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ABSTRACT

A significant bone loss, typically in combination with a deterioration in bone architecture, is
called osteoporosis. Millions of people are affected by this metabolic disease and suffer from
osteoporotic fractures. The current clinical method for diagnosis of osteoporosis is the dual energy
X-ray absorptiometry (DXA). Quantitative ultrasound (QUS), which is an inexpensive, portable
and non-ionizing technique, has been introduced as an alternative method for use in osteoporosis
diagnostics.

In this study, bovine and human trabecular bone was investigated by using a wide range of ul-
trasound frequencies. Further, the microstructure of the human trabecular bone was characterized
with a high resolution computed tomography (microCT) technique. Both bovine and human bone
samples were tested mechanically to reveal the relationships between the acoustic and mechanical
properties of the trabecular bone. The effect of frequency on the ability of ultrasound technique
to predict density, structural and mechanical properties of human trabecular bone was evaluated.
In addition, artefacts in the DXA technique arising from the variations in the soft tissue and bone
marrow composition were numerically evaluated. Additionally, a dual energy X-ray laser (DXL)
technique was assessed and compared in vivo with DXA.

The experiments and numerical analyses revealed potential errors in DXA measurements re-
lated to non-uniform soft tissue composition. The results suggested that the DXL technique may
improve the accuracy of bone density measurements, in comparison to the traditional DXA tech-
nique. Acoustic measurements revealed that scattering parameters, integrated reflection coeflicient
(IRC) and broadband ultrasound backscatter (BUB), as well as speed of sound (SOS) were signif-
icant predictors of the density and the mechanical properties of human trabecular bone. It was
revealed that the sensitivity of QUS parameters to changes in human trabecular bone density,
mechanical and structural properties was dependent on the ultrasound frequency.

To conclude, scattering parameters, derived from the pulse-echo ultrasound measurements,
may have clinical significance in the diagnostics of osteoporosis. Although 0.5 MHz is the most
widely used ultrasound frequency in clinical QUS applications, the present results, conducted with
different ultrasound center frequencies suggest that higher frequencies (2.25 MHz-5 MHz) could
provide substantial information on the microstructure and mechanical properties of trabecular
bone that cannot be obtained at lower frequencies. Based on the knowledge gained in the present
study, novel ultrasound techniques that utilize backscatter measurements and higher frequencies
are under further testing.

Universal Decimal Classification: 534-8, 534.6, 534.7

National Library of Medicine Classification: QT 34, QT 36, WE 200, WE 250, WN 208

Medical Subject Headings: bone and bones/ultrasonography; ultrasonics; osteoporosis/diagnosis;
biomechanics; acoustics; bone density; densitometry, X-ray; numerical analysis, computer-assisted;
models, theoretical






To Hanna, Anton and Aaron






ACKNOWLEDGMENTS

This study was carried out in the Departments of Physics and Anatomy, University
of Kuopio and Department of Clinical Physiology and Nuclear Medicine, Kuopio
University Hospital during the years 2002-2006. I would like to express my deep-
est gratitude to all persons who have contributed to this study and provided their
valuable support throughout the work. I wish to mention the following persons and
funding sources.

First of all, I would like thank my principal supervisor Professor Jukka Jurvelin,
Ph.D., for his professional and dynamic guidance. I am very grateful for the oppor-
tunity to work in his enthusiastic group.

[ express my sincere gratitude to my other supervisor, Docent Juha Toyras,
Ph.D., for his intensive and intellectual supervision. It has been my privilege to
work with a talented senior researcher who is so unconditionally devoted to science.

I would also like to thank my supervisor Professor Heikki Kréger, M.D., Ph.D.,
for his guidance and knowledge concerning bone and osteoporosis

[ am deeply indebted to Professor Heikki Helminen, M.D., Ph.D., for placing the
resources of the Department of Anatomy at my disposal during the thesis work. I
am very thankful to him for his fatherly attitude, supervision and wisdom that he
has shared.

I want to express my sincere thanks to Professor Harrie Weinans, Ph.D., and Dr.
Judd Day, Ph.D., for their professional guidance and continuous support concerning
the microCT- measurements. [ am grateful for the opportunity to be able to work
in the Erasmus MC, Department of Orthopaedics in Rotterdam.

I express much thanks to our Biophysics of Bone and Cartilage (BBC) research
group including following persons: Rami Korhonen, Ph.D., Mikko Laasanen, Ph.D.,
Miika Nieminen Ph.D., Petro Julkunen, M.Sc. (Eng.), Mikko Nissi, physics student,
Heikki Nieminen, physics student, Eveliina Lammentausta, M.Sc., Jatta Kurkijarvi,
M.Sc., Jarno Rieppo, B.M. and Ossi Riekkinen, M.Sc. The atmosphere in our
group has been inspirational and supportive throughout these years. I send my
special thanks to my co-author Simo Saarakkala, M.Sc., for the companionship and
invaluable cooperation from the very beginning of this thesis. I am very grateful
to Jani Hirvonen, M.Sc. (Eng.) and Matti Timonen, B.Sc., for their support in
software programming.

I want to express my deepest gratitude to reviewers, Docent Harri Sievanen,
Sc.D. and Dr. Christian Langton, Ph.D., for their constructive criticism and advice
that helped to improve this thesis. I am grateful to Ewen MacDonald, Ph.D., for
linguistic revision.

[ send many thanks to Atria Oyj, and their personnel for providing fresh bone
material for our in vitro studies.

I am greatly indebted to my mother and sister, Tuija and Mia Hakulinen, for



their whole-hearted support and encouragement, for their invigorating attitude and
atmosphere during these years.

Finally, I want to express my utmost and dearest thanks to my beloved wife
Hanna for her continuous support, unconditional love and understanding during
this project, and to our darling sons Anton and Aaron. Their presence has made
this thesis possible.

The study was financially supported by the Finnish Biomaterial Graduate School,
Finnish Graduate School in Musculoskeletal Diseases, the National Technology Agency
(TEKES), Kuopio University Hospital (EVO grant 5173), Instrumentarium Science
Foundation, East Finland High Technology Foundation, the Academy of Finland,
which I acknowlegde with gratitude.

Kuopio, June 2006

Mikko Hakulinen



SYMBOLS

ighg}:&mb@dj?ﬁ\hm&ﬁ\ng

S8

S R L TRS B 2333

SHek s NS S

amplitude

radius

sound speed

velocity

diameter

(elastic) Young’s modulus
frequency

frequency range

force

shear modulus

height

area-averaged mean curvature
intensity

gaussian curvature

adiabatic bulk modulus

length after deformation
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maximum
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number of samples

X-ray photon count
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structure point

reflection coefficient

Pearson’s correlation coefficient
thickness

transmigsion coefficient

time

time difference

particle displacement amplitude
maximum particle displacement
particle velocity

two dimensional vector of displacement of the medium
characteristic impedance
distance

center of sphere

attenuation coefficient

number of bone particles
connectivity



G2 number of cavities

X Euler number
€ strain

€y yield strain
€5 Zero strain

N shear viscosity
A Laplace operator

¥ first Lame constant

) second Lame constant
K principal curvature

g
T

angle

local thickness
7 backscatter coefficient
v Poisson’s ratio
Q volume structure
P bulk viscosity
0 material density
o stress
Cmaz ultimate strength
oy yield stress
ABBREVIATIONS
AA average attenuation
AP anterior-posterior
AVU apparent velocity of ultrasound
BMC bone mineral content
BMD bone mineral density
BMI body mass index
BUA broadband ultrasound attenuation
BUB broadband ultrasound backscatter
BS bone surface
BS/BV bone surface-to-volume ratio
BV bone volume
BV/TV bone volume fraction
CC cephalo-caudal
CT computed tomography
CV coefficient of variation
DA degree of anisotropy
DXA dual energy X-ray absorptiometry

FC femoral caput



FE finite element

FET fast Fourier transform

FG femoral groove

FLC femoral lateral condyle

FMC femoral medial condyle

FTM femoral trochanter major

IRC integrated reflection coefficient

MIL mean intercept length

ML medial-lateral

MRI magnetic resonance imaging

nBUA normalized broadband ultrasound attenuation
OR odds ratio

OSI osteo sono-assessment index

PBS phosphate buffered saline

PE pulse-echo

PD proximal-distal

pDXA peripheral dual energy X-ray absorptiometry
pQCT peripheral quantitative computed tomography
ROI region of interest

RR risk ratio

sCV standardized coefficient of variation

SD standard deviation

SI superior-inferior

SMI structural model index

SOS speed of sound

SPA single photon absorptiometry

STP standard temperature (273.15 K) and pressure (101.325 kPa)
Th.Sp. trabecular spacing

Tbh.Th. trabecular thickness

TMP tibial medial plateau

TOF time of flight

TT through-transmission

TV tissue volume

Urv ultrasound transmission velocity

vBMD volumetric bone mineral density

VOS velocity of sound

QCT quantitative computed tomography

QUI quantitative ultrasound index

QUS quantitative ultrasound

WHO World Health Organization
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CHAPTER [

Introduction

Bone, which is one of the hardest tissues in the body, adapts to changes in physical
loading through a continual process of structural remodeling (Wolff’s law) [175]. Os-
teoporosis is regarded as a metabolic disease in which the dynamic balance between
bone resorption and formation is impaired [42]. The first sign of osteoporosis is a
gradual reduction of bone mass, which leads to deterioration in bone structure and
increased susceptibility to fractures. Several methods have been developed for the
assessment of bone quality; single photon absorptiometry (SPA), dual energy X-ray
absorptiometry (DXA), single X-ray absorptiometry (SXA), peripheral quantitative
computed tomography (pQCT), magnetic resonance imaging (MRI), X-ray absorp-
tiometry and quantitative ultrasound (QUS) techniques have been applied clinically.
According to the World Health Organization (WHO) criterion [177], osteoporosis is
diagnosed when the BMD value is 2.5 standard deviations or more below the mean
for healthy, young adults. Currently, osteoporosis diagnosis is generally based on
the bone mineral density (BMD) measurement assessed with the dual energy X-ray
absorptiometry (DXA) technique. However, susceptibility to bone fracture is related
not only to amount of bone, but also to tissue structure and organic composition
[123, 164, 131, 3, 125]. Therefore, DXA can provide only partial information about
bone status. Clinical techniques capable of revealing information on bone structure
and composition, in addition to the amount of bone mineral, would be clinically
useful.

Since the 1980s, when quantitative ultrasound was first introduced as an alterna-
tive technique for osteoporosis diagnosis, it has been studied extensively. However,
the precision and accuracy of clinical QUS measurements have not been as good as
those for DXA. Generally, the instruments are incapable of measuring properties of
potential fracture sites, e.g. proximal femur, lumbar spine or wrist [114]. Variations
in the composition of soft tissue and bone marrow as well as in bone size, diminish re-
liability of both DXA and clinical QUS techniques [13, 12, 153, 152, 106, 178]. There-
fore, interest has become focused on an alternative QUS technique, i.e. backscatter
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18 1. Introduction

measurements [134, 166, 179]. In principle, backscatter measurements may be con-
ducted from typical fracture sites, e.g. proximal femur, that cannot be accessed
by using the current clinical QUS technique based on through-transmission mea-
surements. Previous studies have demonstrated the feasibility of using backscatter
measurements in the assessment of bone status [23, 63, 171, 134].

In this study, the relationships between acoustic, mechanical and structural prop-
erties of trabecular bone were investigated experimentally and numerically. Exper-
imental in wvitro tests were conducted using bovine and human trabecular bone
samples. Multiple ultrasound frequencies were used in the acoustic measurements.
The main aim was to find the most sensitive frequency for the assessment of the me-
chanical and structural characteristics of trabecular bone. In addition, the sources
of error in DXA measurement were explored and the performance of new dual en-
ergy X-ray laser (DXL) technique for the assessment of bone density was validated
both experimentally in vivo and by using numerical analyses.



CHAPTER 1[I

Trabecular bone structure and mechanical properties

2.1 Structure and composition of trabecular bone

Bone tissue consists of cells, fibers and ground substance, and in that way it resem-
bles other connective tissues, but unlike the others, its extracellular components are
calcified. This characteristic feature of bone makes it a strong, stiff material ideally
suited for undertaking locomotive, supportive and protective functions in the skele-
ton. It provides a framework for the attachment of muscles and tendons that are
essential for the locomotion. In addition to these mechanical functions, bone acts
as a reservoir for several minerals, for example it stores about 99% of the body’s
calcium supplies [42]. Bone exhibits a fascinating ability to grow, adapt and repair
itself, enabling it to function throughout the lifespan. Bone can be found in differ-
ent forms varying from dense and compact bone (cortical bone) to spongy, porous
type of bone (trabecular bone) (Figure 2.1). Osteoporosis affects an estimated 75
million people in USA, Europe and Japan. It is considered as a metabolic disease in
which trabecular bone remodeling is impaired. This metabolic malfunction leads to
a gradual reduction of bone mass and a deterioration of bone structure (Table 2.1).

Three kinds of cells are identified in constantly renewing bones: osteoblasts,
osteocytes and osteoclasts. Osteoblasts are responsible for the formation of osseous
tissue and are constantly found on the advancing surfaces of developing or growing
bones. When these cells are surrounded with the matrix, they become quiescent and
are known as osteocytes. Osteoclasts, multinucleated giant cells, are responsible for
bone resorption and remodeling [9]. Bone remodeling is a consequence of the bal-
anced combination of new bone deposition and mineralization by active osteoblasts
and the selective resorption of formed bone by osteoclasts [146].

The bone matrix contains organic and inorganic constituents. The organic
phase represents approximately 35% of the dry weight of the bone matrix. Colla-
gen fibers, mainly type I, make up 80% - 90% of the organic component. Type I
collagen is a fibrillar protein formed from three protein chains, wound together in

19



20 2. Trabecular bone structure and mechanical properties

a triple helix. Type I collagen is highly cross-linked by covalent bonds. In addition
to collagen, the organic phase contains proteoglycan molecules with short protein
cores to which the glycosaminoglycans are covalently bound [42].

Table 2.1: Densities [14, 66] and structural [65, 66, 92] characteristics of healthy and
osteoporotic trabecular bone in different skeletal locations.

BMD BV/TV Tb.Th. Th.Sp. SMI DA
(g/cm®) (%) (pm)  (pm) () ()

Vertebrae
Healthy 1.04 14 268 957 2,51 1.15
Osteoporotic 0.79 10 238 1111 2.65 143
Radius
Healthy 0.37 46 240 280 - -
Osteoporotic 0.19 37 200 350 - -
Calcaneus
Healthy 0.83 32 600 1380 - -
Osteoporotic 0.70 23 540 1840 - -

BMD = bone mineral density, BV/TV = bone volume fraction, Tb.Th. =
trabecular thickness, Th.Sp. = trabecular spacing, SMI = structural model
index and DA = degree of anisotropy.

Mean trabecufar thickness = 193 um
Mean trabecular spacing = 808 um

Figure 2.1: A high resolution computed tomography image of a cylindrical (d =
8mm) human trabecular bone sample. Trabecular bone consists of delicate bars and
sheets of bone i.e. trabeculae, which branch and intersect to form a sponge-like
network. The trabecular network orientates along the principal loading direction.
The ends of long bones, pelvis and spine consist mainly of trabecular bone.

The inorganic phase represents about 65% of the dry weight of the bone matrix.
The inorganic phase consists mainly of calcium and phosphorus, and only small
amounts of bicarbonate, magnesium, citrate, sodium and potassium are present
[42]. Calcium and phosphorus form hydroxyapatite crystals (Caio(PO4)g(OH)2)
and amorphous calcium phosphate. The apatite crystals and collagen fibers create
a structure which effectively resists mechanical stresses [9].
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2.2 Mechanical properties of trabecular bone

Although bone densitometry is often used for the assessment of bone fragility, me-
chanical testing only provides direct information about mechanical integrity. From
the mechanical point of view, trabecular bone is a highly anisotropic and heteroge-
neous visco-elastic material. A number of methods, such as compressive, bending
or torsion testing, have been developed to permit the quantitative evaluation of the
mechanical properties of trabecular bone. The relationship between the applied load
and the corresponding deformation is characterized by the stress-strain curve. The
stress-strain curve for bone can be divided into elastic and plastic regions. Within
the elastic region, the deformation imitates the movement of a spring. The defor-
mation increases linearly with the increasing load, and after the load is released
the bone returns to its original shape. The slope of the stress-strain curve within
the elastic region, called the elastic or Young’s modulus (E), represents the intrinsic
stiffness of the sample [156]. The point where the elastic deformation ends and the
plastic deformation begins is called the yield point (Figure 2.2).

A
_——
w 8 Ulimate strength, o), ===~ ="""=====-""=----""""---===
&
I Yield strength, Oy[~"""""""" f/ }Yie[d point
° S
» Resilience = Y(e)d
2 (e)de
(0]
— 80
=
2 Young’s modulus, E

3 : Strain (s = (L-L,)/L,)
Figure 2.2: Stress-strain curve and deterfnination of mechanical parameters for tra-
becular bone. Ultimate strength, o4, is determined as a maximum stress detected
during the test. Yield point is defined by the point where the elastic deformation
ends and the plastic deformation starts. Yield stress {(oy) and yield strain (e,) are the
stress and strain values recorded at the yield point. Resilience is defined as the energy
stored during elastic deformation. Young’s (elastic) modulus, E, is determined as a
slope of the linear part of the stress-strain curve. ¢g is the zero strain, F' is the applied
force, Lg is the original length of the sample and L is the length of the sample after
the deformation.

The yield strength (0,) and yield strain (e,) are defined by the stress and strain
at the yield point, respectively. Resilience represents the amount of energy stored
within the elastic region of the stress-strain curve and it is calculated by integrating
the stress-strain curve from zero strain (eg) to yield strain (Figure 2.2). Beyond the
yield point, the external stress produces permanent damage to the bone structure.
This permanent deformation is called plastic deformation and the region beyond the
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yield point is defined as the plastic region of the stress-strain curve. The maximum
stress that a bone can sustain is called ultimate strength (0ymqs). Table 2.2 summa-
rizes mechanical properties of trabecular bone of different species in various skeletal
sites and loading directions.

Table 2.2: Mechanical properties (mean + SD) of trabecular bone.

Author Parameter Orientation Site
Human
Nicholson et al [111] E = 164172 MPa SI Vertebrae
FE = 52431 MPa AP
E = 43425 MPa ML

Wachter et al [163]
Giesen et al [43]
Langton et al [87]

Dog
Ding et al [29]

Bovine
Toyrés et al [158]

Njeh et al [117]

Drozdzowska et al. [33]

E = 52444 MPa
Omap = 1.1£1.0 MPa
E = 373+£197 MPa
Omaz = 3.3£2.0 MPa
E = 36423 MPa
Omaz = 0.520.3 MPa

E = 1514 (1318-1715) MPa
E = 549 (445-653) MPa

E = 436 (337-537) MPa
Omaz = 15.5 (13.4-17.6) MPa

Omas = 11.14£3.3 MPa
Omaz = T7.022.8 MPa
Omap = 16.1+£4.3 MPa
E = 11954617 MPa
E = 7704453 MPa

E = 931£496 MPa

E = 737+£440 MPa

E = 398+£264 MPa
Omaz = 25.5+4.4 MPa
Omaz = 11.943.7 MPa

45° osteotomy
of a femoral neck
SI, ML

ML

CC
ML
AP
CC

ML
ML
ML
PD
AP
ML
PD
AP
PD
AP

Proximal femur

Mandibular condyles

Calcaneus

Vertebrae

FMC

FLC

FC

Proximal and

distal femur

Distal radius

SI, superior-inferior; CC, cephalo-caudal; PD, proximal-distal; AP, anterior-posterior; ML, medial-lateral;

FMC, femoral medial condyle; FLC, femoral lateral condyle; FC, femoral caput

In some cases, compressive tests may be less accurate than tensile tests due
to the end artefacts, such as misalignment of the sample with the platens used for

loading the sample during the test.

On the other hand, compressive tests have

advantages as they do not require samples as large as the tensile test, this being
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a major advantage in the case of trabecular bone. In addition, preparation of the
samples for the compressive test is not as difficult as with the tensile test. In most
cases, both tensile and compressive tests serve as precise measurements of bone me-
chanical properties [156]. In the case of small animals (e.g. rodents), the sample
preparation for the compressive or tensile test is challenging.

Since trabecular bone is a heterogeneous material, it exhibits a wide variation in
mechanical properties. This heterogeneity results from the variations in bone volume
fraction, architecture and tissue properties. Elastic modulus and strength of trabec-
ular bone vary both within and across skeletal sites [17, 48, 81, 101]. Although
these properties clearly depend on density, the roles of microarchitecture and com-
position remain partially unclear. Several studies [60] with both human and bovine
trabecular bone have shown that up to 94% of the variations in the elastic modulus
can be explained with the combination of volume fraction, trabecular orientation
and anisotropy. In addition, the changes in microstructure, loss of connectivity and
removal of trabeculae can significantly decrease bone strength in osteoporosis [123].
Although the changes in architectural properties such as trabecular number and
trabecular thickness are strongly related to the bone density, the effects of these
properties on the tissue mechanical integrity are quite different. The bone modulus
and strength are more sensitive to the reduction of the trabecular number than to
a uniform reduction in trabecular thickness even though this may cause the same
loss of bone volume and the same decrease in density [141]. In addition, it has been
demonstrated that the toughness and strength of bone are significantly decreased
after artificial collagen damage [165]. Several studies have demonstrated that the
organic composition of trabecular bone changes in osteoporosis [3, 83, 144, 26] and
perhaps these changes may be associated with an increased risk of fractures.
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CHAPTER III

Quantitative ultrasound techniques

3.1 Basic physics of ultrasound

Ultrasound consists of propagating mechanical oscillations with a frequency (>20kHz)
exceeding the hearing range. A longitudinal waves are generally used in medical ul-
trasound applications. The longitudinal wave can propagate through all types of
media, gases, fluids and solids. In addition to the longitudinal wave, several other
progressing waves, e.g. transverse, surface and plane waves, exist.

Although energy is transmitted through the medium due to the wave motion,
the net movement of the medium is not required for this to occur. The particle dis-
placement amplitude u depends on the distance x along the direction of propagation
of the wave. In general terms

u = ug sin (w {t - iD (3.1)

C

where ¢ is the propagation velocity of the wave, ug is the maximum displacement
amplitude and (w {t — %D is the phase angle of the wave. w = 2nf, where f is

the frequency of the wave. The transmission of the wave, and thereby the sound
speed (c) is related to the density and elasticity of the medium (Table 3.1). In
the case of longitudinal waves in isotropic solids, the shear rigidity of the medium
couples some of the longitudinal wave to the transverse wave [176]. Therefore, the
sound speed depends on both bulk and the shear modulus (Table 3.1). The wave
velocity (¢), defined in equation (3.1), is called the phase velocity and represents
the velocity at which any fixed phase of the cycle is displaced. The phenomenon
in which velocity of ultrasound is related to the frequency of the wave is called
sound dispersion, but in biological materials, ultrasound velocity exhibits only a
small dispersion. When the medium is dispersive, the velocity is called the group
velocity which represents the energy propagation velocity. The group velocity has
a physical meaning (velocity of energy) only for dispersive medium. For a pulsed
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26 3. Quantitative ultrasound techniques

wave in a dispersive medium, group velocity is the velocity of the wave packet [115].
For most practical applications in medicine, the ultrasound velocity is independent
of frequency. Sound speed in several organic and inorganic materials is listed in
Table 3.2. The characteristic impedance (Z) of a material is defined as a product of
density (p) and sound speed (¢) of the medium (Table 3.1).

Table 3.1: Basic ultrasound equations.

Parameter Equation

Sound speed in fluids [176] c= KT
K. +3G
p
— E(1-v)
€T Va2t
Sound pressure (for the plane waves) p = pcv
Characteristic impedance A

Sound speed in isotropic solids [176] ¢ =

sin@; _ ca

Snell’s law for refraction e =
sin G c1 9
: s _ { Z3cos61—Z1 cos 62
Reflection coefficient [174] R = <4Z2 Py o, 92>
issi i — _4Z1Z5cos601 cos b _
Transmission coefficient [174] T = b treste
Ultrasound Intensity I = Ipe~ 2z

¢ = sound speed, K, = adiabatic bulk modulus, G = shear modulus,
E = Young’s modulus, v = Poisson’s ratio, Z = characteristic impe-
dance, R = reflection coefficient, T' = transmission coeflicient, o =
attenuation coeflicient, I = intensity of the wave, v = particle velo-
city, x = distance and p = mean density of the medium, respectively.
01 and 0, are the angles of the incidence and refraction, respectively.
Subscripts 1 and 2 refer to the first and second medium.

When the ultrasound wave meets the boundary of two different media, it may
be partially reflected. Analogously to optics, the reflection follows geometrical laws
(Table 3.1). Ultrasound scattering results from the interaction between the ultra-
sound wave and medium particles, 7.e. acoustic inhomogeneities within the medium.
As a result, a secondary (scattered) ultrasound wave is emitted. The scattering de-
pends on the dimension of the scatterers relative to the wavelength of the ultrasound
wave. In a case of Rayleigh scattering, the scatterers are much smaller than the wave-
length and the scattering coefficient is inversely proportional to fourth power of the
wavelength. With scatterers comparable in size with the wavelength, the scattered
wave exhibits a complex distribution, which is strongly governed by the scatterer
dimensions and the acoustic impedance [174, 35].

As the ultrasound wave travels through a medium, it becomes attenuated due to
absorption, reflection and scattering. In a reflected and scattered ultrasound wave,
energy no longer moves in the original direction, attenuating the primary ultrasound
wave. Absorption mechanisms involve energy conversion, typically to heat. Detailed
descriptions of absorption mechanisms can be found in the literature [174].
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Table 3.2: Acoustic properties of organic [80, 115, 174, 173] and inorganic [40, 47,
99, 150, 159, 174, 78] materials. * Temperatures are within the range 17°C to 25°C,
** Temperatures are within the range 20°C to 37°C.

Material® Speed of Sound Characteristic Impedance
(m/s) (kg/m?s) x 108
Air at STP 330 0.0004
Water 1480 1.5
Polyethylene 2000 1.8
Lead 1200 14
Mercury 1450 20
Aluminium 6400 18
Brass, mean 4490 38
Tissue™™
Fat 1450 1.38
Brain 1541 1.58
Blood 1570 1.61
Kidney 1561 1.62
Human tissue, mean 1540 1.63
Spleen 1566 1.64
Liver 1549 1.65
Muscle 1550-1630 1.65-1.74
Articular cartilage 1630 1.71
Skull bone 4080 7.80
Cortical bone 3000-4000 4-8
Trabecular bone 1450-1800 -

3.2 Clinical QUS techniques in osteoporosis diagnostics

At the moment, clinical QUS devices are typically based on the through-transmission
technique (Figure 3.1). In a through-transmission measurement, the ultrasound
transducers are situated at both sides of the object. When ultrasound propagates
through medium, e.g. bone, the velocity of transmission and the propagation ampli-
tude are influenced by the medium properties. Thus, bone tissue may be character-
ized by measuring the ultrasound velocity and attenuation. In terms of ultrasound
velocity, no established terminology or calculation protocol exists. Speed of sound
(SOS, Table 3.3), velocity of sound (VOS), apparent speed of sound, apparent veloc-
ity of ultrasound (AVU) and ultrasound transmission velocity (UTV) refer to same
ultrasound measurement principle. Several techniques for the detection of pulse
transit time exist. These methods include earliest detectable deviation from zero
[50], detection of zero-crossing points [15], application of cross-correlation technique
[25], predetermined amplitude point or threshold detection [19] and phase spectral
analysis [136, 107]. Nicholson et al [107] demonstrated significant differences in
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Figure 3.1: Quantitative ultrasound measurement techniques. A) Through-
transmission: contact method; B) pulse-echo method; C) through-transmission: sub-
stitution method. s1, $2 and {1, {2 are the thicknesses of the soft tissue and the transit
times through them, respectively. s is the heel thickness, sp is the thickness of the
calcaneus and £ is the transit time through the heel.

magnitude and precision of velocity values when different transit time determina-
tion methods were used. In present clinical devices, a variety of the above-mentioned
methods are used [115]. In contrast, ultrasound attenuation is defined similarly in
most commercial devices, i¢.e. by determining the broadband ultrasound attenuation
(BUA, Table 3.3). First, the attenuation is determined as a function of frequency
by dividing the amplitude spectrum measured through a reference media (typically
degassed water) with the spectrum obtained through the sample [88]. Further, BUA
is determined as a slope of the linear part of the attenuation spectrum, in commer-
cial devices usually between 0.2 MHz and 0.6 MHz. Several manufacturers have
derived other parameters based on combinations of BUA and velocity. Stiffness
index (Achilles+, Lunar, Madison, WI, USA), quantitative ultrasound index (QUI)
(Sahara, Hologic Inc., Bedford, MA, USA) and osteo sono-assessment index (OSI)
(AOS-100, Aloka, Tokyo, Japan) have been introduced. It has been suggested that
both BUA and SOS can identify patients who are at an increased risk of osteoporosis
as reliably as BMD [4, 53]. However, some limitations are associated with current
clinical QUS techniques. Both BUA and SOS depend on the bone size [157, 88|
and, over a wide range of bone densities, BUA has been demonstrated to exhibit a
nonlinear association with BMD [62, 138, 158].
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Table 3.3: Definitions for basic ultrasound parameters used in clinical applications.

Parameter Equation

Speed of Sound s—(chc“,)

Bone Velocity 2= %

Limb Velocity &

Broadband Ultrasound Attenuation [88]  8.686ln %((ff)) + In(TowThe)
. f .Ot,],Bdf

Average Attenuation A"A—f

Integrated Reflection Coefficient [27] %j{))wdf

Broadband Ultrasound Backscatter [134] %}?)wdf

¢y = sound speed in the reference material (e.g. degassed water), At = time difference
between transit times through water with and without the object. sp, s1, s2 and 1y, 1,

to = thicknesses and transit times for the bone and soft tissue (Fig 3.1), respectively. s
= heel thickness, 4, and A,, = ultrasound signal amplitudes in water with and without
the object, respectively. T and R = transmission and reflection coeflicient, respectively.
Subscripts b, tb and bt refers to bone, water-bone interface and bone-water interface, re-
spectively. up = frequency dependent backscattering coeflicient in bone, f = frequency

and A f = effective frequency range in use.

An alternative ultrasound method is based on the pulse-echo technique (Figure
3.1). In the pulse-echo measurement, a single transducer is transmitting and receiv-
ing the ultrasound signal. This enables, at least theoretically, QUS measurements
from various anatomical locations which are difficult to measure with traditional
through-transmission techniques. The pulse-echo technique enables determination of
backscattering and reflection parameters not extractable from through-transmission
measurements. These parameters (Table 3.3) have been suggested to provide quan-
titative information on the amount, composition and microstructure of trabecular
bone [134, 63, 170, 23]. Several techniques have been introduced for the determina-
tion of backscattering parameters. These techniques utilize either a phantom [179]
or a standard plane reflector [134] as the reference for the determination of backscat-
tering. In the technique introduced by Roux et al [134], reflection from a standard
plane reflector and sample is measured (Figure 3.2). In the determination of broad-
band ultrasound backscatter (BUB), the region of interest (ROI) is set at the part
of the signal backscattered from inner structures of the sample. Power spectrums
of the signals are calculated by using the fast Fourier transform. The integrated
reflection coefficient (IRC, Table 3.3) is determined analogously although ROI is set
to the part of the signal reflected from the sample surface. Both backscatter coeffi-
cient (up) and reflection coefficient (R;) are calculated by performing a log spectral
subtraction of the backscattered or reflected spectra from the reference spectrum,
respectively (Figure 3.3). Finally, BUB and IRC are estimated by integrating the
backscatter and reflection coefficient over the effective frequency range (Table 3.3).
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Figure 3.2: The reference method. First, a reference signal is measured from a
standard reflecting target (e.g. polished steel plate). Secondly, reflected ultrasound
signal is recorded from the sample. Region of interest (ROI) is set at the part of the
signal reflected from the surface (IRC) and inner structures (BUB) of the trabecular
bone sample.
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Figure 3.3: Determination of backscatter coeflicient. For the calculation of power

spectra, both ultrasound signals, reference and sample measurement, are Fourier
transformed (FFT, fast Fourier transform). Backscatter coefficient yy, as a function of
frequency, is determined by performing a log spectral subtraction of the backscattered
spectrum from the reference spectrum.

Earlier studies have suggested that the backscattering techniques are feasible for
use in the diagnostics of bone fragility [171]. Furthermore, previous studies have
shown that ultrasound backscattering is associated with trabecular bone density
[106, 171], microstructure [23] and composition [63], evidence of the potential of
backscattering technique for bone quality characterization.
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3.3 Acoustic properties of trabecular bone

In biological tissues, the loss mechanisms of ultrasound are not totally understood.
It has been suggested that a significant part of the longitudinal wave absorption in
soft tissues can be explained with the relaxation mechanics at the macromolecular
scale of proteins [174]. The loss mechanisms can be quite different in fluid-like soft
tissue and porous trabecular bone. In trabecular bone, the viscous friction between
the solid mineralized matrix and the bone marrow can contribute significantly to
the absorption. In addition, other mechanisms such as mode conversion from lon-
gitudinal to shear wave at the surface of the scattering particle may contribute to
the attenuation [115]. The range of published values for the acoustic properties of
trabecular bone is wide (Table 3.4). This variation in values reflects not only the
heterogeneity of the tissue but also variation in measurement orientation and ex-
perimental methods. As discussed in chapter 3.2, different transit time detection
methods affect the measured sound speed values.

Different theoretical approaches have been introduced to model ultrasound prop-
agation through trabecular bone. The Biot theory [5] was used to explain frequency
dependent attenuation in trabecular bone. Nicholson et al [110] theoretically as-
sessed the experimentally discovered nonlinear relationship between BUA and BMD
or porosity by using a scattering model. In addition, several theoretical models
describing the frequency dependent backscattering in trabecular bone have been
formulated [166, 74, 24]. In these approaches, trabecular bone has been modeled
as thin cylinders [166], randomly positioned impedance fluctuations [74] or as an
ensemble of small discrete scattering particles [24]. Nevertheless, our understanding
of scattering phenomenon in trabecular bone is still limited.
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Table 3.4: Values of ultrasound parameters for trabecular bone in vitro
Study Velocity nBUA BUB Orientation Site
(m/s) (dB/MHz/cm) (dB)
Bovine femur
Njeh et al [117] 2171 £+ 148 - - Mediolateral Distal and
Bovine tibia
Hoffmeister et al [64] 2284 + 83 56.4 + 2.8 -34.9 £ 0.7  Mediolateral  Proximal tibia
Human skull
Fry and Barger [41] 2240 + 180 - - Radial -
Human vertebra
Nicholson et al [112] 1709 + 114 105 £ 6.9 - Mediolateral ~ Lumbar spine
Human femur
Njeh et al [118] 2409 £ 291 - - Mediolateral ~ Femoral head
Human tibia
Han et al [139) 1728 +£ 166  12.7 £ 6.7 - Mediolateral — Proximal tibia
Human calcaneus
Langton et al [87] - 183 £ 7.4 - Mediolateral -
Grimm and Williams [51] 1713 £ 130 16.0 £ 9.0 - Mediolateral -
Laugier et al [89] 1517 + 21 12.0 + 4.3 - Mediolateral -
Nicholson et al [106] 1520 + 36 18.4 + 6.4 -28.8 £ 4.7  Mediolateral -
Chaffai et al [23] 1516 + 27 12.4 £ 8.9 -22.9 £ 6.0  Mediolateral -

nBUA = normalized BUA



CHAPTER [V

Dual energy X-ray absorptiometry

4.1 DXA technique

In dual energy X-ray absorptiometry (DXA) devices, an X-ray tube emits photons
which are typically collimated into a narrow pencil beam or a fan beam. The beam
passes through the patient and is registered by an X-ray detector system. The X-
ray source, collimator and the X-ray detector are aligned carefully and mechanically
connected to the scanning arm. As the arm moves across the patient’s body, two
dimensional attenuation profiles are acquired. When a DXA scan is acquired, the
resulting image is effectively a pixel-by-pixel map of bone mineral density (BMD,
g/cm?). In practice, due to the variable soft tissue composition and beam hardening
effects (see chapter 4.2), it is necessary to use the soft tissue regions adjacent to the
bone as a baseline for the correction of the BMD values (see chapter 4.2).

4.2 Basic physics of DXA

In the DXA technique, dual energy X-ray attenuation along a path passing through
the bone can be written as follows,

N1 = No’leiMbab’liMsas’l (41)
Ny = Npge Moovz=Msosz (4.2)
where N; and Ny, refers to attenuated and unattenuated photon counts at X-ray
energy of 7. M is the mass of the constituent, a;,; and g, are the attenuation
coefficients at an X-ray energy of ¢. Subscripts b and s denote bone and soft tissue,
respectively. In DXA, soft tissue composition can be determined by measuring X-ray

attenuation with both energies in soft tissue adjacent to the bone segment. X-ray
attenuation can be expressed as follows:

N| = N} e Mori=Mapa (4.3)
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N} = N} 2e*JVIfOéf,?*1‘/1f04f,2 (4.4)

where N and Ng; denote attenuated and unattenuated photon counts with X-ray
energy i, respectively. Subscripts f and [ refers to fat and lean tissue, respectively.
Finally, by using equations (4.1), (4.2), (4.3) and (4.4), the bone mineral density
(BMD, g/cm?) can be determined

(52) 1m () —In ()

Qp1 — Qp2 (zs;)

BMD =

(4.5)

The reliability of the DXA may be severely diminished due to the measurement
inaccuracy arising from non-uniform soft tissue composition [1, 10, 13, 12, 34, 94,
126, 152, 153]. The composition of adjacent soft tissue is measured with the DXA.
In the calculation of BMD, the soft tissue adjacent and overlying the bone are as-
sumed to have identical compositions. Unfortunately, the soft tissue composition
may vary significantly within one individual and between individuals. The difference
in attenuation coeflicients between fat and lean tissue is significant, being 17% and
22% for the X-ray energies of 42 keV and 68 keV, respectively [79, 128, 132]. Thus,
if the assumption on identical compositions in soft tissues adjacent and overlying
bone is incorrect, then the determined bone mineral density will be over- or under-
estimated. The inaccuracies of BMD measurements related to the non-uniform soft
tissue composition have been demonstrated both experimentally and numerically
[11, 38, 52, 143|. Furthermore, the bone marrow composition may vary and affect
the measured BMD values [11, 143]. In current commercial scanners, the patient
specific attenuation coefficient for soft tissue is calculated, although the details of the
soft tissue elimination procedures are usually proprietary information [143]. Even
small changes (<10%) in body weight may induce significant variation (~2.5%) in
the measured bone mineral content (BMC) [126, 152]. It has been suggested that
patients with low bone density, e.g. elderly people, are subject to a larger relative
uncertainty as compared to those with a higher bone density [52]. In specific situ-
ations, under- or overestimation of BMD, related to small non-uniform changes in
soft tissue and bone marrow composition, may exceed 20% [12]. Another potential
source of error in DXA measurement is related to beam hardening. In this case,
lower energy photons are attenuated more effectively as compared to higher energy
photons. Increasing bone thickness leads to a progressive spectrum shift to higher
photon energies. Thus, the mass attenuation coefficient for bone and soft tissue
will change with body thickness and therefore can vary between patients and sites
within the body [7].
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4.3 Diagnostic sensitivity of DXA and QUS measurements

Osteoporosis is generally diagnosed with the DXA technique (Table 4.1). The sen-
sitivity of the method can be estimated by calculating odds ratio (OR) or risk ratio
(RR) [7]. If RR or OR = 1, the measurement has no predictive value and no
useful information is provided concerning fracture risk. As the RR or OR ratio
becomes larger, the sensitivity of the measurement for risk of fracture is higher.
When including all fractures (no site specific classification), odd ratios related to
BMD measurement range between 1.4-1.5 for spine BMD [103, 6, 45], 1.4-1.6 for
femoral neck BMD [103, 6, 45, 147] and 1.3-1.5 for radius BMD (both distal and
proximal) [6, 32, 151, 102, 145]. For comparison, odd ratios for QUS measurements
range between 1.4-1.9 for calcaneal BUA [147, 45, 151] and 1.2-1.7 for patellar SOS
[145]. Further, odd ratio values of 1.6 for calcaneal SOS [151] and 1.4 phalangeal
SOS [102] have been reported.
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Table 4.1: Comparison of clinical DXA, peripheral DXA (pDXA), peripheral QCT (pQCT) and QUS instruments.

Device Measurement site Scan time Precision Source Effective dose
DXA
Lunar Expert-XL PA spine 6,12s 1.7-1.9% (L1-L4) [36] 40 kV and 70 kV 20 pSv
Femur 6,12 s 1.6-2.6% (femoral neck) [86] (K-edge filter)
Whole body 240 s
Forearm 10s
Morphometry 40 s
Hologic QDR-4500A  PA spine 10, 30, 60 s 1.1% (lumbar spine) [57] 100 and 140 kVp 3 uSv
Femur 10, 30 ,60 s 1.3% (total hip) [57] (switched kV)
Whole body 180 s 1.0% (distal forearm) [57]
Lateral spine 120 s
Forearm 30s
Morphometry 10 s, 600 s
Norland Eclipse PA spine 120 s <1.0% (spine) 47 kV and 80kV 20 uSv
Femur 180 s <1.2% (hip) (K-edge filter)
Whole body 300 s (reported by manufacturer)
Forearm 180 s
Lunar Prodigy AP spine 30s <1.0% (spine) 38 kV and 62 kV 1.35 pSv
Femur 30s <1.0% (femur) (K-edge filter) 1.13 uSv
Whole body 270 s <1.0% (whole body)
Forearm - (reported by manufacturer)
Lateral spine
Vertebra
pDXA
Lunar PIXT Calcaneus 58 1.0-1.5% 55 kVp and 80 kVp <2 uSv
Distal forearm (reported by manufacturer) (switched kV)
Norland Apollo Calcaneus 158 typical 1.8% 28 kV and 48 kV <2 pSv
(reported by manufacturer) (K-edge filter)
pQCT
Stratec XCT-2000L  Tibia 90 s (radius)  0.82% (Trabecular density) [105] 56-60 kV 30 uSv
Forearm 1.1% (Cortical density) [105]
Stratec XCT-3000 Tibia 90 s 1.4-1.6% (Trabecular density) [16] 59-61 kV <2 uSv
Forearm 1.3% (Cortical density) [16]
QUS
Hologic Sahara Calcaneus <10s BUA = 3.7% [115] 0.6 MHz unfocused  none
SOS = 0.22% [115]
Est. heel BMD = 3.0% [115]
QUI = 2.6% [115]
CUBA clinical Calcaneus 120 s VOS = 0.50% [118] 1 MHz unfocused none
BUA = 2.0% [115]
UBIS 5000 Calcaneus 60-120 s SOS = 0.25% [118] 0.5 MHz focused none
BUA = 0.50% [115]
Lunar Achilles+ Calcaneus 180-240 s SOS = 0.30% [115] 0.5 MHz unfocused  none

BUA = 1.7% [115]
Stiffness = 1.7% [115]




CHAPTER V

High resolution computed tomography

5.1 QCT technique

Typical analysis of computed tomography (CT) images is qualitative, however, the
data it provides on volumetric densities (g/cm?®) yields valuable information and
is known as quantitative computed tomography (QCT). QCT enables determina-
tion of mineral density, cortical thickness, bone size and shape. The peripheral
QCT (pQCT) technique enables determination of these parameters at peripheral
skeletal sites, e.g. radius and tibia. As compared to conventional QCT, pQCT
scanners provide inexpensive means for quantitative evaluation of peripheral bones.
A high resolution computed tomography, i.e. microCT, technique has been intro-
duced for in wvitro use [119, 37, 36]. As compared to QCT and pQCT, microCT-
technique provides more detailed high resolution information about bone structure,
e.g. trabecular thickness, spacing and other parameters describing the trabecular
architecture. In addition, the microCT- technique enables finite element (FE) mod-
eling of the mechanical properties of the bone specimen based on the fine trabecular
architecture [161, 82].

5.2 Morphological analyses

MicroCT and high resolution QCT techniques enable morphological analyses of
trabecular structure. The first step in morphological analyses is the segmentation
process. In the analysis of trabecular bone morphology, the segmentation of the
original grayscale data sets is used to separate bone from other tissues. The most
widely used segmentation techniques utilize global thresholds in which a single CT
number is chosen with histogram techniques [30]. All voxels (3D pixels) having
a CT value above the threshold are defined as bone and the remaining voxels as
non-bone. The choice of the segmentation method has a considerable influence on
the calculated morphological parameters [72, 135, 55, 22, 30]. Recent studies have

37



38 5. High resolution computed tomography

demonstrated that the segmentation can be improved by using the local threshold
values instead of the global threshold values [162].

Subsequently, the morphological parameters can be determined from the seg-
mented three-dimensional data sets. There are a number of techniques available for
the calculation of structural parameters [58, 84, 135, 59, 120, 119, 30, 49, 121, 56].
Here, only a brief description of some typical techniques is presented. The ”marching
cube” algorithm [96] has been introduced for modeling bone surface using continu-
ous triangles (surface triangulations). Bone surface (BS) is defined as a total area of
the triangles. Bone volume (BV) is estimated by summing the volume of the voxels
in trabeculaes. Total tissue volume (TV) is estimated by summing the volumes
of all voxels in the calculation volume. From this information, bone volume frac-
tion (BV/TV) and bone surface-to-volume ratio (BS/BV) can be calculated. The
structural model index (SMI) is a measure of the predominant shape of trabeculae
in bone tissue: SMI values of 0 and 3 refer to ideal plate-like and rod-like struc-
tures, respectively. SMI can be calculated by determining the area-averaged mean
curvature (H) [75]:

_ 1[ (k14 k2)da

2 J [da

where da is the area element of the bone surface and x; (1 and 2) is the principal
curvature of the bone surface (Figure 5.1).

(H) (5.1)

A P

Figure 5.1: A schematic presentation of a saddle-shaped surface showing the two
tangential circles {a1 and ao are the radii of the circles) used to define the principal
curvatures (51 = 1/ay and kg = 1/ag) at any point p on the surface.

Using equation (5.1) SMI can be written as follows [75]
12 (H) - BV
BS

Connectivity is a measure of connectivity in the three-dimensional architecture.
Euler-Poincaré characteristic (Euler number), x, is used in the determination of

SMI = (5.2)
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connectivity. The gaussian curvature (K'), which is a measure of the curvedness of
a surface, can be defined as [75]:

_ S J(k1-ka)da
(K) = T da (5.3)

and the relationship between Euler number y and gaussian curvature (K) can be
written as [75]:
(K)-BS

X= "y (5.4)
where x describes the complexity of network connectivity: the more negative y
becomes, the more complex is the structure. On the other hand, Euler number x
is related to the connectivity and the number of bone particles and marrow cavities
[119]:

X =0 — P+ 05 (5.5)

where 3y is the number of bone particles, §; is the connectivity and Js is the number
of cavities encapsulated within the bone. Generally, trabecular bone is assumed to
be one fully-connected structure without any isolated components (Gy=1) and no
marrow cavities are considered to exist encapsulated within bone nor being apart of
from the main marrow space (G2=0). The connectivity (1) can be solved from the
equation (5.5) [119]:

Connectivity = 1 — x (5.6)

Mean trabecular bone thickness (Th.Th.) and separation (Th.Sp.) can be de-
termined directly from 3D data [58] without model assumptions on the trabecular
structure, e.g. assumption of plate-like structure [124]. Hildebrand and Riiegsegger
[58] suggested that the mean trabecular thickness (7) can be defined without model
assumption by determining the arithmetic mean value of the local thicknesses of the
individual trabeculae [58]:

Vol(Q) = / / /Q d’z

and Q C R? is the set of all points in the trabecular network under investigation.
The local thickness is defined as a diameter of the largest sphere which contains the
point (p) and which fits completely inside the trabeculae (Figure 5.2).

where
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=

Figure 5.2: Local thickness 7(p) of a structure { determined by fitting maximal
spheres to the trabeculae. The sphere must enclose the point p and fit entirely within
the trabecular surfaces. d = diameter of the sphere and z = center of the sphere.

The degree of anisotropy (DA) can be determined by using the mean intercept
length (MIL) analysis. The mean intercept length is determined by placing a line
through the 3D segmented image volume and dividing the length of the line through
the 3D structure by the number of times the line intercepts the trabeculae. For MIL
analysis, a 2D grid of lines is placed through a 3D structure in a large number of
3D angles. The MIL for each direction is calculated as a mean MIL of all lines
in the grid. 3D distribution of MIL lengths are visualised as an ellipsoid (Figure
5.3). Next, the fitted ellipsoid is described with a tensor or second order tensor.
The tensor describing the anisotropy ellipsoid is an orthogonal tensor. Next, a 3x3
matrix of eigenvectors, describing the 3D angles of the three axis of the ellipsoid, is
determined. In addition, three eigenvalues, representing the relative lengths of bone
intercepts in each three axes described by the eigenvectors, are calculated. Finally,
DA is calculated as the maximum eigenvalue divided by the minimum eigenvalue:

DA eigenvalue,, (5.8)

eigenvaluey,
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vector |

vector 2

vector 3

Figure 5.3: An ellipsoid fitted to the 3D distribution of MIL lengths measured over
large number of 3D angles. The fitted ellipsoid has 3 vectors which are orthogonal.
A tensor of 9 eigenvectors (3x3 matrix) describes the directions of each vector.
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CHAPTER VI

Potential significance of QUS technique

As a limitation, DXA involves ionizing radiation and measures only areal BMD
(g/cm?). Axial DXA devices are rather expensive, immobile instruments. Obvi-
ously, quantitative techniques also capable of measuring other bone characteristics,
in addition to the amount of bone, and which would be both mobile and inexpensive
would have major clinical applications. QUS devices are less expensive and involve
no ionizing radiation. Moreover, clinical QUS devices have been demonstrated to
identify patients with increased risk of fractures as well as the axial BMD measure-
ment [39]. Thus, the QUS technique may be feasible for screening large populations
with an increased risk of osteoporosis.

The interrelationships between QUS parameters and BMD have been studied
extensively (see review by Njeh et.al. [113]). The linear correlations between BMD
and BUA or SOS have ranged from r = 0.34 to r = 0.87 [113]. In addition, the linear
association between BMD and ultrasound backscattering parameters have ranged
from 7 = 0.34 to r = 0.50 in vivo [170, 134] and from r = 0.67 to r = 0.89 in vitro
[24, 106, 172]. It has been recognised that BMD alone can predict 80% of the bone
fracture susceptibility [69, 97, 131]. The remaining 20% may be accounted for by
the bone structure and composition. In trabecular bone, QUS parameters exhibit
anisotropy [54, 109, 117] as well as exhibit a significant association with trabecular
microstructure [46, 24, 28|. This suggests that QUS can also reflect bone structural
characteristics. It has been proposed that QUS can add predictive value beyond
that of density and may be useful in the estimation of the mechanical properties of
trabecular bone [114].
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6. Potential significance of QUS technique




CHAPTER VII

Aims of the present study

The DXA method only measures bone mineral density, neglecting the trabecular
structure and organic composition. In addition, variable bone size as well as the
unknown amount and composition of soft tissue and bone marrow may diminish the
quality of both clinical DXA and QUS measurements. Novel ultrasound backscat-
tering approaches have been claimed to provide additional information not available
from current clinical DXA or QUS devices. However, the relationships between
backscattering and mechanical or structural properties of bone are unclear. Fur-
thermore, the most sensitive backscattering parameters and the optimal ultrasound
frequency have not been thoroughly investigated.

To clarify these issues the present study aimed to

e compare DXA, dual energy X-ray laser (DXL) and ultrasound transmission
techniques for the assessment of bone mineral density,

e determine the optimal ultrasound parameters for the assessment of volumetric
density, structure and mechanical properties of trabecular bone,

e reveal the most sensitive frequency range for ultrasonic prediction of the me-
chanical and structural properties of trabecular bone,

e compare capabilities of ultrasound through-transmission and pulse-echo tech-
niques to predict of volumetric bone density, structure and mechanical prop-
erties.
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7. Aims of the present study




CHAPTER VIII
Materials and Methods

This thesis consist of four independent Studies I - IV.

8.1 Materials

For Study I, 38 subjects (aged 59.7 £ 9.4 years, 18 males and 20 females) were
recruited. In addition, to determine the short-time precision of the instrument, 24,
11 and 10 subjects were measured three times with three devices - DXL Calscan,
Hologic Sahara and Lunar PIXI, respectively.

For Study II, fresh intact bovine knee joints were obtained from the local slaugh-
ter house (Atria Lihakunta Oyj, Kuopio, Finland) a few hours after slaughtering.
Cylindrical trabecular bone samples (n = 41, d = 25.4 mm, h = 14.2 mm) were
prepared from four anatomical locations: femoral medial (n = 10) and lateral (n
= 10) condyles, femoral trochanter major (n = 10) and femoral caput (n = 11).
The plugs were drilled and detached in the medio-lateral direction using a hollow
drill bit. Next, the faces of the cylindrical samples were cut perpendicular with an
ISOMET(@© low speed diamond saw (Buehler, IL, USA). Samples were immersed in
phosphate buffered saline (PBS), stored in a freezer (-20 °C) and thawed just before
measurements.

In Studies III and IV, human cadaver knees (n = 10 and 13, age = 60 £ 18
and 58 £ 20 years, 10-12 males and one female, respectively) were collected with
the permission of the National Authority of Medicolegal Affairs (Helsinki, Finland,
permission 1781/32/200/01). Cylindrical plugs of trabecular bone (n = 26, d =
16 mm, h = 8 mm) were prepared from femoral medial condyle (n = 10), femoral
groove (n = 6) and tibial medial plateau (n = 10). The plugs were drilled and the
faces were cut perpendicular with a micro-grinding system (Macro Exakt 310 CP,
Exakt, Hamburg, Germany). Finally, the samples were immersed in PBS, stored in
a freezer (-20 °C) and thawed just before the measurements.

The materials used in the Studies are summarized in Table 8.1.
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Table 8.1: Summary of materials used in Studies I - IV.

Study Materials n Geometry Size Site
I Randomly 38 - - Calcaneus
selected 18 males, - - Lumbar spine
patients 20 females - - Total body
Femoral neck
11 Bovine 41 Cylindrical d = 25.4 mm FMC
trabecular samples h = 14.2 mm FLC
bone FC
FTM
III Human 20 Cylindrical d = 16 mm FMC
trabecular samples h = 8 mm TMP
bone
v Human 26 Cylindrical d = 16 mm FMC
trabecular samples h = 8 mm TMP
bone FG

Explanation of the abbreviations:
FMC  Femoral medial condyle
FLC Femoral lateral condyle
FC Femoral caput
FTM  Femoral trochanter major
TMP  Tibial medial plateau
FG Femoral groove

8.2 Methods
The methodology used in Studies [-IV is summarized in Table 8.2.

8.2.1 Quantitative ultrasound methods

In Study I, a commercial ultrasound instrument was utilized (Hologic Sahara, Ho-
logic Inc., MA, USA). The Hologic Sahara comprises two 0.6 MHz unfocused ultra-
sound transducers and utilizes the through-transmission geometry in the measure-
ment of calcaneal acoustic properties (Figure 3.1). In Studies II, III and IV, tra-
becular bone samples were measured with the UltraPAC system (Physical Acoustic
Co., NJ, USA) in through-transmission and pulse-echo geometry. The UltraPAC
system consists of a 500 MHz A /D-board and a 0.2-100 MHz pulser-receiver board.
The system is controlled with custom-made software based on LabVIEW (version 6i,
National Instruments, TX, USA). For Studies III and IV, the system was equipped
with a tank and scanning drives (Figure 8.1). In Studies IIT and IV, five pairs of
focused broadband ultrasound transducers (center frequencies of 0.5 MHz, 1 MHz,
2.25 MHz, 3.5 MHz and 5 MHz) covering a wide frequency range (0.2-6.7 MHz)
were used. For Studies II, III and IV sample holders enabling specific measurement
geometry were designed and constructed (Figure 8.1). In Study II, the point-wise
BUB and IRC measurements were taken from both sides of the sample. The final
values were calculated as an average of these measurements. In Studies IIT and
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Table 8.2: Summary of the methods and determined parameters in Studies I - IV.

Study Method Device Parameters Energy/Frequency
I DXA Lunar DPX-IQ BMD1ymbar spine 38 kV and 70 kV
BMDtemoral neck
BMDy ot body
pDXA Lunar PIXI BMDalcancus 55 kVp and 80 kVp
DXL DXL Calscan BMD ¢ lcancus 30 kV and 70 kV
Heel thickness
QUS Hologic Sahara BUA alcancus 0.6 MHz
SOS(I&I(IZ‘LU()US
"Estimated BMD’
I1 DXA Lunar Expert-XL. BMD 40 kV and 70 kV
QUS UltraPAC nBUA, SOS, BUB, IRC 0.5 MHz
Mechanical  Matertest E, omazx, 0y, €y, resilience -
testing
II1 DXA Lunar Prodigy BMD 76 kV
(K-edge filter)
QUS UltraPAC nBUA, SOS, AA, BUB, IRC 0.5 MHz, 1 MHz, 2.25 MHz,
3.5 MHz, 5 MHz
Mechanical  Zwick 1484 E, omax, resilience -
testing
v microCT SkyScan 1072 BV/TV, Tb.Th, Th.Sp., BS/BV, 80 kV or 100 kV
SMI, DA, connectivity
QUS UltraPAC nBUA, SOS, AA, BUB, IRC 0.5 MHz, 1 MHz, 2.25 MHz,

3.5 MHz, 5 MHz

Abbreviations and symbols for parameters:

BMD Bone Mineral Density

BUA Broadband Ultrasound Attenuation

nBUA normalized BUA

AA Average attenuation

SOS Speed of Sound

BUB Broadband Ultrasound Backscatter

IRC Integrated Reflection Coefficient

E Young’s modulus

Omaz Ultimate strength

oy Yield stress

€y Yield strain

BV/TV Bone volume fraction

Th.Th, Th.Sp.  Trabecular thickness and spacing, respectively
BS/BV, SMI Bone surface-to-volume ratio and Structural Model Index, respectively
DA Degree of Anisotropy

IV, ultrasound signals in both through-transmission and pulse-echo geometry were
recorded across a scan area of 16 mm x 16 mm (Figure 8.1). Pixel size was 0.25
mm? for all transducers except at 5 MHz, for which the pixel size was set to be
0.09 mm?. A region of interest (ROI, circle area = 35 mm?) was set to the center
of each sample. The final values were determined as an average of the values inside

the ROL

THROUGH-TRANSMISSION METHOD

Normalized BUA (nBUA), average attenuation and SOS were measured using the
through-transmission technique and applying the substitution method [88]. In the
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Scanning drives

Figure 8.1: Schematic presentation for ultrasound measurement geometries. The
samples were placed always in the focal plane of the transducers. (A) In Study II,
bovine trabecular bone samples were measured with two focused broadband ultra-
sound transducers (center frequency of 0.5 MHz) that were facing each other. During
the measurements, the samples were immersed in temperature controlled (37 + 1
°C) water bath. (B) In Studies III and IV, the human trabecular bone samples were
measured with five pairs of ultrasound transducers (center frequencies of 0.5 MHz, 1
MHz, 2.25 MHz, 3.5 MHz and 5 MHz) across a scan area of 16 mm X 16 mm in a
vacuum degassed PBS bath. During the measurements, the PBS bath was maintained
at room temperature (between 20.1 and 23 °C).

substitution technique, the pulse transit time and pulse amplitude spectrum are
recorded in the presence and absence of the sample. Subsequently, an attenuation
spectrum is determined as the logarithm of the difference of these spectra. Average
attenuation was calculated as presented in Table 3.3. BUA was determined as a
slope of the linear fit to the linear part of the attenuation spectrum: Study II:
0.3-0.6 MHz, Studies III and IV: 0.3-0.6 MHz, 0.7-1.5 MHz, 1-2.8 MHz, 1-3 MHz
and 1.5-3 MHz for center frequency of 0.5 MHz, 1 MHz, 2.25 MHz, 3.5 MHz and
5 MHz, respectively. Finally, nBUA was calculated by normalizing BUA with the
sample thickness. For Study II and Studies III/TV, the sample thickness used in
the calculations was measured using the pulse-echo technique and a micrometer
(Mitutoyo Co., Kawasaki, Japan), respectively. SOS was calculated with the time
of flight (TOF) method [113]. In the time-of-flight technique, the pulse transit time
through the water bath is recorded with and without the sample using a constant
distance between the transducers. In Study II, the pulse transit time was computed
as the mean of the zero crossing times before and after the maximum of the signal
envelope [130]. In Studies III and IV, the pulse transit time was determined with
the threshold method [107] using a 20% threshold value.

PULSE-ECHO METHOD

BUB and IRC were measured using a single transducer in the pulse-echo mode.
Both parameters were determined with the reference method [134, 27| in which two
signals are acquired. First, the reference signal was recorded by measuring reflected
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ultrasound signal from a standard reflecting target (water-air interface and stainless
steel plate (d = 32 mm, h = 10 mm) in Study II and Studies III/IV, respectively).
Standard reflectors were placed at a distance corresponding to the center of the
sample. Next, ultrasound reflection from the sample placed in the focal plane of
the transducers was measured (Figure 3.2). BUB and IRC were determined by
integrating the backscatter or reflection coefficient in the effective frequency range
of the transducer (Table 3.3). In Study II, the effective frequency range was 0.2-0.6
MHz. In Studies I1I and IV, the effective frequency ranges (-6 dB) were 0.28-0.69
MHz, 0.70-1.46 MHz, 1.53-3.80 MHz, 2.03-5.50 MHz and 3.23-6.66 MHz for 0.5 MHz,
1 MHz, 2.25 MHz, 3.5 MHz and 5 MHz center frequencies, respectively. In Study III
and IV, the backscatter coefficients were adjusted with the correction factors [106]
to compensate for the attenuation in the human trabecular bone.

8.2.2 X-ray methods
DUAL ENERGY X-RAY LASER METHOD

In Study I, calcaneal BMD values were measured with the DXL Calscan (Demetech
AB, Solna, Sweden) instrument. In the dual energy X-ray laser (DXL) method, a
heel is scanned with two X-ray energies (35 keV and 70 keV). In addition, a laser
reflection technique is used to determine the heel thickness. By measuring the heel
thickness (s5), the bone thickness (thickness of solid hydroxyapatite, sp) can be
determined without assumptions about the soft tissue composition [77]:

~ (Kupgags — Koppags) Ay — (Ky — pragahy) Dy
Sp — (81)
Db7fAl7f - Dl’fAb’f

where

Dy = ppap1ppge — ppQp2prag
Prag1PrQpo — P 20501
Polip2 — Prlyo

Pl — PrQyo

Ky = (i)

Ky, = In(i2)

No

LLS
o084
1

where Ny and N, are the photon counts recorded after X-rays have transmitted
through the heel, Ny; and Ngy are unattenuated photon counts at X-ray energies of
30 keV and 70 keV, respectively. s is the thickness of tissue component. Subscripts
b and ¢ refer to bone and heel, respectively. «;; is the mass attenuation coeflicient
(cm?/g). Subscripts b,1/b,2,1,1/1,2 and f,1/f,2 refer to bone, lean tissue and fat
at X-ray energies of 30 keV and 70 keV, respectively. p; (g/cm?®) is the physical
density of a given (7) tissue component.
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Finally, by knowing the density of bone tissue (p,), areal bone mineral density
(BMD, g/cm?) can be determined

BMD = PbrSh. (82)

DUAL ENERGY X-RAY ABSORPTIOMETRY

In Study I, BMD of calcaneus, proximal femur, lumbar spine (L2-14) and total
body were determined using the Lunar PIXI and DPX-IQ (Lunar Co./GE medical,
Wessling, Germany) instruments, respectively. All measurements were conducted
according to the manufacturer’s instructions.

In Study II, BMDs of the bovine trabecular bone samples were measured with the
Lunar Expert-XL (Lunar Co., Madison, WI, USA) instrument. During the measure-
ments, the samples were immersed in PBS bath at a constant depth. Volumetric
BMD (vBMD) values were calculated by normalizing the areal BMD values with
the sample thickness, as determined with a micrometer (Mitutoyo Co., Kawasaki,
Japan).

In Study III, the human trabecular bone samples were measured with the Lu-
nar Prodigy instrument (GE Medical, Wessling, Germany). BMD values of the
samples were determined using the AP spine measurement protocol. During the
measurements, the samples were immersed in a water bath at a constant depth.

In Studies II and III, the DXA measurements were conducted in a direction
perpendicular to the parallel ends of the cylindrical samples.

MicroCT

In Study IV, microstructural characteristics of the trabecular bone samples were
determined with a high resolution computed tomography (microCT) instrument
(Skyscan 1072, Skyscan, Aartselaar, Belgium). Each microCT image (voxel size 18
x 18 x 18 um?®) was segmented using a local threshold method [162] in order to
obtain accurate 3-D data sets. From the segmented 3-D data sets, seven microstruc-
tural parameters were calculated based on the true, unbiased and assumption-free
3-D methods. Trabecular bone volume fraction (BV/TV, %) and bone surface-to-
volume ratio (BS/BV, mm~') were quantified. A direct 3-D analysis [58], without
any model-assumption about the trabecular structure, was utilized to calculate the
mean trabecular bone thickness (Tb.Th., pm™') and spacing (Tb.Sp., pm™'). The
structural model index (SMI) was determined according to Hildebrand and Ruegseg-
ger [59]. Connectivity (mm~3) was calculated along Odgaard and Gundersen [120].
Finally, the degree of anisotropy (DA) was defined as the ratio between the maximal
and minimal eigenvalues of the fabric tensor of the architecture [119].
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8.2.3 Mechanical testing

In Studies IT and ITI, 12.5 kN and 200 kN servo-hydraulic material testing devices
(Matertest (Matertest Oy, Espoo, Finland) and Zwick 1484 (Zwick GmbH & Co.
KG, Ulm, Germany)) were used, respectively.

In Study II, cylindrical plugs (d = 19 mm) drilled from the center of the original
samples were used in the mechanical measurements. Throughout the testing, the
samples were immersed in a PBS bath. First, a small prestress (0.13 MPa) was
applied for 2 min. Subsequently, a good contact between the loading platens and the
samples was ensured by performing five sequential non-destructive preconditioning
cycles up to 0.7% strain. Finally, the samples were destructively compressed to 4.5%
strain at a strain rate of 3.5 x 1073 s71.

In Study III, a teflon foil was inserted between the platens and bone surfaces to
ensure frictionless contact. The samples were moistened during the mechanical test-
ing to avoid dehydration. Before the destructive testing, samples were subjected to
a small prestress (25 kPa) and preconditioned with five consecutive non-destructive
cycles to 0.5% strain. Finally, the samples were compressed at a strain rate of 4.5
x 1073 s7! to a destructive strain of 5%.

In Studies IT and III, Young’s modulus was calculated as a slope of linear fit to the
stress-strain curve in the range from 45% to 60% of the maximum stress [91]. Yield
point is often defined as the point where the stress-strain curve begins to become
nonlinear [70, 68, 71]. In Studies II and III, an offset method [156, 155, 160], using
an offset of 0.2%, was used to detect the yield point. Irregularities in the sample
surface and misalignment of the compressive platens may result in a nonlinear toe
section at the beginning of the stress-strain curve [154, 21, 91]. Therefore, zero
strain was defined as the intersection between the x-axis of the stress-strain curve
and the tangent line calculated to the 15% yield stress. This point was chosen since
it was observed that the nonlinear toe region of the stress-strain curve ended at
approximately 15% of the yield stress. Ultimate strength was determined as the
maximum stress recorded during the test. Resilience was calculated as described in
section 2.2.

8.2.4 Numerical methods

In Study I, an in vivo calcaneal DXA measurement was simulated in order to in-
vestigate the inaccuracies related to the determination of BMD. In the simulations,
constant heel thickness (d = 52.4 mm) was applied throughout the measurement
area. A typical fat-to-lean tissue ratio (0.32 [104]) was used at the bone region. A
wide range of BMD values (0.4-1.4 g/cm?) and normalized fat-to-lean tissue ratios
(0.1-3, equation 8.3) were used in the simulations. The normalized fat-to-lean tissue
ratio was defined as follows:
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Fa'tbaseline ( % )
Fatbone region (%>

where Fatpasetine (%) and Fathone region (%) are the fat contents of soft tissue in base-
line and bone region, respectively. Attenuation coefficients of glycerol trioleate (tri-
olein), water and calcium hydroxyapatite were used in the simulations to correspond
to the attenuation coefficients of fat, lean tissue and bone, respectively [76]. Values
for mass attenuation coefficients and densities were collected from the literature [76].
X-ray energies of 40 keV and 70 keV were used in the simulations. These energies
are typically applied in clinical DXA devices [52]. To demonstrate the potential in-
accuracies in BMD related to the non-uniform soft tissue composition, the relative
error in BMD was defined as follows

Normalized fat-to-lean tissue ratio —

% 100% (8.3)

BMDestimated - BMDtrue
BMDtrue

where BMDggtimated @nd BMD,e refer to calculated and true BMD values, respec-
tively. Simulations were performed with Matlab 5.3 (The Mathworks Inc., Natick,
MA, USA) using a custom analysis function designed for the application.

In Study IV, a commercial simulation package (Wave 2000 Pro, Cyberlogic Inc.,
NY, USA) was used to simulate acoustic wave propagation through trabecular bone
samples. In the software, the 2-D acoustic wave equation is solved using the finite
difference technique [100]. The numerical solution is based on an algorithm published
by Schechter et al [137]. The specific simulated acoustic equation is given by:

Error(%) =

x 100% (8.4)

w 0 0 0

o =[5 n5]A% + [7+6+®a+ga}A(A-w) (8.5)
In the equation 8.5, which applies in an isotropic elastic region, p = material density
(kg/m?), v = first Lame constant (N/m?), § = second Lame constant (N/m?), A
= Laplace operator, n = shear viscosity (Ns/m?), ® = bulk viscosity (Ns/m?), ¢ =

time (s) and w = two dimensional vector of displacement of the medium.
Three-dimensional (3-D) images were reconstructed from segmented 2-D mi-
croCT images using VoxBlast 3.1 (VayTec Inc., IA, USA) software. For the acoustic
simulations, 2-D slices extracted as an axial plane of the 3-D image were imported
to the simulation software. Pixel size (18 x 18 x 18 um?®) was set to be identical
with the original microCT image. Trabecular bone was considered to consist of
two materials: trabeculae (cortical bone) and inner/outer coupling medium (water
25°C). The acoustic properties for the cortical bone and water were adopted from the
material library of the simulation software. Simulations were conducted with same
kind of measurement geometry as used in the experimental measurements (Study
III, IV). The ultrasound transducers used in the simulations were matched with the
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transducers (center frequency of 2.25 MHz) used in the experimental measurements.
SOS and average attenuation were calculated from the simulated output similarly
as in experimental measurements (section 8.2.1).

8.2.5 Statistical analyses

In Study I, paired samples t-test was used to investigate the differences between
BMD values determined with the DXL Calscan and Lunar PIXI. The short term
precision of the instruments was estimated in terms of a coefficient of variation
(CV%) [44] and a standardized coefficient of variation (sCV%) [116]. Pearson’s
correlation analysis was used to calculate linear correlation coefficients. The statis-
tical significance of difference between the correlation coefficients was determined
using the Student’s t-test [142]. Bland-Altman plot was used to demonstrate the
agreement of the two measurement techniques [8].

In Study II, the reproducibility of ultrasound measurements was investigated
by measuring 10 samples each 3 times and calculating the CV% and sCV%. To
reveal the topographical variation in the measured parameters, the nonparametric
Kruskall-Wallis H test was applied. A stepwise linear regression was used to inves-
tigate the ability of ultrasound parameters and their combinations to predict the
mechanical properties and density of bovine trabecular bone.

In Study III, the nonparametric Friedman test was used to determine the varia-
tion of ultrasound parameters between different center frequencies. Pearson’s corre-
lation analysis was used to reveal associations between the acoustic and mechanical
parameters. A stepwise linear regression analysis was utilized to investigate the
ability of ultrasound parameters and their combinations to estimate the density and
mechanical properties of human trabecular bone.

In Study IV, linear correlation coeflicients were calculated using Pearson’s cor-
relation analysis. Principal component analysis with Varimax rotation was applied
to reduce the dimensionality of the original microstructural data. A stepwise linear
regression analysis was used to investigate the relationships between the structural
parameters or their combination with the ultrasound parameters.

SPSS 8.0 and 11.5 (SPSS Inc., Chicago, IL, USA) softwares were used for sta-
tistical analysis in Studies I/II and III/IV, respectively.
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CHAPTER [X
Results

9.1 Dual energy X-ray laser assessment of bone mineral
density

In vivo reproducibilities (sCV%) of the DXL Calscan and Lunar PIXI BMDs were
similar (1.5% and 1.6%, respectively; Table 9.1).

Table 9.1: Reproducibilities of the QUS and pDXA parameters as determined in
Studies I-1V.

Parameter CV (%) sCV (%)
in vitro

nBUA 3.5 2.1
SOS 0.3 0.5
IRC 1.6 1.5
BUB 2.1 3.5
n vivo

BUAsguhara 4.1 3.6
SOSsahara 0.3 2.8
BMDcalscan 1.2 1.5
BMDprx1 1.3 16

Although the linear correlation (r? = 0.78, n = 36, p < 0.01) between DXL
Calscan and Lunar PIXI was significant, the BMD values measured with DXL
Calscan were 19% lower than those obtained with Lunar PIXI (0.452 + 0.095 g/cm?
vs. 0.565 + 0.114 g/cm?, respectively). The difference increased as a function of
heel thickness (r? = 0.37, n = 36, p < 0.01) and body mass index (r? = 0.17, n
= 36, p < 0.02, Figure 9.1). The strength of associations between the quantitative
ultrasound parameters and BMD values measured with DXL Calscan was moderate
(r? =0.52, n = 34, p < 0.01 for BUA, r* = 0.53, n = 34, p < 0.01 for SOS and r?
= 0.52, n = 34, p < 0.01 for ’estimated BMD”).

The linear correlations between axial BMD values and calcaneal BMD values
measured with DXL Calscan or Lunar PIXI were significant (r? = 0.61-0.76, n =
38 and 7% = 0.52-0.74, n = 36, p < 0.01, respectively). The corresponding linear
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correlations between axial BMD and acoustic parameters, as determined with Ho-
logic Sahara, were not statistically different (r? = 0.29-0.45, n = 34-36, p < 0.01)
as compared to calcaneal BMD.

Numerical simulations revealed a clear increase in the relative BMD error as the
normalized fat-to-lean tissue ratio increased or/and the true BMD value decreased
(Figure 9.1).

Error (%)
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Figure 9.1: Relative error (%) in DXA- measured BMD value as a function of
the true BMD values and normalized fat-to-lean tissue ratio (a). Ratio of calcaneal
BMD values, as determined with Lunar PIXI and DXL Calscan, as a function of heel
thickness (b) and body mass index (BMI) (c).

9.2 Site- and frequency-dependent variation of acoustic pa-
rameters

In most acoustic, mechanical and density parameters, the site-dependent variation
was significant (Table 9.2). In both bovine and human trabecular bone, the topo-
graphical variations were similar with vBMD, 0,4, E, SOS, IRC and BUB (Table
9.2). However, only in bovine trabecular bone the topographical variations were sta-
tistically significant (p < 0.01, Kruskall-Wallis H test). In bovine trabecular bone,
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the highest IRC and BUB values (-14.9 + 2.0 dB and -32.2 = 3.0 dB, respectively)
were recorded in femoral caput whereas the lowest (-27.2 £ 2.0 dB and -37.3 £ 2.2
dB, respectively) values were obtained in femoral trochanter major (Table 9.2). In
contrast to other parameters, nBUA showed no site-dependent variation in bovine
trabecular bone.

Table 9.2: Mean values (£SD) of volumetric bone mineral density (vBMD), acoustic
{at 0.5 MHz) and mechanical properties of trabecular bone in different species and
different measurement sites in vitro.

Site n vBMD nBUA SOS BUB IRC Omaz E
(g/cm?®) (dB/MHz/cm) {m/s) (dB) (dB) (MPa) (MPa)

Human

FMC 8-10  0.24+£0.07 80422 2180+£149 -26.0£3.4 -12.64+5.0 10.9+4.2  624+214
TMP 10 0.21+£0.07 61420 1869+393 -27.4+4.2 -13.3+4.8 9.543.9 575+179
PG 6 0.26+0.05 52439 2252459  -27.045.6 -13.1+4.5 - -
Bovine

FMC 10 0.49+0.07 40411 1855+188  -29.94+2.2 -17.9+3.9 12.743.2 10244294
FLC 10 0.384+0.07 41+18 18724266  -31.7+3.4 -20.3+£3.8 12.246.6 1067+794
FTM 10 0.19+0.03 40424 1571+238  -37.3+2.2 -27.2+2.0 4.7+1.5 402+114
FC 11 0.59+0.08 3249 21724109  -32.2+3.0 -14.942.0 22.945.2 2085+477

In addition, spatial variation of the acoustic parameters within the ROI was
revealed at all frequencies (Figure 9.2). The increase in the transducer center fre-
quency led to an increase of 23.2% and 38.6% in the mean spatial variation of nBUA
and IRC, respectively. The mean spatial variation of SOS, however, increased only
slightly (from 9.9% to 23.8%) as a function of frequency (from 0.5 MHz to 5 MHz,
respectively).
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Figure 9.2: Spatial variation (sCV%) of the acoustic parameters, measured in (a}
through-transmission and (b) pulse-echo geometry, as a function of transducer center
frequency in human trabecular bone.

The values of quantitative ultrasound parameters were significantly dependent on
frequency (p < 0.01, Friedman test, Figure 9.3). The average attenuation increased
by 39.4 dB and nBUA decreased by 52.1 dB/MHz/cm as the transducer frequency
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increased from 0.5 MHz to 5 MHz (Figure 9.3). Moreover, IRC and BUB increased
(by 3.2 dB and 10.7 dB, respectively) as a function of transducer center frequency
(from 0.5 MHz to 5 MHz, Figure 9.3).
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Figure 9.3: Mean values (+£SD) of the acoustic parameters as a function of transducer
center frequency in human trabecular bone.

9.3 Acoustic and mechanical properties of trabecular bone

Significant relationships were found between BUB or IRC and mechanical parame-
ters in bovine (r > 0.32 and r > 0.81, n = 41, p < 0.01, respectively) and especially
in human trabecular bone (r > 0.54 and r > 0.70, n = 19-20, p < 0.01, respec-
tively). On the other hand, in bovine trabecular bone, nBUA showed only a weak
or no association (|r| < 0.36, n = 41, p > 0.02) with the mechanical properties.
In human trabecular bone, nBUA demonstrated a significant relation (r > 0.56, n
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=19, p < 0.01) with the mechanical properties only when measured at 1 MHz center
frequency. In contrast to nBUA, SOS was strongly related to the mechanical prop-
erties of bovine (r > 0.87, n = 41, p < 0.01) and human trabecular bone (r > 0.51, n
= 18, p < 0.05). Volumetric BMD (vBMD) exhibited a highly linear correlation (p
< 0.01) with the mechanical properties of bovine (r > 0.84) and human trabecular
bone (r > 0.73). In bovine trabecular bone, nBUA was the only parameter which
demonstrated a significant correlation with the yield strain (r = 0.31, n = 41, p <
0.05).

The correlations between acoustic and mechanical parameters were significantly
dependent on the ultrasound frequency in human bone (Figure 9.4).
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Figure 9.4: Frequency dependence of linear correlation coefficient (r) between me-
chanical properties and (a) average attenuation, (b) nBUA, (c¢) SOS, (d) IRC or (e)
BUB in human trabecular bone.

The strength of association between SOS and mechanical parameters or density
increased as a function of frequency (for ultimate strength: from r = 0.60 to r
= 0.82, from 0.5 MHz to 5 MHz, respectively; Figure 9.4c). In contrast to SOS,
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strong linear correlations between nBUA and mechanical parameters or density were
found only at the center frequency of 1 MHz (for ultimate strength r = 0.71, p <
0.01, Figure 9.4b). Statistically significant moderate to strong correlations between
average attenuation and mechanical parameters (for ultimate strength r = 0.70, p
< 0.01, at 5 MHz, Figure 9.4a) were found at center frequencies of 2.25 MHz and 5
MHz. Only a minor variation was revealed in the linear correlations between BUB or
IRC and mechanical parameters or density as a function of frequency (for ultimate
strength r = 0.74 and r = 0.85 for BUB and IRC at the center frequency of 2.25
MHz, respectively, p < 0.01, Figure 9.4d,e).

Stepwise linear regression analyses indicated that the combination of IRC and
SOS significantly improved the prediction of ultimate strength both in bovine and
human trabecular bone (r = 0.92 and r = 0.88, p < 0.01, respectively). The ability of
QUS parameters to predict ultimate strength of human trabecular bone was further
improved (r = 0.93, p < 0.01) when BUB was combined with IRC and SOS. No
other combination of ultrasound parameters could improve (p > 0.05) the prediction
of the mechanical parameters. On the other hand, the combination of SOS and IRC
improved significantly the prediction of vBMD in human trabecular bone with center
frequencies of 0.5 MHz and 5 MHz (r = 0.81 and r = 0.89, p < 0.01, respectively).

9.4 QUS assessment of trabecular bone microstructure

The human trabecular bone samples were highly porous, with the mean trabecu-
lar bone volume fraction (BV/TV) of 17.1%. Furthermore, considerable variation
(range) was observed in trabecular spacing (Th.Sp., 482-947 pum), structural model
index (SMI, 0.27-1.52), connectivity (2.9-13.6 mm™) and bone surface-to-volume
ratio (BS/BV, 13.8-24.8 mm™') (Table 9.3). Trabecular thickness values ranged
from 152 pm to 264 pm (Table 9.3).

Table 9.3: Mean values, standard deviations (SD), maximum (Max) and minimum
{(Min) values of microstructural parameters of human trabecular bone (n = 26) in

vitro.
Parameter Mean SD Max Min
BV/TV (%) 17.1 4.2 25.7 9.4
Th.Th. (pum) 199 28 264 152
Tb.Sp. (um) 719 110 947 482
SMI (-) 0.87 031 152  0.27
BS/BV (mm™1) 18.4 2.6 248 138

Connectivity (mm—2) 5.99 2.45  13.6 2.9

The association between the structural and acoustic parameters was investigated
using Pearson’s correlation analysis. The strongest correlations between SOS and
structural parameters were typically found with the center frequency of 5 MHz
(Figure 9.5¢). The correlation coefficient between SOS and trabecular spacing was
r =-0.38 (p > 0.05) and r = -0.62 (p < 0.01) at center frequencies of 0.5 MHz and
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5 MHz, respectively (Figure 9.5¢). In contrast to SOS, the strongest associations
between nBUA or average attenuation and structural parameters were found, in
general, at center frequencies of 1 MHz and 2.25 MHz (r = 0.37-0.84 and r = -
0.13- -0.70 for average attenuation and nBUA at center frequency of 2.25 MHgz,
respectively; Figure 9.5a,b). At all ultrasound frequencies, the relationships between
structural parameters (except Th.Sp. and connectivity at 0.5 MHz) and BUB or IRC
were significant (Figure 9.5d,e). At the center frequency of 1 MHz, the association
between the acoustic parameters and the BV/TV was strong (r = 0.70-0.84, p <
0.01).
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Figure 9.5: Frequency dependence of the strength of correlations (r) between the
structural parameters and (a) average attenuation, (b) nBUA, (c) SOS, (d) IRC or
{e) BUB and structural parameters as a function of transducer center frequency in
human trabecular bone.

Three independent structural components were obtained from the principal com-
ponent analyses: 1) trabecular structure, 2) surface and 3) anisotropy component
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(for details, see Study IV (Table 3)). BUB showed the strongest correlations (r =
-0.40- -0.67, p < 0.05) with the trabecular structure component at all frequencies
whereas the strongest association (r = -0.59, p < 0.01) between IRC and the tra-
becular structure component was only revealed at high frequencies (>2.25 MHz).
With most acoustic parameters (average attenuation, nBUA, IRC and BUB), the
strength of correlations with structural components was related to frequency. The
anisotropy component showed no association with any of the acoustic parameters
(r < 0.31, p > 0.05).

At the center frequency of 1 MHz, BV/TV remained the primary determinant
of the nBUA, average attenuation and BUB (r? = 0.53-0.70, p < 0.01, stepwise
linear regression analysis, Table 9.4). In addition, DA contributed significantly to
the nBUA, with the average attenuation and BUB explaining an additional 9-10%
of the variance in these parameters (p < 0.05, Table 9.4). Furthermore, DA im-
proved significantly the prediction of average attenuation at the center frequency of
3.5 MHz, explaining an additional 12% of variation (p < 0.05, Table 9.4). At all
ultrasound frequencies (with the exception of 1 MHz), BV/TV was the strongest
determinant of the SOS. At the center frequency of 2.25 MHz, BS/BV and Tb.Sp.
contributed significantly to the prediction of SOS, accounting for an additional 12%
of the variation (p < 0.05, Table 9.4).

Table 9.4: Multivariate linear regression analysis (r?, p < 0.05) between the struc-
tural parameters and acoustic properties at different frequencies. The improvement
of linear correlation (Ar?), as compared to the simple linear regression, is also shown.

Dependent variable Independent variables T Ar?
1 MHz:
nBUA BV/TV, DA 0.63  0.09
Average attenuation BV/TV, DA 0.63 0.10
BUB BV/TV, DA 0.80 0.10
2.25 MHz
SOS BV/TV, BS/BV 0.68  0.06
SOS BV/TV, BS/BV, Th.Sp. 0.77 0.09
SOS BS/BV, Tb.Sp. 0.74 -0.03
3.5 MHz
nBUA Tb.Th., connectivity 0.39 0.12
Average attenuation BV/TV, DA 0.68 0.12
5 MHz:
nBUA BS/BV, Th.Sp. 0.40 0.12

Numerically and experimentally determined SOS and average attenuation values
were strongly interrelated (r = 0.86 and r = 0.89, p < 0.01, respectively). Moreover,
the differences between the parameter values extracted from numerical simulations
and experimental measurements were minor (SOS: 2197 + 323 m/s and 2207 £ 500
m/s, average attenuation: 40.5 £ 12.0 dB/cm and 38.0 & 13.1 dB/cm, respectively).
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Discussion

In the present study, relationships between the density, acoustic, mechanical and
structural properties of trabecular bone were investigated. Initially, the reproducibil-
ities of the acoustic parameters and the relationships between the acoustic and me-
chanical parameters were evaluated in bovine trabecular bone. This was done to
reveal the advantages and feasibility of the ultrasound, particularly backscattering
techniques to predict bone characteristics. Subsequently, the acoustic measurements
were conducted over a wide frequency range using spatial scanning to understand
the role of spatial averaging and to determine the most sensitive frequency for as-
sessment of the mechanical and structural properties of human trabecular bone. In
addition, inaccuracies were explored in the DXA technique which is used for osteo-
porosis risk evaluation. Furthermore, a recently developed technique, dual energy
X-ray laser, was evaluated and the performance of the device was assessed.

Dual energy X-ray laser technique

The technical performance of a clinical instrument is characterized by its precision
and accuracy. In Study I, the precision of DXL Calscan was found to be similar
to that of calcaneal DXA instruments [122, 140, 73]. Although the accuracy was
not investigated in Study I, previous studies have demonstrated, both in vitro and
in vivo, that the accuracy of DXL Calscan is similar to or even better than that
of axial DXA or QUS devices [149, 85, 148]. The combination of DXA and laser
measurements may diminish the precision of the technique due to the inherent inac-
curacies related to each measurement. However, the present and earlier studies [85]
demonstrated the good in vivo precision with the DXL Calscan instrument.

The demand for reliable osteoporosis diagnosis and monitoring sets high require-
ments for clinical instruments. In clinical DXA measurements of BMD, significant
errors up to 0.1 g/cm? [153] (approximately equal to £ 1 T-score [95]) may occur.
Such a large error can lead to a diagnostic misinterpretation [12]. Especially in cases
of longitudinal monitoring, changes in soft tissue composition can compromise the

65
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reliability of the diagnosis [94, 126, 129, 152, 153]. The differences between BMD
values measured with DXL Calscan and Lunar PIXI were positively related to heel
thickness and BMI, thus indicating that in the DXL and DXA techniques, the soft
tissue correction is different. In contrast to the standard two-component DXA tech-
nique, the DXL technique includes a determination of heel thickness which may
reduce the error attributable to the soft tissue on the measured BMD.

Quantitative ultrasound measurements

In Study II, the reproducibilities of the backscattering parameters were slightly
lower that those of clinical QUS parameters (BUA and SOS). The difference may
be explained, as suggested earlier, by the more complex data acquisition and signal
processing methods involved [134] and also by a lack of spatial averaging of the
measurements (Study II).

In the present study, the values of acoustic and mechanical properties of bovine
trabecular bone and structural parameters of human trabecular bone were in good
agreement with the previous studies [61, 138, 158, 31, 127]. The differences between
the results of the present study and earlier studies may be explained by the natural
variation between the collected samples and differences in the analysis methods and
measuring techniques.

QUS and microstructure of trabecular bone

In human trabecular bone, the relationships between the QUS parameters and mi-
crostructural characteristics were significant, although frequency dependent. The
negative agsociation between SMI and QUS parameters indicates that the increase
of velocity, attenuation and scattering are associated with a more plate-like shape
of the trabeculae. Earlier, Nicholson et al [108] found a similar association in cal-
caneus. The multiple regression analyses revealed that the bone volume fraction
was the strongest determinant of the variation occurring in the acoustic parame-
ters. Nevertheless, other structural parameters, such as DA, BS/BV, Th.Sp. and
connectivity, were also significantly related to the acoustic parameters. In addition,
principal component analysis was applied. Interestingly, the strongest determinants
of BUB were the structural variables reflecting the trabecular characteristics. In
particular, the variation in trabecular properties not related to the surface charac-
teristics was found to affect the BUB to a significant degree. On the other hand,
IRC showed a similar trend only at high frequencies (>2.25 MHz) while at lower
frequencies, the most significant association was found with the surface component.

QUS and mechanical properties of trabecular bone
SOS showed significant correlations with the density and mechanical parameters at
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all frequencies in human and bovine trabecular bone. In contrast to SOS, nBUA
demonstrated a non-significant correlation with the density or the mechanical prop-
erties of bovine trabecular bone, as found earlier also by others [157]. In human
trabecular bone, a significant association between nBUA and density or mechanical
properties was found only at specific frequencies. These findings suggest that nBUA
can predict mechanical properties of trabecular bone at certain densities, frequencies
and measurement sites. [RC is, at least theoretically, dependent on the difference
in the acoustic impedance between the bone and the coupling medium. Thus, it
is related to the density and elastic modulus of the trabecular bone framework. In
addition, the association of ultrasound backscattering with trabecular bone density
[167, 23] (Studies II and III), microstructure [23] (Study IV), anisotropy [167] and
collagen [63] or bone marrow contents [106] suggests that the backscattering mea-
surements may be used for the assessment of the density, structure and composition
of trabecular bone. On the other hand, it has been demonstrated that the mechan-
ical properties of trabecular bone are strongly related to density [21], the structure
of the trabecular bone [180] and the composition of the organic matrix [18]. In
the light of these results, one might hypothesize that the ultrasound reflection and
backscattering are also related to the mechanical properties. In the present study,
this was indeed observed both in bovine and human trabecular bone; IRC and BUB
showed consistent gignificant associations with density or mechanical parameters in
bovine trabecular bone and especially in human trabecular bone.

Frequency dependence of QUS parameters
In Studies III and IV, the frequency dependence of acoustic parameters was found
to be significant (p < 0.01). Frequency-dependent attenuation and dispersion may
alter the spectral characteristics of the waveform and, thus affect the determination
of TOF [168]. This could explain the frequency dependence of SOS seen in Stud-
ies IIT and IV. In line with the existing literature [90], at high frequencies, nBUA
values were lower than those of measured at low frequencies. Average attenuation,
ag expected, increased as a function of frequency. Interestingly, a minor nonsystem-
atic increase was revealed also with IRC values. Since reflection is not frequency
dependent, this variation may be due to the improved spatial resolution (smaller
beam diameter) at high frequencies. In addition, in a highly porous medium such as
trabecular bone and at wavelengths comparable to the pore size, IRC may be influ-
enced by scattering processes. BUB was found to increase as a function of frequency.
Although extensive theoretical and experimental research on frequency-dependent
backscattering [24, 74, 110, 133, 166, 169] has been conducted, our understanding
about the backscattering phenomenon in trabecular bone is still limited.

The strengths of relationships between the measured acoustic and mechanical or
structural parameters were dependent on the frequency (Studies I1I and IV). As the
heterogeneity of trabecular bone microstructure leads to a significant variation in
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elastic modulus and strength within the measurement site [17, 48], spatial averaging,
ultrasound focusing and frequency play important roles in the acoustic evaluation of
the mechanical and structural properties of trabecular bone. Higher frequencies pro-
vide improved axial and spatial resolution which would be expected to influence the
relationships between the acoustic and the structural or mechanical parameters. In
the present study, SOS exhibited a significant correlation with the density, mechan-
ical and structural properties at all frequencies, showing the strongest associations
at 5 MHz. Since higher frequencies possess smaller wavelengths, the determination
of TOF becomes more accurate as the frequency increases. Consequently, due to the
improved axial accuracy, SOS values measured at higher frequencies may provide
a better estimate of the density, mechanical and structural properties of trabecular
bone as found in the present study. For average attenuation, nBUA, IRC and BUB,
the association with the structural and mechanical properties was strongest at lower
frequencies (within range from 1 MHz to 3.5 MHz). However, the association be-
tween IRC or BUB and structural characteristics was not consistent across different
frequencies. Wear [169] revealed a significant increase in the backscatter coefficient
at >2 MHz for scatterer sizes of 200-300 pm. These findings are further supported by
an earlier theoretical investigation [35]. In Study IV, the mean trabecular thickness
of the samples was 199 £ 28 pum. The mean trabecular spacing measured in Study
IV (719 £ 110 pm) corresponds to the scatterer spacing (800 pm) used by Wear
[169]. Therefore, the frequency dependence in the strength of association between
backscattering and microstructure observed in Study IV appears to be typical of
the scattering phenomenon in porous materials. Since different skeletal sites possess
different microstructures, the selection of optimal frequency range may have to be
considered site-specifically. Interestingly, the strength of the association between
the acoustic and the mechanical or structural properties was more frequency de-
pendent with the parameters measured using through-transmission technique than
those determined using the pulse-echo technique.

Potential of pulse-echo ultrasound

Although SOS was a good predictor of mechanical and structural properties of bovine
and human trabecular bone, its clinical feasibility may be impaired as it cannot be
measured in vivo using a single transducer, if there is no information available about
the bone thickness. BUB and IRC can be determined in vivo with a pulse-echo tech-
nique using only one transducer. In principle, this enables assessment of the bone
status at skeletal sites which cannot be easily accessed from both sides (e.g. prox-
imal femur). As suggested earlier [23, 63, 134], the direct measurement of acoustic
parameters at potential fracture sites such as a hip or a wrist would be anticipated
to improve the diagnostic capability of quantitative ultrasound techniques.
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Summary

In summary, clinical DXA measurements (BMD) are affected by variations in the
compositions of soft tissue and bone marrow. The changes in soft tissue thickness
and composition can lead to significant uncertainty in the BMD results, as demon-
strated by the present numerical simulations. Based on the current investigation,
the DXL Calscan provides an equally precise measure of calcaneal BMD as can be
achieved with the traditional DXA devices.

The present study suggests that while 0.5 MHz is the most commonly used
frequency in clinical bone ultrasound measurements, the higher frequencies may
provide additional information on density, mechanical and structural properties of
trabecular bone, information which is not attainable at lower frequencies. Neverthe-
less, the high attenuation in human trabecular bone limits the frequency bandwidth
available for measurements. In clinical applications, the soft tissue and cortical bone
overlying the trabecular bone affect the acoustic measurements. These sources of
interference must be considered and eliminated/minimized prior to in vivo mea-
surements. Numerous correction methods have been introduced for the artefacts
attributable to soft tissue in ultrasound measurements [20, 67, 98]. Possibly, some
of these methods can be adapted for the acoustic measurement of trabecular bone.
The cortical layer may strongly govern the in vivo strength of the whole bone [93]
and ultrasonic measurements of cortical bone thickness and acoustic properties may
yield useful information on bone strength and fracture risk [2]. Based on the present
results, it is concluded that the ultrasound backscattering measurement may have
clinical potential and that the selection of optimal frequency for QUS measurement,
e.g. depending on the anatomical site of the measurement, plays an important role
in the assessment of bone status.
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10. Discussion




CHAPTER XI

Summary and conclusions

Quantitative ultrasound techniques are potential tools for use in osteoporosis screen-
ing. Further improvements in QUS analyses and measurement techniques are still
needed to increase the feasibility of using these techniques.

The present study characterized dual energy X-ray laser (DXL) and ultrasound
backscattering techniques. In particular, the relationships between QUS parameters
and density, mechanical or structural properties of trabecular bone were studied. In
addition, one aim of the present study was to compare ultrasound transmission and
backscattering parameters and to determine the most sensitive frequency range for
the assessment of trabecular bone status.

The most important results can be summarized as follows:

e The DXL technique provides a reproducible method for the measurement of
calcaneal BMD.

e In calcaneal BMD measurements, the DXL technique provides a correction
for soft tissue effects that is different from that used in the traditional DXA
technique.

e QUS at 2.25 MHz and at higher center frequencies was found to be sensitive
to variations in density, mechanical and structural properties of the human
femoral and tibial trabecular bone.

e BUB and IRC are strong predictors of the density, mechanical and structural
properties of trabecular bone. In contrast to BUA and SOS, backscattering
measurements may be used to assess bone quality at typical fracture sites.
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11.

Summary and conclusions
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