 4
S 1600 :
=0 05 1 15
(B)
1 15 2
(C)

0 0.5 1 1.5
Frequency (MHz)

Figure 3.8 The phase velocity of a pulse through a bone-mimic
phantom in Figure 3.1(B) with same fixed length 400
data points but different tapering ratio: (A) r=0.5; (B) r
= 0.6 and (C) r = 0.7. Dash line represents the result of
PSAM without any windowing.
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Figure 3.9 The phase velocity of a pulse through a bone-mimic phantom
in Figure 3.1(B) with fixed tapering ratio r = 0.6 but of
different length: (A) 300 data points; (B) 400 data points
and (C) 500 data points. Dash line represents the result of
PSAM without any windowing.
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In the previous section, a phantom data was used to illustrate the cross-correlation
method. Before we process the real bone sample data, here we use a typical bone data to
choose a fixed window for all data processing. Figure 3.10 shows a data set of a 2 cm thick
bone sample (B), also shown in Figure 2.8 (A1) and reference water pulse (A). The sample
was cut in transverse direction. Both of the data contain 2000 data points, and sample
interval At is 0.01 psec. Figure 3.11 compares results using different windows length and
taper ratio. The dash curve in Figure 3.11 is the dispersion result without windowing, and
used here as a reference. Six window lengths were tested starting at 250 data points from the
bottom and increase upward at interval of 250 data points. The results of the same window
length are shown in the same row in the figure. Also five window ratio were used starting at
r=0.2 from the left and increase at an interval of 0.2 to the right. From the figure 3.11, as the
window length become short, the dispersion curve is smooth and flat; as the ratio increase,
the dispersion curve become smooth and flat. In a word, the longer the window, the more
information is used in calculation; the smaller the ratio, the more the information is
unhampered in calculation. However, this doesn’t mean the longer the window and the
smaller the ratio, the better the results, there should be a trade-off between taper ratio and
window length. The advantage of this CCM over the PSAM is, it is more robust and
windowing in lag domain is more controllable than truncation in time domain.

In the analysis of all bone sample data, a window of 1000 data points length, which
is equivalent to 400 points in phantom signal, and tapering ratio of 0.6 are adopted. Since the
signal is longer in the phantom and the all data are acquired by 2000 points, to include more
scattering, the phantom data were acquired by sample interval At of 0.025 usec, while

sample interval At for bone samples were 0.01 psec.
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Figure 3.10 A bone sample signal and water pulse: (A) water pulse
through smaller tank and amplified by 34 dB. (B) Pulse
through bone sample amplified by 54 dB.
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Figure 3.11 Effect of window length and window shape on dispersion: (A) ratio 0.2; (B) ratio 0.4;
(C) ratio 0.6; (D) ratio 0.8; (E) ratio 1.0. Six window lengths were tested starting at
250 data points from the bottom and increase upward at interval of 250 data points.



3.4 Discussion of Results

In this section, the cross-correlation technique is applied to the bone data and the
analysis results will be discussed. All bone sample data are discussed and displayed in
chapter 2. The number in the figures in this section are slope of the dispersion curve in the
effective frequency range, which is taken here as the range of frequency components having
magnitude greater than 2/3 of the maximum magnitude in the magnitude spectrum.
Magnitude spectrum of the corresponding bone samples are displayed in chapter 4. From
the magnitude er spectrum, it can be found that the effective frequency range is very narrow
for some signals.

The sold lines in those figures represent the portion of effective frequency range.
The negative values represent negative dispersion, and positive values represent positive
dispersion. For bovine trabecular bone in transverse direction (figure 3.12), three of the five
2.0 cm bone samples show negative dispersion, two of the five 1.5 cm bone samples show
negative dispersion, two of the five 1.0 cm bone samples show negative dispersion, and
seven of the ten 0.5 cm bone samples show negative dispersion. For bovine trabecular bone
in axial direction (figure 3.13), none of the two 2.0 cm bone samples show negative
dispersion, all two 1.5 cm bone samples show negative dispersion, none of the two 1.0 cm
bone samples show negative dispersion, and two of the five 0.5 cm bone samples show
negative dispersion. For pig trabecular bone in mixed direction (figure 3.14), all two 2.0 cm
bone samples show negative dispersion, none of the two 1.5 cm bone samples show
negative dispersion, one of the three 1.0 cm bone samples show negative dispersion, and

four of the five 0.5 cm bone samples show negative dispersion.
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Figure 3.12 Phase velocity of bovine trabecular bone of different thickness in transverse direction: (A)
2.0 cm. (B) 1.5 cm. (C) 1.0 cm. (D) 0.5 cm. The number in the figures indicates the slope of
the dispersion curve in the effective frequency range.
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Figure 3.14 Phase velocity of pig trabecular bone of different thickness in mixed direction: (A) 2.0 cm.
(B) 1.5 cm. (C) 1.0 cm. (D) 0.5 cm. The number in the figures indicates the slope of the
dispersion curve in the effective frequency range.



It seems negative dispersion is more likely to happen when the thickness of bone
sample becomes smaller in figure 3.12; however, no such trend exists for figures 3.13- figure
3.14. In these figures, the ratio of showing negative dispersion is high for larger thickness,
then decreases when the thickness reduces, and increases again for the smallest thickness.
Figure 3.15 shows the velocity of the four phantoms described in chapter 2. All 4 phantoms
show negative dispersion. Figure 3.16 are their corresponding spectra.

The negative dispersion has been reported by many researchers and was assumed to
relate to ultrasound scattering inside the trabeculae (Nicholson and Lower et al, 1996;
Strelitzki and Evans, 1996; Droin and Uerger et al, 1998; Wear 2001). Dispersion has been
summarized as the following categories (Sachse and Pao,1978): (1) geometric dispersion,
caused by the presence of specimen boundaries, (2) material dispersion, caused by the
frequency dependence of material constants, such as mass density, dielectric constants,
elastic moduli, etc...(3) scattering dispersion, caused by the scattering of waves by densely
distributed fine inhomogeneities in material; (4) dissipative dispersion, caused by the
absorption or dissipation of wave energy into heat or other forms of energy in an irreversible
process, (5) nonlinear dispersion, caused by the dependence of the wave speed on the wave
amplitude. In fact, the dispersion of the bone samples is the combination of all these five
sources of dispersion. Material dispersion, dissipative dispersion and nonlinear dispersion
are common for almost all materials, and play important role in showing positive dispersion.
Geometric dispersion and scattering dispersion are similar in mechanism and both are
caused by the redirection of ultrasound energy by the inhomogeneities. The difference
between the two is that the geometric dispersion is macroscopical and will result in

coherence phase change, while the scattering dispersion is microscopical and will result in
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random phase change. Therefore, the inhomogeneities contribute to

dispersions, with the plate-like trabeculae works like a specimen boundary.
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Figure 3.15 Phase velocity of corresponding phantoms in figure 2.17.

points, and taper ratio is 0.6.

Sample interval is 0.025 psec, window length is 400 data
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Figure 3.16 Magnitude Spectra of corresponding phantoms in figure
2.17. Sample interval is 0.025 psec, window length is 400
data points, and taper ratio is 0.6.
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Chapter 4

Estimation of Broadband ultrasound Attenuation (BUA)

4.1 Introduction

The energy loss of ultrasound beam through bone can be broadly categorized into
two types: geometrical loss and intrinsic loss (Fitting and Adler, 1981). The first type
includes reflection and refraction, wave guide effects, and beam spreading. In our
experiment setup, the ultrasound beam is supposed to be perpendicular to the surface, so
refraction and guide waves can be neglected. In addition, the distance that ultrasound travels
within the bone sample is relatively short and the ultrasound beam is slightly divergent, so
the beam spreading can also be neglected. The second type includes scattering and
absorption. Both of these two energy loss mechanisms are inherent to the bone and
contribute to the BUA discussed in this chapter. However, the first type of energy loss
mechanisms, here mainly the reflection loss should be subtracted from the total energy loss
in determining the absorption attenuation.

Scattering is due to the discontinuity inside the material and results in the redirection
of ultrasound energy. This process in turn also results in extra chance of energy absorption,
since the traveling length is increased. Absorption is the result of energy loss as heat, and
can be caused by heat conduction in fluid or friction in solid. In heat conduction, Herzfeld
and Litovitz (1959) provided the following explanation for a fluid. When a sound wave
travels in the liquid, the liquid is subject to compression and expansion. At the moment of
compression, the temperature will arise to one above the average, and due to the heat
conduction, some of heat will diffuse into low temperature area. Accordingly, upon
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re-expanding procedure, the compressed region will return less work than was expended on
compressing them. A similar explanation applies to the recompression procedure of

rarefaction regions. Thus, conduction of heat causes sound absorption in liquid.
4.2 Power Spectrum Estimation Technique

To estimate the attenuation of ultrasound in trabecualar bone, it is necessary estimate
the power spectra of bone sample signal and reference signal. There are several methods to
estimate the power spectrum. Some of the methods will be discussed briefly below.
4.2.1 Periodogram Technique

Assume x(n)is N point signal, to calculate the energy that lies in any frequency band,

we can isolate the portion of the signal within that frequency band by passing it through an
ideal band-pass filter like

, welQ

. 4.1
0, otherwise 1)

H(a))={

Then, the energy of the filtered signal is the energy that the original signal contains in the
frequency band Q . If we repeat the computation for all frequency bands Q2 , we will have an
energy density function via the frequency variable @ .

The Fourier Transfer of the original signal can be expressed as

N-1
X(w)=Y x(n)e”™ . 4.2)
=0
Then, an estimate of the energy spectrum density corresponding to the frequency band Q2
can be obtained by
I= j|X(w)|2da). (4.3)
Q

The energy spectrum density can also be scaled to obtain the power spectrum density by
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3‘(&)) = ]1[ 4.4)

The estimator is called periodgram (Roberts and Mull, 1987).
4.2.2 Indirect Estimation from Autocorrelation Function

If low order elements of the autocorrelation sequence of a signal are estimated

independently, such as

A

r(k) = i yk+0)y(l), 0<k<N<L. (4.5)

1
L7
Then, the spectrum given by:

N A

S@)=Y r(k)e™ (4.6)

k=—N
becomes the estimate of the power spectrum of signal y(n), which is often called the
Blackman-turkey estimate (Roberts and Mull, 1987).
4.2.3 Sinusoidal data fitting
If the spectrum of a signal is a linear spectrum, that is, in an extreme case that all
signal power is concentrated on a finite set of the frequency components, it must consist of

sinusoids at those frequencies. Then such a signal can be represented by
(k)= 4 cos(ka, +4). @.7)
i=l

Each frequency component is characterized by 3 parameters: frequency, phase and
amplitude. When those three parameters are known for all components, the power spectrum

can be estimated by

S(a)) = l1m2 yk+DHy()= Z 4 cos(ka) ). (4.8)

Low]=0

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To obtain those parameters, the classical way is using Gaussian least-square method. For a

signal y[0,L-1] of m frequency components, set up a function
L-1 2
V(Apr Az Ao @1 @ Gy B,) = kZ_%)g(k) , 4.9

where
e(k)=y(k)- i A, cos(kw, +¢,). (4.10)

When the function is minimum, the error is the smallest, and a best fitting of these parameter
is obtained. The function ¥ is not linear in the frequency and phase, which makes it difficult
to minimize.
4.3 Reflection power loss and attenuation

When an ultrasound beam encounters the interface between bone sample and water,
additional energy loss occurs due to transmission through the interfaces and this energy loss
should be subtracted when calculating absorbed energy loss of the bone sample.

Since in our experiment setup, the ultrasound beam is perpendicular to the surface of
bone sample, we only consider normal incidence in the plane interface. The two materials
beside the interface are cancellous bone and water, whose density and ultrasound velocity

are p, ¥, and p, V,, respectively. Then the coefficients of reflection and transmission

(incidence from water to cancellous bone) are defined as:

R=Pr_%=Z4 @.11)
pI Zb+Zw

r=Pr__%% (4.12)
pI Zb+Zw
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where Z, = p, -V, is the acoustic impedance of cancellous bone, Z = p, -V, is the
acoustic impedance of water; p, is the sound pressure of incident wave, p, is the sound

pressure of reflected wave, p, is the sound pressure of transmitted wave (Krautkdmer and

Krautkamer et. al, 1983).

Once the reflection and transmission coefficients are known, the decrease of the
transmitted amplitude compared with the incident can be calculated. In our experimental
setup, the ultrasound beam travels through two interfaces. In the first interface, ultrasound
beam transits from water to cancellous bone, the corresponding decrease of the transmitted
wave amplitude compared with incident wave amplitude is:

27,

A4, =20log L =20log S dB. 4.13)

pI b + w
In the second interface, ultrasound beam travels from cancellous bone to water, the
corresponding decrease of the transmitted wave amplitude compared with first transmitted

wave amplitude is:

Pr 27
2 =20lo v _dB. 4.14
8~ (4.14)

Pr » T4,

4,,=20log

Therefore, the total decrease of the second transmitted wave amplitude compared with
incident wave amplitude due to the transmission loss through the interface is:

27 2Z 4Z Z
+4,,=20lo L 1+20lo *— =20log—22—dB. 4.15
Awb bw gZ +7 gZ 7z g 7 2 ( )

b w b+w (b w)

However, when we compare the bone sample signal and water reference signal, the
attenuation include not only the above reflection loss but also the intrinsic absorption of the
cancellous bone. The total decrease of the transmitted wave amplitude compared with the

incident wave is:
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A=A, ,+4, +A4

absorp (416)
where Aasorn 18 the attenuation of ultrasound through the bone sample. In the dispersive

cancellous bone, the total decrease can be calculated using power density estimation

technique given by

Aﬁ=mma§%§, @17

where, 4 (f) is the magnitude of corresponding frequency component of the reference
signal, and A4 (/') is the magnitude of corresponding frequency component in the bone

sample signal.

Then what we want to get, 4

Lsorp » COITESpONds to the Broadband Ultrasound

Attenuation if divided by frequency, or corresponds to the normalized Broadband

Ultrasound Attenuation if divided by frequency and sample width:

Aabsorp = A - (Awb + Abw)
4.18
4.(/) Z,+2,)

If we know the acoustic impedance of the cancellous bone and water, it is easy to calculate
transmission loss. In the literature, density and velocity have been reported. Some of the
values will be used to calculate BUA and compared with our experimental results.
However, it is not easy to get the acoustic impedance of cancellous bone directly using our
experimental setting, but luckily reflection coefficient can be obtained approximately from
the experiment data.

Using the echo mode of acquisition, the signal reflected from the water/bone
interface can be measured with a single transducer. By keeping the water/bone interface
perpendicular to and in the middle of the two transducers, the ultrasound absorption in water
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will be the same for the reference signal and echoed signal, since they travel the same
distance in water. Then apply power density estimation technique on the echo signal and

water reference signal, we can get the reflection decay

Atten,(f) = 2010g(%%) , (4.19)

where, 4, (f) is the magnitude of corresponding frequency component of reference signal,
and A4,(f) is the magnitude of corresponding frequency component in bone sample echo

signal.
At the boundary, according to the continuity of pressure, the following condition
should be satisfied:
1+R=T. (4.20)
Even the acoustic impedances of cancellous bone and water are unknown, as long as the
reflection coefficient can be obtained in some way, the transmission coefficient can be
calculated, vice versa. In this thesis, we care about only the transmission loss, which means
the decay of signal due to reflections at two interface, although we can calculate

transmission coefficient, it is not necessary, since we can obtain the transmission loss by

47 7
+4,_=20log ———t—
A+ 4, g , +Zw)2
[~ 2 2 2 _ 2
- 20log z, +2Zwa-|;Zw _Z, ZZWZ”J;ZW @21)
(Zb +Zw) (Zb +Zw)

2
A 4
=20log| 1-| =2—=x | |=20log|1- R?
s (ZZ]} o[1-F]

Where R is the reflection coefficient at the interface between bone and water and can be

calculated by
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r=l) (4.22)
A4.(f)

Therefore, the final expression of absorption decay can be written as:

Aoy = 2010g(————As 9 )) -20log 422 >
4.(f) (Z,+2,)

A(f) 2
=20log(-2~22)—-20log(1- R
og( 4 f)) og( ) “23)

oo A (4,NY
_2010g(A (f)) 2010g|:1 (A,(f)j ]

-

To eliminate the water attenuation effect and get a correct reflection coefficient, the bone
sample should be correctly positioned so that the echo interface is perpendicular to the
ultrasound beam and in the exact middle of the two transducers. In this way, the ultrasound

travels the same distance in the water for both echo signal and transmission water reference.

The density of solid trabeculae p,,,, ... » 1960kg/m *, the density of marrow

930kg/m *, and volume fraction, 0.17, 0.19, 0.25 have been used in research of

p marrow 2

Biot’s theory (Hosokawa and Otani, 1996). The density of cancellous bone is here given by

p cancellous — p trabeculae
p cancellous — p trabeculae atrabeculae + p marrow (1 - atrabeculae) .

(4.24)

Then we use these parameters to approximately estimate the reflection coefficient
and the transmission loss. Although these parameters are expected to vary from those of the
bone samples being examined, we still hope the calculated results can provide some

valuable comparison, in the case of lack of correct transmission loss.

4.4 Discussion of results
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In our experiment, since the signal through bone sample is too weak, a preamplifier
was used. Water pulses were amplified by 34 dB, while bone signals were amplified by 54
dB. Therefore, 54 —-34 =20dB correction should be applied to the final BUA results.

Figure 4.1 display the power spectra of bovine bone signals in transverse
direction, calculated using auto-correction technique. The tapering window is 1001 data
point Tukey window with tapering portion r= 0.6. We can see from the figures that the
dominant energy shifts to lower frequency as the bone sample thickness increase,
showing rapid absorption in higher frequency. The same algorithm is used to remove the
DC components, that is calculating the average of the time signal then subtracting this

average from the whole signal.
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Figure 4.1 The power spectra of bovine bone signals of different thickness in transverse direction:
(A) 2.0 cm. (B) 1.5 cm. (C) 1.0 cm. (D) 0.5 cm.
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Figure 4.2 display the energy loss of bovine bone sample signals in transverse
direction compared with water reference signal. The value in the figure is the slope, and the

solid line is the portion used to do this calculation, which in turn depends on the effective

4,()
4.(1)

r

frequency range. Equation (4.17) A(f)=20log( ) is used in this procedure, where,

A (f) is the magnitude of corresponding frequency component reference signal, and
A (f) is the magnitude of corresponding frequency component in bone sample signal.

Therefore, the calculated energy loss includes the transmission loss and absorption. As the
bone sample thickness increase, the linear portion of attenuation curve shift to lower
frequency and at the same time become steeper. The 20dB amplification difference has been
corrected.

Figure 4.3 displays the transmission loss corrected energy loss of bovine bone
sample signals in transverse direction compared with water reference signal. The value in
the figure is the slope, also BUA. The solid line is the portion used to do this calculation.
The corrected energy loss is calculated using equation (4.23), with the second term in the
right side representing transmission loss. Here we use only one bone sample to calculate the
transmission loss and apply it to the whole group, hoping that interface of same kind of bone
and same direction will produce same energy loss. The curves don’t change much except
some obvious change in the lower frequency. Compared with figure 4.2, some slopes
increase while others decrease, depending on the effective frequency range used to calculate

the slope.
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Figure 4.4  The transmission loss of one bovine bone sample. (a) is

obtained using the echo signal; (b) is the results calculated

from literature parameter, using equation (4.15).
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Figure 4.4 displays the transmission loss of a bovine bone sample with thickness
being 2.0 cm in transverse direction. To calculate the transmission loss, echo from the
water/bone interface is acquired and isolated to do power density estimation, which is then
compared to the power density estimation of water reference signal to obtain the reflection
coefficient, which finally goes into equation (4.23) to calculate the transmission loss. The
result is compared with results calculated from acoustic impedances. Density of bone is
calculated for volume fraction, 0.17, 0.19, 0.25, the velocity is the phase velocity in those
bone samples, and then equation (4.21) is used to calculate the transmission loss. Since the
densities of three different combinations are similar, the three results are almost same and
nearly coincident in the figure. As shown in the figure, the results calculated from acoustic
impedances are smaller than that calculated from echo in the effective frequency range, and
may indicate that the bone volume fraction should be larger.

Figure 4.5 displays the power spectrum of pig bone signals in mixed direction,
calculated using auto-correction technique. The tapering window is 1001 data point Tukey
window with tapering portion =0.6. We can see from the figure that the dominant energy
shift to lower frequency as the bone sample thickness increases, showing rapid absorption in

higher frequency.
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Figure 4.5 The power spectrum of pig bone signals of different thickness in mixed directions:
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Figure 4.6 displays the energy loss of pig bone sample signals in mixed direction,

4.(f)
4.(1)

'

compared with water reference signal. Equation (4.17) A(f) = 20log( ) is used in

this procedure, where, 4 (f) is the magnitude of corresponding frequency component
reference signal, and A4 (f) is the magnitude of corresponding frequency component in

bone sample signal. Therefore, the calculated energy loss includes the transmission loss and
absorption. As the bone sample thickness increase, the linear portion of attenuation curve
shift to lower frequency and at the same time become steeper. The 20dB amplification
difference has been corrected.

Figure 4.7 displays the transmission loss corrected energy loss of pig bone sample
signals in mixed direction compared with water reference signal. The corrected energy loss
is calculated using equation (4.23), with the second term in the right side representing
transmission loss. Here we use only one bone sample to calculate the transmission loss and
apply it to the whole group, hoping that interface of same kind of bone and same direction
will produce same energy loss. Compared with figure 4.6, some slopes increase while others

decrease, depend on the effective frequency range used to calculate the slope.
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Figure 4.8 displays the transmission loss of one pig bone sample with thickness
being 2.0 cm in mixed direction. To calculate the transmission loss, echo from the
water/bone interface is acquired and isolated to do power density estimation, which is then
compared to the power density estimation of water reference signal to obtain the reflection
coefficient, which finally goes into equation (4.23) to calculate the transmission loss. . The
result is compared with results calculated from acoustic impedances. Density of bone is
calculated for volume fraction, 0.17, 0.19, 0.25, the velocity is the phase velocity in those
bone samples, and then equation (4.21) is used to calculate the transmission loss. Since the
densities of three different combinations are similar, the three results are almost same and
nearly coincident in the figure. As shown in the figure, the results don’t agree at all in the
effective frequency range, basically it is because that the density and volume fraction is
come from bovine bone and it is not comparable with that of pig bone.

Figure 4.9 displays the power spectrum of bovine bone signals in axial direction,
calculated using auto-correction technique. The tapering window is 1001 data point Tukey
window with tapering portion = 0.6. We can see from the figure that the dominant energy
shifts to lower frequency as the bone sample thickness increase, showing rapid absorption in
higher frequency. There is DC component remain in the first figure, caused by the erratic

waveform.
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Figure 4.10 The BUA of bovine bone sample signals of different thickness in axial direction: (A)
2.0 cm. (B) 1.5 cm. (O) 1.0 cm. (D) 0.5 cm.



Figure 4.10 display the energy loss of bovine bone sample signals in axial direction

4.(f)
4.(f)

r

compared with water reference signal. Equation (4.17) A(f) =201log( ) is used in

this procedure, where, 4 (f) is the magnitude of corresponding frequency component
reference signal, and 4 (f) is the magnitude of corresponding frequency component in

bone sample signal. Therefore, the calculated energy loss includes the transmission loss and
absorption. As the bone sample thickness increase, the linear portion of attenuation curve
shift to lower frequency but do not become so constantly steeper as in bone sample axial
direction. The 20dB amplification difference has been corrected.

Figure 4.11 displays the transmission loss corrected energy loss of bovine bone
sample signals in axial direction compared with water reference signal. The corrected
energy loss is calculated using equation (4.23), with the second term in the right side
representing transmission loss. Here we use only one bone sample to calculate the
transmission loss and apply it to the whole group, hoping that interface of same kind of bone
and same direction will produce same energy loss. Compared with figure 4.10, some slopes
increase while others decrease, depending on the effective frequency range used to calculate
the slope.

Generally speaking, in the above three groups of bone samples, the slope of
attenuation increases with the bone sample thickness. The phenomenon can be explained in

the following simple way. Suppose the amplitude of one high frequency component can be
represented as a function of travel distance L in the following way 4, exp **. Here a,

represents the absorption coefficient, 4, represents its initial amplitude.; the amplitude of

one low frequency component can be represented as a function of travel distance L in the
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following way 4, exp “*, here «, represents absorption coefficient of this low frequency

component, A4, represents its initial amplitude. The attenuation of these two frequency

components can be represented as:

—ahL
Atten, =20log Ae * =-20a,Lloge, 4.24)
h A h

h

-a,L

Ade

Atten, = 201og( )=—20¢,Lloge. (4.25)

1
Since attenuation is the function of travel distance for fixed frequencys, it is clear to see that

the attenuation increase with travel distance L. At the same time, the attenuation slope is

calculated by:
Atten. = Atten, — Atten, _ —20; loge L — (~20a loge- L)
slope f]"eqh - ﬁ' eq 7 ﬁeqh — ﬁeql
) (4.26)
= —20(a, —;)loge L
frth - freq,

where, the negative sign indicate the decrease and the fraction is constant for certain
frequencies. Since higher frequency has bigger absorption coefficient, value in the bracket is
positive, the attenuation slope is a linear function of L and increases with the travel distance.
This also shows that, for the same bone quality, that is, absorption coefficient is constant for
same frequency, the slope should be constant, agreeing with the results of Serpe and Rho
(1996), who got a rate of approximately 3.6 dB MHz' mm™. However, based on our
experiment results, dependence of the attenuation on frequency is not strongly linear. This
may be caused by the non-homogeneity in the bone sample and the uncertainty of the

thickness.
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Figure 4.11 The BUA of bovine bone sample signals of different thickness’ in axial direction

(transmission loss corrected): (A) 2.0 cm. (B) 1.5 cm. (C) 1.0 cm. (D) 0.5 cm.
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parameter, using equation (4.15).
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Figure 4.12 displays the transmission loss of one bovine bone sample with thickness
being 2.0 cm in axial direction. The result equation obtained using water pulse and reflected
signal is compared with results calculated from acoustic impedances. Density of bone is
calculated for volume fraction, 0.17, 0.19, 0.25, the velocity is the phase velocity in those
bone samples, and then equation (4.15) is used to calculate the transmission loss. Since the
densities of three different combinations are similar, the three results are almost same and
nearly coincident in the figure. As shown in the figure, the results calculated from acoustic
impedances are smaller than that calculated from echo in the effective frequency range, and
may indicate that the bone volume fraction should be larger.

Figure 4.13 displays the energy loss of 4 phantom signals. This energy loss is not

corrected by the transmission loss.

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dB

m
o

100

80

60

40

20

100

80

60

40

20}

Figure 4.13 The BUA of phantom signal without transmission loss

(A)

g s

ol

0

-5.47
1
: g
.'i\.ir‘\_/\ Iy A
05 1 15
)
4.18
Ly
, I! “ ‘.. s
,.’ N’ -
05 1 15

Frequency (MHz)

correction.

dB

dB

85

100

80

60

40

20

100

80

60

40

20

."h-

"o

0

(B)
18.18
o, e,
el N ,” ‘ ~‘.—
0.5 1 1.5
(D)
14.74
" SN, . ;e
I3 IR TS AR Ui b
R g
0.5 1 1.5

Frequency (MHz)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Chapter 5

Conclusions and Future Work

This thesis briefly introduced the bone structure and quality, followed by literature
review of current research on bone characterization. However, the major part of this thesis is
involved with the experiment and the data processing. The experiment is aimed to
investigate the velocity and absorption of trabecular bone and phantom data. The bones
were bovine and pig bone.

The trabecular bone consists of 3 dimensional network of trabeculae, but there is
also some cartilage occasionally appearing inside the trabeculae. The existence of those
cartilages will make the estimation of phase velocity and absorption biased from the actual
results. The reason for this is that, the cartilage will redirect the energy and also cause the
transmission loss, thus resulting in more severe attenuation. As for the phase velocity, the
error is mainly caused by the waveform distortion due to the reflection in the cartilage
surface, and is also related to the method we used to calculate the phase velocity.

As we can see in chapter 3, the equation of calculating the phase velocity is
essentially based on the phase difference between water reference signal and bone sample
signal. However, the phase difference is not only depending on the traveling time but also
depending on the waveform, if the waveform is changed in a way other than due to different
phase velocity, thus calculated phase difference is not correct, therefore, the final phase
velocity is not accurate. Absorption will cause this kind of unexpected waveform distortion.
In my opinion, however, pure absorption, here I mean the amplitude decrease of each

frequency component, alone will not cause error in phase difference. If there is reflection
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from cartilage surface, dramatic waveform distortion will occur, and it is this distortion that
will cause the maximum error in phase velocity.

The velocity varies slightly with the thickness, with the uncertainty increasing with
the decrease of the thickness. The reason for this trend is that when the thickness is smaller,
the uncertainty of the thickness is increased by the error propagation law. On the other hand,
the attenuation increases obviously with the thickness, the reason for this is easy to
understand. Meanwhile, the slope of attenuation also increases with the bone sample
thickness. However, based on our experiment results, dependence of the attenuation on
frequency is not strongly linear.

Two methods were used to calcuate the transmission loss. One is based on power
spectrum estimation of reflected signal and water reference signal. Another is based on
acoustic impedances of water and cancellous bone. The transmission loss results using two
methods are comparable for the bovine bone.

In future work, skeleton in particular portion, such as calcaneus, vertebra worth
tested and to see whether they contain cartilage or not. Since tone burst or broadband
ultrasound pulse is easily affected by the scattering or reflection, first cycle or half cycle of
the broadband pulse, can be considered as the investigating tool. The advantage of this

portion is that it is not so likely be affected by scatter or reflection.
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Appendix A

Cross Correlation Function and Cross Spectrum

The cross-correlation function between two zero-mean signals x(f) and y(¢) is

0

R, (@)= [x(®)y(t+r)dt (A.1)

—00

and its Fourier Transform is

P ()= Zny () dr. (A2)
Substituting (A.2) into (A.1) yields

® (0)= Z:[x(t)y(t +1o)dt e dr (A.3)
or

@ (w)= 0] o]x(t)y(t +7) e drdt

—00 —0

= j j x(Oy(t+7) e Grdy (A.4)

—00 —00

= j j y(t+7) eI x(t)e*  dt

—00 —00

The inner integral is
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I y(t+1)e PG (r) = J. Yt +1)e Gt + 1)

(A.5)
=Y(w)
Using (A.4), (A.5) becomes
P, (w) = O]Y () x(2)e’*™ " dt
=Y(w) wjx(t)eﬂ”f'dz (A.6)

=Y (o)X (o)

where X () is the complex conjugate of X(w). Writing (A-6) in terms of amplitude and

phase, we have

X(w)= |X (a))| e (A-7)
and

X' (@) =|X(w)|e™. (A.8)
Similarly, the ¥(w) can be expressed as

Y(@) =Y (w)| ™. (A.9)
Thus equation (A.6) can be written in the following form:

@, () =Y(@)X (@)
=Y (0)|e™" | X (w)|e > (A.10)
=Y ()| X (@)] "0

where
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Im[ X (w)]

0. = arctan{Re[X(a))]} , (A.11)
0 =arctan {M} . (A.12)
g Re[Y (w)]

and Im() and Re() are the imaginary and real parts of a complex argument.
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Appendix B

Zero Padding and Frequency Sampling

Zero padding is used frequently to improve frequency sampling. Consider a time

series of N data points sampled at interval of A¢, the maximum frequency is given by:

fr =5 (B.1)

with a frequency sampling:

o = Lo 1201 1

= Jmax _—— (B.2)
N/2 N/2 NAt

If the length of the time series is made longer to a total length of M data point by padding

M-N zeros at the end of series, the frequency sampling will be improved by having a smaller

Af

1 1
ANf =——<—— . B.3
y MAt NAt ®.3)
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Appendix C

Measurement of Speed of Sound in Water

When calculating the phase or group velocity of ultrasound in bone samples, speed
of sound in water V,, is needed as given by (3.7) and its accuracy will affect results for all
bone samples. The accuracy of V,, is important as it will affect the calculated phase velocity

of bone samples. V), can be simply determined by:

V =

w

L
£ (C.1)

where L is the distance ultrasound travels in water, and ¢ is the time it takes in our

experiments to travel such a distance.

However, SOS calculated using (C.1) in our experiments was around 1450 m/s in
room temperature instead of the accepted velocity of 1490 m/s (Pierce, 1981; Wear, 2001).
The distance L between those two transducers can be measured quite accurately with caliper
and is subject to an error of no more than 1 mm, which does not account for the discrepancy.
As for the time measurement, since water is a non-absorptive or perhaps slightly dispersive
medium, the first detectable deviation from zero is taken as the arrival time ¢, which can be
as accurate as to 0.01 usec in our measurement. However, if there is a systematic delay Az
introduced by the acquisition system in timing departure of ultrasound off the transmitter
surface and recording of the signal by another transducer, the arrival time ¢ should be

corrected by a subtraction of Az. Thus (C.1) can be modified by
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y -L L (C.2)
t—At ¢t

The modified equation also explains why the ultrasound velocity using the simple equation
(C.1) is always smaller than the accepted value. However, A is unknown in (C.2). To

overcome this, we made two measurements, ¢; and ¢, for two distances L; and L,. Then

L _ L

= = . C3
Yo-N t, - A (©3)
Since
Ll _ L2
t—At  t,—At’
L _ t-M
L t-At°
Lz "Ll - LY
L 1, — At
or
L _L-h (C4)
t-At t,—t]
(C.3) becomes
Vv, = L-L (C.5)
L=t

Using this procedure, we obtained a value of 1491m/s, which is quite close to the accepted

value.
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Appendix D

Phase Correction to Unwrapped Phase Difference

The speed of sound in bone sample is calculated by the substitution equation:

wd
wod’
_A + -
(o) V

w

v, (@)= (D.1)

where A¢(w)is the phase difference between the two signals. In our case, the two signals

are the reference water pulse and the pulse through the sample. Phase difference can be

calculated by equations (3.6), (3.7) or (3.10).

The phase difference must be unwrapped by adding or subtracting 2aw to any

discontinuity bigger than 7. After unwrapping procedure, let ¢,(@)be the phase of the

source signals at time ¢ =0 The phase is frequency dependent as it is different for different

frequency component, @ . For ¢ # 0, the phase is ¢,(@)+ @t . For water pulse, the phase is
¢,(w)+w-t,, where t, =d/V, isthe arrival time of the pulse, d is the distance traveled and
vV, is the SOS of the water, which is constant. For signal through sample, the phase is
P (w)+a-t , where t =d/V (w) is the arrival time of the frequency component, @ and
V.(w) is the phase velocity of the corresponding frequency, @ . The phase difference

between these two signals is:

Ad(w) =g (0)+ -1, ]-[g (@) + @-1,]

=[t, -] . (D.2)
d d
Y@ v
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Since phase velocity in bone sample doesn’t change significantly, equation (D.2)

can be approximated by:

A¢(a)):{V?a))—§—}-a)za-a), D.3)

where a is a constant. Equation (D.3) shows a linear relationship of phase difference with

frequency, indicating Ag(w =0)=0.

In the case of using broadband ultrasound to study bone, most of the energy is
confined with a band of frequencies and outside the band there is no significant energy. The
signal-to-noise ratio (SNR) is very poor and the phase difference calculated by equation
(D.2) might not show linearity. Since the phase-unwrapping starts at the low frequency, the

misfit thus will be carried to the effective frequency range.

To correct this misfit, we focus on the effective frequency range where SNR is
high and show a linear character. The effective frequency range can be found by
investigating the power spectrum of the signal through bone samples. The phase difference
within this range will be fitted by a straight line in least square sense. Suppose the intercept
of the least square fit is 2nz+¢, , where 7 is an integer, ¢, is usually a small number. We can
simply shift 2a to force the straight line passing through the origin. Thus, the corrected

phase difference Ad,(w) is

Ag(0) = Ad(w) - 2n7 . (D.4)
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