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ABSTRACT

Osteoporosis is a prevalent bone disease, especially common among elderly indi-
viduals. It is characterized by increased fragility, caused by age-related resorption
of the bone mineral content. In particular, osteoporotic resorption affects increase
of porosity, decrease of elastic stiffness and thinning of the cortical wall. Osteo-
porotic fractures cause human suffering and heavy burdens to the economy, but
the present clinical standard of diagnosing, dual energy X-ray absorptiometry
(DXA), cannot reliably predict whether an individual will later sustain a frac-
ture. Moreover, these devices are expensive and do not permit screening. There
is thus a call for alternative approaches. Quantitative ultrasound (QUS) meth-
ods have shown promise in development of new alternative modalities for rapid,
reliable and inexpensive screening and diagnosing of osteoporosis. As a part of
this progress, this Thesis focuses on the development of a new array ultrasound
probe, suitable for QUS assessment of the human radius and tibia.

The new probe was tested in an in vivo study on pre- and postmenopausal
females (n=254), whose fracture history was recorded and who were also mea-
sured by other techniques. The array probe was used to measure the first arriving
signal (FAS). It was shown that ultrasound assessment with this device predicted
well bone mineral density and cortical thickness at the bone sites analyzed, es-
pecially in the radius. In the subset of postmenopausal subjects, the ability of
the method to differentiate fractures was consistent to that of X-ray-based bone
densitometry (including DXA), and could thereby be used for screening of osteo-
porosis.

Another emphasis in the Thesis relates to excitation and detection of a fun-
damental flexural guided wave (FFGW), a mode which is especially sensitive to
cortical thickness. It is hard to detect this mode in vivo because it features weak
amplitude and it is disturbed by other US modes which propagate in the layer of
soft tissue on top of the bone. In one sub-study, a new signal processing method
was introduced to determine the velocity of FFGW from signals measured by the
array probe developed. In another sub-study, it was predicted by numerical sim-
ulations that this array probe can be configured as a phased array of sources. In
particular, it was predicted that phased excitation can sufficiently gain the signal-
to-interference ratio of FFGW on top of the soft tissue coating, so as to enable in
vivo assessment of this mode.

In conclusion, results suggest that it is possible to develop a multi-mode
QUS assessment utilizing both FAS and FFGW. Such a method would signifi-
cantly improve the inference of different bone properties that determine its frac-
ture toughness. Multi-mode QUS is thus expected to significantly improve the
clinical relevance of US methods.

Keywords: quantitative ultrasound, axial transmission, guided waves, cortical
bone, bone mineral density, cortical thickness, osteoporosis, fracture
risk, finite-element simulations



Author

Supervisor

Supervisor

Reviewers

Reviewers

Opponent

ISSN 0075-465X

Vantte Kilappa
Department of Physics
University of Jyvaskyla
Jyvéskyld, Finland

Dr. Petro Moilanen
Department of Physics
University of Jyvaskyla
Jyvéskyld, Finland

Prof. Jussi Timonen
Department of Physics
University of Jyvaskyld
Jyvéaskyld, Finland

Associate Prof. Michal Pakula

Institute of Mechanics and Applied Computer Science
Kazimierz Wielki University

Bydgoszcz, Poland

Prof. Jari Hyttinen

Department of Electronics and Communications En-
gineering

Tampere University of Technology

Tampere, Finland

Prof. Kay Raum

Julius-Wolff-Institut & Berlin-Brandenburg School for
Regenerative Therapies

Charité - Universitdtsmedizin Berlin

Berlin, Germany

ISBN 978-951-39-5864-0 (nid.)
ISBN 978-951-39-5865-7 (PDF)



YHTEENVETO (FINNISH SUMMARY)

Osteoporoosi on merkittdva ikddntymiseen liittyva luuston sairaus, jossa luun lujuuden
heikentyminen altistaa murtumille. Murtolujuus méaraytyy luun geometriasta, mikro-
rakenteesta, vaihduntanopeudesta, mikrovaurioista, mineralisaatioasteesta ja kollageenin
rakenteesta. Nama tekijat heijastuvat luun mineraalitiheyteen, elastisiin ominaisuuksiin
ja kuoriluun paksuuteen. Nykyisin kdytossd oleva diagnostiikkamenetelmd, kaksiener-
ginen rontgentutkimus (DXA), mittaa ainoastaan mineraalitiheytt ja silld on siksi rajalli-
nen kyky ennustaa murtuman todenndkoisyytta yksilotasolla. DXA ei myodskddn mah-
dollista tehokasta seulontaa laitteistojen korkean hinnan vuoksi. Kvantitatiivinen ult-
raddni (QUS) on yksi lupaavimmista vaihtoehdoista edulliseksi ja luotettavaksi osteo-
poroosin seulontamenetelméksi, silld QUS-mittaus kertoo myos elastisuudesta ja kuo-
rikerroksen paksuudesta. Tama vditostutkimus liittyy kuoriluun mittaukseen perustu-
van QUS-menetelmédn kehittdmiseen. Tydssd kehitettiin vérttind- ja sddriluun in vivo -
mittaukseen soveltuva sarja-anturi.

Uutta sarja-anturia testattiin in vivo -tutkimuksessa, jossa silld mitattiin naispuolei-
sia koehenkil6itd laajassa ikdryhmdssd (n=254) keskittyen niin sanotun ensin saapuvan
aallon (FAS) mittaukseen. Vertailun vuoksi koehenkil6t mitattiin my6s rontgenpohjaisilla
menetelmilld ja heiddn murtumahistoriansa kirjattiin ylos. Tulokset osoittivat, ettd QUS-
laitteen méadrittdimd ultraddnen etenemisnopeus ennusti hyvin luun mineraalitiheyttd ja
kuoriluun paksuutta, erityisesti varttindluussa. Lisdksi menopaussin ohittaneilla koe-
henkil6illd QUS-menetelmé erotteli murtumahistorian omaavat koehenkil6t verrokeista
yhtd hyvin tai paremmin kuin kaytossa olleet rontgenmenetelmét, mukaanlukien DXA.
Kehitetty QUS-menetelma voisi siten soveltua seulontaan.

Viitostutkimuksen toinen osa keskittyi niin sanotun taipuma-aallon (FFGW) lahet-
tdmiseen ja havaitsemiseen luusta. FFGW on erityisen herkka kuoriluun paksuuden muu-
toksille ja sen mittaaminen mahdollistaa kuoriluun paksuuden arvioinnin. FFGW-mit-
tauksen haasteena on se, ettd FFGW ndkyy heikosti pehmytkudoksen pinnalla ja on
vaikeasti erotettavissa voimakkaista hdiridista jotka johtuvat ultraddnen kulkeutumisesta
pehmytkudoksessa. Tyon tavoitteena oli ndiden haasteiden ratkaiseminen mallintamal-
la ja kokeellisin mittauksin. Yhdessd osatutkimuksessa testattiin uutta signaalinkasitte-
lymenetelmdd FFGW:n nopeuden méérittdmiseen sarja-anturilla mitatuista signaaleista.
Toisessa osatutkimuksessa arvioitiin tietokonesimulaation avulla sarja-anturin kayttoa
vaiheistettuna lahettimend FFGW:n vahvistamiseksi. Arvioidut menetelmat paransivat
merkittavasti FFGW:n havaittavuutta pehmeén kuorikerroksen ldpi ja voivat siis mah-
dollistaa taipuma-aallon in vivo -mittauksen.

Viitostutkimuksessa osoitettiin, ettd yhden moodin QUS-mittaus (FAS) voi mah-
dollistaa ultradénipohjaisen seulonnan. Lisdksi tutkimuksen tulokset mahdollistavat kah-
den tai useamman moodin QUS-menetelmén (FAS ja FFGW) kehittamisen. Kahteen tai
useampaan moodiin perustuvan menetelmén odotetaan parantavan luun ominaisuuk-
sien arviointitarkkuutta ja murtumariskiennusteen luotettavuutta perinteelliseen yhden
moodin QUS-mittaukseen verrattuna.

Asiasanat:  kvantitatiivinen ultraddni, aksiaalinen ultraddnimenetelmd, ohjatut aallot,
kuoriluu, luun mineraalitiheys, kuoriluun paksuus, osteoporoosi, murtu-
mariski, FEM-simulaatiot
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ACRONYMS

2D-FFT
A0
AUC

AT
BMC
BMD
BSI
BUA
CC
CSA
CSMI
DXA
F1
FAS

FFGW

GF
LF

OR
pQCT
Qus
RMS
RMSE
ROC
SO
SCV
SIR
SoS
SSI
STFT
T-score

TFR
VEas

VLF
Z-score

Two dimensional fast Fourier transform (section 5.3.2).

The first asymmetric guided wave mode in plates (section 3.2).
Area under curve. In this work, the fraction of graph area under
the receiver operator characteristic (ROC) curve

Axial transmission (section 3.3.3)

Bone mineral content

Bone mineral density

Bone strength index

Broadband ultrasound attenuation

The crazy climber mode separation method (section 5.3.3).
Cross-sectional area

Cross-sectional moment of inertia

Dual-energy X-ray absorptiometry (section 2.5.1)

The first guided wave mode in tubes and cylinders (section 3.2).
First arriving signal, a hybrid mode between longitudinal ultra-
sound vibration and the SO guided wave mode (section 3.2).
Fundamental flexural guided wave mode. The lowest order guided
wave component detected in a given situation, typically A0 or BL1
(section 3.2).

Group velocity filtering (section 5.3.2)

Low frequency. In the context of this book, this means ultrasound
in the range of tens or hundreds of kHz.

Odds ratio

peripheral quantitative computer tomography (section 2.5.2)
Quantitative ultrasound

Root mean square

Root mean square error

Receiver operator characteristic

The first symmetric guided wave mode in plates (section 3.2).
Standardized coefficient of variation

Signal-to-interference ratio

Speed of sound

Strength-strain index

Short-time Fourier transform (section 5.3.3)

In BMD calculations, the number of standard deviations from the
mean for young healthy refrences.

Time-Frequency Representation (section 5.3.3)

The speed of a low-frequency FAS pulse, mainly used for FAS ve-
locity results from the array ultrasound device (section 5.1).

Used in place of Vgag in L.

In BMD calculations, the number of standard deviations from the
age-matched mean.
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1 INTRODUCTION

Osteoporosis is a significant health problem, as treatment of 3-4 million fragility
fractures which occur each year in the EU cause an economic burden of approxi-
mately 30 billion euros (status of the year 2000) (Alzahouri et al., 2013) and cause,
in addition, functional disability and human suffering. Yet, the annual rate of
fractures is increasing, and for example in the US, it is expected to grow 50% by
the year 2025 (Burge et al., 2007). Hence, there is a great socioeconomic call for
early identification, prevention and treatment of osteoporosis.

The present clinical standard for diagnosing osteoporosis is dual-energy X-
ray absorptiometry (DXA), but its ability to predict fractures is limited (Bolotin
and Sievdnen, 2001; Stone et al., 2003). This limitation is explained by the fact that
DXA measures an average bone mineral content from a 2D projection and cannot
assess bone’s microstructure (e.g. porosity) and elastic properties, which are im-
portant factors in the fracture toughness (Griffith and Genant, 2008). Moreover,
DXA is expensive enough to make it less useful for screening purposes.

Quantitative ultrasound (QUS) has been suggested to answer this call (Lang-
ton et al., 1984; Laugier, 2008). Ultrasound is sensitive to elastic properties, poros-
ity and geometrical features of the bone. Moreover, it enables development of
inexpensive devices which are relatively easy to use and do not involve ionizing
radiation. These features of QUS make it suitable especially for screening.

The QUS approaches can be distinguished based on the type of the bone,
trabecular or cortical, they are designed for. The QUS devices used clinically at
present are mostly based on an assessment of the trabecular bone at the heel or
at the ends of long bones such as the radius (Bréban et al., 2010; Gliier et al.,
2004; Stein et al., 2013), utilizing a through-transmission technique (TT). Speed of
sound (SOS) through the heel, and broadband ultrasound attenuation (BUA) on
this site, have both been shown to predict fractures at the hip and (Hans et al,,
1996; Khaw et al., 2004) spine (Heaney et al., 1995). During the past two decades,
research interests have shifted to development of QUS techniques for the assess-
ment of cortical bone in the shafts of long bones, such as the radius, tibia and
femur (Barkmann et al., 2000; Foldes et al., 1995; Talmant et al., 2009). These ap-
proaches mainly rely on an axial transmission technique (AT), i.e. transmission
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of ultrasound along the long axis of the bone (Camus et al., 2000), originally de-
fined by Siegel et al. (1958), although TT has also been applied, for the femoral
neck (Barkmann et al., 2007) in particular. AT-QUS of cortical bone has shown
to exhibit good sensitivity to porosity and elastic properties of bone (Bossy et al.,
2004c; Lee et al., 1997; Muller et al., 2008; Raum et al., 2005), bone mineral den-
sity (Moilanen et al., 2003; Muller et al., 2005) and cortical thickness (Bossy et al.,
2004b; Njeh et al., 1999a).

Earlier work of our research group has introduced a low frequency (50-
350 kHz) AT technique (LF-AT-QUS) for assessment of guided waves in the hu-
man radius and tibia (Moilanen, 2004). This approach combines measurement of
the first arriving signal (FAS) and a fundamental flexural guided wave (FFGW).
While FAS is measured by majority of AT-QUS techniques, at approximately 1
MHz frequency;, it has shown to exhibit sensitivity mainly to the properties of pe-
riosteal cortical bone (Muller et al., 2005). Advantage of using lower frequencies
(longer wavelength) is an enhanced sensitivity to cortical thickness (Bossy et al.,
2004b; Njeh et al., 1999a) and endosteal parts of the cortical bone, (Haiat et al.,
2009; Tatarinov et al., 2005) i.e. to the region where osteoporotic changes occur.
The other mode, FFGW, has shown sensitivity to cortical thickness in particular
(Muller et al., 2005), and has permitted an accurate ultrasonic evaluation of the
cortical thickness in human radius in vitro (Moilanen et al., 2007a,b,c).

Because of a number of limitations, an in vivo application of the LF-AT-QUS
technique has proven to be challenging. The device setup developed by Moila-
nen as part of his PhD thesis (2004) was bulky and featured poor in vivo repro-
ducibility (Maéttd, 2009), mainly because the mechanism did not permit proper
correction for the impact of soft tissue tapering. While FAS has nevertheless been
well excited and detected, it has been shown that there are additional obstacles
in the proper detection of FFGW on top of the soft tissue covering. Magnitude
of this mode is rapidly damped by the soft tissue, while, on the other hand, the
soft tissue permits propagation of disturbing ultrasound modes which interfere
at the receiver with FFGW. It has been shown that it is difficult to distinguish
FFGW from these interfering disturbances. (Moilanen et al., 2008)

The purpose of this Thesis is to both test the clinical feasibility of a further
development of our LF-AT-QUS method, to test the feasibility of this method for
FFGW measurement and to address the challenges imposed by the soft tissue
layer on FFGW excitation and detection. First, a new array transducer was de-
veloped to improve the reproducibility of the FAS measurement. The first half of
the Thesis focused on in vivo testing of the new array transducer. The second part
of the Thesis focused on a more fundamental analysis of the capability of the ar-
ray transducer to permit an in vivo assessment of FFGW. To this end, a sub-study
focused on the improvement of signal processing, and specifically on extraction
of FFGW properties from data captured with the array transducer. Another sub-
study addressed a tailored excitation of FEFGW, so as to improve the reliability
of FFGW detection on top of the soft tissue layer by enhancing the power ratio
between FFGW and interfering disturbances.



2 BONE AND OSTEOPOROSIS

2.1 Structure and function

Skeleton is a network of connective tissues, which forms the framework of a body.
Along with ligaments, muscle and tendons, it supports the body’s weight and
shields internal organs. It also acts as a storage for minerals (phosporous, cal-
cium) and fat, and is used to temporarily store toxic materials such as heavy
metals.

Human bone is a light weight, composite material formed mostly by cal-
sium phosphate (hydroxylapatite, Ca9(PO4)s(OH);) and other minerals which
give the bone its characteristic hardness, ridigity and compressive strength. These
inorganic materials amount to approximately 70% of the wet mass of live bone
(Njeh et al., 1999b). The organic matrix of bone is mostly composed of a protein
called type I collagen which gives bones elasticity, toughness and nucleation sites
for mineral components.

Basically, bone can be categorized into cortical and trabecular bone. Corti-
cal bone is also known as compact bone and trabecular bone as cancellous bone.
These terms are used interchangeably. Cortical bone forms the outer layer of bone
and the shafts of long bones such as tibia, radius and femur. It is designed to with-
stand compression and tensile stress, and is a dense material with little porosity
(5 —30%). At first glance, cortical bone seems completely solid, but actually has
a delicate microstructure formed by pipelike bone cell formations (osteons) and
a series of small canals (fig. 1, fig. 3a).

The smallest open spaces are called lacunae, which host single osteocytes.
Osteocytes are mature bone cells, which network with other osteocytes and ex-
change nutrients through the microscopic canaliculi. They form cylindrical pat-
terns called osteons, which surround slightly larger (varies, but on the average
have a diameter of 50 ym (Gray, 1918)) capillary structures called Haversian
canals. These canals house nerve fibres and capillaries, and are used for trans-
porting blood and minerals through the bone tissue (fig. 1). The cocentric cylin-
ders of collagen fibrils around Harvesian canals or the sheets at the surface of the
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FIGURE 1 Internal structure of cortical bone (image after Buckwalter et al. (1995)).

bone are called lamellae (hence the term lamellar bone). Fibrils can also organize
randomly instead of in planar patterns, creating a structure called woven bone.
This is mainly seen at early stages of bone growth, and at sites, where structural
damage is being repaired. In any case, woven bone will eventually be replaced
by lamellar bone.

Trabecular bone is found in places of an asymmetric stress distribution, i.e.
at the ends of long bones (i.e. femur, radius), inner surfaces of cortical bones (the
same bones), large flat bones (scapula, pelvic girdle) and in irregularly shaped
sections such as vertebrae. In trabecular bone, osteocytes arrange into trabeculae
instead of osteons — in place of lamellae, trabeculae form a foamy, honeycomb
like network consisting of interconnecting pillars and plates (fig. 3b). As such,
porosity of the trabecular bone is much higher than that of the cortical bone (30 —
90%) (Hall, 2007). This sparse grid of bone material is weaker than that of cortical
bone, but optimized for assymetric load and bone mass instead of tensile stress,
and requires less resources to construct.
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FIGURE 2 Osteons and lacunae (image after Gray (1918)).

FIGURE 3 Microtomographic images of human (a) cortical bone structure at the prox-
imal end of a femur and (b) trabecular bone structure at the distal end of
a femur. Haversian canals can be seen in (a) and the typical network-like
structure of cancellous bone in (b). The cortical bone volume imaged is ap-
proximately 0.7 mm X 0.6 mm x 1 mm, and in the trabecular case, each
edge of the volume is 7.8 mm long (images by J. Pirhonen, University of
Jyvaskylad).

Because of the high surface area of trabecular bone, most of the mineral
exchange between the skeleton and the rest of the body happens here. Likewise,
trabecular networks have more space for blood vessels and bone marrow, being
also the sites of formation of blood cells.
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2.2 Life cycle

All bone consists of both live and dead cells, as it is constantly reorganized and
remodelled by cells specialiced for this purpose — osteoblasts and osteoclasts. Os-
teoblasts form bone at the endo- and periosteal surfaces of bones, altering their
sizes and shapes. They produce the organic matrix of collagen protein, called os-
teoid, and also secrete hormones and enzymes which later affect the mineraliza-
tion process. Eventually they are entrapped in the matrix of the bone and become
mature bone cells, osteocytes. Osteoclasts, on the other hand, are large, multin-
uclear cells derived from macrophages, which perform general immunological
defense duties. Instead of engulfing and consuming material, osteoclasts secrete
enzymes which destroy bone, forming resorption pits (Howship’s lacunae).

Together, these cells form units that continually renew and remodel bone,
called bone multicellular units (or basic multicellular units, BMUs). During youth,
this process forms new bone, as the activity of osteoblast is higher, while in adult-
hood, the resorption and formation processes are ideally balanced, sustaining the
mass and shape of the skeleton. To give an idea of the speed of this turnover pro-
cess, approximately 10% of the skeleton is recreated each year in mature humans
(Manolagas, 2000).

As humans age, balance of these turnover processes is disturbed, increasing
the resorption rate and beginning a gradual deteoriration of bone mass (Alleyne
et al., 2012; Seeman and Delmas, 2006). Peak bone mass is achieved between 20—
30 years of age, and before death, females eventually lose 35-40% of their cortical
and 55-60% of their trabecular bone, while males experience approximately two
thirds of this loss. This effect reduces the density of bone, decreases bone strength
and fracture resistance, and in severe cases, leads to a bone condition called os-
teoporosis.

2.3 Mechanical properties

In simple numbers, when the durability of bone is considered in the longitudinal
axis of long bones, it has a compressive strength of approximately 170 MPa, a
tensile strength of 104-121 MPa and a shear strength of 51.6 MPa (Turner et al.,
2001). Thus, it resists compressive forces well, but any force not directed parallel
to the axis of the lamellae fractures it more easily. Also, as the osteons travel
along the long axis of bone, bone structure is radially symmetric. These types of
material are called transversely isotropic. For a more specific look at the type of
elasticity modelling used in the experimental part of this work, see section 5.5.1.

However, when discussing bone strength, various effects come to play a
role. Typical terms used are the bone quantity and bone quality. Bone quantity
simply measures the absolute amount of bone, while quality is a less clearly de-
fined term. In current discussion, it is usually understood to simply mean the
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TABLE 1 Physical and chemical characteristics of bone at various length scales (from
Hernandez et al).

Scale (m) Characteristics
>1073 Bone size and shape
Spatial distribution of BMD

1076 to 10~ 3m Microarchitecture
Porosity
Cortical Thickness
Lacunar number and morphology
Remodelling cavity number and morphology

1079to 1076 | Mineral and collagen distribution and alignment
Microdamage

<1079 Collagen structure and cross-linking
Mineral type and crystal alignment
Collagen-mineral interfaces

resistance to fracture (fig. 4), which in turn is explained by various material and
structural properties such as mineral density, porosity, microporosity, shape and
elastic parameters (Bouxein, 2006; Hernandez and Keaveny, 1996; Seeman, 2008).
A length scale chart of these features is shown in table 1. The bone turnover pro-
cess, mentioned earlier, affects all of the relevant parameters, and thus the whole
concept of bone strength.

Bone turnover processes

AR B

Quantity Geometry Quality
- Bone mass - Size and shape - Mineralization and
- Density - Porosity mineral distribution

- Collagen structure
\ J - Microdamage

Fracture resistance

FIGURE 4 Various parameters which affect the fracture risk of bone (after Maatta
(2012)).

Of these parameters, bone mineral density (BMD, g/cm?) and bone mineral
content (BMC, g) can be accurately measured by the dual X-ray absorptiome-
try (DXA) and peripheral quantitative computed tomography (pQCT) methods.
They measure directly the amount and density of the inorganic matrix inside
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bones, and especially BMD is a good predictor of fracture risk (Cummings et
al., 1993, 2002; Marshall et al., 1996; Nguyen et al., 2005; Stegman et al., 1996). Be-
cause of resolution limitations, porosity and microporosity are invisible to these
methods.

Several measures have been defined to quantify the macroscopic shape and
size of the bone. These include bone strength indces, BSIcspr and BSIcsy, of
which the first is defined as BMD x CSMI, and the second as BMD x CSA,
where CSMI denotes cross-sectional moment of inertia (moment of inertia with-
out density information) and CSA a cross-sectional area (Martin, 1991). A similar
term, the strength-strain index (SSI), is a quantity determined from pQCT images
(section 2.5.2) by:

SSI = Z—r?a <%>

Ymax

/ (1)

i

where 7; is the distance from the considered pixel to the centre of gravity
and 7,4y is the maximum radial distance among the bone voxels in the image; a
is the area of the pixel and CD is its apparent density, while ND is the normal
reference value for density (Y. Hasegawa and Reiners, 2001).

In practice the SSI and CSMI parameters measure the radial distribution
of the bone mineral content in order to predict its bending and compressional
strength, and they are normalized to increase as the bending strength of the ob-
ject increases. For example, a thin-walled cylinder resists bending and torsional
loads better if its radius is larger, while its other parameters remain constant
(Bouxein, 2006), and the moment of inertia increases if the mass distribution is
driven further away from the main axis. These are relevant both because they are
geometric preditors of bone quality (Macdonald et al., 2006; Siu et al., 2003) and
because body uses the same principles to combat deterioration of the bone mass.
To overcome loss of the bone mass, which arises from old age, bone material is
transported further away from the central axis, as bone forms on the periosteal
surface (Seeman, 2008) of long bones.

In a microstructure scale, parameters which affect bone quality are micro-
porosity and the elasticity parameters (Young’s modulus, Poisson ratio and the
directional stiffness coefficents), arising from the quality of the bone matrix. Un-
like BMD and geometry, these typically cannot be measured from live specimens
because of the high radiation doses required to obtain a sufficient resolution, or
because distinguishing their effects from each other is difficult. Measuring stress-
strain curves for determination of elastic moduli usually also requires destruc-
tion of the sample in question. As such, the relationships between microstructure
and elastic properties are usually determined from cadavers through acoustic mi-
croscopy or microtomography (Raum et al., 2006a,b), and are correlated with
macroscopic propertied obtained by destructive means. However, all of these
parameters affect the propagation speeds or attenuation properties of the bulk
(section 3.1) and guided waves (section 3.4), and they can be approximated by
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other methods such as axial transmission of US (Baron et al., 2007; Muller et al.,
2008; Raum et al., 2005; Sasso et al., 2008) (see section 3.3.3).

2.4 Osteoporosis

Osteoporosis is a common disease related to bone metabolism and is defined as
a "disease characterized by low bone mass and micro-architectural deterioration
of bone tissue, leading to enhanced bone fragility and consequent increase in
fracture risk" (Consensus Development Conference, 1993). Currently it is de-
tfined through its primary method of diagnosis, dual energy X-ray absorptiom-
etry, wherein a BMD result of more than 2.5 standard deviations (T-score) below
the mean of young, healthy adult population is considered osteoporosis. A value
between 1 and 2.5 SD below the mean is called osteopenia, and anything above
this is considered normal.

During aging, and especially in older females, estrogen deficiency after meno-
pause disrupts the balance of bone resorption. Remodelling rate is increased both
through increased activation rate of BMUs, and because the duration of the re-
sorption phase is prolonged (Manolagas, 2000; Hughes et al., 1996). During the
course of the disease, BMD is reduced, bone microarchitecture deteriorates and
the organic matrix is altered. Densely mineralized bone is replaced by a less dense
inorganic matrix and bone stiffness decreases, while orientation of the collagen
tibrils in the the organic matrix is altered, decreasing its toughness (Wang et al.,
2002). Porosity increases as resorbed loci remain empty for longer periods or even
permanently, making the structure more susceptible to microcracks.

As trabecular bone has more surface area for resorption, it is affected first
and faster. Trabecular struts are lost and plates perforated, weakening the struc-
ture. This is also seen at the endosteal surfaces of long bones and other trabecular-
cortical interfaces. This process propagates into the cortical bone, increasing en-
dosteal porosity, manifesting in a lower effective cortical thickness (Bousson et
al., 2001; Rosen, 2004; Seeman, 2003; Zebaze et al., 2010). Osteoporotic bone is
less able to repair microcracks and other imperfections, which start to accumu-
late. The thus weakened bone is more susceptible to fatigue, and can sustain less
loading cycles than a more compact bone, leading to increased fragility (Burr,
2011; Diab et al., 2006).

TABLE 2 WHO guidelines for osteoporosis diagnosis.

Category T-Score % of young women

Normal T-Score > —1.0 85%
Osteopenia —1.0 < T-Score < —2.5 14%
Osteoporosis T-Score < —2.5 0.6%

Severe osteoporosis | T-Score < —2.5 with a fragility fracture ~ 0%
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Osteoporosis can be caused by a number of diseases and conditions of the
metabolism, by which it is categorized into primary and secondary osteoporosis.
The primary one is related to normal bone aging processes and metabolism, and
does not seem to be associated with any other illnesses. It is categorized into
postmenopausal (type 1) and senile (type 2) osteoporosis, which occurs after an
age of 75 years. Type 1 osteoporosis is naturally exclusive to females, but senile
osteoporosis also occurs in males, although it is twice as common in females.
However, due to the later age of the onset and lower life expectancy of males
than females, the prevalence of osteoporosis among males is much lower than
among females.

Secondary osteoporosis is associated with diseases inducing hormonal im-
balance (e.g. hyperthyroidism), other diseases (rheumatoid arthritis), medica-
tions adversely affecting bone remodelling (glucocorticoids) or simpler causes
such as malnutrition or lack of exercise. As bone remodelling is based on the
load characteristics which bones experience during normal use, mechanical stim-
ulation is essential for the preservation of the skeleton (Hind and Burros, 2006;
Iwamoto et al., 2001). Immobilization rapidly weakens the skeleton and lengthy
bedrest, wheelchair use or low-load enviroments such as space flight, cause a
rapid loss of the bone mass (LeBlanc et al., 2007).

Progress of osteoporosis can be slowed by proper nutrition, exercise and cer-
tain medications such as hormone therapy and biophosponate treatment (Lind-
say et al., 1999). While the usefulness of vitamin D and calcium supplements has
been questioned, a recent meta-analysis suggests that they can reduce the fracture
risk and the rate of BMD loss (Tang et al., 2007).

2.4.1 Fracture risk and cost to society

Osteoporosis significantly decreases the quality of life of the patient, and results
in a large financial burden to society. It is difficult to accurately assess the preva-
lence of osteoporosis, as the disease is typically symptomless until the first ad-
verse effects such as low impact fractures (with the low impact fracture meaning
a fracture from light trauma, which would not cause a fracture in a healthy in-
dividual). Numerous estimates are presented in the literature. Tarantino et al.
(2008) estimate the prevalence at 200 million subjects worldwide, and Wasnich
(1999) estimates around 30% of the postmenopausal females in the US being os-
teoporotic, with another 54% having osteopenia, while it has been estimated, that
23% of all Italian females have osteoporosis, with the prevalence increasing to
45% for persons above 70 years of age (Piscitelli et al., 2011). Worldwide preva-
lence in developed countries has been estimated as 20% in women after 70 and
40% in women after 80 years (J. A. Kanis on behalf of WHO Scientific Group,
2007). Likewise, it is estimated that 9 million osteoporotic fractures occur an-
nually around the world with 3-4 million in Europe, causing direct health care
costs of more than 30 billion euros (Johnell and Kanis, 2006; Kanis and Johnell,
2005). 40-50% of females are expected to suffer an osteoporotic fracture during
their lifetime (Johnell and Kanis, 2005).
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Of osteoporotic fractures, the hip fracture is most dangerous, as it has a high
mortality rate of 15-30% (Keene et al., 1993; Parker and Johansen, 2006), and the
majority of deaths occur within the first year after the incident. In addition, hip
fractures limit movement and reduce the patients” ability to care for themselves,
with 60% requiring assistance a year later and 40% being unable to walk on their
own (Kanis and Johnell, 2005). 0.9 million hip fractures happen in Europe each
year, with approximately 1.6 million worldwide (Cooper et al., 2011) (data from
the year 2000). However, both worldwide and in Finland, there are data showing
that the incidence of hip fracture has plateaued during recent years (Cooper et
al., 2011; Kannus et al., 2006) to 293 /100000 in females and 180/100000 in males
(Kanis et al., 2012), but these numbers may rise as the life expectancy and aver-
age age of populations are expected to increase in the future (Marks, 2011). In
Finland, the unit costs for a hip fracture vary between 14000 €and 36000 €, de-
pending on whether the patient required institutionalization (Nurmi et al., 2003;
Sund et al., 2011), and similar figures have been reported in other countries (Bud-
hia et al., 2012; Nikitovic et al., 2013; Zethraeus et al., 1997). In France, Maravic et
al. (2005) report median costs of approximately 8000-8700 euros for a hip fracture
hospitalization, with hip fractures comprising 82% of the osteoporotic fractures
which require hospitalization (data from the year 2001).

2.5 Current X-ray based diagnosis methods

2.5.1 Dual energy X-ray absorptiometry (DXA)

DXA (sometimes DEXA) was introduced in 1987 and was quickly accepted in
clinical medicine and research (Jergas and Genant, 1993). It operates by placing
the subject on a flat bed and scanning the whole body or parts of it by two dif-
ferent X-ray frequencies which have different attenuation properties in bone and
soft tissue'. At high frequencies, attenuation parameters are similar, but at low
frequencies, a good contrast between tissue types is achieved (Blake and Fogel-
man, 1997). Thus, in combination, the techniques can determine the tissue type
at a given location of the X-ray shadowgram, in addition to the total absorption
coefficient.

When used in whole body scans, DXA can monitor various body compo-
sition parameters such as the body fat percentage, but it is mainly used to de-
termine BMD and BMC. Typical sites for a BMD measurement are the hip and
lumbar spine, composed mostly of cancellous bone, where the effects of osteo-
porosis can be readily seen. Also preripheral sites such as calcaneus and wrist are
used (i.e. central DXA).

1 In this context, soft tissue basically means everything else than bone. Elsewhere in this

Thesis, soft tissue is used as a shorthand for the fat and muscle tissue surrounding long
bones. Note however that since fat, muscle and other tissues have somewhat different
attenuation properties, DXA can also measure muscle and fat mass.
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DXA is today’s clinical standard for diagnosing a reduced bone mass related
to osteoporosis, largely because the WHO definition is based on measurements
by that device. DXA is used for osteoporosis diagnosis, fracture risk assessment
and monitoring response to treatment (Blake and Fogelman, 2009). Its advantage
is that, using DXA, it is possible to measure the sites which are most susceptible
to fractures (hip) and which have good response to treatment (spine) (Blake and
Fogelman, 2009). Radiation dose from DXA is also low compared to other radi-
ological investigations (from various sources, 0.1-0.37 uSv for a total body scan
and 1.6-5 uSv for spine or hip scans (Albanese, 2003; Blake et al., 2006; Griffith
and Genant, 2008)), so there need not be as high reservations on its use, and for
example operator qualifications are less strictly regulated than for other radiolog-
ical investigations.

However, DXA measurements have their limitations. As the measurement
results are 2D projections of a 3D object, they are strongly correlated with the size
and amount of bone, and densities are largely indistinguishable by this measure-
ment method. 2D projection also hampers the reliability of the measurement of
obese patients (Knapp et al., 2012). Because of its low resolution, DXA cannot
be used to separate cortical and trabecular bone, or to observe bone geometry or
architecture such as trabecular size, shape, orientation or the geometry of cortical
cross section (Beck, 2003; Griffith and Genant, 2008). In addition, even though
BMD is one of the best predictors of bone strength, it cannot comprehensively
predict fractures by itself (Bolotin and Sievdnen, 2001; Griffith and Genant, 2008;
Hooven et al., 2009; Stone et al., 2003). Moreover, for an effective prevention
of osteoporosis, the population base should be screened for the disease before
fractures happen. As DXA is expensive enough to be typically only available in
hospitals (i.e. the cost of GE Lunar devices is of the order of 20000€), and because
it uses ionizing radiation, it is poorly suited for screening purposes. As such,
osteoporosis remains a largely under-diagnosed disease (Kannus et al., 2006).

2.5.2 (Peripheral) Quantitative computed tomography (QCT and pQCT)

Quantitative computed tomography was invented in London and at the Univer-
sity of California in San Francisco during the 1970’s, and has since been widely
accepted as an imaging tool in many fields. In this technique, an object is im-
aged with X-rays from multiple angles around a single rotational axis (typically
equally distributed along a circle or a half circle) and a large number of two-
dimensional X-ray shadowgrams is obtained. A two or three dimensional im-
age is then reconstructed using the Algebraic reconstruction technique, based on
the work of Johann Radon and Stefan Kaczmarz (Radon, 1917; Kaczmarz, 1937).
Technically the imaging method does not have to consist of X-rays, and multiple
alternatives do exist for various applications, if the object is transparent for other
wavelengths. However, for clinical applications in humans, X-rays are essential.
As the technique produces real slices of the object under investigation, it can
be used to assess the size and geometry of bone, and the true volumetric BMD
instead of the 2D approximation provided by DXA. Because of this, QCT is con-
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sidered to be more sensitive to BMD variations than DXA (Griffith and Genant,
2008). QCT devices are typically used to measure the trabecular areas in spine
and hip locations. Average bone mineral density from these locations is com-
pared to age and sex matched controls. Unlike DXA, T-scores are not used and
volumetric BMD is directly compared to reference values. American College on
Radiology guidelines (American College of Radiology, 2008) state a BMD value
of less than 80 mg/cm3 to be osteoporotic and less than 120 mg/cm?® to be os-
teopenic. Higher values are considered normal. The disadvantage of using QCT
in the same sites as DXA is, that taking tomography images of spine and hip in-
volves a radiation load significantly higher than DXA (up to 3 mSv in the hip
(Damilakis et al., 2010)).

Peripheral QCT devices are aimed at appendicular bone sites such as dis-
tal radius and tibia. The advantage of this is that devices are cheaper and that
radiation dose is both smaller (less than 10 uSv, even for high resolution scans
(Damilakis et al., 2010)) and not aimed at regions which contain sensitive internal
organs. Higher resolution pQCT devices are capable of a 80-90 um3 voxel size,
which is sufficient to see individual trabeculae and their connectivity (Damilakis
et al., 2010; Griffith and Genant, 2012). At lower resolutions and doses, it is still
possible to separate trabecular and cortical bone and measure bone geometry pa-
rameters such as CSMI, CSA, SSI and cortical thickness.



3 QUANTITATIVE ULTRASOUND

The word ultrasound is defined as mechanical vibration (sound), with a frequency
which is too high to be detected by human ears. In practice, this means frequen-
cies greater than 20kHz. In this Section, we outline the basic properties of ultra-
sound and discuss its use in skeletal quantitative ultrasound (QUS) in the context
of characterizing osteoporosis. In particular, the status of background research is
outlined, so as to give motivation for the present Thesis.

3.1 The basic physics of ultrasound

When considered to propagate in an infinite isotropic medium, ultrasound does
not differ from any other sound vibration. A simple analogy for sound vibra-
tion is to think of a dense matrix of particless connected by massless strings.
When a particle is disturbed, a force acts on its neighbours through its string
connections and allows the disturbance to propagate. In a solid medium, two ba-
sic types of vibration can be detected, depending on whether particle oscillation
occurs in the direction of wavefront propagation (longitudinal or compression
waves) or perpendicular to it (transverse or shear waves). Longitudinal waves
simply represent a pressure wave inside an elastic material, while shear waves
are displacements of particles caused by neighboring particles dragging them in
a transverse direction. Because shear waves rely on shear forces between adjacent
particles to propagate, they cannot be detected in materials without rigid connec-
tions between particles (e.g. in ideal fluids). In these cases, only the longitudinal
waves can effectively propagate. Depending on viscosity, shear waves may still
be present in fluids, but they typically attenuate very quickly. This is also the case
for the human soft tissue. As such, medical ultrasound imaging focuses on the
use of longitudinal waves, their doppler shifts and reflections.

Velocity of the both longitudinal and transverse waves are, in the ideal case,
independent of frequency. Their velocities are given by
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where E is Young’s modulus, v is Poisson’s ratio and p is material density.
In practice almost everything, including factors not directly related to ma-
terial properties such as pressure and temperature, affect wave propagation ve-
locities. As ultrasound obeys basic wave dynamics, acoustic impedance (Z), a
quantity analoguous to the refractive index in optics, can be defined for each ma-
terial by

Z = pc, (4)

where p and c are the density of and speed of sound in, respectively, the
material in question. As with optics, acoustic impedance affects the intensity of
transmitted and reflected waves at the interfaces of the material. Reflection and
transmission coefficients are defined as

I, (Z2c0591 — Z1c080, ) 2 5)

R = — =
I; Zoc0s61 + Z1cos6;

and
I 471 7Z>c0s61cosb;

T=—= ’ (6)
i (Zycos6y — Zicoshr)?

where [;, I, and I; are the incident, reflected and refracted (transmitted)
wave intensities, Z; and Z; are acoustic impedances on both sides of the inter-
face and 6; and 6, are the angles of incidence or refraction, respectively. Angles
0, and 0, can also be determined from Snell’s law,

sinfy  sinb,

= , (7)
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where ¢1 and c; are the speeds of sound on the two sides of the interface.
Note that in fluid-solid interfaces, when the transmission and reflection are not
normal to the surface, these cases are more complex. The two materials cannot
necessarily support the same forces, and shear stresses do not necessarily propa-
gate through the interface.
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Of the factors causing ultrasound attenuation, the most important are di-
rect absorption of vibration energy by transformation to heat and scattering. In
scattering, the principal mechanism is scattering of the wave, when it encounters
particles made of some other material, or cracks or pores in the medium. These
features act as interfaces, causing reflections and transmissions, and thereby alter
the propagation direction (and speed) of the wavefront. In practice, scattering is a
numerically and analytically hard problem, with only few easy solutions for very
specific geometries. It is typically only treated as a numerical or measurement
feature, and can be approximated, along with other attenuation properties, by

[ = Ipe 22z, (8)

where [ is the final and Ij the initial intensity, and a(f) the (typically mea-
sured) pressure attenuation coefficient as a function of frequency. Fast ampli-
tude changes are related to large displacements of particles inside the medium
and large energy losses. High frequencies are thus more heavily dissipated in
a medium. Factor 2 in the exponent results from the fact that intensity depicts
energy which is related to the second power of the pressure amplitude of a plane
wave. (Rose, 1999; Royer and Dieulesaint, 2000)

3.2 Ultrasonic guided waves

Unlike soft tissue, bone is a rigid material, wherein both longitudinal and trans-
verse waves can be observed. Furthermore, the analogue between ultrasound
waves and electromagnetic waves does not stop at basic reflections and refrac-
tions. Rigid materials can act as waveguides for sound waves, just as hollow
metal tubes are waveguides for microwaves and optical fibers for visible light.
Similarly to electromacnetic waveguides which utilize the refraction or conduc-
tivity properties of the waveguide, which are different from those of its inner
material, so as to become constantly reflected and thus kept inside the waveg-
uide, dense objects inside a sparse medium act as waveguides for sound waves.
If the impedance difference at the interface is large, sound wave will experience
a total reflection and remain inside the waveguide. Thus, in addition to longitu-
dinal and shear waves, solid materials support the propagation of guided waves
(GW), which arise from refractions, reflections and mode conversions of longitu-
dinal and shear waves at the boundaries of the medium.

The problem of guided wave propagation has been studied extensively be-
cause of its relevance in material technology and seismology. There are many
types of guided waves propagating in various geometries, such as Lamb, Love,
Rayleigh and Stoneley waves (Lamb, 1917; Love, 1911; Rayleigh, 1885; Stoneley,
1924) (tig. 5). Of these, Lamb waves are most interesting for our purposes, since
they are solutions to waves propagating in infinite solid plates of given thickness
placed in vacuum (Viktorov, 1967). In addition to being useful for approximating
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the behaviour of ultrasound propagation in many solids and subsequently be-
ing useful in the fields of construction and material testing, this solution (Lamb
waves) can be adapted to multi-layered and tubular structures including bone
walls (Gazis, 1958; Graff, 1991; Pavlakovic, 1998). In a typical measurement situ-
ation, the assumptions of the theory are less restrictive than is immediately evi-
dent, as air imitates vacuum rather well because of the big difference between its
acoustic impedance and those of most solid materials.
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FIGURE5 Main types of guided waves and related deformation shapes in solid struc-
tures. Depicted are (a) Lamb, (b) Rayleigh and (c) Love waves.

3.2.1 Lamb waves in free plates

The basis behind the formation of Lamb waves is that partial compression and
shear waves form resonant standing waves at oblique angles between the bound-
aries of a plate. Because of these oblique angles, the standing waves are reflected
with respect to the normal of the surface, and propagate along the plate. Finally,
Lamb modes (wavenumber k) are born as a superposition of these compression
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(kr) and shear (k7) standing wave components (fig. 6).Phase velocities (c,;,) and
frequencies (f) of the partial waves must match based on the above principle and
relation ¢y, = 27tf /k. Thereby, at a certain frequency and thickness, only certain
modes can exist. (Rose, 1999)

In a free plate, Lamb waves can thus be modelled using four partial waves,
downward and upward propagating longitudinal and shear waves (fig. 6).
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FIGURE 6 Schematic illustration of the free plate problem. k; rs are wave numbers of
longitudinal and shear partial waves, Ky, rs are the normal components of
the wave numbers of the partial waves and k is the (tangential) component
of the wave number of the guided wave. Plate thickness is represented by 5.

Navier’s equation of motion for displacements,
(A + w)uj i+ puy j; = pii, 9)

can model the motion of a linear, elastic solid. Herein u; is the displacement
vector, p is the mass density and A and y are the Lamé constants,

vE
A= (1+v)(1—2v) (10)
- E
P20ty
or alternatively
A= p(cf —2c%) (11)
= pct.

Notation uy ;; stands for the partial derivative
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Displacement vector can be expressed with the help of Helmholtz decom-
position such that
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where ¢ and ¥; are scalar and vector potentials, respectively, e;j is the per-
mutation symbol (-1 if the order of ijk represents an odd number of swaps away
from the original lexicographic order, and +1 if that number is even). If eq. (13) is
substituted into eq. (9), we get two uncoupled equations,

V2 — 1o°) 0 and (14)
c2 ot ¢=

vio L)y g (15)
c2. 0t -

where V is the del operator, i.e. V2 = 9?/9y? + 9?/9z%. As previously, cp
and cr are the longitudinal and shear wave velocities, respectively. Using the
partial wave formalism, solutions to eqgs. (14) and (15) are of the form

¢ = CleikL(zsin((—)L)—l—ycos(GL)) + CzeikL(zsin(@L)—ycos(GL))

v CgeikT(zsin(GT)+ycos(9T)) + C4€ikT(zsin(9T)fycos(GT))’ (16)

where C; are unknown constants determined by the boundary conditions
of the problem, k; and kr are wavenumbers of the bulk and shear wave compo-
nents, k that of the guided wave (fig. 6), and 01 and 0k are the angles between the
vertical and bulk wavenumbers in fig. 6, obtainable from 6; = arcsin(k/kr) and
Ox = arcsin(k/kg).

Potentials in eq. (16) have four terms, representing two longitudinal bulk
plane waves and two bulk shear waves in the vertical direction (K r in fig. 6).
Terms with a negative sign are downwards propagating waves and those with a
postive sign are upwards propagating waves.

Substituting eq. (16) into eq. (13), displacements can be solved directly.
Strains (g;j) are given by

. 1 ( ou; au]
€ij =5 (a—x] + a—xl> (17)
and stresses (0;;) are given by

gij = A(Sijeo + 2“1461']', (18)

where J;; is the Kronecker delta and dilation is €p = €11 + €22 + €33.
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If the plate is in vacuum, traction and pressure are assumed to be zero in the
upper and lower free surfaces, y = h and y = 0. Thus, there are no forces acting
at the surface either in the normal or transverse direction, and stresses are given
by oy, = 0; = 0. If horizontal shear displacements are ignored (u, = 0), using
each of these boundary conditions in eq. (17) and eq. (18) we get four equations,

(AK? 4-2uK3)(Cy + Cp) +2ukKp(C3 —Cy) =0 (19)

—2ukKp(Cr = C2) + (K} — 2k7)(C3+Ca) =0 (20)
(AR? +2uK?) (Cre'®th + Coe ™M) 4 2pkKp(Cae® " — Cpe™ ")y =0 (21)
—2ukKy (CreKih — Coe™ iy 4y (K2 — 2k%) (C3e’KT 4 Cue= K1) =0,  (22)

where

2
Ky =kireos(0rr) = \/kj p — k> = <%> - )

and w is the angular frequency.
Using a matrix notation and C1—C4 as a column vector C, eq. (19)-eq. (22)
can be expressed in a matrix form such that

[G]C =0, (24)

where [G] is a matrix of the form

Ak +2uK? Ak +2uK? ( zzykKT 5 (_ngKTz)
_2]/leL Z;MkKL U KT — 2kT i KT _ sz
(AK2 +2uK2)eith  (AK2 4 2uK2)e~Kih  2ukKrekrh —2yukKre—iKrh
—2pkKpeR 2Ky I (G = 20)e T p(KG — 2k ek

Equation (24) is satisfied when the determinant of [G] is zero. Thus, the
characteristic equation for a plate in vacuum can be expressed in the form

det(G(w,k,cr,cr,h)) =0, (25)

Solutions to eq. (25) give the dispersion relations of the Lamb wave modes
for an infinite plate of given thickness in vacuum. Roots can be solved numeri-
cally (Lowe, 1995; Pavlakovic, 1998; Rose, 1999). Choice of variables relies here
on using wave speeds ¢y 7 in the derivation of wavenumbers k; 7 and from the
fact that K s are functions of ¢y 1, w and k. This formulation of the problem only
requires textbook values and geometric variables for the material in question.

In the typical case, this equation has multiple solutions for any given w and
k, and following the trajectories of the solutions through the space of their pa-
rameters forms the characteristic curves of the guided Lamb wave modes (often
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called dispersion curves, as eq. (25) is a dispersion equation). Typically solutions
are studied in the wave number — angular frequency space. It is also common to
use transformations f = ;% and ¢ = ¢ to study them in either wave number —
frequency or phase/group velocity — frequency space (see fig. 8). As the thick-
ness parameter only affects the wavelengths required for standing waves, it only
affects the scale of frequency axis in the chosen representation. For this reason,
it is common for more generalized dispersion curve diagrams to either use the
frequency X thickness -axis, or, expressed in another form, the plate thickness /
wavelength -axis.

In addition to representing the characteristic equation of Lamb waves by
a matrix determinant (eq. (25)), also a classical analytical solution for the char-
acteristic equation exists (Lamb, 1917; Viktorov, 1967). The classical solution is
much more compact, but the advantage of the matrix solution is that it can be
extended more easily to describe multi-layer (2D) and tube (3D) structures, and
can conveniently be solved numerically.

In order to obtain the classical solution, solution to egs. (14) and (15) is at-
tempted in the form (Graff, 1991)

¢ = fly)e=h (26)
¥ = ih(y)elFFh, (27)
where
f(y) = Cisin(Kry) 4 Cacos(Kry) (28)
g(y) = Cssin(Kry) + Cycos(Kry). (29)

In this representation, f and ¢ are standing waves through the thickness of
the plate and the periodic exponential term is a guided wave propagating along
the z (horizontal) axis of the plate. Displacements, stresses and strains are the
same as in egs. (12), (17) and (18). The y axis is shifted slightly to simplify the
computations, and the boundary conditions, oy = 0yz = 0, are imposed at y +
h/2. In this way we find the the Rayleigh-Lamb frequency equation in a more
recognizable form,

tan (2K h) (k* — K%) (30)

+1
tan(2Kth) 4K KTk?

+(as) o

where K}, rs are the same as in eq. (23). Exponent £1 divides this equation

into two separate equations, one of which (+1) corresponds to axially symmetric

and the other (—1) to antisymmetric modes. In practice interpretation of these

modes will depend on whether the displacement at two opposite edges of the

plate are directed in the same or opposite direction from their equilibrium posi-
tions (fig. 5a).
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When investigating the actual results obtained (fig. 8), it should be noted
that symmetric and antisymmetric modes alternate at any given frequency, and
that not all Lamb wave modes are present in all frequency-thickness regions of
the spaces portrayed. However, Ap and Sp span the whole space, which means
that they should always propagate, without respect to the geometry of the plate
and frequency used, albeit at speeds which are functions of thickness and fre-
quency. At high frequency-thickness to wavelength ratios, their velocities con-
verge towards the Rayleigh wave velocity (Viktorov, 1967), which is expected, as
Rayleigh waves are surface waves propagating in semi-infinite solids, compara-
ble to plates of infinite thickness.

3.2.2 Lamb waves in fluid-coated plates

In most situatios resembling real world geometries and materials excluding phan-
tom measurements, the free plate case is insufficient. An important facet used in
this work are cases of fluid-solid bilayers, which resemble situations with layer
of soft tissue on top of the bone. The waves escaping to the fluid through the
fluid-solid boundary are reflected and refracted from the fluid-vacuum (or air)
boundary, and form a guided wave system in both materials. This causes strong
coupling in the propagation of waves within the two subsystems, and as the ma-
terial properties of fluids and solids differ greatly, also affects the dispersion char-
acteristics of the modes in comparison with those which propagate in the solid
alone. This situation has been discussed in detail in (Yapura and Kinra, 1995),
but the solution strategy using the partial wave formalism from Rose (1999) is
defined in fig. 7.

z

y=0 >

Kg kp k
k Ke|
y=a
Ky | Nk g | N " k
+h ) ) Krl 7k Kol 7k
y=a
y
v

FIGURE 7 Schematic illustration of the fluid-solid bilayer problem. ki rrs are wave
numbers of tangential and shear partial waves in the plate and of the tan-
gential wave in the fluid. K 1 rs are the normal wave numbers of the partial
waves and k is the (tangential) wave number of the guided wave. Plate thick-
ness is represented by / and fluid layer thickness by a.

In this solution, the fluid is considered ideal, i.e. unable to support shear
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stresses. This increases the number of partial waves present to six. The wave
equation for the fluid is given by

1 92
V:— S | ¢r=0, (31)
< c% 8t2>

where ¢r is the scalar potential and cr = Ap/pr is the bulk velocity of lon-
gitudinal wave in the fluid. Ar and pr are the bulk modulus and mass density of
the fluid, respectively. Analoguous to eq. (16), solution to this is given by

or = Cleikp(zsin(GF)ercos(Op)) + CzeikF(ZSiﬂ(GF)*yCOS(GF)) (32)

with the longitudinal wave variables swapped (see eq. (16)) with those of
the partial waves of the fluid. While ¥ = 0, displacements u;r, stresses o;;r and
strains €;jr are analogous to those of egs. (13), (17) and (18).

There are six boundary conditions in this case. As the fluid carries no shear
stress, it must be zero at the boundary between the two media, and on the bottom
surface of the plate. Stresses normal to the bilayer structure must also be zero at
the outer surfaces. However, stresses and displacements normal to the material
surfaces must match at the interface,

Uny|y:0 =0
MyF‘y:a - uy’y:a

Uny‘y:a - Uyy‘y:a

Uyz‘y:a =0
Uyy‘y:a—o—h =0
Oy y=ath =0 (33)

Similarly to eq. (24), substituting these into egs. (17) and (18), and trans-
forming to a matrix form, we find that

[G]C =0, (34)

where [G] is a global matrix, and C is a column vector of six unknowns C;,
i = 1,...,6. This equation is satisfied when the determinant is zero. The [G]
matrix is a 6x6 matrix of the form
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G11 = —/\Fk% G31 = /\Fk%eiKFa G51 =0
Gpp = —)ka% Gsp = )\pk%EiiKFa Gsp =0
Giz3=0 Gsz = —(/\k% + 2}1K%)€iKLa Gsz = (/\k% + 2]/1K%)€iKL(a+h)
Gia=0 Gas = —(AK] +2uKF e K1 Gy = (MK + 2uKF e~ Kelath)
Gi5=0 Gss = —ZykKTeZKT“ Gss = ZykKTele(“+h)
Gig = OK Gsg = 2;leKT€7iKTa Gsg = —Z‘MkKTEﬂKT(aJrh)
Go1 = Kpe'™F? Gun=0 Ge1 =10 ’
Gy = —Kpe™ ke Gy =0 G2 =0
G23 = —KLeiKLa G43 = —ZIMkKLBiKLu G63 == ZykKLEiKL(u+h)
Goy = KLefiKLa Gy = 2ykKLe*iKL” Ges = —ZykKLefiKL(aJrh)
Gy = —keiKra Gys = ;LI(KZT _ kZ)eiKTa Ges = _F(K% _ k2)eiKT(a+h)
G = — ke~ iKra Gy = ]l(K% . kZ)e—iKTa Geg = —‘u(K% . kZ)e—iKT(a+h)

(35)

where Kr is analogous to eq. (23) and the other terms are equivalent to their
definitions in section 3.2.1. Thus, dispersion equation for a fluid-solid bilayer can
be expressed in the form

det(G(w, k,cg,cr,cr,a,h,pg,p)) = 0. (36)

Choice of variables in eq. (36) relies on using cr 1 r instead of kr 1,1, Kr,1,1
being a function of w, cr 1 T, k, and the Lamé constants and bulk modulus of the
fluid being functions of wave propagation speeds and densities (¢ and pr , see
eq. (10)). Other choices are possible, but these only rely on textbook data for the
materials in question. The roots of this equation are best solved numerically, due
to which the solutions are referred to as semianalytical models. Figure 8 shows an
example of the dispersion curves of both fluid-solid bilayer and free plate Lamb
wave modes in various spaces. Implementation of the numerical solution is from
(Moilanen, 2004).
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FIGURE 8 Dispersion curves of Lamb waves displayed in the phase velocity — fre-
quency X thickness (a-b), group velocity — frequency x thickness (c-d) and
wave number — frequency X thickness space (e-f). In this example, cr = 1481
m/s, c;, = 4000 m/s, cr = 1800 m/s, pr =1 g/cm3, p =18 g/cm3 and

thicknesses a and h were equal.

3.3 Methods of skeletal quantitative ultrasound

Ultrasound has been used in a medical context since 1937, when Karl Dussik de-
veloped a through-transmission technique usable for detecting brain tumors by
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mapping attenuation variations in the brain tissue. While the most typical ap-
plications of ultrasound relate to soft tissue imaging, it has also been applied to
bone characterization. Methods similar to Dussik’s original one are still used in
through-transmission measurements (section 3.3.1). Moreover, methods based
on pulse-echo techniques (section 3.3.2) and axial transmission have been devel-
oped.

The main motivation in the use of QUS is its sensitivity to bone properties
other than BMD, which is the main property assessed by the pQCT and DXA de-
vices (Laugier, 2008). BMD is mostly associated with compressional strength, but
also bending and torsional strength, determined by elastic moduli of the bone,
are a factor in bone toughness (Peterlik et al., 2006; Turner, 2006; Gliier, 2008).
QUS has the advantage of being sensitive to both cortical thickness and elastic
moduli of the bone in addition to BMD (Moilanen et al., 2008).

3.3.1 Through-transmission

At the moment, the only QUS devices approved for clinical use are based on
the through-transmission method, mainly applied to the heel bone (calcaneus).
Since the introduction of QUS on heel in 1984 (Langton et al., 1984), many devices
(Njeh et al., 2000; Kaufman et al., 2007) have reached the market, and are used
to measure patients either in a gel-coupled through-transmission or water bath
(fig. 9). Calcaneus is considered the most reliably reachable location because of a
large semi-flat region of almost exclusively cancellous bone, which should both
acccurately predict bone loss and be an easy location for a transducer (Black et
al., 1992; Wasnich et al., 1987). It has also been shown to predict hip fractures as
effectively as, but not consistently with DXA (Gliier, 1997).

Tibia

Malleolus

Transmitter Receiver

Calcaneus

Backscatter

Ultrasonic gel

FIGURE 9 Principle of a QUS through-transmission measurement on heel.

Operation of these QUS devices is mostly based on either time of flight (ToF)
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or broadband ultrasound attenuation (BUA). Speed of sound in bone tissue is
higher than in water bath or soft tissue, so ToF directly tells about the absolute
amount of bone. In addition, time differences between the arrival times of the
first arriving signal and a more energetic guided wave component can be used
to gauge the amount of bone. As the first arriving signal mostly travels in the
cortical bone covering the bone site, and the through-transmission signal mostly
travels through the cancellous part of the bone, a higher time lag between the
pulses signifies a lower amount of cancellous bone. Alternatively, devices can
track the time differences between propagation through the bone and soft tissue
(Bréban et al., 2010; Evans and Tavakoli, 1990; Miller et al., 1993; Stein et al., 2013).

When measuring BUA, ultrasound pulses of varying frequency are trans-
mitted through a cancellous bone specimen. Attenuation of the pulse has a com-
plex relation with the amount and material properties of bone, as multiple ef-
fects simultaneously affect it (scattering, diffusion, absorption, transmission, re-
flection). While this means that the absolute amount of attenuation is not easily
associated with any quantity, attenuation fortunately has the useful property of
being linearly proportional to frequency in the 0.2-0.6 MHz range. Slope of the
attenuation curve with respect to frequency is then a function of other bone prop-
erties, and has been shown to depend on BMC (Langton et al., 1984) and BMD
(Chappard et al., 2012).

In addition to the QUS devices on heel, applications exists which use ultra-
sound transmission through finger phalanges (Reginster et al., 1998; Baroncelli et
al., 2006) or the hip and proximal femur (Barkmann et al., 2007). The latter device
is capable of measuring attenuation through the bone structure, reflections from
the cortical surface and backscatter from the trabecular structure of the bone, and
can use these data to form rudimentary images of the sites via scanning. Devices
using through-transmission at the distal radius are also available (Bréban et al.,
2010; Stein et al., 2013).

Despite the presence of various devices and the evidence supporting their
effectiveness, heel QUS and quantitative ultrasound in general are not widely
used in practice. At the time of its introduction, physics behind the relation of ul-
trasonic measurement parameters with bone fragility remained largely unknown,
failing to provide an accurate bone assessment, and even for a specific region of
calcaneus, QUS assessment was not well standardized. Different devices based
on calcanean ultrasound measure either BUA, ToF, group or phase velocity or a
synthetic benchmark of many of these quantities. Each use a varying frequency
of their own, different frequency sweeps, or are immersed in water or are gel-
coupled, and make different assumptions about the measurement situation or
transducer location (static transducers or BUA map of calcaneus, measured heel
width or assumed standard heel width) etc. (Gltier, 2008)

3.3.2 Pulse-echo ultrasound and ultrasonic backscatter

In the pulse-echo method, ultrasound is used in the same way as sonar locates
submarines, icebergs and fish. A pulse is transmitted by a receiver and its echo is
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read shortly thereafter, possibly by the same receiver. Devices track time of flight,
attenuation and frequency properties of the pulse to obtain information about the
structure being investigated. The most prominent application uses sound waves
scattered from cancellous bone, using some of the same frequency dependent
properties of the pulse as the through-transmission experiments.

Like BUA, also backscattering intensities depend on the frequency used, but
more importantly, scattered wave intensity is heavily influenced by the geome-
try of the object it scatters from. For the purposes of the method, the relevant
parts are the trabeculae themselves, which have a thickness of about 127 microns
on average (Seghal and Greenleaf, 1984). This is much smaller than the wave-
length of the pulse, and modelling and experiments suggest that in this scale,
backscattering intensity should be proportional to the third power of the trabec-
ular thickness (Wear and Laib, 2003). Experimental results have verified similar
power laws (3.38 £ 0.31 @ 0.4-1.2 MHz, 3.1 +£ 1.09 @ 0.4-1.2 MHz) (Chaffai et al,,
2000; Padilla et al., 2006). Once the relation with respect to frequency is known,
backscatter coefficient can be correlated with known bone properties, just like
BUA, and correlations of the order of 2 = 0.66 against BMD (Wear and Arm-
strong, 2000) and 7> = 0.76 against the bone volume fraction (BMV) (Riekkinen
et al., 2007) have been found in vitro. The clinical use of backscattering has been
tested early by Laugier et al. (1997); Wear and Garra (1998), but so far there are
no commercial devices relying on this technique.

Other applications attempt to use the simplest possible method and mea-
sure time between the echo from the periosteal (outer) and endosteal (inner) sur-
face of cortical bone, coupled with an assumed speed of sound, to estimate corti-
cal thickness (Karjalainen et al., 2008). The time of flight estimate is either formed
directly from the waveform’s estimated amplitude, or by the cepstrum method,
in which a power spectrum is processed with an inverse Fourier transform and
the resulting time domain signal is transformed to thickness data by d = cAt,
where c is the estimate for speed of sound and At is the frequency band of the
harmonic oscillation. Though the ability of such a method to measure quantities
other than cortical thickness is limited, correlations of up to r = 0.98 in vitro and
r = 0.95 in vivo have been reported (Karjalainen et al., 2008). Certain applications
use the pulse-echo measurement technique in combination with backscattering
(Riekkinen et al., 2008).

3.3.3 Axial transmission

In the axial transmission (AT) method, propagation of ultrasonic waves is as-
sessed along the axis of long bones (such as the radius or tibia). This method was
tirst introduced in Siegel et al. (1958), where it was used to study fracture healing
in long bones.

In an axial transmission setup, two ultrasound transducers are placed on the
same side of the bone. One of the transducers acts as the transmitter and the other
as a receiver. These transducers may move with respect to each other in order to
record an ultrasound pulse at multiple source-receiver distances. Alternatively,
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the transmitter or receiver can consist of an array of transducers (see section 5.1).
Speed of sound is deduced from the difference in the time of flight that it takes
from the signal to travel the distance between successive receivers or receiver
separations (fig. 10). All known AT devices and AT measurement setups work on
this same basic principle, but their implementations vary related to the number
of transducers, frequency, criteria for determining the time of flight and the bone
site used for the measurement (Barkmann et al., 2000; Bossy et al., 2004a; Lefebvre
et al., 2002; Minonzio et al., 2010; Moilanen et al., 2003; Prevrhal et al., 2001; Ta et
al., 2006), (I).

Transmitter Receiver

e
)

FIGURE 10 Principle of an axial transmission measurement. The flight time of an ultra-
sound pulse is recorded at various source-receiver distances to deduce the
speed of sound in bone.

Typically axial transmission measurements are carried out on cortical bone
shafts of human long bones, such as the radius and tibia, though smaller high fre-
quency devices which support measurements on finger phalanges and metacarpal,
capitate, patella, thoracic spine or calcaneus have also been used (Hans et al.,
1999). Long bone shafts are ideal, because the geometry of a thin cortical layer
and lack of subcortical, trabecular bone provide a plate like elastic waveguide for
ultrasound. Radius and tibia also have a relatively thin layer of soft tissue em-
bracing the bones. This is relevant, because too thick a layer of soft tissue would
make it challenging to excite and detect ultrasound in bone (Camus et al., 2000;
Moilanen et al., 2008).

An AT measurement can feature the assessment of a fast, first arriving signal
(FAS) (see section 3.4.1), but it also allows for assessment of elastic guided waves,
also known as Lamb waves (see sections 3.2.1 and 3.4).

Thus far three commercial devices based on AT have been introduced, all
of which are based on a single US mode, the first arriving signal (section 3.4.1).
SoundScan 2000 (Myriad Ultrasound Systems Ltd, Rehovot, Israel, now extinct)
was the first device introduced in the 1990’s. It operated at 250 kHz frequency
and was designed to measure the tibia (Foldes et al., 1995). Later during the same
decarde, Omnisense (BeamMed Ltd, Petah Tikva, Israel) was introduced (Hans
et al., 1999; Barkmann et al., 2000). It operated at 1.25 MHz and featured some
improvements with respect to SoundScan 2000 by correcting some influence of
the coating of soft tissue. Omnisense is a multi-bone site ultrasonometer with a
collection of probes dedicated to the radius, tibia and finger phalanges. Oscare
Sono (OScare Medical Ltd, Helsinki, Finland) was introduced in 2013 and rep-
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resents the latest development of commercial AT ultrasonometers. It operates at
250 kHz frequency and is based on an AT probe similar to the one reported in the
present Thesis. In addition to these products, several experimental devices have
been developed and tested. Currently research focus is on the development of
multi-mode AT ultrasonometers based on Lamb modes (see section 3.4.2). Tatari-
nov et al. (2005); Tatarinov and Sarvazyan (2008) and Sarvazyan et al. (2009) were
among the pioneers in using Lamb waves to detect bone properties, and their
research, originating from the 1980’s, has resulted in a dual-frequency AT ulra-
sonometer (100 and 500 kHz), also known as the Bone UltraSonic Scanner (BUSS,
Artann Laboratories, Trenton, New Jersey, USA). This device is designed mainly
for the tibia, but the exact operation principle behind it has not been divulged
by the authors. The work of Minonzio et al. (2010) represents the latest develop-
ment of multi-mode AT ultrasonometers, operating at 1 MHz centre frequency,
and designed for the radius. Its clinical application is under development.

The present Thesis pursues the development of a multi-mode AT ultra-
sonometer that operates in a range of low US frequencies (20-400kHz).

3.4 Axial transmission and guided waves in bone

The shaft of cortical bone has been shown to support propagation of elastic guided
waves consistent with Lamb wave modes (Lefebvre et al., 2002; Moilanen et al.,
2007a; Ta et al., 2009). The advantage of guided waves is that they carry infor-
mation about different aspects of bone quality (elastic properties, microporosity,
bone mineral density, etc.) and geometry (cortical thickness), all of which are rel-
evant in the characterization of bone fragility. Eventually, it should be possible
to extract the impact of each independent bone property from measured veloci-
ties of guided waves. This requires solving of an inverse problem (Karim et al.,
1990), bounded by parameters measurable from guided waves. To enable such
an inversion, it is necessary to reduce the number of independent bone proper-
ties. It has recently been suggested that cortical bone can sufficiently be modelled
by three independent parameters, mineral volume fraction, porosity and cortical
thickness (Grimal et al., 2011). Other bone properties, such as e.g. coefficients of
the three dimensional anisotropic elastic tensor can, with certain limitations, be
derived from these parameters.

There is no consensus on the best suitable model for a theoretical predic-
tion of guided waves in bone. The shaft of long bone is a solid tubular structure
filled by a fluid like medium (fatty bone marrow) and embraced by another fluid
like coating (soft tissue composed of fat and muscles). An exact model which
would take the shape of the bone into account would require numerical sim-
ulation (Moilanen et al., 2007b,c) and would depend on information which is
unattainable in the majority of clinical situations without use of more invasive
methods (i.e. multiple pQCT scans of a limb). The most detailed purely analyt-
ical model features a solid anisotropic tube coated by a fluid layer and filled by
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fluid, but in practical situations, it may be sufficient to use a more simple model,
such as that for a coated empty tube (Moilanen et al., 2008), for a bilayer plate
(Moilanen et al., 2006; Tran et al., 2013) or even for an uncoated plate (Lee et al.,
2004; Chen et al., 2012), to predict the behaviour of Lamb modes in in vivo bone.
Choice of the simplest suitable model depends on the significance of bone cur-
vature (plate or tube) and significance of coupling between the layer subsystems
(number of layers). Significance of curvature and coupling is determined by the
absorption of ultrasound and the geometry (of bone and soft tissue), and details
of the measurement setup (such as frequency). The present Thesis is limited to
use of plate models (uncoated and bilayer).

3.4.1 First arriving signal (FAS)

FASis an apparent (guided) mode which is observed as a transient in the time do-
main. This apparent mode can be interpreted as a superposition of Lamb modes
(section 3.2.1) which are in the frequency range of an ultrasound measurement,
but such an interpretation has not yet been used in the literature. Conventionally,
FAS has been interpreted as a transition between lateral longitudinal wave and
fundamental symmetric Lamb mode (S0) (Bossy et al., 2002). When the wave-
length in the axial direction (A) is short compared to cortical thickness, FAS prop-
agates like it would in a semi-infinite solid, in which case its velocity is consis-
tent with that of a lateral longitudinal wave (fig. 11). When A is comparable or
larger than the cortical thickness, velocity of FAS tends towards that of the SO
Lamb mode, eventually becoming consistent with it. More specifically, for an
anisotropic (transversely isotropic) case, transition region occurs when the plate
thickness is in the range from A/4 to A/2, and in an isotropic case this range is
from A/8 to A (Bossy et al., 2002, 2004a). These predictions are consistent with ex-
perimental data (Nicholson et al., 2002; Prevrhal et al., 2001). FAS behavior with
respect to cortical thickness has been explored in an in vivo study in L.

Velocity of FAS is thereby sensitive to thickness of the cortical wall, which
explains part of its clinical potential in diagnosing osteoporosis. Fundamentally,
FAS velocity is predicted however by a combination of elastic material properties
and thickness. Raum et al. (2005) showed for in vitro radius specimens that 84%
on the variability of the FAS velocity was predicted by a model composed of the
acoustic impedance (represents an elastic coefficient C33), microporosity and cor-
tical thickness. A number of in vitro (Muller et al., 2005) and in vivo studies (Pre-
vrhal et al., 2001; Moilanen et al., 2003), (I) confirm that FAS velocity correlates
with material properties (bone mineral density) and cortical thickness. Moreover,
FAS velocity has been shown to be correlated with Young’s (elastic) modulus (Lee
et al., 1997; Muller et al., 2008).

Relative roles of bone properties in the multi-parametric models which pre-
dict the FAS velocity depend on the ratio of cortical thickness and wavelength.
This ratio determines the sensitivity of velocity to cortical thickness, as expressed
more specifically above. Moreover, wavelength determines the penetration depth
of ultrasound into the bone (Bossy et al., 2004b). When the wavelength is suffi-
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FIGURE 11 Apparent velocity of FAS as a function of the ratio of cortical wall thickness
e to longitudinal wavelength A} (after Bossy et al. (2004b)). Phase velocities
(thin solid curves) and group velocities (dashed curves) of SO and A0 Lamb
modes are shown for comparison. Moreover, compression bulk velocity is
represented by dotted line.

ciently long for penetration through the entire cortical wall, FAS has an enhanced
sensitivity to osteoporotic changes which primarily take place at or near the en-
dosteal surface of the bone (Tatarinov et al., 2005; Haiat et al., 2009). For these
reasons, use of low ultrasonic frequencies should enhance the sensitivity of FAS
measurements in diagnosing osteoporosis.

A layer of soft tissue on top of the bone results in a significant bias in the
time of flight of FAS, which must be corrected for a sufficient accuracy of the
measured FAS velocity. As the fastest route for an ultrasound pulse requires
travel through the soft tissue layer to the bone and back through it to the re-
ceiver, the determination of differences in the times of flight between successive
receivers corrects for the presence of a soft tissue layer of uniform thickness; for
each successive receiver, only the time spent travelling through bone will change.
However, this approach presumes that there is no tapering in the soft tissue. To
correct for the effect of soft tissue tapering, Bossy et al. (2004a) proposed a bidi-
rectional technique (fig. 12). An ultrasound pulse is excited, sequentially, in two
opposite directions, and the corrected apparent velocity c;,, can be obtained as
the harmonic mean of the unidirectional apparent (measured) velocities c; and
c,

2
Capp = 1 COS&, (37)

Ct+ C_

where « is the angle of soft tissue tapering with respect to bone surface.
Value of alpha is usually unknown, but if it is quite small, the corresponding term



44

can be neglected in the above equation (cos(«x) ~ 1) without causing a significant
error. FAS velocity is called apparent to distinguish it from the phase and group
velocity.

Transmitter Receiver

soft tissue

(c.)

bone

(Cbone)

FIGURE 12 Axial transmission in the presence of soft tissue tapering. Shown is the case
of a pulse propagating towards decreasing thickness of the soft tissue. The
angle of tapering is denoted by «. 0 is a function of the ratio of speeds of
sound in soft tissue (cst) and bone (cppye)-

3.4.2 Fundamental flexural guided wave (FFGW)

Fundamental flexural guided wave (FFGW), generally consistent with the A0
mode, has attracted interest in bone assessment because of its strong sensitiv-
ity to thickness (fig. 13). The phase velocity of this mode has shown to correlate
well with cortical thickness, for instance, a study on in vitro samples of human
radius has indicated that variability in the cortical thickness (pQCT) explaines at
least 52% (p < 0.001) of the variability in the phase velocity of FFGW (Muller
et al., 2005). The result in question was limited by correlation against average
the cross-sectional cortical thickness at the measurement site, and comparisons
against localized cortical thickness have later shown correlations higher than this
(Moilanen et al., unpublished). In particular, it has been reported that it is possi-
ble to ultrasonically assess cortical thickness by fitting the measured phase veloc-
ity by a suitable theoretical model. For in vitro measurements on human radius,
the ultrasonically determined cortical thickness has predicted 81% (p < 0.001) of
the variability in localized cortical thickness (Moilanen et al., 2007a).

FFGW is, unlike FAS, associated with a single Lamb mode. This feature
permits determination of the phase velocity of FFGW using two dimensional fast
Fourier transform (2D-FFT) (Alleyne and Cawley, 1991; Moilanen et al., 2006). As
mentioned above, there is no consensus on the simplest suitable model to predict
FFGW experiments. Results for human radius (Moilanen et al., 2007a), and those
for in vivo models mimicking the radius (Moilanen et al., 2008, 2014) suggest that
curvature must be taken into account and that F(1,1) (fundamental flexural Lamb
mode in tubular structures) is needed. Nevertheless, AO or BL1 of the plate mod-
els have shown to be sufficient when analyzing FFGW measurements simulated
in a two dimensional (2D) space. The present Thesis focuses on the 2D analysis
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based on the A0 or BL1 prediction.

Presence of soft tissue embracing the bone has shown to be the main obsta-
cle in the development of FFGW based assessment of cortical thickness in vivo. It
can be predicted from displacement profiles of the BL1 mode (Yapura and Kinra,
1995) that FFGW has a small displacement amplitude in the fluid coating, while
it features significant displacements inside the solid substrate (the bone). More-
over, it is predicted by Yapura and Kinra that the soft coating subsystem permits
propagation of other modes which have significant displacements mainly in the
coating. Such modes have shown to interfere with FFGW, and it has shown chal-
lenging to distinguish FEFGW from this interference (Moilanen et al., 2008, 2014).

Our recent research has focused on developing solutions to the detectability
problem of FFGW. Temporal gate windowing, called group velocity filtering (GF),
has been proposed as a signal processing method to separate the region of the
FFGW wave packet from interferences which arrive at different times of flight,
determined by the group velocities characteristic of each mode. Although useful,
this technique has shown to be insufficient to in vivo measurements because of
overlapping times of flight. Tuning of the frequency of excitation and detection
has shown to improve the signal to interference ratio (SIR, a power ratio between
FFGW and interfering modes or noise') of FFGW in coated bone phantoms. It
has been shown that FFGW is optimally detected by tuning to low ultrasound
frequencies (20-100 kHz) (Moilanen et al., 2014).

The present Thesis evaluates by numerical modelling further methods of
improving the SIR of FFGW in coated bone.

3.4.3 Implementation of an array transducer

The earlier device used for AT QUS experiments in bone was composed of a
fixed transmitter and a movable receiver (Moilanen et al., 2003). Mechanical
scanning of the source-receiver distance by sequentially moving the receiver re-
sulted in spatio-temporal signals for the assessment of FAS and FFGW. This de-
vice, although used in several in vivo (Nicholson et al., 2002; Moilanen et al., 2003;
Maitta, 2009) and in vitro (Muller et al., 2005; Moilanen et al., 2007a; Muller et
al., 2008) studies, and capable of producing accurate results in ideal conditions,
was slow and bulky to operate, and exhibited significant limitations in the re-
producibility and accuracy of in vivo measurements. The latter features appeared
because it did not permit reproducible positioning, and soft tissue tapering was
not sufficiently corrected in the FAS measurements.

To this end, the first half of the present Thesis focuses on developing and
testing a new, custom made array transducer for rapid and reproducible in vivo
measurements (I; IT). The design goals of this transducer over the previous scan-

1 The concept of SIR is common within communication technology, where it is used to ex-

press the ratio of average received modulated carrier power and the average received co-
channel interference power (cross-talk). More generally, it is used to denote the ratio of the
wanted signal level to the level of a disturbing signal, as measured under specified condi-
tions. Herein the term is used in the latter context, i.e. to denote the level of the (wanted)
FFGW signal to (unwanted) interfering modes.
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FIGURE 13 Dispersion curve of AO for low values of frequency x thickness. As the
phase and group velocity both tend towards zero, there is a region of sub-
stantial velocity dispersion, whose width depends on the phase velocity
resolution of the measurement system.

ning ultrasound device were ease of use, especially in positioning, rapid mea-
surements and a sufficient correction of soft tissue tapering.

This array transducer did not permit 2D-FFT analysis because of a coarse
inter-element separation (6 mm) at the receiving array (see section 5.3.2 and fig. 22).
To this end, alternative techniques were investigated to detect FFGW with the ar-
ray transducer in III.

3.4.4 Phase-delayed excitation

While it is possible to improve the SIR ratio of FFGW by using low US frequencies
(Moilanen et al., 2014), there are yet other options for a further SIR improvement.
A phase-delayed excitation has been reported to improve SIR in bone mim-
icking phantoms which have a soft tissue mimicking coating around a solid tube
which represents the bone (Karppinen et al., 2013; Moilanen et al., 2013b). A
phase-delayed excitation is a well known concept used for steering the wave field
(sound waves or electromagnetic waves). A phase-delayed transmitter is com-
posed of an arrangement of multiple sources in a way that the ensuing field su-
perposition achieves the desired shape and intensity. It is widely used in surgery
(cancer treatment), high intensity focused ultrasound (HIFU), imaging and other
medical applications (Drinkwater and Wilcox, 2006; Dubinsky et al., 2007; Fan
and Hynynen, 1996; Rebillard et al., 2008). In the context of axial transmission,
individual transmitters of a linear phase-delayed array are launched with a shift
in the phase of sequential transmitters so as to excite the FFGW or other guided
mode with the corresponding speed. Excitation of each transmitter with a con-
structive phase of this mode thus amplifies its magnitude (fig. 14).
Phase-delayed excitation is tuned by the time delay (f,,) in launching sub-
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FIGURE 14 The basic concept of a phase-delayed excitation for axial transmission. In-
dividual transmitters are launched sequentially, by tuning the time delay
t,q to match constructive phase of excitation at subsequent elements.

sequent elements. The time delay t,; is tuned to match a constructive phase of
excitation when (Karppinen et al., 2013)

g4 1
pd_cph(f) f’

where d is the inter-element distance, c,;,(f) the phase velocity of the de-
sired US mode at frequency f and # is an arbitrary integer. An illustration of time
delay curves thus tuned is shown in fig. 15. In an experimental situation, it is
likely that ¢,y (f) is not known a priori. Therefore it is necessary to design an iter-
ative method for automated tuning of the time delay using received magnitudes
to determine the feedback.

In addition to using a constructive phase to amplify the FFGW mode, a
phase-delayed excitation can also reduce the magnitude of interfering modes.
These unwanted modes are reduced by tuning to their destructive phase, repre-
sented by a half-integer # in eq. (38). Tuning is often a tradeoff between max-
imization of the FFGW magnitude and minimization of the interference mag-
nitude, as a single ,; may not satisfy both of the two objectives. There is yet an
option to tune t,; by maximizing SIR directly. A phase-delayed excitation in bone
mimicking coated waveguides is explored in IV.

(38)

3.4.5 Obstructing the propagation of interfering modes

Effective improvement of SIR requires yet further solutions as efficiency of the
phase-delayed excitation is limited by matching the tuning so that it is construc-
tive for FFGW and destructive for the interfering modes.

To this end we propose to obstruct US propagation in the layer of soft coat-
ing. Interference is predicted to be caused mostly by propagation of US modes
in the soft coating, whereas most of FEFGW is predicted to propagate in the bone
subsystem (section 3.4.2). Therefore, by locally deforming the layer of soft coat-
ing (i.e. by a local indentation), it should be possible to reduce interfering modes
which will pass less over the deformation because of their acoustic reflection back
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FIGURE 15 Dispersion of time delay parameter with respect to frequency for three
modes (BL1-BL3) in a fluid-coated (7 mm) bone material plate (3 mm).
The dashed black horizontal line represents a random time delay chosen.
Modes that intersect with this line are predicted to be launched.

to the transmitter side. Such a deformation could be realized, for example, by a
local mechanical compression of the soft tissue between the sources and receivers.
This method has been explored in Kilappa et al. (2014b).



4 OBJECTIVES AND COMPOSITION OF THE STUDY

The objectives of the study were:

1. To test the clinical feasibility of the conventional low frequency ultrasound
method based on FAS (I and II)

2. To detect and automatically analyze an additional wave mode (FFGW) (III)

3. To solve the soft tissue -induced problem related to in vivo detection of
FFGW (IV and Kilappa et al. (2014b))

Publications related to realization of each objective are cited in the brackets. Re-
alization of objective 1 was divided into a correlation study (I) and fracture dis-
crimination study (II). A specific aim of study I was to examine to which extent
US measurements are predicted by reference bone property quantities assessed
by clinical quantitative computed tomography. A specific aim of study II was
to examine whether the US method is able to discriminate subjects with fragility
fractures from non-fractured controls in postmenopausal subjects. Objective 2
was realized in III, where the specific aim was to examine a new signal process-
ing method by modelling and experiments in bone phantoms and human bone
in vitro. Realization of objective 3 was divided into analysis of phase-delayed ex-
citation (IV), and analysis of obstruction of modes propagating in the soft tissue
(Kilappa et al., 2014b). A specific aim of sub-studies IV and Kilappa et al. (2014b)
was to examine by modelling the efficiency of these two methods proposed.



5 MATERIALS AND METHODS

5.1 Low frequency axial-transmission array transducer

A scematic view on a custom made array transducer, developed for this study, is
shown in fig. 16. This array consists of a rigid frame, into which the individual
transducers are attached. There are two transmitters and six receivers. Transmit-
ters are isolated by air gaps to obstruct US cross talk between them. Futhermore
they are embedded in a 9 mm thick layer of polyurethane. Material was chosen so
that it had a strong absorption and a speed of sound slower than that in the soft
tissue, so as to minimize its impact on US measurements. Transducer elements
had a centre frequency of 200 kHz, bandwidth of 400 kHz (-16 dB) and diameter
of 3 mm. The receiving unit has a 6 mm inter-transducer separation, and covers
a source-receiver distance of 20-50 mm, symmetrically for both transmitters. The
range covered is thus consistent with that of our earlier scanning US setup, while
the latter permitted a finer pitch (typically <1 mm) (Moilanen et al., 2003).

Responses at each receiver were recorded at a sampling rate of 20 MHz
and a voltage resolution of 8 bits by a digital oscilloscope (DAQCard-5102, Na-
tional Instruments, Austin, TX, USA). Centre frequency of the resulting FAS wave
packet appeared at approximately 400 kHz, while that of the FFGW wave packet
appeared at 100-200 kHz.

Advantage of the new array transduced is that it permits correction in FAS
measurements of the impact of soft tissue tapering. This correction is based on
a bidirectional measurement technique (Bossy et al., 2004a), as expressed in sec-
tion 3.4.1. To this end, each transmitter was excited separately, in a rapidly alter-
nating sequence, and the resulting unidirectional FAS velocities were measured
(c+ and c_, see eq. (37)). Times of flight for each of the six source-receiver dis-
tances were determined based on using the first maximum of the FAS wave front
as the criterion. Linear regression was then used to determine the apparent uni-
directional velocity. Bidirectional velocity of the FAS was then determined using
eq. (37). Acronyms Vpas and Vir (low frequency) were used for the FAS velocity.

During recording, signals were averaged over 20 repeated pulses to reduce
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FIGURE 16 Schematic illustration of the array probe. Example signal paths from both
transmitters to receivers 2 are marked with ¢,, t,_ and from the rightmost
receiver to receiver 5 with f5_.

noise. A single FAS measurement captured in this way required approximately
one second to complete. The FAS measurement was then repeated 20 times, and
inclusion of velocity data was then determined based on statistical criteria. Dur-
ing a measurement, the probe was held stationary once a proper positioning was
found. Positioning was judged by the operator based on the quality of wave-
forms and velocity data seen on the screen. For both radius and tibia bone sites,
this procedure was repeated three times with repositioning, in order to assess
the reproducibility of results of the device and measuring method. In total, the
complete measurement sequence for one bone site required about five minutes to
complete. This was deemed rapid enough for clinical operation.

Performance of the array transducer in FAS measurements was evaluated
in I and II. Suitability of the same array transducer for FFGW measurements was
evaluated in III. In IV a modified version of the array was evaluated. In this case,
the receiving array was considered as a phase-delayed transmitter and another
multi-element array was used as the receiver.

5.2 Clinical studies

The first half of this Thesis is related to evaluation of the clinical performance
of FAS measurements with a custom made LF AT QUS probe (section 5.1). This
work was divided into two sub-studies, one of which assessed correlations be-
tween QUS and bone densitometry data (I) and second of which assessed the
ability of QUS to discriminate fractures (II).

5.2.1 Subjects

Subjects of the study were those of a large family study CALEX (fractures in pu-
berty cause implications at old age) in the Department of Health Sciences at the
University of Jyvaskyld, which had recruited (pre)pubertal females, their parents
and grandparents from the Jyvidskyld region so as to assess hereditary and nu-
trition effects on bone quality (Cheng et al., 2005, 2009; Volgyi et al., 2010). It
focused on following the development of female bone quality through puberty
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and its comparison with that of parents and grandparents.

The health background of subjects, including fracture information and per-
sonal physical activity, was estimated from a self-administrative questionnaire,
and verified from medical records whenever possible. The time of terminus of
menstruation was used to define the menopausal status. Of the persons partic-
ipating in the ultrasound measurement part of the study, 291 were women of
age 20 to 88 years. 9 of these were discarded due to missing health information,
which was essential for their classification (menopause), and 16 were excluded
as they had incomplete measurement sets (pQCT). Furthermore, the ultrasound
Vras measurement failed for 12 of the subjects.

For the correlation study (I), persons with a history of low impact fractures
(n = 40), or certain diseases (endocrinological diseases, liver disease, renal dis-
eases or cancer) or medication (glucocorticoids, anticonvulsants, anti-osteoporosis
medication, selective estrogen receptor modulator, thyroxine, contraceptives or
hormone replacement therapy), which could have affected bone metabolism (n =
100), were not excluded from the study as this would have greatly decreased the
number of subjects. Also, it was observed that their exclusion would not have
significantly affected the correlation results. The final dataset contained 254 sub-
jects, of whom 159 were pre- and 95 postmenopausal.

The fracture risk assessment used a subset of the above dataset, namely the
95 unexcluded postmenopausal subjects.

Similarly to FAS measurements, as the number of hormone replacement
therapy users (n = 32) was large, no subjects were excluded because of medica-
tion which had affected bone metabolism in order to preserve a sufficient number
of subjects. Six subjects were however discarded because of missing data (DXA),
resulting in a total dataset of 89 postmenopausal women. This sample was repre-
sentative of the general population with respect to DXA results, menopausal age,
and medication (K&drkkéainen et al., 2010; Pakarinen et al., 2010).

Reported fractures were classified as low/moderate energy or high energy
ones. Low/moderate energy (fragility) fractures were caused by e.g. a fall from
the standing height or less, and high energy fractures were caused by a high
energy trauma, e.g. a traffic accident or a crushing type of injury. In addition,
fractures were classified according to the bone site and at what age the fracture
happended.

Based on these data, subjects were divided into groups without fractures
(NE, n = 53), those with low energy fractures during adulthood (21 years or
older) (Fx, n = 24) and those with other fractures (OF, n = 12). The last group
included high energy fractures and subjects, who had experienced toe or finger
fractures, and subjects who had experienced fractures in childhood (20 years or
younger).

Subjects were classified into four categories based on their reported physical
activity in hours per week: none, about 1 h or less, about 2-3 h, and about 4 h or
more.

Study protocol was approved by the ethical committee of the University
of Jyvéaskyld and the Central Finland Health Care District. All subjects gave in-
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formed consent prior to assessment.
The overall composition of the subject groups in the clinical studies is out-
lined in fig. 17.

All subjects with pQCT,
health and V. data (n=254)

N

Premenopausal Postmenopausal
group (n=159) group (n=95)

}

Postmenopausal subgroup with
DXA, pQCT, health and V,, data (n=89)

— L\

No fractures | | Low-energy fractures | | Other fractures
group (NF, n=53) group (Fx, n=24) group (OF, n=12)

All subjects (n=291) ——»

Correlation study

Fracture study

FIGURE 17 Flowchart describing the subject groups used in both the correlation and
fracture studies.

5.2.2 QUS mesurement protocol

Assessment by low frequency axial-transmission ultrasound (LF-AT-QUS) was
performed by our custom LF array probe (section 5.1 and fig. 16). Transmitter
frequencies and the signal capture protocol are described above.

Measurements were performed at the distal end of the radius (probe centred
at one third of the length of the radius to the proximal direction from the distal
end) and tibia (probe centred at 60% of the length of the tibia from the lateral
malleolus of the fibula in the proximal direction). Tangential positioning is shown
in fig. 18.

Probe was aligned with the bone so that its centreline coincided with the
location mentioned above in the proximal-distal direction. Probe was manually
pressed against the radius, and mechanically against the tibia using a stepper mo-
tor. Compression load against the tibia was approximately 15 Newtons. The main
reason for choosing the manual compression in the forearm was convenience, as
forearm locations often had large amounts of soft tissue, and careful positioning
was required for a stable measurement. In the case of tibia, the anteromedial
ridge was typically covered by a very low amount of soft tissue, and a proper
positioning of the probe was considerably more straightforward.

The longitudinal axis of the probe was aligned in the direction of the bone
(radius or tibia). Proper alignment was expected to happen, when the apparent
speed of sound had its maximum, and the successive signal delays in each trans-
ducer were similar. These properties suggested that the bone was at a similar
or linearly changing depth below the soft tissue depth throughout the length of
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FIGURE 18 Tangential positioning of the array probe for both radius and tibia, super-
imposed with pQCT images of the measurement location.

the probe, and that none of the transducers was off the axis of bone. A completed
measurement consisted of 20 signal samples. If their variance was too high, probe
was repositioned and measurement was repeated. For each subject, at least three
measurements were performed for the both radius and tibia, and the final result
for each site was the average of these measurements.

5.2.3 Bone densitometry assessments

pQCT

Peripheral quantitative computed tomography (pQCT) measurements were per-
formed with a Stratec XCT2000 device (Stratec Medizintechnik GmbH, Pforzheim,
Germany) in the same physical locations as the Vr4s measurements. Properties
investigated were the total bone mineral density (BMD), cortical BMD (CBMD),
subcortical BMD (ScBMD) and cortical thickness (CTh).

All parameters were determined as averages over a single cross-sectional
pQCT slice using the original Stratec software. Tissue types (cortical, subcortical,
marrow, muscle, fat) were separated by their absorption coefficients. Voxel size
was 0.59 mm. Scanning protocol and repeatability statistics were as in (Cheng et
al., 2005; Wang et al., 2008; Xu et al., 2009). The coefficients of variation were less
than 1% for the BMD measurements and 3.0% for the CTh measurements.

DXA

Dual energy X-ray absorptiometry (DXA; Prodigy, GE Lunar Corp., Madison, WI
USA) was used to determine the areal bone mineral density (aBMD) of the whole
body (WB), lumbar spine (L2-L4), femoral neck (FN) and total proximal femur
(TF). A more detailed description of the DXA measurements has been given in
(Cheng et al., 2005). The coefficient of variation for aBMD of WB, L2-L4, FN and
TF varied between 0.9% and 1.3%.
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5.2.4 Signal processing and statistical methods

SPSS version 15.0, later PASW Statistics version 18.0.0 (SPSS Inc. Chicago, IL,
USA) and MATLAB (version 7.5, Mathworks Inc. Natick, MA USA) were used
for statistical analysis of the data.

Correlation study

Pearson’s correlation analysis was used to to assess the ability of bone mineral-
ization and cortical thickness to predict Vr4s. In addition to single variable pre-
dictions, multivariate linear regression analysis was used to test whether more
than one pQCT parameter in the same model could improve the V4 prediction.
As the independent pQCT variables had known errors, we estimated also the to-
tal standard error of the estimate (SEE,) in order to assess the reliability of these
models. This error can be defined such that (from Snedecor (1976))

PE%/SD%
1+ PE%/SD%

SEE; = \/SEE2 - (SD% — SEE?), (39)

where SDx and SDy are the standard deviations of the independent and de-
pendent parameters, respectively. Imprecision of an individual estimate is given

by

1 (X—X)?

PErs; = SEE 1+—-—+——_ 40
Est tot\/ n Z(Xz’_X)Z ( )

where 7 is the number of measurements used in the creation of the linear
model.

Bland-Altman plots (Blake and Altman, 1986) were used to visually inspect
the quality of the linear estimates.

The repeatability error CVgpss of the in vivo measurements was determined
from the reproducibility of the three successive measurements of the same subject
with repositioning. This procedure was performed for the whole subject popula-
tion and the obtained CVyp5 was 0.47% for the radius (95% CI: 0.11-0.95%) and
0.45% for the tibia (95% CI: 0.06-1.21%). In phantom calibration studies, the short
term reproducibility of the array probe was only 0.07%, equal to a velocity error
of 1.8 m/s, which suggests that the in vivo errors mostly arise from alignment and
contact problems.

The standardized coefficient of variation (SCV), defined as CVgp15 over the
range of measured values (which, in turn, is typically defined as 4xSD (Miller
et al., 1993; Orgee et al., 1996)) for healthy individuals, were approximately 5.9%
and 9.8% for the radius and tibia, respectively.
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Fracture study

One way ANOVA was used to test differences between the NF, Fx and OF groups.
Scheffé test was used for normally distributed variables. For non-normally dis-
tributed variables, comparison between groups was done using the Mann-Whitney
U test. Chi-square test was used for comparison between groups of categorical
variables. An independent sample Kruskal-Wallis test was used to compare the
physical activity of the NF, Fx and OF groups. In order to assess the discrim-
inatory ability of different measurements in the case of low/moderate trauma
fractures (i.e. to discriminate the Fx group from the NF group), the odds ratios
(OR) were determined using the binomial logistic regression analysis. ORs were
expressed as increases in the estimated fracture risk per difference by one stan-
dard deviation.

In order to estimate the sensitivity and specificity of the different measure-
ments in the discrimination of fracture subjects, the receiver operator characteris-
tic (ROC) curves and the areas under these curves (AUCs) were determined. Age
and body mass index (BMI) were used as covariates when determining adjusted
ORs and AUCs. Differences between AUCs were compared statistically using the
method of Hanley and McNeil (1983). T-scores were determined based on a small
reference population consisting of 58 females of age 20—40 years. Validity of us-
ing this small reference population was confirmed against the established DXA
reference data for Finland, and then used as a reference of young healthy adults
in our study when determining the T-scores.

5.3 FFGW signal analysis

The main motivation for III was the necessity to find a method, in which the prop-
erties of FFGW could be extracted from an array transducer measurement. Before
delving into a description of the method developed for the array probe, we out-
line the basic concepts needed to understand the results and the operation of our
previous signal analysis method for AT scanning measurements (sections 5.3.1
and 5.3.2). In section 5.3.3, we focus on describing the replacement method for
the array probe.

5.3.1 Representation of spatio-temporal signals (RT diagrams)

A distance-time (RT) diagram is a basic tool for visualization of axial transmis-
sion signals. It is a 2D representation of a spatio-temporal signal, where individ-
ual time domain signals from different distances are displayed beside each other,
in order to give an impression of the evolution of the signal through the mea-
surement range. A typical RT diagram from a scanning ultrasound measurement
represented as a grayscale image is shown in fig. 19.

For signals recorded by an array transducer, where there are a limited num-
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ber of source-receiver distances (6 in our case), it is useful to visualize the RT
diagram directly as temporal waveforms, as shown in fig. 20.

Distance (mm)

0 10 20 30 40 50 60 70 80 90
Time (us)

FIGURE 19 An RT diagram recorded by the scanning ultrasound device in an in vitro
human radius. Since there was no soft tissue, FFGW wave packet is clearly
visible as the most energetic contribution. FAS wave front appears as a
fainter, straight slope on the left. The temporal and spatial resolutions in
the image are 10 MHz and 0.75 mm.
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FIGURE 20 An RT diagram with six source-receiver distances recorded by the array

transducer in an acrylic plate phantom, represented simply as a sequence
of stacked time domain waveforms.

5.3.2 Mode separation by spectral analysis

This method had originally been developed for mode separation for the scanning
US receiver (Moilanen et al., 2006), which permits a fine spatial inter-element
separation (pitch). In the present work, the method was also used as a reference
method for analyzing simulations, where it was possible to introduce a receiver
with sufficiently small pitch.
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Two dimensional fast Fourier transform (2D-FFT)

Two dimensional fast Fourier Transform (2D-FFT) (Alleyne and Cawley, 1991)
was used as a reference method in III and as the main separation method in
IV and in Kilappa et al. (2014b) for FFGW assessment. 2D-FFT is a method,
wherein spatio-temporal signals are transformed into wave number—frequency
space for mode separation and identification. A traditional FFT is first performed
in the temporal dimension, to get a distance—frequency space, and after this, in
the spatial dimension to get the wave number—frequency space desired (fig. 21).
Wavenumbers can then be transformed into phase velocities so as to find a phase
velocity—frequency diagram shown in fig. 8 by

cpn = 27tf /k. (41)
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FIGURE 21 Mode separation by 2D-FFT. (a) Spatio-temporal signals, recorded in a sim-
ulated, fluid-coated (7 mm) bone material plate (3 mm thick), are rep-
resented by an RT diagram. Related 2D-FFT is represented (b) in the
frequency-wavenumber plane and (c) frequency—phase-velocity plane. Ob-
served loci of intensity maxima are identified based on related theoretical
predictions superimposed (dashed curves). In this case, the RT diagram
was post-processed by group velocity filtering, as illustrated in fig. 23.

Dispersion curves obtained in this way can be used to approximate the
properties of the waveguide for which they were determined. Loci of the maxima
in the frequency-velocity space are obtained, which can then be compared with
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seminalytically determined dispersion curves. Best fits of loci by these semian-
alytically detemined curves with the elastic and/or geometric parameters as fit-
ting parameters can be used to approximate these parameters (Karim et al., 1990;
Moilanen, 2004; Moilanen et al., 2006).

Accuracy of the spectral representation relies on the resolution (both tem-
poral and spatial sampling interval) of the signal data. Because of the Nyqvist-
Shannon sampling theorem, the highest frequency (fqx) visible in the figure is
fs/2, where f, is the sampling rate. The phase velocity range which can be in-
vestigated, on the other hand, is limited by the the highest and lowest wavenum-
bers which can be resolved for a given spatial sampling resolution. The high-
est measurable wavenumber is limited by the sampling interval in the distance
domain. The Nyqvist-Shannon theorem requires that two samples are needed
in the distance direction of the R-T diagram for the wave to be resolvable, so
kmax = 271/ (2d), where d is the inter-element separation, and this can be used
with eq. (41) to find cpppin = 270f /Kimax. A graphical representation of the limits
induced by various inter-element separations is shown in fig. 22. It is evident
from this figure that the six millimeter inter-element separation used in our array
probe severely constrains the phase velocity range which can be observed, and as
such, does not allow for a proper identification of guided wave modes by 2D-FFT.
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FIGURE 22 Nyqvist-shannon sampling theorem limits the lowest phase velocity resolv-
able by 2D-FFT. Effect of the lowest resolvable phase velocity for each fre-
quency is shown for inter-element separations of 0.75 mm (lower dashed
red line), 2 mm (middle dot-dashed red line) and 6 mm (upper dotted red
line) 1 mm. Black curves correspond to semi-analytical predictions of dis-
persion curves for a bilayer model with a 3 mm bone material plate with 7
mm layer of soft coating.
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Enhancement of mode separation by group velocity filtering (GF)

Group velocity filtering is a signal processing method, where a spatio-temporal
(r,t) signal is masked by a stationary gate window so as to extract the time region
of iterest prior to 2D-FFT is performed, and to mask out regions, whose pres-
ence is adverse to this operation. In practice, (r,t)-matrix is multiplied by a Hann
windowing function with a pass region of the type

. n
wn:sznz(N_1>, @)

where 7 is a sampling point inside the window and N is the total number
of samples (indexed from 0 to N — 1). Midpoint of the window is placed over the
chosen region in the signal, and has a specific time-distance slope, determined
either visually or by semianalytical expectations of the measurement scenario. A
more precise form given in the (r,t)-space by

0; ift <tg+ & —tw/20rt>tg+ L+ ty/2
w(r,t) = sin? (n(tféftdftw/Z)

tZU

) ; otherwise
(43)

where t; is the delay of the window in time, measured at the centre of the
window, ty, is its width and ¢y, is the speed (slope) of the window through the RT
diagram (fig. 23).

This filter is used mainly for FFGW analysis (Moilanen et al., 2006). When
the gate window covers the FFGW wave packet and as little of the rest of the
signal as possible, including interference of FFGW with modes propagating in the
soft tissue, the signal to 'noise’ ratio is improved. The Hann function is commonly
used as a windowing function in digital signal processing, as such a window is
low aliasing, does not dramatically disturb the FFT and only slightly decreases
the resolution.

A limitation of using GF is that tuning of the filter parameters needs a priori
information about the time of flight of FFGW. On the other hand, choice of the
tilter parameters may affect the result of the 2D-FFT.

5.3.3 Method of mode separation for array transducers

Implementation of the array probe (section 5.1) is such that device does not scan
along the measurement axis, and thus has a more limited spatial sampling reso-
lution, constrained by the pitch of the receivers. In order to construct a spectral
analysis method for this probe, we describe a method of spectral analysis for sin-
gle transducer measurements, and outline how it can be used with a multi-ridge
based method of mode separation and reconstruction.
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FIGURE 23 A group velocity filter multiplies a spatio-temporal signal (top panel) by a
Hann window (middle panel), so as to extract the temporal region of inter-
est (bottom panel) that in this case is associated to the FFGW wave packet.
Signals were recorded in simulations in a 3 mm bone material plate with 7
mm layer of soft coating.

Short time Fourier transform and time-frequency representation

A time-frequency representation (TFR) is a view of a single temporal signal, dis-
played as a function of time and frequency. The objective of such a transforma-
tion is to provide insight into the frequency content of the signal at various time
scales and loci, and to investigate the evolution of the frequency content over
time. There are several methods for producing such representations with vary-
ing windows, distributions and transform types (Cohen, 1989; Daubechies, 1990),
but here we focus on the short time Fourier transform (STFT). The basic principle
of STFT is to use a Fourier transform after passing the original signal via a mov-
ing gate window, so as to determine the instantaneous frequency properties near
a specific time. In our application, we used a so called Gabor transform, which
means an STFT together with a Gaussian window. The width of the window was
chosen to be 3us, which was an experimental compromise between accuracy in
the time and frequency domains.
For a signal s(t), STFT can be expressed in the form

TFRsrrr(s(ty) (0, w) = /e_iznms(t)h(t—”)dt, (44)
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where h(t) is the window function. Energy density of this transformation is
the spectrogram, defined as E(u, w) = |TFRsrrr (1, w)|?.

In the context of guided ultrasound modes, parts of the FFGW mode are
typically visible and separate from other propagating modes, as they appear at
different frequencies. An example of a TFR for a single time domain signal is
shown in fig. 24. In this figure, mainly the contribution of the FFGW (A0) wave
mode can be seen in the TFR.
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FIGURE 24 A time domain waveform recorded in a 2.8 thick acrylic plate (top panel)
and related time-frequency representation (TFR; bottom panel). The mag-
nitude of TFR is represented by a colour scale.

Enhancement of mode separation using multiridge analysis based on the crazy
climber (CC) algorithm

As a replacement of GF filtering in the FFGW analysis, we evaluated a multiridge
-based method of signal analysis and waveform reconstruction, as described by
Xu et al. (2010), and based on the work of Carmona et al. (1999); Gilks et al.
(1995). This method was used to identify guided wave modes from TFR of a
recorded waveform by a so called crazy climber (CC) algorithm, and further to
reconstruct individual FFGW waveforms from the separated modes. In the The-
sis, the acronym CC is used to describe the signal processing, mode separation
and reconstuction process in its entirety, but in this Section we introduce each
step of this analysis separately.

After construction of TFR, an annealing signal processing algorithm based
on the Markov chain Monte Carlo approach (Gilks et al., 1995) will be used on
the resulting image to identify the local maxima of the signal. This algorithm op-
erates on the positive frequency region (D = (t > 0, f > 0)) of the TFR space. A
2D image (fig. 24) m(t, f) of the corresponding region is produced by discretiz-
ing the modulus of the TFR in both time and frequency space (t = 0,...,f;_1,
f=0,...,tpm_1. In essence, m(t, ) then simply becomes a real L x M matrix.

Operation of the climbers can be described such that (Xu et al., 2010):
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1. Climbers are initialized by placing them in uniformly random positions in
D, such that X(ty) = (j,k);j=0,...,tr_1;k=0,...,kp_1. Temperature is
set to tempy.

2. Climbers are independent of each other so that it is sufficient to discuss the
properties of a single climber. Assuming a climber at point X(¢) = (j, k) at
time ¢, its position X (t + 1) = (j*,k*) at time t + 1 will be arranged in two
steps. Horizontal position (time) is adjusted first.

If1 <j < Tr_1 —1, the climber can move to the either left or right with
the same probability P(j* = j+1) = P(j* = j — 1) = 1. Then the vertical
(frequency) adjustment is executed by moving the climber up (k* = k+1)
or down (k* = k — 1) with probabilities dependent upon the amplitude
of the discretized TER. If |m(j*, k*)| > |m(j*, k)|, then X(t +1) = (j*, k*),
and if |m(j*, k*)| < |m(j*, k)|, the climber will move to X(t+ 1) = (j*,k*)
depending on probability P; = exp((|m(j*, k*)| — |m(j*,k)|)/temp;), and to
X(t+1) = (j*, k) with probability 1 — P.

After the movement step is done, temperature is decreased step by step.
It has been proved that the system will converge to a global minimum if
tempy = tempgy/logot.

3. The algorithm will terminate, when the temperature reaches a given thresh-
old.

Thus, in essence, CC uses a specific random walker to traverse the potential field
generated from the TFR image and when the transition probabilities are lowered,
the climbers are localized in the neighbourhoods of the local maxima of the im-
age. At this point, adjacent climbers are chained together, and stray ones, which
do not form ridges of sufficient size (length), are discarded.

The completed, ‘chained’ ridges now mark the most energetic components
of the measured signals in the time-frequency space, and can be used to recon-
struct the corresponding temporal waveforms (Carmona et al., 1999; Xu et al,,
2010). A separated waveform can be reconstructed by minimizing a sesquilinear
functional with linear constraints determined from the TFR intensity of the corre-
sponding ridge (fig. 25b). TFR ridge defines the reconstruction constraints, as for
each time-frequency point of the ridge, the difference between the components
of both the original and reconstructed TFR are minimized. For a more detailed
description of the reconstruction process, see Xu et al. (2010).

For our purposes, it was crucial to focus on detecting FFGW, best detectable
at low ultrasound frequencies (<100kHz). Given that in typical ultrasound mea-
surements, FFGW is both the lowest frequency contribution and its group veloc-
ity can be predicted from semianalytical models, this was relatively straightfor-
ward. Once the component was identified, the aim was to determine its group
velocity. For this purpose, local maxima at a given frequency in the time axis
of the TFR image were used to indicate the times of flight (ToF) of the FEFGW
waveform envelope for each source-receiver distance fig. 26. Speed of sound, as
determined by linear regression for the ToF points obtained, was then used to
represent the group velocity of FFGW.
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FIGURE 25 Phases of operation of the CC method. Loci of intensity maxima (red) ob-
served in TFR plane is consistent with the time of flight (ToF) theoretically
predicted by AO (solid curve) group velocity at a known source-receiver
distance (top panel). The detected loci of intensity maxima (middle panel).
The TFR amplitude determined along the detected loci of intensity max-
ima (bottom panel). Results are illustrated for a 2.8 mm thick acrylic plate,
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FIGURE 26 Assessment of ToF with respect to source-receiver distance by the CC met-
hod in an in vitro human radius. The local maxima of TFR magnitude (cir-
cles) determines the times of flight of FFGW. A theoretical prediction (A0
mode) is shown by the solid line (exact reference material properties and
cortical thickess were not known, the prediction is based on 4000 m/s, 1800
m/s and 3 mm for the compression bulk velocity, shear bulk velocity and
cortical thickness, respectively).
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5.4 Measurements for FFGW signal analysis

5.4.1 Samples

Seven acrylic plates of 2-12 mm thickness were used as bone phantoms. In addi-

tion, former in vitro measurements on human radius specimens were reanalyzed
(n=41) (Moilanen et al., 2007a; Muller et al., 2005, 2008).

5.4.2 Ultrasound measurements

Measurements with different AT ultrasound devices were used in this study. The
new AT array probe was the main device which was tested (section 5.1). Refer-
ence measurements with a higher resolution in spatial sampling were obtained
by the earlier AT scanning device (Moilanen et al., 2003).

As the objective was to study the possibility of recovering group velocity
information about FFGW from measurements with a limited resolution in spatial
sampling, both devices were used to measure the acrylic plates with a resolu-
tion of 6 different source-receiver distances across the scanning length, normal-
izing to the specifications of the ultrasound device with an array probe. Mea-
surement position was centred on the plate, and the plates were large enough to
avoid boundary effects. In addition, the scanning device was used to measure the
acrylic plates also with a higher spatial resolution (40 distances), as opposed to
the lower resolution of the array device (6 distances). Scanning length with both
devices was 30 mm.

Bone samples had been measured earlier with the scanning AT ultrasonome-
ter (Moilanen et al., 2007a; Muller et al., 2008). In these measurements, measure-
ment position was centred at about 45% of the length of the bone, measured from
the distal end, and measurement direction was towards the proximal end. Az-
imuthally, the probe had been positioned in the posterolateral direction. Corti-
cal thickness and BMD from the same site had been determined by pQCT (XCT
2000 pQCT scanner, Stratec Medizintechnik GmbH, Pforzheim, Germany), as de-
scribed in section 5.2.3, with the exception that the voxel size was 0.2 mm. As the
original bone samples no longer were available, they could not be measured with
the array device. Signals of a limited number of source-receiver distances were
produced from the original measurements by the scanning device by selecting
six evenly spaced source-receiver distances, corresponding to those of the array
probe.

Aquasonic ultrasonic gel was used as a contact agent in all these situations.
The AT scanning device measurements were used as the reference data. As the
main purpose of the study was to determine, whether group velocity could be
determined from AT array probe signals, it was not considered important that
the measurement situations of the devices were not exactly analogous. The main
distinguising factor was that the scanning measurements did not contain the bi-
layer effect of the polyurethane frame material of the array probe. However, this
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matter was not considered relevant with respect to the signal processing methods
investigated.

5.5 Finite element time-domain simulations

The time-domain finite element method was used to simulate ultrasound exper-
iments in III; IV and Kilappa et al. (2014b). Advantage of numerical simulations
in comparison with real experiments was that it permitted a parametric analysis
based on a sufficient number of repeated experiments, by just letting the com-
puter to do the parametric sweeps. Related analysis with real experiments would
have been time consuming or even non-existent with the equipment we had
available at the time. Moreover, numerical simulations permitted analysis of ma-
terials and geometrical details of the sample or measurement setups, which were
not easily accessible for experiments. In simulations we also analyzed idelized
waveguide geometries so as to provide an optimal similarity with theoretical as-
sumptions. This reduced the impact of experimental uncertainty in the analyses,
and aided us in the construction of the real equipment. Nevertheless, accuracy
of the results was limited to some extent by limitations of the signal processing
used.

Numerical simulations were realized by two approaches, a custom made
FEM code based on the Numerrin platform and a FEM model based on Comsol
Multiphysics (section 5.5.1). Simulation problems analyzed are summarized in
sections 5.5.3 and 5.5.4.

5.5.1 Simulation tools
Numerrin

A custom made FEM code based on Numerrin (Numerola Ltd, Jyvaskyld, Fin-
land) had been developed for Moilanen (2004). This model had later been im-
proved by adding a fluid coating, and then be used for simulations in III.

The Numerrin platform is a general FEM solver for differential equations.
Our model realized the following equation for solids (Huttunen, 2004):

0%l

055 — Wbl — (A4 ) V(V -ii) = 0 (45)

where i is the displacement field, and A and y are the Lamé constants for
an isotropic elastic solid. The equation used for fluids was (Huttunen, 2004):
e —=V?p =0 (46)

where p is the pressure and p the mass density of the fluid. Transmission
conditions between the fluid and solid are given by
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T (i) - 71 = —p2 (47)
AT iy = — L 9P2 (48)
1 1 02 87?2

where domain 1 represents the solid and domain 2 the fluid: 77 and n; are
correspondingly unit vectors normal to the fluid-solid (solid-fluid) interface. T is
a traction operator which maps a local displacement to a force (pressure) at the
interface.

Equations (45) and (46) were discretized using the spectral element method
and central differences, as described for example in (Cohen, 2001). For Eq. (45),
this discretization process first lead to

02U
M—- +KU =g, 49
where K and M are the finite element mass and stiffness matrices, respec-
tively, while § is the source signal. U contains the values of the displacement
components in each node. Discretization in the time domain, such that timestep

i + 1 is calculated from the two previous timesteps, is given by'

MU;q = M(2U; — U;_1) — APKU; + AP, (50)
Comsol Multiphysics

Simulations in IV and Kilappa et al. (2014b) were performed by COMSOL Mul-
tiphysics (versions 4.2-4.4; COMSOL Inc., Burlington, MA, USA). Advantage of
this commercial FEM modelling software was the graphical user interface which
permitted a flexible tuning of the simulation geometry, whereas the simulations
implemented in the Numerrin platform consisted of a research code with limita-
tions in flexibility. Fluid coated plates were modelled using a transient acoustic-
structure interaction module.

5.5.2 Modelling of FFGW detection with an array transducer

For generating measurements similar to those with the array probe, a 2D model
based on the custom made Numerrin code was used to model single layer and
bilayer waveguides. The bilayer waveguide was used to mimic the coupling be-
tween the polyurethane frame material of the array probe and the plate it was
used to measure. The scanning ultrasound experiments, on the other hand, were
modelled by single-layer plates, as the scanning US setup was better represented
by this geometry (fig. 27).

1 Both eq. (49) and eq. (50) have an error in the original article. In the first equation, the partial

derivative is with respect to r instead of ¢, and in the second equation, the text incorrectly
talks about timestep i, when it should talk about i 4 1.
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The soft polyurethane frame material of the probe was modelled as a layer
of ideal fluid (9 mm) on top of the plate (and surrounding the transmitters). The
air gaps in the real transducer between the three polyurethane blocks fig. 16 were
ignored. Source was excited by a 120 kHz pulse to reproduce the centre frequency
of FFGW observed in real experiments. The length and pitch of the simulated
receiver arrays were consistent with that of the actual device being emulated (see
section 5.1 and Moilanen et al. (2003)).

Known material properties from literature were used in the simulations
(Bossy et al., 2002; Moilanen et al., 2006; Selfridge, 1985). For acrylic, the com-
pression velocity is ¢; = 2730 m/s, the shear velocity is c7 = 1260 m/s and the
density was p = 1.19 g/cm3. Bone was considered isotropic with a compression
velocity of c; = 4000 m/s, a shear velocity of cr = 1800 m/s and a density of
p = 1.85 g/cm?. Polyurethane was modelled as an ideal fluid with a compres-
sion velocity of c; = 1760 m/s and a density of p = 1.10 g/cm3. Parametric
analysis included repeating the experiments in 1-6 mm thick plates, so as to well
cover the range of wall thicknesses typical of the human radius (Muller et al.,
2005; Moilanen et al., 2007a).
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FIGURE 27 Simulation geometries corresponding to that of (a) the scanning ultrasound
device and (b) device based on using the ultrasonic array probe. The solid
black lines represent traction-free boundaries. The closest source-receiver
distance was zp = 20 mm, scanning length was L = 30 mm, plate thickness
was e = 1-6 mm and thickness of the soft frame material was s = 9 mm.

5.5.3 Modelling of tailored excitation with a phase-delayed array source

For modelling experiments with a phase-delayed excitation, a 2D COMSOL model
was used.
In 2D simulations we used a solid plate covered by a layer of fluid, mimick-
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ing bone covered by soft tissue (Bossy et al., 2002; Moilanen et al., 2008; Chen et
al., 2012). Bone material was modelled as an isotropic linear elastic solid with a
compression velocity of c; = 4000 m/s, a shear velocity of cr = 1800 m/s and a
density of p = 1.85 g/ cm? (Bossy et al., 2002, 2004a; Moilanen et al., 2007b). Soft
tissue was modelled as an ideal fluid with a compression velocity of cr = 1481
m/s and a density of p = 1.00 g/ cm?® (Camus et al., 2000; Dodd et al., 2006; Moila-
nen et al., 2008; Chen et al., 2012). Thickness of the plate was varied between 2
and 6 mm and that of the coating between 2 and 8 mm.

Source array was composed of six equally spaced elements (pitch 6 mm,
2 mm wide elements) placed on top of the fluid coating. Excitation at the trans-
ducer nodes was modelled by altering the acoustic pressure using a 50 kHz Gaus-
sian modulated waveform with a 30 kHz bandwidth (-6 dB). For tuning a phase-
delayed excitation (time delay parameter 0-15 yus), simulation was repeated with
0.2 us intervals. An array of 61 virtual point receivers (pitch 0.5 mm, 30 mm long)
was placed on top of the fluid, 20 mm away from the last source array transducer.
An identical receiver array was placed at the same horizontal position, but on the
fluid-solid interface. The receiving arrays recorded the normal components of
particle velocities at each receiver. The reason for this was that particle velocity
squared is linearly related to the power of the signal, independent of frequency,
allowing a direct estimation of the power of the signals received.

On the top and bottom sides of the coated plate, traction-free boundary con-
ditions were imposed (solid: free boundary model, fluid: sound-soft boundary
model), corresponding to zero acoustic pressure at the fluid surface and zero
stress at the solid surface. The vertical boundaries were absorbing (solid: low
reflecting boundary model, fluid: plane wave radiation model) so as to damp re-
flections. Moreover, the simulation volume was sufficiently stretched at each end
to avoid boundary effects and the propagation of any reflections into the regions
of interest of the transmitter and receiver arrays.
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FIGURE 28 Geometry of simulated experiments with a phase-delayed array source.
Plate thickness was e = 2-6 mm, thickness of soft coating was s = 2-8
mm, source-receiver separation was zp = 20 mm and length of the source
and receiver arrays were L; = L, = 30 mm.

FFGW and the region of modes interfering with it were identified from the
2D-FFT mode maps recorded by the receiver array (fig. 29). Magnitude of FFGW
was determined as a local maximum in the neighbourhood of the dispersion
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curve predicted for the BL1 mode. Maximum of the signal typically appeared
slightly above a frequency of 40 kHz. Magnitude of the other and especially inter-
fering modes was determined as the maximum of the signal in the regions 60-125
kHz and 1500-10000 m/s. These regions covered the dispersion curves predicted
for the BL2 and BL3 modes. These two modes predicted the interfering contri-
butions observed. It was not possible however to distinguish the relative roles
of the individual modes in a 2D-FFT mode map. The signal to interference ratio
(SIR) was determined in decibels from the power ratio of FFGW and noise (in-
cuding interfering contributions), such that magnitude squared represented the
relative power. The magnitudes and SIR were evaluated within a limited time
window extracted by group velocity filter (width 60 ps) aligned with the FFGW
wave packet.
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FIGURE 29 2D-FFT mode map of a recorded spatio-temporal signal. Regions of interest
for identifying the FFGW and interfering modes are displayed. Theoretical
predictions are shown by white curves.

5.5.4 Modelling obstruction of wave propagation in the soft coating

Modes interfering with FFGW have been shown to mainly propagate in the soft
coating (Moilanen et al., 2008, 2014). It was hypothesized that such a propagation
could be obstructed by introducing a localized deformation in the soft coating,
e.g. by locally compressing the skin so as to test to what extent a localized inden-
tation of the coating obstructs the formation of interference and consequently im-
proves the SIR ratio of FFGW, the model expressed in section 5.5.3 was utilized.
In addition, a localized indentation was introduced in the propagation path of
modes between the source and receivers.
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Deformation, mimicking the result of a localized compression, was model-
led as an indentation of the sine function shape, with a total width of 14 mm. The
depth of the indentation (the pek-to-peak amplitude) was altered from 0 mm (no
compression) to 7 mm (full cutoff of the layer of soft coating). That layer was
assumed to be incompressible, with the material properties of the surrounding
fluid remaining constant regardless of the depth of the indentation (fig. 30).
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g h Soft Tissue 2 o

g‘ 00000000000000000000 g‘ A
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L, 2 L,

FIGURE 30 Geometry of simulated obstuction of wave propagation. Plate thickness
was e = 3 mm, thickness of soft coating was s = 7 mm, half-width of the
deformation was w = 7 mm, depth of the deformation was & = 0-7 mm,
source-receiver separation was zg = 20 mm and length of the source and
receiver arrays were L1 = L, = 30 mm.



6 RESULTS

6.1 Clinical studies (first arriving signal)

All of the subjects in the clinical studies were measured with the array probe.
Descriptive statistics of the in vivo data measured are summarized in table 3. For
the purpose of the study (I), the data was divided into two subsets of subjects,
premenopausal (starting from 20+ years, n=159) and postmenopausal (n=95) fe-
males.

Figure 31 shows the age dependence of Vrss ultrasound data. The curves
composed of age-stratified mean values represent an expected pattern of bone
growth, peak mass and age-related detoriation. In the radius, Vpas displayed a
cleaner age dependence than in the tibia.
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FIGURE 31 Vrgs as a function of age for (a) radius and (b) tibia (n=254). Data for pre-
menopausal subjects are displayed by dots and those for postmenopausal
ones by cross markers. Solid dotted lines represent age-stratified mean at
10 year intervals and dashed lines represent +1 SD.

Figure 32 shows the Vr4g5 data for radius and tibia as a function of the cor-
tical thickness to compression wavelength ratio (e/A). Compression wavelength
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TABLE 3 Descriptive statistics of the in vivo data measured (n=254).

Premenopausal (n = 159) ‘ Postmenopausal (n=95)
Average (SD) Range\ Average (SD) Range
Anthropometric
Age (y) 34.0 (12.6) 20-58 65.1 (11.3) 45-88
Height (m) 166.2 (5.4) 148-178 161.7 (6.6) 148-179
Weight (kg) 64 (10.5) 45.1-98.8 68.0 (9.8) 45.9-91.9
BMI 23.2 (3.56) 15.9-35.9 26.0 (3.4) 18.4-35.9
Ultrasound
Vias Radius (m/s) 3953 (81) 3681-4150 3854 (117) 3583-4071
VEeas Tibia (m/s) 3897 (61) 3698-4035 3829 (88) 3597-4035
pQCT
Radius BMD (g/cm?) 962 (61) 733-1095 866 (105) 577-1042
Radius CBMD (g/cm?) 1216 (23) 1146-1270 1180 (41) 1062-1247
Radius ScBMD (g/cm?) 882 (139) 353-1201 684 (213) 192-1088
Radius CTh (mm) 2.69 (0.21) 2.01-3.22 2.38 (0.37) 1.52-3.02
Tibia BMD (g/cm?) 759 (54) 640-884 704 (75) 513-854
Tibia CBMD (g/cm?) 1144 (18) 1096-1192 1108 (40) 985-1186
Tibia ScBMD (g/cm?) 416 (106) 192-656 350 (110) 109-605
Tibia CTh (mm) 4.45 (0.46) 3.17-5.89 4.06 (0.55) 2.80-4.91

was determined by assuming 4000 m/s compression velocity at 400 kHz (centre
frequency of FAS). It is evident that data is consistent with the theoretical sim-
ulation model (Bossy et al., 2002, 2004b). The bias between the in vivo data and
the prediction is explained mainly by the assumptions made. Scatter in the in
vivo data is explained by undetermined variability in elastic properties of bone.
Nevertheless, it is evident that cortical thickness explains some of the variation
in Vpgs measurements. In particular, agreement between the experimental data
and theoretical prediction with respect to e/ A suggests that the centre frequency
of the array probe is optimized for the most dispersive thickness-to-wavelength
ratio of Vrag, so as to give an optimal sensitivity to both the cortical thickness and
bone elastic properties.

6.1.1 Correlation study

Results of the correlation study confirm the observations made from fig. 32. Fig-
ure 33 shows that mineral density of the cortical bone (CMBD) was the best
predictor of Vrag (r* = 0.723, p < 0.001) for the radius of postmenopausal fe-
males. Cortical thickness still remained a significant predictor of Vrsg (r> = 0.579,
p < 0.001). Results for the tibia were weaker, but consistent with those for the
radius. In particular, higher correlations were obtained for the subset of post-
menopausal females than for premenopaual ones. A more complete list of cor-
relations is summarized in table 4. The standard errors of the estimate (SEEs)
related to these models and their overall reliability are further discussed in I.
Multivariate linear regression was used to see to what extent a combination
of pQCT variables explained Vgss. As seen earlier, CBMD alone was shown to
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FIGURE 32 Experimental in vivo Vp4s data (n=254) from the radius (dots) and tibia (cir-
cles), together with the results of the 2D simulation model for FAS as a func-
tion of cortical thickness to wavelength ratio (after Bossy et al. (2004b)). FAS
velocity was calculated for fixed, transversely isotropic elastic coefficients
and for a fixed (assumed) f of 400 kHz.

explain 72.3% of the variability of Vr4s in postmenopausal women, but using the
best additional predictor, ScBMD, the combined predictive power was increased
to no more than 73.7%. In the premenopausal group, the best two variable model
was also that of CBMD and ScBMD, and including sCBMD over CBMD increased
the predictive power of the model from 49.9% to 52.8%. All of the models were
highly significant (p < 0.001). These results suggest that the pQCT results were
inter-correlated, and none of the ultrasound parameters could significantly im-
prove the prediction by CBMD alone.

6.1.2 Fracture study

For the fracture study (II), the data set of postmenopausal females was divided
into three subsets according to the history of fractures. There were a total of 47
fractures. The majority of fractures were in the upper extremities (59%), espe-
cially in the radius (47%). The fracture group (Fx) consisted of 24 subjects with
32 low energy fractures and the group of other fractures (OF) consisted of 12 sub-
jects with 15 fractures. More than half of the fractures of the OF group were in
toes and fingers, and only one radius fracture was recorded. A detailed list can
be found in II.

Anthropometric data of the subjects is summarized in table 5. It is worth
noting that the low energy fractures group (Fx) had a higher BMI and were older
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FIGURE 33 Linear regression between Vrss assessment in the radius (left panel) and
tibia (right panel) and pQCT CBMD (a,b), ScBMD (c,d) and CTh (e,f).
Shown are the results for postmenopausal females (n=95). Dashed lines
show a 95% confidence interval for the regression lines.

than the OF and NF groups (p < 0.05). There was no significant difference in age,
weight, BMI or height between the NF and OF groups.

Overview of Vgas, pQCT and DXA data are shown in table 6. In comparison
with the NF group, the Fx group displayed significantly lower values for the
radius Vi r (p < 0.001), CBMD and CTh, and the total BMD, CBMD, ScBMD and
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TABLE 4 Correlation coefficients (%) between Vgsg and pQCT parameters in pre- and
postmenopausal women.

BMD CBMD  ScBMD CTh
Premenopausal (n = 159)
Vias Radius | .163(***)  .499(***) .081(***) .102(***)
VEeas Tibia 038(*)  .176(***) ns. ns.
Postmenopausal (1 = 95)
VEeas Radius | .621(**) .723(***) .576(***) .579(***)
VEeas Tibia | .235(***)  377(***) .135(***) .171(***)

*p < 0.05 *p <0.01;** p < 0.001

TABLE 5 Anthropometric data of the subjects analyzed for the fracture study (n=89).

NF (n=53) Fx (n=24) OF (n=12)
Age (y) 62.6 (11.8) 70.6 (6.6)Y  58.8(10.4)V
Weight (kg) 67.7 (10.4) 70.4 (9.2) 69.1 (6.9)
Height (cm) 162.6 (5.8) 159.5 (7.2) 163.4 (6.6)
BMI (kg/m?) 25.6 (3.6) 27.7 (3.0)°) 25.9 (2.5)
Age at menopause (years) 48.0 (5.1) 49.9 (6.3) 49.5 (6.0)
Calcium intakes (mg/day) | 1081.0 (314.9) 1006.8 (321.0) 1070.8 (393.3)
Vitamin D intakes (yg/day) 7.0 (3.8) 7.4 (4.7) 6.1 (2.5)
Medication, n (%) 24 (45.3) 10 (40.0) 6 (54.5)
Disease, n (%) 6(11.3) 5(20.0) 0(0.0)
Physical activity,nl) 4/22/18/9 2/7/11/4 1/2/4/5
Status of osteoporosis, % 2)
DXAwsg 53/36/11 33/33/33 83/0/17%)
DXArr 14 62/27/11 38/33/29 67/25/8
DXAfrn 62/27/11 33/50/17 33/50/17
DXATr 55/43/2 38/50/12 59/33/8

Values are given as mean (SD) unless otherwise specified.
NF = non-fracture group, Fx = low energy fracture group, OF = other fractures group
aBMD = areal BMD, WB = whole body, L2-L4 = lumbar vertebrae 2—4, FN = femoral neck, TF =

total proximal femur
D)

2)

physical activity categories: none / about 1h or less / about 2-3h / about 4h or more in a week
status of osteoporosis categories based on WHO criteria (WHO Scientific Group, 2003): normal
/ osteopenic / osteoporotic

) p < 0.01 in comparison with the NF group, ?) p < 0.01 in comparison with the Fx group, ¢
p < 0.05 in comparison with the NF group.
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TABLE 6 Descriptive statistics of the fracture study dataset.
NF (n=53) Fx (n=24) OF (n=12)
Ultrasound
Radius VLF (m/s) 3883 (95) 3783 (100)) 3915 (134)°)
Tibia VLF (m/s) 3839 (77) 3791 (99) 3862 (89)
pQCT
Radius BMD (g/cm®) | 8829 (86.1)  826.1(92.3)  913.8 (120.5)/)
Radius CBMD (g/cm?®) | 1187.9 (33.7) 1157.3 (32.6)")  1202.3 (46.0)¢)
Radius ScBMD (g/cm?) | 709.1 (185.0)  619.1 (194.4)  781.5 (253.6)/)
Radius CTh (mm) 246 (0.31)  2.20(0.34)%) 2.54 (0.36)/)
Tibia BMD (g/cm®) 7154 (62.7)  661.2(73.3)7)  755.2 (64.3)7
Tibia CBMD (g/cm®) | 1114.4 (34.9) 1083.1 (41.8)")  1134.8 (24.9)%
Tibia ScBMD (g/cm®) | 367.4 (94.8)  298.6 (104.0)°)  410.9 (113.7)%)
Tibia CTh (mm) 413(0.49)  3.80 (0.61)°) 4.39 (0.44)°)
DXA
aBMDyg (g/cm?) 1.155 (0.091)  1.090 (0.127)°  1.150 (0.098)
(T-score) -0.89(1.26)  -1.79 (1.76)°) -0.95 (1.36)
aBMDps_ 14 (g/cm?) | 1.203 (0.173)  1.116 (0.226)  1.187 (0.167)
(T-score) -0.57 (1.45)  -1.30 (1.90) -0.71 (1.40)
aBMDry (g/cm?) 0.906 (0.128)  0.840 (0.145)  0.864 (0.108)
(T-score) -1.21 (0.89) -1.66 (1.00) -1.50 (0.75)
aBMDrr (g/cm?) 0.979 (0.128)  0.911 (0.142)  0.864 (0.130)
(T-score) -0.85(0.86)  -1.31(0.95) -1.09 (0.87)

Values are given as mean (SD) unless otherwise specified.

NF = non-fracture group, Fx = low energy fracture group, OF = other fractures group

aBMD = areal BMD, WB = whole body, L2-L4 = lumbar vertebrae 2—4, FN = femoral neck, TF =
total proximal femur

) p < 0.001 in comparison with the NF group, ?) p < 0.01 in comparison with the NF group,
) p < 0.05 in comparison with the NF group, ¥ p < 0.001 on comparison with the Fx group, ¢
p < 0.01 in comparison with the Fx group, / ) p < 0.05 in comparison with the Fx group

CTh of the tibia.

The Vi r odds ratio (OR) for the radius was 2.23 (95% CI 1.42-3.50). After
adjusting for the age and BMI, OR remained significant (2.06; 95% CI 1.21-3.50)
(table 7). Similar OR values varying between 1.35 and 2.15 were found for the
pQCT and DXA results. The highest area under the ROC curve (AUC) was found
for the total BMD of the tibia (0.81, 95% CI 0.71-0.90). Nevertheless, there were
no significant differences between the measured AUC results, as is illustrated
in fig. 34. This figure displays the 1-specificity with respect to sensitivity (true
positives as a function of false positives) of radius and tibia Vr4g, radius CBMD,
tibia ScBMD and total femur aBMD. Performance of the Vpsg variables is not
significantly different from those of either the pQCT or DXA variables in this
regard.



79

TABLE 7 Odds ratios (OR) and areas under the receiver operating characteristic curve
(AUC) for ultrasound, pQCT and DXA measurements.

OR (95% CI) Nagelkerke R? AUC (95% CI)
Radius

Vias 2.06 (1.21 - 3.50) V) 34% 0.80 (0.71 - 0.90) @)
BMD 1.28 (0.89 - 1.83) n.s. 24% 0.76 (0.65 - 0.86) *)
CBMD 1.54 (1.04 - 2.28) ©) 29% 0.79 (0.69 - 0.89) ¥
ScBMD | 1.14(0.77 - 1.69) n.s 22% 0.74 (0.63 - 0.85) ©)
CTh 1.51 (1.05 - 2.18) ©) 30% 0.78 (0.68 - 0.89) ¥

Tibia
VEAs 1.22 (0.91 - 1.65) ns. 24% 0.77 (0.67 - 0.88) ©)
BMD 1.85(1.12 - 3.08) © 31% 0.81 (0.71 - 0.90) @
CBMD 1.35 (1.03 - 1.76) ©) 30% 0.80 (0.71 - 0.90) @)
ScBMD 2.15 (1.08 - 4.29) ©) 30% 0.79 (0.68 - 0.89) @)
CTh 1.58 (0.97 - 2.58) n.s. 27% 0.77 (0.67 - 0.88) ©)

DXA
aBMDyp | 1.64(1.02-2.64)° 29% 0.78 (0.67 - 0.89) ©)
aBMDyp_14 | 1.40 (0.97 - 2.03) n.s. 27% 0.79 (0.68 - 0.89) ¥
aBMDgpy | 1.52 (0.81 - 2.84) n.s. 24% 0.75 (0.65 - 0.86) ¥
aBMDyp | 1.72(0.87 - 3.43) n.s. 26% 0.77 (0.67 - 0.88) *)

Reference category is non-fractured.

NF = non-fracture group, Fx = low-energy fracture group, OF = other fractures group

CI = confidence interval, aBMD = areal BMD, WB = whole body, L2-1L4 = lumbar vertebrae 24,
FN = femoral neck, TF = total proximal femur

a) p < 0.001, b) p < 0.01, c) p < 0.05, n.s. = not significant.
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FIGURE 34 Receiver operating characteristic curves showing Vrss in the radius and
tibia (a), and radius CBMD, tibia ScBMD (from pQCT) and total femur
aBMD (from DXA) versus categorization into the low-energy fracture (FX)
group (b). Performance of Vrss variables is not significantly different from
those of the pQCT and DXA variables.

6.2 Detection of the fundamental flexural guided wave by an array
transducer

6.2.1 Simulation results

Group velocity of signals simulated in uncoated and coated (polyurethane) acrylic
and bone plates is shown in fig. 35. The group velocity of FFGW in uncoated
plates was in excellent agreement with theoretical prediction (A0), while the re-
sults for coated plates exhibited a somewhat bigger deviation from that of the re-
lated prediction model (BL1). For free plates, the RMS deviation of the group ve-
locities with respect to prediction were 23.1 m/s for acrylic and 22.6 m/s for bone
material. They increased to 48.1 m/s and 41.7 m/s, respectively, for polyurethane-
coated plates. The spatial sampling interval for all these results was limited to 6
source-receiver distances.

6.2.2 Experimental results

The method of group velocity assessment was also tested by experimental mea-
surements. In phantom measurements with our earlier scanning ultrasound de-
vice, the FFGW data was in good agreement with prediction by the A0 mode.
Reduction of the number of source-receiver distances (from 40 to 6) did not sig-
nificantly affect velocity determination (fig. 36a). Phantom results recorded by
the new array probe were compared to the BL1 prediction, as the frame material
of the probe (polyurethane) forms a bilayer system with the plate (fig. 36b).

For human radius specimens, group velocity was analyzed from measure-
ments by the scanning ultrasound device, where the number of source-receiver
distances was limited (6) to mimic the array probe. Group velocity correlated
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FIGURE 36 Experimental group velocity extracted by the cc method in acrylic plates.
Signal souce is (a) the scanning ultrasound device and (b) the array probe.
For the scanning ultrasound device, spatial resolution of the response
waveforms was reduced to six source-receiver distances so as to mimic that
of the array probe, but results for 40 source-receiver distances are also in-
cluded. Theoretical dispersion curves for the a) AO mode and b) A0 (upper
curve) and BL1 (lower curve) modes are shown for comparison.

moderately (1’2 = 0.51, p < 0.001, n=39) with the cortical thickness determined
by pQCT (fig. 37).

6.2.3 Comparison between CC and GF methods

We evaluated whether the CC based FFGW extraction yields consistent results
with that used before (the GF method). Phase velocity was determined by 2D-
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FIGURE 37 Group velocity correlated with cortical thickness in the FFGW waveforms
determined by the CC method for in vitro measurements from human radii
(n=39). Measurements had a limited spatial sampling resolution of 6 dis-
tances.

TABLE 8 Root mean square errors (m/s) for phase velocities of the FFGW waveforms
determined by the CC and GF methods from simulated ultrasound signals
propagating in uncoated and coated plates.

Plate geometry CC method GF method
Acrylic layer 8.41+3.6 6.9 +27
Coated acrylic layer 151+65 189+£79
Bone material layer 22673 163 +6.0

Coated bone material layer | 55.5+8.9 61.7 +24.4

FFT from waveforms recorded in simulations with a sufficient spatial sampling
interval and processed by GF and CC methods. These results were excluded from
III.

Results, together with the semianalytical prediction are shown in fig. 38.
Agreement is excellent for the results of both uncoated (A0 prediction) and coated
plates (BL1 prediction), and for both bone and acrylic materials. In particular, an
automatic mode separation in the CC method exhibited consistent results with
manually tuned separation in the GF method. Thus the CC based method is
capable of extracting the FFGW phase velocity from simulated measurement sig-
nals. The RMSE errors of both mode separation methods against the theoretical
curves are summarized in table 8.
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FIGURE 38 Phase velocities of FFGW waveforms determined by the CC and GF meth-
ods from simulated ultrasound signals propagating in plates. Results are
shown for (a) uncoated and (b) coated (9 mm of polyurethane) bone (upper
curve) and acrylic (lower curve) plates of varying thickness at a frequency
of 120 kHz.

6.3 Tailored excitation: phase-delayed array

6.3.1 Observations from phase-delayed excitation

Figures 39 and 40 show both RT diagrams and the related 2D-FFTs for (group
velocity filtered) simulated signals recorded from the surface of soft coating in a
coated (7 mm) plate (3 mm). Figures (a) show results for a traditional excitation
(with a single source) and figures (b) show related results for a phase-delayed ex-
citation optimized by SIR. It is evident from fig. 39 and fig. 40b that it is very hard
to observe FFGW for a traditional excitation, but that a phase-delayed excitation
allows an easy identification of the FFGW mode.

6.3.2 Tuning of a phase-delayed excitation

Herein tuning of a phase-delayed excitation simply means selecting the phase
delay parameter with respect to a specifically chosen criteria. An example of this
is seen in fig. 41a, wherein magnitudes of FFGW and of the interference modes,
simulated in a 3 mm plate with 7 mm soft coating, are displayed as a function
of phase delay. The number of transmitter elements used was 6. Position of the
observed maximum of FFGW magnitude was 8.2 + 0.2 us, which is close to the
value predicted by a related semianalytical model (8.65 us at 40 kHz). Maximum
of SIR (and minimum of interference modes) was slightly off the FFGW maxi-
mum at 8.4 us (fig. 41a).

Position of the FFGW maximum fluctuated around the semianalytical val-
ues by 0.9 + 0.8 yus, for plates of 2-6 mm thickness. This suggests, that the max-
imum of FFGW magnitude was close to the predicted value and that the phase-
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Traditional excitation with a single emitter
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FIGURE 39 RT diagrams for a traditional excitation by a single emitter (top) and by
phase-delayed excitation, tuned by maximizing SIR, with six emitters (bot-
tom). Results are from simulations for a 3 mm plate with a 7 mm soft coat-
ing. Dashed lines show the region of interest which contains the FFGW
wave front.
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FIGURE 40 2D-FFT diagrams for (a) a traditional single-emitter excitation and (b) a
phase-delayed excitation by six emitters, tuned by maximizing SIR. Results
are from simulations for a 3 mm plate with a 7 mm soft coating. Bright
intensity maxima correspond to detected guided modes. Theoretical pre-
dicted branches of guided wave modes are shown by solid lines.

delayed scheme of excitation worked as expected.
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FIGURE 41 (a) Magnitudes of FFGW (open circles) and interference modes (stars), with
respect to that of FFGW for zero delay, and (b) the signal-to-interfence ratio
for FFGW as a function of phase delay in a 3 mm plate with a 7 mm soft
coating. Arrow indicates the theoretically predicted value for the time delay
which provides the maximal magnitude for FFGW.

6.3.3 Efficiency of a phase-delayed excitation as a function of the number of
transmitter elements

We also investigated the effect of the number of emitters in the transmitter ar-
ray on the efficiency of phase-delayed excitation, characterized by SIR and the
magnitudes of FFGW and interference modes. The average magnitudes and SIRs
as functions of the number of emitters, for plate thicknesses of 2-6 mm are vi-
sualized in fig. 42. These results illustrate that when the phase delay parameter
was tuned by maximizing the FFGW intensity, the magnitude of interference was
largely unaffected. As a consequence, SIR increased with the number of emitters.
The gain in FFGW magnitude, averaged over all simulated plate thicknesses was
5.840.5dB/2N for each doubling of the number of emitters. As such, the average
total gain was 14.9 £ 1.6 dB. In the same situation, the rate of SIR increase closely
followed that of FFGW, being 6.2 + 2.0 dB/2Y for a total SIR gain of 18.4 + 5.6 dB.
Despite being superficially unaffected by the number of emitters, interference
mode magnitude exhibited random fluctuations, resulting in large error bars and
a large uncertainty in the SIR gain over the measurement range.

When the phase-delayed excitation (phase delay parameter) was tuned by
maximizing SIR, best results were obtained when the magnitude of the interfer-
ence modes was minimized. Increase of FFGW magnitude closely followed the
results for tuning by FFGW magnitde, but the intensity of interference modes de-
creased significantly for two emitters and then closely followed the magnitude of
FFGW. As a result, SIR did not improve as a function of the number of emitters
after having a second emitter (fig. 43). Fluctuations in the interference magnitude
inflated again the error bars in the SIR data.

On average, the FFGW gain, when maximizing SIR, was 5.6 & 0.6 dB/2N.
As in this case interference modes were effectifely reduced by the phase-delayed
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FIGURE 42 Results for a phase-delayed excitation tuned by maximizing the magnitude

Magnitude gain (dB)
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of FFGW), as a function of the number of emitters in the array transmitter.
The magnitudes of FFGW (open circles) and interference modes (stars) are
shown in (a) and the SIR of FFGW in (b). Results are averages over a 2—
6 mm range of plate thickness (coating thickness 7 mm), and error bars
represent one standard deviation. Solid curves are fits made by a linear
regression to the data points. The one-emitter result represents a traditional,
single emitter excitation.
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FIGURE 43 Results for a phase-delayed excitation tuned by maximizing SIR, as a func-

tion of the number of emitters in the array transmitter. The magnitudes of
FFGW (open circles) and interference modes (stars) are shown in (a) and
the SIR of FEFGW in (b). Results are averages over a 2-6 mm range of plate
thickness (coating thickness 7 mm) and error bars represent one standard
deviation. Solid lines are fits made by a linear regression to the data points.
The one-emitter result represents a traditional, single emitter excitation.

excitation, the SIR gain plateaued at 22.7 £ 5.3 dB, independent of the number

emitters.

Results are reported in more detail in IV.
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6.4 Obstruction of wave propagation

Obstuction of wave propagation in the soft coating was evaluated in a 3 mm plate
of bone material with a 7 mm coating, which featured a localized indentation
between the source and receivers.

Figure 44 shows results for a traditional excitation (a single source) when the
depth of indentation was gradually increased. According to expectations, FFGW
magnitude was largely unaffected by deformation (1.7 dB peak-to-peak fluctua-
tion). Magnitude of interference modes decreased as a function of indentation
depth, until reaching a plateau close to 4/7 of the maximum indentation. Even
a full indentation (cutoff) of the layer of soft tissue did not further increase SIR.
The total SIR gain achieved by locally deforming the soft coating was 20.3 2.3
dB, while a 50% deformation provided 18.3 - 2.7 dB.
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FIGURE 44 Results of localized deformation in the coating using a traditional excitation
in a 3 mm plate with a 7 mm soft coating. Shown are (a) the magnitude
of FFGW (circles) and interference modes (stars) and (b) related SIR as a
function of deformation depth.

A phase-delayed excitation scheme (6-element array) with 50% deforma-
tion, displayed as a function of the phase delay parameter, is shown in fig. 45.
The shape of the curve is almost identical to the case without obstruction by in-
dentation (fig. 41). SIR was clearly increased by obstuction of the interference
modes, although the magnitude of FFGW was essentially unaltered. The maxi-
mum of FFGW magnitude was found at 8.0 £ 0.5 us (at 45 kHz), consistent with
the theoretically predicted value (8.2 us). Unlike the unobstructed case, also SIR
had its maximum at the same delay, which indicates that in this case, the phase
delay parameter was optimally tuned. The maximal SIR obtained was approxi-
mately 8.8 1.3 dB.

Comparing this result with the case of only using a phased excitation, tuned
by maximization of the FFGW magnitude, adding a localized indentation re-
sulted in an additional 10.5 + 1.7 dB gain in SIR. Alternatively, when phase-
delayed excitation was tuned by SIR maximization, addition of localized inden-
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FIGURE 45 Results of the combination of a localized deformation in the coating and a
phase-delayed excitation in a 3 mm plate with a 7 mm soft coating. Shown
are the magnitude of FFGW (circles) and interference modes (stars) (a) and
related SIR (b) as a function of the phase delay parameter.

tation resulted in a 5.4 1.4 dB gain in SIR. The total SIR gain achieved by phase-

delayed excitation combined with localized indentation of soft coating was 31.4 £
2.6 dB.



7 DISCUSSION

A new array transducer was introduced in this study for low frequency ultra-
sound (f = 50400 kHz) axial transmission measurements in the human radius
and tibia. This new transducer was based on a scanning ultrasound device, devel-
oped earlier by our group for measuring two ultrasound modes, FAS and FEFGW
(Moilanen et al., 2003; Moilanen, 2004). The purpose of the new probe was to
enable a rapid and reproducible in vivo assessment. Development of the probe
was divided into two phases in terms of FAS and FFGW, because of different de-
sign requirements for measuring these two modes. We were ready to optimize
the design for an in vivo assessment of FAS, and the first half of the Thesis in-
cluded a performance analysis of the array probe. The second half of the Thesis
focused on technical challenges related to an in vivo assessment of FFGW. Meth-
ods of improved signal processing and reduction of the interfering impact of the
embracing soft tissue were modelled by computer simulations. Results of this
Thesis should permit optimization of the array probe for a simultaneous in vivo
assessment of FAS and FFGW.

7.1 Clinical studies (first arriving signal)

It was shown that the centre frequency of FAS (400 kHz) measurement, deter-
mined by the frequency band of the array probe, was consistent with the most
dispersive (i.e. thickness sensitive) region of the Vrss velocity in the radius and
tibia. While it is known from earlier studies, both in vitro (Raum et al., 2005;
Muller et al., 2005) and in vivo (Prevrhal et al., 2001; Moilanen et al., 2003) that
Vras is determined by the combination of elastic properties and thickness of cor-
tical bone, one can consider that the new array probe was tuned for maximal sen-
sitivity to both of these two bone properties. In particular, the wavelength (8-10
mm) was sufficient for detection of material properties of also the endosteal layer
at which osteoporotic resorption is known to begin. Thereby, the array probe is
expected to have been tuned for an optimal sensitivity to osteoporotic changes in



90

particular.

Results of the correlation study (I) confirmed, to some extent, these predic-
tions on the sensitivity of Vr4s measurement. In the radius, cortical BMD (indica-
tive of the material properties) was the best predictor (1> = 0.72) of the variabil-
ity in Vp4s data, while subcortical BMD (indicative of the material properties of
endosteal layer) and cortical thickness alone remained significant predictors as
well (> = 0.62 and r* = 0.58, respectively). For the tibia the results were con-
sistent, but weaker than those for the radius. It is interesting that multivariate
regression did not result a model where Vrys would have been explained by a
combination of the bone properties. This is explained by the high covariance be-
tween the pQCT based estimates of real bone properties and can be regarded as
a limitation of the study. Nevertheless, our findings support the assumption of a
multi-parametric sensitivity of Vras.

To our knowledge, Publication (I) was the first in vivo study which analysed
correlations between AT QUS and pQCT parameters in the radius. Related in
vitro studies (Muller et al., 2005; Bossy et al., 2004c; Raum et al., 2005) have shown
consistent but weaker correlations, assessed with a 1 MHz AT QUS. Increased
correlations in our study may be explained by a lower centre frequency (400 kHz)
and larger sample size measured. In the tibia, there are a few in vivo studies that
have reported correlations consistent with those presented in our study (Prevrhal
etal., 2001), with some of them reporting significant correlations only with CBMD
(Sievénen et al., 2001; Moilanen et al., 2003). In particular, comparison against
the study of Prevrhal et al. (2001) is interesting as they used a former 250 kHz
AT QUS ultrasonometer (SoundScan, Myriad). The study in question reported
correlations of 2 = 0.38 with CTh and 2 = 0.44 with CBMD, while our array
probe reached approximately the same correlation with CBMD (? = 0.38), but
was not strongly correlated with cortical thickness (r> = 0.17).

Repeatability of Vras assessment by the array probe, characterized by CVgss
(0.5%), was significantly improved in comparison with that typical of our ear-
lier scanning ultrasound setup (0.9-1.1% by Moilanen et al. (2003), albeit without
bidirectional scanning, or 2.2-2.9% by Maitta (2009)). A value of 0.5% is con-
sistent to approximately 20 m/s uncertainty in the velocity of Vr4s, which can
be regarded relatively good. Other groups have reported CVzps values of 0.25-
0.90% (tibia, SoundScan) (Foldes et al., 1995; Stegman et al., 1995) and 0.2-0.55%
(radius/tibia/phalanges, Omnisense) (Barkmann et al., 2000; Knapp et al., 2004;
Weiss et al., 2000) for AT ultrasound devices. Our result is within these ranges.

So as to compare repeatability error with respect to the dynamic range of
in vivo QUS data, we assessed standardized CV (SCV). Our SCV results (5.9%
for the radius and 9.8% for the tibia) showed that the repeatability error was an
order of magnitude smaller than the dynamic range of the V45 data, which sug-
gests that the measurement is able to differentiate subjects. On the other hand,
these SCV values were somewhat higher than those reported in the literature for
other AT QUS devices, e.g. 1.01% (radius,tibia) for Sunlight Omnisense (Hans et
al., 1999), 1.61% for Myriad SoundScan (Foldes et al., 1995) and 4.4-6.6% for our
earlier scanning ultrasound device in the tibia (Maéattd, 2009; Maatta et al., 2014).
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Nevertheless, direct comparison of these results is difficult as SCV is sensitive
to determination of the dynamic range, which is inconsistent between the stud-
ies. For instance, in Mdattd’s study the range was characterized by the standard
deviation of Vrys data in a population of elderly subjects, which was approxi-
mately twice as wide as that typical of younger individuals. By definition, the
range should be based on the standard deviation of the population, i.e. on the
standard deviation of young healthy adults. Yet, the reference group of young
healthy adults may have been biased in our study by a low number of subjects
(n=34). The reference standard deviations were approximately 2/3 of those re-
ported elsewhere for AT QUS ultrasonometers.

In particular, the population standard deviation for Vgas in the tibia (SD =
46 m/s) was smaller than that in the radius (SD = 80 m/s). This difference can
explain the poorer sensitivity of the tibia results in comparison to those of the
radius. The difference in sensitivity of the results, on the other hand, could be
up to anatomical features of the tibia and radius. Radius is a smaller bone than
the tibia, and the e/A ratio was respectively smaller in the radius than in the
tibia, allowing a better sensitivity of FAS to BMD and cortical thickness because
of a deeper penetration of ultrasound. In particular, in the tibia the ultrasound
probe was positioned (fig. 18) along the anterior ridge of the bone. The shape of
tibia in this region is irregular and the cortical thickness is not well defined (see
Moilanen et al. (2004)). Moreover, BMD of the anterior ridge may not represent
differences between individuals at a similar rate as other, e.g. medial or lateral
sides of the tibia shaft. The cross section of the radius had a relatively regular
shape at the measurement site allowing for better definition of bone properties
reflected by QUS measurement. Moreover, radius as a non-weight-bearing bone
has been acknowledged as a good bone site for predicting peripheral fractures
(Hans et al., 2003; Knapp et al., 2004; Nguyen et al., 2004; Talmant et al., 2009).

One may consider as a limitation of our in vivo studies that probe position-
ing was based on a stationary protocol with the proper positioning judged by the
operator. This approach differs from the so-called "clinical protocol” suggested by
other groups for improving the operator independence. In this latter approach,
probe is scanned sideways back and forth across the correct tangential position,
and inclusion of correct data is based on a statistical judgement (Weiss et al.,
2000). In our approach, positioning was judged from the screen by observing the
response waveforms, Vpas and precision error characteristic of a linear regression
of the time of flight with respect to distance data. Moreover, statistical methods
were used to evaluate the consistency of rapidly repeated measurements to deter-
mine exclusion of outlier readings. We argue that a long wavelength (8-10 mm)
made our approach not so sensitive to exact positioning of the probe, and the
adopted protocol resulted in data, which featured a reproducibility comparable
with those of 1 MHz ultrasonometers and sideways scanning.

In II, radius Vp4s discriminated subjects with a history of low impact frac-
tures from those without retrospective fractures, based on OR (2.1) and AUC (0.8)
(section 6.1.2). These results are in line with those reported in other studies. For
instance, for ultrasonic fracture discrimination in female subjects, ORs of 1.69
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(Myriad SoundScan, tibia, n=157 (Stegman et al., 1995)), 1.75-2.23 (Sunlight Om-
nisense, phalanx/radius/tibia, n=549 (Nguyen et al., 2004)), 1.47-2.69 (Sunlight
Omnisense, phalanx/radius/tibia, n=323 (Damilakis et al., 2003)) and 1.81 (Bidi-
rectional ultrasonometer, radius, n=166 (Talmant et al., 2009)) have been reported.
The AUCs of these studies were between 0.66-0.77, which is slightly less than the
AUC of Vgas in our study, but mostly within its error bounds. This suggests that
at an individual level, the array probe was equal or slightly better in predicting
fractures than the existing devices.

In our study, Vgas in the radius had the second highest discrimination ca-
pability of fractures, in comparison with any DXA or pQCT parameters mea-
sured, with the subcortical BMD having a slightly larger OR (2.2). In particular,
Vras was the only parameter for which OR remained highly statistically signif-
icant (p < 0.01), with the BMD variables only being significant at the p < 0.05
level. This OR result suggests that at a population level the V45 measurement
has a higher probability compared to any other parameters investigated to end up
with a correct discrimination of the fracture status. On the other hand, the AUC
results did not display significant differences between the methods, which sug-
gests that QUS cannot improve the reliability of prediction at an individual level.
Indeed, QUS in the radius featured a better fracture discrimination than that in
the tibia, consistent with interpretation of the correlation results. Given a sim-
ilar performance with the present gold standard (DXA), Vras could be suitable
for screening. We also used our data to analyse to what extent Vr4g in the radius
predicted correctly the diagnosis based on DXA (results were not published), and
this resulted in very high AUCs with respect to the whole body (0.94, p < 0.001),
femoral neck (0.85, p < 0.001) and lumbar spine (0.80, p < 0.001) T-scores (the
data were divided into subsets of osteoporotic and healthy subjects using the T-
score <= -2.5 as the threshold for osteoporosis). This result supports the objective
of using QUS for screening.

It would not be an easy task to compete by QUS with diagnosis. While
the present study analysed discrimination of fractures retrospectively, a large
prospective study is needed to assess fracture prediction. Such a study would be
heavy as it would require a long follow up and a huge number of subjects so as to
have sufficient number of subjects for a proper statistical power in those subsets
of subjects, where differences in comparative methods of diagnosis may finally
occur. On the other hand, in the light of the present study it may also be the case
that Vrss alone may not have a significant diagnostic advantage over DXA. In
the contrary, a combination of simultaneously measured QUS parameters (such
as FAS and FFGW) may enhance the relevance of QUS based prediction. To this
end, research is currently focused on development of multi-mode QUS methods.
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7.2 Detection of the fundamental flexural guided wave by an array
transducer

As has been mentioned, design requirements were different for the FAS and
FFGW assessment. While a FAS wave front was observable as a transient in the
time domain, it was hard to detect a FFGW wave packet from interference with
other (disturbing) wave modes. Instead, spectral analysis based e.g. on 2D-FFT
has been proposed by us for identification of FFGW (Moilanen et al., 2006). For
the new array receiver, the Nyqvist-Shannon criterion between the spatial sam-
pling interval and the wavelength of FFGW was however not satisfied, which
prevented us from using 2D-FFT. To resolve this limitation, a method of multi-
ridge based analysis (Xu et al., 2010), suitable for an array transducer and based
on the crazy climber algorithm, short time Fourier transform (STFT) and linear
regression for determining the group velocity of FFGW was employed in (III).
As a further objective we attempted to replace temporal, manually tunable gate
windowing (group velocity filtering) by an adaptive approach, which used said
algorithm for mode extraction and reconstruction. The proposed method was
tested by numerical simulations and experiments.

Times of flight, assessed by STFT at known source-receiver distances, are
associated with dispersion of group velocity with respect to frequency. One of
the most important findings of the study (III) was that an array of 6 receivers was
sufficient for group velocity determination. Measurements with 40 and 6 inter-
transducer separations did not differ significantly as for accuracy of the group
velocity determined (fig. 36a).

It was also observed that the soft frame material (9 mm layer of polyure-
thane) interfered with the solid waveguide and had to be taken into account in
the predictive model. This impact was very similar to that of the soft tissue coat-
ing, and was predicted by the same bilayer model. However, the impact of soft
tissue was not discussed in III. Evaluation of the combined impact of the soft tis-
sue coating and array probe’s frame provides challenges for further research, not
yet addressed within the present Thesis.

Relevance of the proposed method of group velocity assessment was also
shown by retrospective analysis of earlier in vitro QUS experiments, carried out
by our scanning AT QUS device in human radii (Muller et al., 2005). Indeed,
the newly determined FFGW data displayed significant correlation (r* = 0.51,
p < 0.001) with cortical thickness, independent of the number source-receiver
distances (6 or 40) used in the assessment. These are somewhat weaker than our
best correlations using phase velocity, where correlations of > = 0.73 against
average CTh and r? = 0.81 against site-matched CTh have been obtained (Moila-
nen et al., 2007a). Scatter of individual data points from the regression line can be
explained by random uncertainties which arise from the impacts of elastic prop-
erties and interference with disturbing ultrasound modes supported by the bone
wall. These issues, in relation to phase velocity analysis, have been discussed
in detail in Moilanen et al. (2007a,b,c). Ultrasonic interference with disturbing
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modes can directly affect determination of the time of flight based on the maxi-
mum of the envelope of FFGW wave packet and may thus play an important role
in uncertainty of the proposed approach of group velocity assessment.

It was demonstrated in addition that the CC based mode separation fol-
lowed by reconstruction of the temporal waveform can provide a method of
adaptive replacement for the method of group velocity filtering, which requires
manually chosen parameters. Simulations in (acrylic and bone material) plates,
analysed with a sufficient inter-element separation and 2D-FFT, showed that the
CC based method resulted in an exact agreement with the theoretically predicted
phase velocity. Moreover, the agreement was good between CC and GF based
extraction of the FFGW wave packet. The CC based approach could thus provide
an alternative for GF.

Nevertheless, the proposed approach which is based on a combination of
methods is relatively complicated, which may limit its suitability in practical ap-
plications. There may yet be simpler approaches for the group velocity determi-
nation. For instance, suitability of the Hilbert transform might be worth consid-
ering.

7.3 Tailored excitation: phase-delayed array

Publications IV and Kilappa et al. (2014b) evaluated new and innovative solu-
tions to problems related to the in vivo assessment of FFGW. A real challenge
with the in vivo assessment of FFGW is related to interference with waves that
propagate in the combination of soft tissue coating and bone substrate. It has
been discussed that such a bilayer waveguide supports propagation of energetic
wave modes that mainly propagate in the soft tissue subsystem and interfere with
FFGW (Moilanen et al., 2008, 2014). While FFGW, on the other hand, is rapidly
damped by the coating, it is hard to distinguish it from these disturbing modes
at the receiver which is placed on top of the soft coating. So as to resolve this
challenge, it is necessary to find methods for improving the signal-to-interference
ratio (SIR) of FFGW with respect to these disturbing modes.

Study IV showed by numerical simulations that by tailoring the excitation
of FFGW it is possible to improve the magnitude and SIR of FFGW at receivers
on top of the soft coating. In particular, we considered our 6-transducer array
as a phase-delayed array, in which excitation of each transducer is delayed with
respect to the previous one.

One of the key predictions by our simulations was that it is possible to au-
tomate the tuning of the inter-transducer delay, so as to maximize the magnitude
and/or SIR of FFGW. Tuning of the delay parameter requires iteration of the exci-
tation and monitoring its response to FFGW magnitude and SIR. In particular, it
was predicted that tuning is a trade-off between the magnitude and SIR, as max-
imization of FFGW magnitude does not always minimize those of the disturbing
modes, and SIR may remain limited. Tuning by SIR maximization, on the other
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hand, may be limited by a reduced magnitude of FFGW. Nevertheless, our results
predict that by a short array of 2-6 transducers it is possible to tune the source
array so as to get a significant gain (15-20 dB) in the SIR of FFGW.

It is a limitation of this study that the performance of the method was eval-
uated in a simplified geometry of 2D simulations. Although these simulations
feature an exact counterpart of a related semianalytical model (Yapura and Kinra,
1995; Moilanen et al., 2006), relevance of the analysis to real geometry of bone re-
mains unexplored. Relevance of such simplified models for FFGW in real bone
with tapering (axial direction) and an irregular tubelike cross section have been
demonstrated earlier in Moilanen et al. (2007a,b,c, 2008). In the light of these
earlier studies, the choice of a simplified geometry in the present work seems ap-
propriate. Nevertheless, 2D simulations were necessary to permit a noticeable
number of iterated simulations which, in the chosen form, already required sev-
eral weeks to compute (with post-processing included).

It is obvious that the relevance of these predictions needs to be shown by
further experimental work, which has already been initiated. Preliminary re-
sults of a phase-delayed excitation with our array transducer in coated bone-
mimicking tubes were consistent with the simulated predictions. The proposed
approach thus seems worth continuing. We have also successfully tested a photo-
acoustic implementation of the array source, based on an array of laser diodes
(Karppinen et al., 2013). Results for coated bone-mimicking tubes were consis-
tent with the simulated predictions (Moilanen et al., 2013b).

Use of a photo-acoustic source provides certain advantages in comparison
with traditional contact ultrasound transducers. Contact problems are avoided
and the ultrasound source is created inside the tissue, close to the bone. It is
important, that by a pulsed optical beam it is also possible to introduce a low-
frequency source featuring a small foot print. All of this is essential for the excita-
tion of FFGW. Development in our group is aiming towards a new photo-acoustic
implementation of the AT QUS device. Its clinical prototype capable of in vivo
measurements is now being developed.

7.4 Obstruction of wave propagation

So as to address the limitation of a phase-delayed excitation, related to the fact
that the delay parameter cannot (always) be efficiently tuned to reduce the dis-
turbing modes while magnifying FFGW, we proposed in Kilappa et al. (2014b) a
supporting method, obstruction of wave propagation by mechanically deform-
ing the soft tissue. This approach was based on assumptions that the unwanted,
disturbing modes mainly arise from waves propagating in the soft tissue while,
FFGW mainly relates to waves propagating in the solid subsystem. In this case,
localized deformation of the soft coating should disturb propagation of the dis-
turbances by reflecting them back to the transmitter side.

The composition of the study was identical to that discussed in section 7.3,
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and as such, the same limitations apply. However, simulated predictions were
promising, suggesting an additional 10 dB gain in SIR. Such a gain can prove use-
ful in situations where SIR cannot be improved sufficiently with phase-delayed
excitation alone, e.g. in the case of a thick coating of soft tissue. The simulations
also suggested that a full indentation (cutoff) of the layer of soft tissue is not nec-
essary, and that even a modest indentation is useful. As the soft tissue coating on
top of the human radius or tibia is typically easily compressible, this gives hope
that the method could be used in vivo by deforming the soft tissue by external
compression.



8 CONCLUSION

In conclusion, it was shown that the low-frequency axial transmission quanti-
tative ultrasound method (LF AT QUS), implemented with an array transducer,
could permit multi-mode in vivo assessment of at least two wave modes, the first
arriving signal (FAS) and the fundamental flexural guided wave (FFGW), in the
human radius or tibia.

The first part of the Thesis showed that FAS is sensitive to clinically rel-
evant properties (bone mineral density and cortical thickness) of the bone and
that it can differentiate subjects with fractures from healthy controls consistently
with dual-energy X-ray absorptiometry (DXA). It was thus suggested that FAS
assessment may permit screening of osteoporotic individuals, prior to diagnosis
by DXA. Results of the first part of the Thesis were utilized in the development
of a commercial AT QUS ultrasonometer (OsCare Sono).

The second part of the Thesis focused on the remaining challenges of FFGW
assessment. A method of signal processing was introduced to enable the detec-
tion of FFGW with an array receiver. Moreover, methods of excitation were intro-
duced to enhance separation of FFGW from disturbing wave modes on top of a
coating of soft tissue. Within a parallel project, the solutions analyzed in the The-
sis are already being implemented in the development of a clinical, multi-mode
ultrasonometer.

As FAS and FFGW are sensitive to different parameters of bone, their si-
multaneous in vivo assessment is expected to enhance the relevance of LF AT
QUS in comparison with using either of these modes alone, similarly to any set
of modes from which multiple different properties could be derived. Due to the
advantages such a multi-mode assessment would provide, there is an increasing
interest within the community of QUS researchers in shifting the research focus to
multi-parametric ultrasound, and furthermore, to the standardization of different
QUS approaches. Time will tell whether the next generation QUS becomes com-
petitive with the established clinical standard of diagnosing osteoporosis. Yet,
there is a call for a reliable and inexpensive screening, which QUS may well sa-
tisfy.
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