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The theoretical modelling of ultrasonic propagation in cancellous bone is
pertinent to the improvement of ultrasonic techniques for diagnosing the bone
disease osteoporosis. For such techniques to be confidently used in the clinical
management of osteoporosis, fundamental research is required to establish an
understanding of how ultrasonic waves travel in porous, or cancellous, bone.
This thesis concerns investigations into various theoretical models of
propagation in porous media. These studies are supported by in vitro
experiments on bovine cancellous bone around 1 MHz.

Previous applications to bone of established theories, such as Biot’s theory
for fluid-saturated porous media, have enjoyed limited success. This thesis
begins by considering Biot’s theory in more detail than previously reported in
the literature. Biot’s theory predicts that two longitudinal waves travel in
cancellous bone in response to insonation with a single wave. The existence of
two waves, known as fast and slow waves, is confirmed, which had not been
reported in the literature prior to the start of this work. The importance of the
presence of marrow in the pores on these waves is investigated.

The phase velocities of fast and slow waves are observed to be strongly
dependent on direction, relative to the internal cancellous structure. However,
the isotropic form of Biot is not appropriate for modelling this response.
Therefore, a second approach is proposed, which uses Schoenberg’s theory to
model propagation in a parallel-plate model of cancellous bone. Direction
dependent measured velocities are observed to give qualitative agreement with
the predictions of the Schoenberg model. The two theoretical approaches are
compared when anisotropic mechanical and fluid motion effects are introduced
into Biot’s theory.

Finally the findings of this research are discussed with respect to current
clinical ultrasonic measurements of bone. Recommendations are made for the
development of a future model-based system for bone assessment.



i

Contents
THEIE PAZE oottt i
AADSITACE «.evireriereeeeeeeeeecreeraneerreereeeeeseeeeareetae s e e s e s e s sasasaasaraaeaeessesssrbaaaasessaanes i
(07 1115, 1 [T U U USROS il
List O ITIUSEIALIONS ..eeciveieeiciiieeeiieeeeeeeeeeieeesee s s eeteseenne e e e e ssaesssan e e anne s vii
LSt OF TADIES ..ueveeeiieiiiiieeieeccicieee s e rte e e e es e s e e saast e s s e sase s e e b s e e s s tb s e e s s nanaeas Xii
| 30 () 210 U UU U UUTURR xiil
ACKNOWIEAZEMENLS ....ooovviirriiiciiiiiiiii it Xiv
AULhOT’S DECIATtION ....evvvvveniiirreererieereeeeenreeeeeeeseeeseesassrnesreessssesssrarasersseesennes XV
Definition of Symbols and Abbreviations ..........ccceccevvereniissrsniennennienceneee Xvi
Chapter One : Introduction to Ultrasonic Bone Assessment ......................... 1
1.1 General INtrOAUCLION ........eceereiiiieeeecrtreeeeeee e e eeeere e e e e ane e e saaas s e s rsnnees 1
1.2 OStEOPOTOSIS .. veerueeeeuieeereeiisteeitiiitesatte bt e e r s s bs e e s s e st e s s s et e et e e e se e s e e s 2
1.3 The Configuration and Strength of Bone Material ..........ccooooiiiininininnnnnn, 2
1.3.1 The Configuration 0f Bone .......c..ccocviviiiniiininniiinieeeeiene 2
1.3.2 Mechanical Strength of Bone TiSSU€ .......c..coiiiminiiiiiiiiiiieieen, 4
(2) BONE MASS...ccouiiiiiiciiiiiiiiticit ettt 4
(D) BONE SIIUCIUTE .....eviiiiiiiiiiiiii ittt 4
1.3.3 Bone Growth and OStEOPOTOSIS ......cccvvriiviiiiiiiiieieieenieieeiiieee e 5
1.4 Clinical Bone ASSESSIMENL ......c.cc.eeereeeeesreeereisueeisinierissessssseessaseesssnenssessesseeas 6
1.4.1 The Targeting of Treatment ..........cccciiiviiiniiinienniinni s 6
1.4.2 The Assessment of Bone Condition..........cccccvcvveiivinniiiininiiiineecnnnnn. 7
1.4.3 Current Diagnostic Techniques..........ccccvieinieneiinniiniiienieee 9
1.5 Ultrasonic Studies 0f BONE.....cc.eiireeeereiiireciiiiieiccrreeeeeeee e 10
1.5.1 Historical STUAIES. ...ccovvvrriiiriiiieeeececeeenrirrcenesnte e eare e 10
1.5.2 Measurement of Ultrasonic VeloCity ........ccccoeevivvniiiiiiinnicinninenens 10
1.5.3 Young’s ModUulUS......cccouerimmieiiiiiiiniin et e et 11
1.5.4 Broadband Ultrasonic Attenuation..........oeeeeeeiierreereeininnerinisisineenenes 13
1.6 Presentation Of RESEArCh ......cooviiiiiiieiiiiienciiccciccintce e 16
1.6.1 COoNtriDULIONS. .....cccoriirieeieeireenieetr e s cesssst s s eae s e 16
1.6.2 OULIDC...eeveeeeeeeeeeeeeerteeeeee et eeeer e eessn e e seesestessas s se e e sas e esenneens 17

Chapter Two : The Application of Biot’s Theory to Ultrasonic Propagation

in Cancellous Bone ...........ccccoooiiiiiiiiiiiiiiiiicccii e ccannnne 19

2.1 INETOAUCTION c.neveeeeeeeeceereieeeeeeitie e e etee e s eeeee e e s nseeesssmntsssssve e e s s anseesnnns 19
2.2 Biot’s Theory for Acoustic Propagation in Porous Media.............cccvevenense 20
2.2.1 Acoustics of Porous Media........cceeeeeeiiiiiiiiiinecniiiiiiiiinicccceeennens 20

2.2.2 Derivation of Biot’s Theory......c.ccceveeeeeenericiriiiiiiiiinicciieeeeene 21

2.2.3 Fluid Flow in Porous Media...........cccotieieriniecennnniiniiiieeneceeeeeenns 25

(a) Low Frequency Range: ds> 7, @ < Wcrif vevveevreimsenerienniniieiieeneeeeans 27

(b) High Frequency Range : ds <75 M > @criterveeeereemsenseensienimeienssensnnss 27

2.2.4 Inertial Coupling and TOTTUOSILY ......ccoveruirveeniimminiireieceeecie e 28



2.2.5 Conditions for Slow Wave Propagation .........cceeeevmieienieinncienennns 31

2.3 A Biot Model for Cancellous BONe........c.ccccveierrrcviiiinniieiiiiiinieeeenes 32
2.3.1 Historical StUdIEs.......ccccerrureerrieirircceeceete et 32

2.3.2 Model Input Parameters...........cccccoviviiiiermiinninniieniesieesieeecee 32

(a) Material and Mechanical Properties of Cancellous Bone.................. 33

(b) Properties of Bone Marrow .......c.ooiiviiniiereninnencienenieeene 35

(¢) Structural Parameters...........coeueiveimiririniisenineeneeeeenn e 35

2.3.3 Dealing with Uncertainties in Predictions .........cccoconieiininninnnnnne. 38

2.4 Prediction of Wave Properties for Cancellous Bone..........oovivereereecnninieene 40
2.4.1 Viscous Skin Depth and Critical Frequency.......ccccocueevieeiiiniiincenee 40

2.4.2 Phase Velocities and Attenuation...........ccoveeeireeeeiiniinineneininreeeeeeeee 42

2.5 Summary and CONCIUSIONS ........covuirrmieriiiiiiiirieeec et 44

Chapter Three :Procedures for the Measurement of Ultrasonic Properties in

Cancellous SAMPIES .........cocccoriiiiiiiiiiii e 45

3.1 Introduction to Experimental Methods .........cccoooiiimis 45
3.2 Principles of Ultrasonic Measurement ...........coceeveeerreescesinneniesmnstenesesseens 46
3.2.1 Piezoelectric TranSAUCETS .......cceeeremeeereriueririiiiieeseninresneeeesneseesses 46

3.2.2 Ultrasonic Generation.......cceeeeeueeeeeeeesenrerecressinessnisisessessssssssseesssees 46

3.2.3 Ultrasonic Detection.....ccccceireererreeimeeiiiecinniie e 48

3.2.4 Non-linear Propagation...........ccccccveiiiiiriiernernnieinceeee e 49

3.2.5 Configuration for Measurement of Bone........cccoeeevininniiniiniiinnenne 51

3.3 The Measurement of AttenUAation ........cccecvviiiiriiriiieriie e 52
3.3.1 Definition and Evaluation...........ccceecceeerneeinininiennniinnnieeneecenens 52

3.3.2 Factors Affecting the Measurement of Attenuation ..............cocu..e.e. 55

(a) Diffraction of the Projected Field ..........coooiniiiiniiiiiien 55

(b) Phase Cancellation...........ccccovveivieieieiiinieinesseseee et 56

(C) Reflection LOSSES.....ccccvviiiiiiieiieriiiieciecte ettt et e 58

(A) SCALLETING ....cnveenverierieiieiiiitr e et 59

(e) Attenuation of the Slow Wave in Porous Media............ocveevenrenenene 60

3.3.3 The Measurement of Attenuation in a Porous Medium.................... 63

3.4 The Measurement of Phase VeloCity........cccccovviiiiiniiiiiniiiiiiiiiiciinnen, 66
3.5 Experimental SYSTEM ......cc.cceviriiirninieieeeeeeieie et 68
3.5.1 Apparatus and Arrangement ............ccccevvuiivienienieniieneenieese e 68

3.5.2 Acoustic Field CharacteristiCs ........cceereermmeeriiiiiremneniieiicnneiee e 70

3.6 Validating the Experimental Method ... 72
3.6.1 INTOAUCHION. ..vvveeieeirreeeeeeeeee e e ettt ce e e eee s s e ssaee s e an e s sa e s e nnas 72

3.6.2 Mode Separation and Reverberation ..........cceevveeveeerecniennneneeinninne 72

3.6.3 Testing the Processing Algorithms..........cccoeemniiinis 75

3.7 Cancellous BONe SPECIMENS .......c.cerveeremmreiiiiiiniiiiienaneesesrteeis e srsens 77
3.7.1 Sample Preparation..........cccciviiiriiiiiieiinneeseesien et 77

3.7.2 Validation of Intersample COmpariSOn ........ccoceereveeeniueeirieeeinnnerenes 80



Chapter Four :In Vitro Studies of Biot Waves in Cancellous Bone............... 83
4.1 TNETOAUCHOM ..eeeienrereeerreeeeirrereiceeesereebe e s teeesaba e s e vese s e s b s e s sras e senneesneneas 83
4.2 Validation of Biot’s Theory.......cceueevercrieiimiiiiiiiiiireeieeescee e 84
4.2.1 The Observation of Fast and Slow Waves..........ccceviiniiiinniiennnne 84

4.2.2 LINEArity TeStS.cuveeeeurreeierrreciiintir et ettt et 86

4.2.3 Propagation Mode Identification..........ccoeoiriieniininnnninencenn 88

4.2.4 Phase Velocity and Measured Signal LosS........oooimninniinciicnnenns 90

4.2.5 Discussion of Experimental Results........cccccooiiiiiiiiiiinnininn: 96

(a) Identification of Fast and Slow Waves.........ccoceveinnennnicniiinnnn 96

(b) The Effect 0f POTOSILY......covirieiiieiieieieeecccnc e 96

() Wave AMPULUAES......cc.oeciiiiiirieiiiieieteee et 97

(d) Absorption and Measured Signal Loss .......cocvvieieiiiinininiiinnnne. 98

4.2.6 Bone-Mimicking Materials..........ccccuiiiiimniiiniiiniineeeetcenieecne 99

4.2.7 Frequency and Implications for Historical In Vitro Studies............. 100

4.3 Study into the Effect of Pore FIuid ..o 101
4.3.1 Introduction and ObJECIVES ......cccevrirriiriiimiiiiiieniee e 101

4.3 2 METhO.......eiiieeriieeeeieeeee et e eece et e e e ess e sae s esn e s ba e e s sas s s snesanns 101

4.3.3 Results and DISCUSSION. ....cccccveereriiieririiiiiierirrienieesereessasassieesans 102

4.4 Study into the Effect of Trabecular Orientation ...........cecvenieeiencicnncnnnas 107
4.4.1 Objectives and Method ..........cccovveiiiiiiiiinniinin e 107

4.4.2 RESUIS ..cevveeeeeiieeecceie ettt cese e b s rre e e s r e s ae et 107

4.5 CONCIUSIONS «.vvvvverreieieeeerieeiereesraiereteeseeesessssssnnsannrensressesessassrassssasesasssanneees 109
Chapter Five : A Stratified Model for Ultrasound in Cancellous Bone....... 111
5.1 INtTOAUCIION ..evieieeeeeierieeeeeeeieeeeeeeeeeeeeeeisnaceesesasressesesrbaeeesssasesaensneeesessnaees 111
5.2 Models of the Trabecular Structure ...........ccoviviiviiiiiiiiiiiinrn e 111
5.3 Schoenberg’s Theory of Propagation in Stratified Media ..........cocoeeeencee 113
5.3.1 INTOAUCTION. ...vveeetieeeiire et e e e ate e e st n e e e e e 113

5.3.2 Fundamental EQUAtionS.........coccevrvecmiiiiiiiirinirenieeenieeeen e 113

5.4 A Stratified Model for Cancellous Bone .........ccooveiiiiniiiiiiiiniiiiee 117
5.5 In Vitro Study into the Effect of Trabecular Orientation ..............ccoccevvennene 119
5.5.1 Objective and Method.........coceiiiriiiniiininiienec e 119

5.5.2 Evaluating Phase Velocity for Refracted Waves...........cococeeennnne 120

5.5.3 Data Representation and EITOTS ......c..erireiiieeniiiniiiniiiiicinceenes 122

5.5.4 Results and DISCUSSION........cerrecueeererriecrinieieiineeeianniereeesssreeeeesaess 125

5.5.5 Lateral Shift......cooooeiiiieeii e 127

5.6 SUIMMNATY ..eeeeeveeeraeeiereeiseeseeenresianesssnneesssasssessrsssssnesessrsaassteseasesnssaessssesas 129
Chapter Six :Comparison of Biot and Schoenberg Theories....................... 130
6.1 Introduction to Theoretical StudY.......cceeeeviiiiiiiiiiriiiiiiieeeeeeecieeeeee 130
6.1.1 General COMMENLES .....cccoevureereriiieierieiieititneeseesrnntreeeseesssssnnssees 130

6.1.2 Aim of Theoretical StUAY......ccccerveeieiiriiiiiiiiiiirecee s 132

6.2 Introducing Transverse Isotropy into Biot’s Theory ........ccoevineiiininies 133
6.2.1 Transverse Isotropy in Bone .........ccccovieiiinniiinniiciiieenes 133

6.2.2 THEOTY ..o ittt et s s 134



vi

6.2.3 Phase Velocities in a Transversely Isotropic Porous Medium ......... 136

6.2.4 Comparison of the Predictions of TI Biot model with Schoenberg..139

6.3 Introducing Anisotropic Fluid Effects in Biot’s Theory........coceeencnccnnee. 141

6.3.1 THEOTY...cuvveeeieereeeiieviteeiee et sttt s bs e e st b e 141

6.3.2 Comparison of the Predictions of AF Biot model with Schoenberg.142

6.4 DISCUSSION .evvveriierririeereereeirrtreereeeeseeeesessessssssanarnrrseesesssssasaseesessassassssenseneees 144

Chapter Seven : Discussion and Future Work ... 146

7.1 Conclusions of the Present Study ........cooovviiiiiiiiiie 146

7.2 Ideas for Future Theoretical StUdi€s ........ccevviivuviiiiiiiiiiiiieieccineeneeene 148

7.2.1 Modelling Structural Deterioration .............eoveeiieiceenninenisenseeenee 148

7.2.2 The Modelling of Scattering ...........cocveiimmreniiiinieieciieeciecene 150

7.3 Implications of Current Work for QUS Assessment...........cocerverireiiniinennn 153

7.3.1 INTOAUCHION. ...veeeeeeiieeeeeettce e e ettt e e s 153

7.3.2 The Observation of Fast and Slow Waves In VIvo ..........cccceeveenne. 153

(a) Frequency Range ..........cccoovveiniiiniiiiiiniiinicee s 154

(b) The Effect of StUCTUTE .......covvviieiiiiieiieinetecet e 155

(c) The Presence of the COrteX ..ot 155

(d) The Effect of OStEOPOTOSIS ....ovvverrerieereiiietetereeeteesic e 156

7.3.3 Future Work: Improving QUS ........ccocoiiiinnicineces 156
APPENICES ...ttt 160
A.I  Transducer Characterisation and Properties of the Projected Field ..... 160
AIl  Validating Experimental Method .........c.cccoviiiiiiceee 161
AIIl The Simplex Optimisation Method ..........cooviemimiiiiiine 165
GIOSSATY ...oeceveeieeeeeeteeree et et ae e s bbb st st 173
RELETENCES ..oeovveieeerieieeeriieecitaseeeseeeeretee s e nteeesesbee s rase s sas e s an e e e ra s e e sbaeeeenananas 175

BIDHOGIAPHY......veeveeentereieeeeercetere e st et a e n et 189



Figure 1.1
Figure 1.2

Figure 1.3

Figure 1.4

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

List of Illustrations

Cancellous bone in the bovine femur.
The configuration of bone tissue in the femur.

Possible precision values of bone densitometry, with
coeflicients of variance as vertical bars and mean and
standard deviation of normal population as dashed lines
(Petley 1994).

Linear relationship between attenuation and frequency which
is assumed for BUA.

Co-ordinate system for subscripts in equation (2.1) for (a) zy-
(b) xz- and (c) xy planes, such that stresses over the ij-plane
lead to a lateral or shear strain in an orthogonal plane.

Poiseuille flow in a tube, radius, 7, of parallel sides, with fluid
velocity, # and solid velocity, U .

Conditions determining the theoretical frequency regions of
Biot’s theory.

Viscous skin depth versus frequency for marrow at 20°C,
37°C, & water at 20°C with mean pore radii for normal &
osteoporotic bone.

Maximum & minimum phase velocities of fast & slow waves,
predicted by Biot for marrow-filled cancellous bone at 20°C.

Maximum & minimum absorption of fast & slow waves,
predicted by Biot for marrow-filled cancellous bone at 20°C.

On-axis beam pattern for a radiating piston of 2.5¢cm-
diameter at 1 MHz.

Source of spatial averaging during measurement (Leighton).

Distortion of a sinusoidal wave due to non-linear propagation
(after Leighton 1994).

(a) Evaluation of attenuation (i) signals through water and
target (i) amplitude spectra of each signal; (iii) resulting
attenuation. (b) Evaluation of phase velocity (i) signals
through water and target; (ii) phase spectra of signals; (iii)
phases unwrapped for jumps of 27; (iv) resulting phase
velocity.

vii

page

14

22

25

28

41

43

43

47

48

50

54



Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

(a) The slow wave frequency window (b) overlap of viscous
and scattering frequencies. The rates of loss are arbitrary.

Schematic diagram of experimental system.

Photographs of experimental equipment. (a) I-to-r: signal
generator, power amplifier, water bath; (b) Lecroy
oscilloscope; (c) coaxially aligned transducers, showing
active element.

(a) Waveform through water; (b) its spectral density.
Reverberation inside a specimen and the emerging signal.

(a) Signal composed of direct wave and echo; (b) schematic
of its spectral density (Hammond and Peardon 1994).

Waveform through acrylic test object.

Established and measured phase velocities of pulses through
water and acrylic.

Location and nomenclature of cancellous bone in bovine
femur.

Photographs of cancellous samples. (a) Parallel; (b)
Perpendicular and (c) Oblique at 45°.

Summary of the porosities of the cancellous samples used in
these experiments.

Waveforms through Parallel specimens, of thickness, d (a)
0.6 cm, (b) 1.0 cm; (c) 1.2 cm; and (d): (1) 1.5 cm, and (i) on
an expanded scale.

Waveforms through a Parallel sample, 0.6 cm thick, for
power amplifier input amplitudes of (a) 1 V; (b) 900 mV; (b)
500 mV.

Power spectral density of a typical time series from a Parallel
sample.

Measured and predicted phase velocities of fast and slow
waves for mean porosity: (a) 74.5% and (b) 80.5%. Error
bars on data show intersample precision.

Measured signal loss and predicted absorption for fast and
slow waves for samples of mean porosity: (a) 74.5 % and (b)
80.5%. Error bars on data show intersample precision.

viii

61

69

69

71

73

75

76

76

78

78

82

85

87

94

95



Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Waveforms through Parallel Sample 5 with (a) marrow and
(b) water in pores; Sample 6 with (¢) marrow and (d) water
in pores; and Sample 7 with (e) marrow and (f) water in
pores.

Measured and predicted phase velocities of fast and slow
waves with (a) marrow and (b) water in the pores.

Measured signal loss and predicted absorption of fast and
slow waves with (a) marrow and (b) water in the pores.

Waveforms through (a) a Parallel sample; (b - ¢)
Perpendicular samples and (d) an Oblique sample.

Measured and predicted phase velocities of fast and slow
waves from Parallel samples, and that of the mode from
Perpendicular samples.

Idealisations of the cancellous structure: (a) a cell with
spherical void (Beaupre & Hayes 1985); (b) honeycomb
tubes; (c) parallel plate structure (Gibson & Ashby 1988).

Schematic diagram of a system of infinitely extending parallel
fluid-solid layers, periodically alternating with period, H. The
x3-axis is 0° and the x;-axis is 90°.

The frequency regions within which Biot and Schoenberg
theories are valid.

Predicted phase velocities of fast and slow waves versus
propagation angle for layered bone system, with 90° parallel
to layers. Plate asymptote from eqn (5.2) and fluid asymptote
from eqn (5.5) are shown.

Rotation of a sample in an ultrasonic beam.

Refraction through a finite-sized sample, for angle of
mmcidence, 0;; and angles of refraction of group and phase
velocities, 0, and O, respectively.

The definition of the angles in representation of theory and
data.

Measured phase velocities versus angle of refraction from
various samples.

Measured and predicted phase velocities of fast and slow
waves versus apparent angle of incidence. Curves show
bounds of Schoenberg theory; error bars show intersample
precision on data points.

ix

103

104

105

108

108

112

114

114

118

119

120

124

126

126



Figure 5.10

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure Al

Figure A2

Figure A3

The lateral shift in a wave through a sample tested an a non-
normal angle of incidence.

Phase velocities of fast and slow waves versus angle of
propagation predicted by the Biot and Schoenberg theories.
0° is perpendicular to the layers in Schoenberg; Biot is
isotropic.

Co-ordinate system for a transversely isotropic medium, with
layers in the xy-plane having same properties.

Phase velocities of fast and slow waves versus angle of
propagation predicted by the T1 Biot and Schoenberg
models. 0° is perpendicular to the layers (azimuth).

Phase velocities of fast and slow waves versus angle of
propagation predicted by the AF Biot and Schoenberg
models. 0° is perpendicular to layers.

Phase velocities of fast and slow waves versus angle of
propagation predicted by the AF, T and TIAF Biot and
Schoenberg models. Data from Chapter 5 is shown, with
errors bars as intersample precision. 0° is perpendicular to
layers.

Schematic of the deterioration of cancellous structure with

the progression of osteoporosis (after Hosokawa et al. 1997).

Experimental configuration utilised by Kitamura et al. (1996)
and Edwards (1998).

(a) The diffraction pattern predicted by Kitamura et al.
(1996); (b) the fluctuations in attenuation measured by
Edwards (1998). Data points relate to two samples. 0°
corresponds to the trabecular direction.

Frequency limits above which fast and slow waves may be
observed, with the BUA range.

Changes in stratified model with increasing porosity. Porosity
increases from 70 to 90 %

Schematic diagram of the NPL calibration equipment.

Phase velocity versus angle of incidence, of a pulse through
an acrylic test object.

Slowness surfaces of fast and slow waves for a system of
Plexiglas-water layers, showing predictions by the authors,
and those taken from Plona et al. (1987).

127

131

133

140

143

145

148

151

151

154

157

160

162

164



Figure A4

Figure A5

xi

Phase velocities of fast and slow waves predicted by Biot, 168
versus (a) porosity; (b) fluid density; (c) solid density; (d)
Young’s modulus; and (e) pore size.

Phase velocities of fast and slow waves predicted by 171
Schoenberg versus angle of propagation, for changes in: (a)
porosity, (b) solid density; (c) fluid density; (d) solid

compressional speed and (e) shear speed. Changes in input
parameters are given in Table A4.



Table 2.1

Table 2.2

Table 3.1

Table 4.1

Table 4.2

Table 5.1

Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table Al

Table A2

Table A3

Table A4

List of Tables

Input parameters for Biot’s theory for a propagation model in
marrow-saturated healthy and osteoporotic cancellous bone at

20°C.

Summary of critical frequencies for propagation through
normal and osteoporotic cancellous bone saturated with
various fluids.

Slow wave frequency limits for normal and osteoporotic
human bone, saturated with various fluids.

Reproducibility coefficients of variance for measurement
system.

Input parameters to the Biot model for marrow-saturated
bovine cancellous bone at 20°C.

Input parameters to a Schoenberg model of propagation in
oriented cancellous bone for the figures 5.4 and 5.8.

Input parameters to a Biot model of marrow-saturated bovine
bone at 20°C, and a Schoenberg model, showing coincident
terms.

Anisotropic material parameters for cortical bone (Duck 1990)

Coefficients of eqn (6.4) for Transversely Isotropic Biot
model.

Input parameters for the elastic coefficients for the TI Biot
model.

Properties of the projected field.

Parameters for a layered system for Plexiglas and water, from
Plona et al. (1987).

Changes in velocity of fast and slow waves to individual and
combined changes in input parameters to Biot model.

Changes in velocity of fast and slow waves at various angles,
to individual and combined changes in input parameters to
Schoenberg model.

Xii

page

37

41

62

91

93

118

131

134

138

138

160

163

169

172



xiii

Preface

In recent years, research into the bone disease osteoporosis has
escalated. Simultaneously, the diagnostics industry has embraced the
introduction of the technique Broadband Ultrasonic Attenuation, based on the
potential of the technique to become a cheaper option than x-rays and ideal for
use in screening programmes. However, after fifteen years, BUA has not
delivered on those initial expectations, and it is widely acknowledged that
further research is required before it may be confidently used in the clinical
management of osteoporosis. If the technology and the industry are to be
sustained, basic work into the physics of the application is required to improve
the technology's reputation for reliability and to yield maximum -clinical
information.

This thesis sets out to describe investigations into the theoretical
modelling of the propagation of ultrasonic waves in porous cancellous bone,
with the aim of advancing understanding and contributing to the development
of ultrasonic bone diagnostics. The work is presented in seven chapters,
beginning with introductions to the fields of osteoporosis, the modelling of
propagation in porous media and ultrasonics. The development of two
theoretical models is described, and results from experimental investigations
are presented.

It is hoped that this thesis will in some way contribute to the
improvement of existing ultrasonic techniques, or to aid the development of

novel uses of ultrasound to render a better clinical tool than currently exists.



Xiv

Acknowledgements

This work was carried out on a full time PhD studentship funded by the
Faculty of Engineering and Applied Science of the University of Southampton.

During the past four years, I have been fortunate to have been
influenced by physicists, acousticians and mathematicians; medics, vets and
patients, alike. I acknowledge the guidance of my supervisors, Professor
Leighton, Dr White and Dr Petley. Each brought a different approach to
supervision necessary for this multidisciplined work, and I was fortunate to
have such a varied input. Since the project grew from modest objectives, they
acted as the sounding boards for many of my pet theories in the early stages.
In particular, I express my gratitude to Tim Leighton for academic guidance,
approachable support and for having an inspiring confidence in me. I thank
Paul White for his considered criticism and encouragement, and Graham
Petley for keeping practical objectives to the forefront.

I also acknowledge Joanne Edwards, for the use of her unpublished
experimental results and extend my gratitude to the ISVR Ultralab researchers
past and present (Ruthven Evans, Andy Phelps, Niven Brown and Jim Clarke).
Thanks to Sue Brindle for her assistance and female perspective. I am
extremely grateful for the help of Emeritus Professor Robert Chivers, and for
the genuine encouragement of Emeritus Professor Peter Davies. Thank you to
Andreas Rassau for proof reading my first submission, and to Professor
Robert Allen for reading the revised version.

Thank you to my parents, Professor and Mrs John Hubbuck, for
supporting my studying engineering, and for sharing their insights into
academia, which helped me through the re-examination period. I thank Scott
for his understanding and support through the rewriting, and before our
marriage.

Finally, I was motivated by a group of people whose encouragement
was the most sincere of any I received. They are Mrs Diana Cozens and the
ladies and gents of the National Osteoporosis Society Local Southampton

Group. I hope this work does justice to their enthusiastic support.



xvi

Definition of Symbols and Abbreviations

A generalised elastic (Lame) coefficient

AF Biot anisotropic fluid Biot

a diameter of pore, tube or discontinuity (m)
as amplitude of echo in reverberant signal
ap radius of piston transducer (m)

BMD bone mineral density

BUA Broadband Ultrasonic Attenuation (dB / MHz as gradient)
b absorption parameter = 1B’ / k

C elastic coefficient of transverse isotropy
Cp coefficient of diffusion

CT computed (computerised) tomography
CV, %CV coefficient of variance

c wave speed = o / g (m/s)

Cbar bar velocity =V E / p (m/s)

D, coefficient of TT Biot theory (Table 6.3)
DXA, DEXA  Dual Energy X-Ray Absorptiometry

d target thickness (m)

ds viscous skin depth (m)

i trabecular thickness (m)

E Young’s modulus (GPa)

Ey Young’s modulus of frame (GPa)

E; Young’s modulus of solid material (GPa)
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Jviscous viscous frequency (Hz)
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1 time-averaged intensity (W/m’)
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Im(®) imaginary part of FFT
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k permeability (m?)
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1 coefficient of anisotropy

M elastic coefficient of transverse isotropy
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Where observation is concerned,

chance favours only the prepared mind.

Louis Pasteur
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Chapter One

Introduction to Ultrasonic Bone Assessment

1.1 General Introduction

Throughout the development of medical practice, scientists have been
intrigued by methods for examining the human body without the need for invasive
surgery. The development of X-Ray technology in the early twentieth century
marked a vast step forward in this field, and modern tools such as computed
tomography, MRI and virtual reality have given physicians new means of
examining patients.

Non-invasive and non-ionising ultrasonic testing has been used to great
effect in biomedical diagnostics, in applications such as foetal imaging and
Doppler techniques for monitoring blood flow. The compressions and
rarefractions in pressure that accompany acoustic propagation mean that wave
characteristics closely relate to the mechanical properties of the host medium.
Such a dependence had previously been exploited in the non-destructive testing of
mechanical and structural integrity, and the development of diagnostics was
grounded in the application of ultrasound in engineering environments.

This thesis is principally concerned with the application of ultrasound to
the testing of skeletal integrity in vivo, and in the understanding of propagation in

porous bone, for the diagnosis of the bone disease, osteoporosis.
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1.2 Osteoporosis

Osteoporosis is a skeletal disease characterised by low bone mass and
microarchitecture deterioration of bone tissue, leading to increased fragility and
fracture risk (Consensus Development Conference 1993). In the UK, around 30 %
of women and around 8 % of men over 50 years of age are affected by
osteoporosis (National Osteoporosis Society (NOS) 1998a). Women are exposed
to a higher risk owing to rapidly declining oestrogen levels after the menopause,
whilst the occurrence of the disease in men is linked to a lack of testosterone. The
use of corticosteroids, and lifestyle factors such as smoking or lack of exercise,
also affect its occurrence, which is increasing by 10 % per year (NOS 1998a).

Osteoporosis contributes to causing 200,000 fractures in the UK annually
(NOS 1998a). Around 60,000 of these are hip fractures, which often lead to
prolonged convalescence and disability. Fractures of the spine and forearm are
also common. Many patients do not recover sufficiently to allow a return to their
previous lifestyle, and many die within one year of a hip fracture. Not only does
the occurrence of fractures significantly affect the quality of life of individual
sufferers, but it also places a financial burden on public health resources close to
£1 billion (NOS 1998a). In contrast to risk factors such as the trauma of a fall or
impaired mobility through other disease, the lack of bone strength constitutes a
quantifiable and treatable risk factor.

1.3 The Configuration and Strength of Bone Material

1.3.1 The Configuration of Bone

The skeleton provides a rigid framework for the support and protection of
the anatomy of vertebrates. The bones of the skeleton have adapted in form and
configuration to give optimal weight bearing capacity with a given amount of
calcified tissue. Most bones contain two types of calcified tissue: cortical and
cancellous bone. Cortical bone is dense and compact, with density around 2000

kg/m’ (Duck 1990). Cancellous bone is a porous cellular network of bony strands

2
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called trabeculae (figure 1.1), filled with fatty bone marrow with macroscopic
density close to 1100 kg/m’® (Duck 1990).

Long bones, such as the femur pictured in figure 1.2, consist of a hollow
medullary cavity, with two extremities known as epiphyses. The medullary shaft is
made of cortical bone, while cancellous bone forms a lining of increasing thickness
at the ends of the cavity. Marrow fills the medullary cavity and the pores of the
spongy tissue of cancellous bone. Bone is also highly vascular, with long arteries

running the length of the femur, and numerous fine vessels and nerve fibres.

3.0cm

Figure 1.1 - Cancellous bone from the bovine femur.

Cancellous bone

S

Cortical bone

Medullary cavity

Epiphysis
Figure 1.2 - The configuration of bone tissue in the femur.
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1.3.2 Mechanical Strength of Bone Tissue

Bone strength is predominantly determined by two factors: bone density
and the spatial distribution of calcified tissue.

(a) Bone Mass

Research on fractures in humans shows that those in the population who
have less bone, on average sustain more fractures than those with higher mass
(Smith ef al. 1975). Women achieve a lower peak bone mass than men, and the
period of accelerated bone loss following the menopause is coincident with an
exponential increase in hip fractures in women around this age (Cooper 1989).

The breaking stress of bone is a function of the density and Young’s
modulus (Gibson 1985). (Density here relates to the macroscopic or volume
density of cancellous bone, rather than the density of an individual trabecula.) /n
vitro mechanical loading tests established that the compressive strength of
cancellous bone varies with the square of density (Carter and Hayes 1977). This is

discussed further in Chapter 2.

(b) Bone Structure

The distribution of calcified tissue is determined by its role at a certain site.
Cortical bone, being denser than cancellous, is found at sites exposed to the
greatest strain.

The strength of cancellous bone is determined by the structure of the
trabeculae network. The trabecular arrangement of cancellous bone is optimally
adapted to provide a large load-bearing area, while minimising the weight of
tissue. This enables it to withstand the variety of stresses to which it may be
subjected. Bone material generates an electric potential under stress, which may be
either a semiconductor or a piezoelectric effect (Lang 1970). This behaviour may
induce growth along the principal stress trajectories in cancellous bone (Gibson

and Ashby 1988).
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Furthermore, the density and symmetry of the cancellous architecture
depend on the magnitude and direction of the loads it withstands in a particular
location (Gibson and Ashby 1988). Rod-like structures occur in regions of low
stress, while plate-like arrangements are seen in areas subject to higher stress. In
bones where loading is uniaxial, trabeculac are often arranged in a dominant
orientation with cylindrical symmetry (Currey 1984). If the stress pattern on the
skeletal site is complex, then the trabecular structure is elaborate and may be
asymmetric. The same mass of bone is more biomechanically competent when
arranged in numerous, highly connected thin plates rather than thicker, fewer and
less connected plates (Kleerekoper et al. 1985). The classification and
mathematical description of the cancellous fabric will be discussed in further in
sections 2.3.2 and 5.2.

At a finer level of structure, cortical bone is composed of a fibrous organic
matrix (largely collagen) and inorganic calcium compounds. These compounds
include crystalline hydroxyapatite, whose fibres are partially aligned along the
length of long bones, providing higher stiffness in certain directions. Highly
oriented cancellous bone displays relatively high stiffness and compressive strength
in the direction of trabecular alignment, with the stiffness in transverse direction
being as much as ten times lower, for example, in the human tibia (Williams and

Lewis 1982).

1.3.3 Bone Growth and Osteoporosis

Osteoporosis is associated with an imbalance in the regeneration cycle of
bone tissue. Bone is constantly being laid down by cells known as osteoblasts and
resorbed by those called osteoclasts (McFadyean 1953). In healthy humans, these
processes are balanced, such that there is no overall gamn or loss of bone. The
regeneration cycle is severely disrupted in post-menopausal women as a result of a
lack of oestrogen, which results in accelerated bone loss. Additional diseases, such
as liver or thyroid problems, or certain treatments for unrelated illnesses, such as
corticosteroids for asthma, may also contribute to causing osteoporosis and bone

loss (Cooper 1989).
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The large surface area of cancellous bone enables more effective
metabolism than in cortical bone. Hence, the result from imbalances in the
regeneration cycle may be observed first in cancellous bone. In particular,
osteoporosis significantly affects the structure of cancellous bone. The pores
become larger and the structure becomes more open. Image processing has shown
that aged or osteoporotic bone has significantly fewer trabeculae, while those that
remain are reduced in thickness (Mellish ef al. 1989, Croucher ef al. 1994).

Changes in the trabecular architecture contribute to changes in bone
strength (Kleerekoper et al. 1985). The deterioration of the cancellous structure
has been correlated with fracture incidence in humans. Patients who sustained
osteoporotic-related fractures had a significantly lower trabecular plate density,
thickness and connectivity of trabecular elements than control subjects
(Kleerekoper et al. 1985, Croucher et al. 1994). Therefore, although fractures
occur in sites containing both bone types, most clinical techniques assess

cancellous, rather than cortical, bone for early signs of degeneration.

1.4 Clinical Bone Assessment
1.4.1 The Targeting of Treatment

The ultimate aim of current research programmes is to reduce the risk of
age-related hip fractures and the financial burden they incur. Although factors such
as the risk of falling and poor diet also contribute to fracture risk, drug treatments
are available that resist bone loss. The early administration of treatments such as
Hormone Replacement Therapy (HRT), Calcium and Vitamin D have been shown
to be effective at reducing fracture risk (NOS 1998a). However, although HRT
also has cardiovascular benefits, it has been shown to increase the risk of cancer.
Recently developed synthetic hormones, called Selective Estrogen Receptor
Modulators (SERMS), reduce fracture risk and heart disease, but do not increase
cancer rise (NOS 1998a).

Tackling low bone mass by the prescription of such drugs as HRT or

SERMS, requires identification of those in the population requiring treatment.
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One approach is to treat the entire population, ensuring that everyone who
required treatment received it, and reducing a great number of fractures. However,
in addition to this being an extremely expensive approach, patients would be
unaware of their true bone status or response to treatment, and may be reluctant
to comply with such a course.

An alternative strategy is to target those in the population with low bone
mass who are at highest risk of fracture. Treatment could then be administered
where required, providing incentives for patient and doctor to continue treatment
and monitor its progress. However, for such an approach to be effective, those at
risk must be identified as early as possible. Identification requires population

screening using reliable and precise clinical bone assessment techniques.

1.4.2 The Assessment of Bone Condition

Bone assessment systems may be designed with two roles: first, the early
identification of those at highest risk of fracture, and, second, the monitoring of
bone status during treatment. Achieving these aims relies on techniques satisfying
various prerequisites. First, the system should provide information about fracture
risk from a characterising index or parameter that can be measured non-invasively
and in vivo. Second, that parameter should either significantly alter with the
disease over time, or should be of a quantitative level to establish bone condition
from one measurement. Such requirements are strongly dependent on the
performance of an individual technique, and define its clinical utility.

General experimental practice says that, for a result to be meaningful, the
measurement error should be less than the random variability of the parameter
being investigated. The role of a clinical assessment technique is dependent on its
precision', usually quoted as a coefficient of variance (CV or, as a percentage,
%CV), with respect to the variation in the population (95 % confidence limits, or
two standard deviations). Figure 1.3 shows the comparison between the variation

of bone mineral density in the normal population (mean + standard deviation) and

' The word ‘precision’ has varying usage. In engineering it refers to the resolution (decimal
places, scale gradations) to which a measurement may be made. In clinical research, it is ofien
taken as a technique’s reproducibility, as mean =+ std. The latter definition is used in this thesis.

7
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the error (+ 95 % confidence limits), for various coefficients of variance in bone
densitometry of the lumbar region. Coefficients of 1 and 2 % are small compared
with the distribution, whilst 5 % covers a significant proportion of the range. This
suggests a system with a %CV of 1 % would have strong discriminatory
capabilities, whilst that with a %CV of 5 % would not be as beneficial. To be
useful in unique screening measurements, the %CV of a bone assessment system
should be better than 2 % (Reid and Stewart 1998).

If the system is being used to detect a change in a parameter, the
measurement uncertainty must be significantly less than any difference it is trying
to distinguish. The magnitude of a change in bone density between two
measurements depends on the rate of bone loss and the duration of the interval
between tests. However, to be confident of detecting a change with the technique,
the percentage loss must also be significantly greater than the precision. A certain
amount of bone must be lost for a change to be detected, and the delay between
measurements until this occurs can be very long if the system has poor precision.
This is clearly unsatisfactory for the patient requiring urgent treatment. Therefore,
for monitoring the response to treatment, bone densitometers should have

precision around 1 % (Reid and Stewart 1998).

146F
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Figure 1.3 - Possible precision values of bone densitometry, with coefficients of variance as

vertical bars and mean and standard deviation of normal population as dashed lines (Petley1994).
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1.4.3 Current Diagnostic Technigues

Dual Energy X-Ray Absorptiometry (DXA or DEXA) of the lumbar spine
is currently the preferred method for identifying fracture risk and monitoring
response to treatment of osteoporosis (NOS 1998b). An x-ray beam containing
two energies is passed through the body. Since the interaction of x-rays with bone
differs from that with soft tissue, it is possible to compensate for the absorption
from soft tissue and isolate that from the bone. DXA provides high resolution
images and has a precision better than 1 %.

Generally used to assess sites such as the lumbar vertebrae, DXA replaced
Single Photon Absorptiometry, which was applied to peripheral sites. Quantitative
Computer Tomography was adapted for bone assessment, but is expensive
(Consensus Development Conference 1993). Although the DXA method is seen
as being the gold standard in densitometry (Miller et al. 1996), it is relatively
expensive and not widely available in the UK in comparison to the rest of Europe
(European Foundation for Osteoporosis and Bone Disease 1998). A national
screening programme for osteoporosis was recently rejected on the basis that its
cost could not be justified (Royal College of Physicians 1999).

Techniques such as DXA examine bone for one indication of osteoporosis:
reduced mass. However, as stated in section 1.3.2, bone strength also depends on
its internal microstructure. Therefore, assessment that also evaluates architectural
changes, may be a better determinant of fracture risk than DXA alone.
Deterioration of the bone microstructure may potentially be assessed in vivo by
ultrasonic techniques.

Quantitative Ultrasound (QUS) has been available since the mid-1980s and
has experienced rapid development in recent years. It has attracted considerable
interest since it involves no ionising radiation and can be provided by easily
portable and mexpensive machines. The development of such systems, and the role

and performance of clinical QUS are described in the following section.
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1.5 Ultrasonic Studies of Bone

1.5.1 Historical Studies

Ultrasound has been used to characterise the mechanical properties of
bone in attempts to predict bone strength and resistance to fracture. Studies were
first reported in 1949 (Theismann and Pfander), and most early work focused on
cortical bone (for example, Anast et al. 1958, Yoon and Katz 1976). The first
studies on cancellous bone reported in the late 1970s (Fry and Barger 1978, Smith
et al. 1979).

Bone is generally tested at frequencies below 1 MHz, but studies have
been performed using frequencies up to 15 MHz (Lakes et al. 1983). A wide
variety of spatial dimensions and organisational levels have been probed, which
range from the ultrastructural level (dimension < 10 um, such as collagen (Yoon
and Katz 1976)); to the microstructural level (dimension > 10 um, such as
trabeculae (Evans and Tavakoli 1990)); to the whole organ (Antich 1993).

The measurement of ultrasonic velocity and frequency-dependent
attenuation have been most extensively studied. Further factors that have been
studied include resonance (Selle and Jurist 1966) and a combination of velocity
and frequency-dependent attenuation, named stiffness (Lees and Stevenson 1993),
but whose physical significance is not well defined. This parameter is not
considered further here, but the measurement of velocity and attenuation in bone

1s considered below.

1.5.2 Measurement of Ultrasonic Velocity

Two distinct velocities of wave propagation may be defined; group and
phase velocity. For a plane harmonic wave of angular frequency, ®, and
wavenumber, g (= 2n/A, for wavelength, A), the phase velocity is ¢ = o/q. The
phase velocity equals the propagation speed if the ratio w/q is constant with
frequency. If the phase velocity is a function of frequency, the propagation is

dispersive (Kinsler et al. 1982), which may arise from sources such as scattering,

10
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the frequency dependence of material constants, or the dissipation of wave energy
into heat. The energy of the wave travels at the group velocity, defined as the
derivative of angular frequency with respect to wavenumber, ¢ (which may be
complex), dw/dg.

Group velocity is evaluated from the time taken for a pulse to travel
through a specimen of known thickness. In a dispersive media, such measurements
are subject to the definition of pulse arrival time. A principal feature of dispersion
is that a pulse may not retain its original shape as it propagates through a
dispersive medium (Sachse and Pao 1978). The group velocity in cortical bone has
been measured on many occasions (e.g. Abendschein and Hyatt 1970, Ashman et
al. 1984, Hunt et al. 1998). It has also been measured through cancellous bone
(e.g. Rich et al. 1966, Ashman and Rho 1988, Nicholson ef al. 1994). It is also
forms an assessment in clinical QUS, where it is known as Speed of Sound, or
SOS. Studies in cancellous bone have shown that group velocity, calculated from
a given waveform, varied by 6 %, depending on the choice of zero-crossing point
(Strelitzki ef al. 1996), owing to the presence of frequency dependent dispersion.

The measurement of phase velocity in cancellous bone has received less
attention. There is evidence that the phase velocity decreases with frequency, that
is, it experiences negative dispersion (Nicholson et al. 1994), although later

research shows evidence of positive dispersion (Strelitzki and Evans 1998).

1.5.3 Young’s Modulus

The measurement of ultrasonic velocity has generated much interest owing
to the relation between velocity and Young’s modulus. The velocity, cs,,, of a

longitudinal wave travelling along a thin rod may be expressed as

Char :VE/p 1.1)

b4

for density, p, and Young’s modulus, E.
The Young’s modulus of bone indicates its potential breaking stress

(Gibson 1985), traditionally found by static loading tests. Such tests permanently

11
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alter the specimen and assume a linear relationship between stress and strain,
which may not exist owing to the visco-elastic nature of bone (Gibson & Ashby
1988). Ultrasound offers a non-destructive measurement of Young’s modulus.

Equation (1.1) is valid for longitudinal disturbances in a bar, the lateral
dimensions of which are small compared with its length. In such cases, the
displacement of particles is parallel to its axis and each cross-sectional plane of the
bar may be considered to move as a unit (Kinsler e al. 1982). In practice, this
condition may be satisfied by choosing a suitable frequency. Propagation in a
sample of finite size is dependent on the ratio of the wavelength to some
characteristic length of the sample. In homogeneous media, this effect is known as
geometric dispersion (Thurston 1978, Ashman et al. 1984). Bar propagation
occurs if the ratio of the characteristic size to the wavelength is much less than
unity. If this ratio is much greater than unity bulk propagation occurs.

Equation (1.1) has been used on numerous occasions to evaluate the
Young’s modulus of cortical bone from measurements of ultrasonic velocity (for
example, Lang 1970, Carter and Hayes 1977). Since cortical bone is relatively
homogeneous at the millimetre scale, measurements at frequencies around 2 - 5
MHz, where the wavelength is of the order of 1 mm, satisfy the bar assumption.
Ultrasonically derived Young’s modulus correlates well with that derived from
loading tests (Abendschien and Hyatt 1970).

For studies of inhomogeneous cancellous bone, experimenters have sought
to satisfy the conditions for bar propagation in two distinct ways. The mode of
propagation in a cancellous sample depends on the ratio of the wavelength to,
either, the size of the discontinuity (pore or trabecular width); or, the specimen
size. Therefore, two possible scenarios emerge: propagation along individual
trabecula, or propagation through a whole cancellous sample.

In the first case, Rho (1998) took the trabecular width as the characteristic
length, and assumed that waves travel along each trabecula. Tests were performed
at 2.25 MHz, where the wavelength in water is 667 pum, which, for the bar
equation to be applicable, should be considerably less than the trabecular width.
However, typically trabeculae are 500 pm m width (Mellish et al. 1989), so the

assumption is not strictly valid. Furthermore, this approach neglects the

12
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contribution of the marrow in propagation, and the possibility of bulk wave
propagation at these frequencies.

The second approach has considered propagation through a whole
cancellous specimen, typically a few centimetres in width, at lower frequencies.
Strelitzki et al. (1997a) used pulses of centre frequency 37 kHz (wavelength
around 4 cm), to ensure the wavelength was greater than the macroscopic
dimensions of the specimen. The resulting time-of-flight velocity values were
significantly lower than those observed at higher ultrasonic frequencies, and it was
suggested that bar propagation was occurring at this frequency.

Ashman et al. (1984) suggested that bar propagation in cancellous bone
may transform into bulk propagation as the frequency increases by a geometric
dispersion effect. The method by which this mode conversion may occur had not

been thoroughly investigated, nor explamed with theory.

1.5.4 Broadband Ultrasonic Attenunation

As ultrasonic waves travel through bone, energy is lost. In a lossy medium,
a plane harmonic wave, of peak amplitude, P,, may be represented as p(x, ) =
P,.exp(jax - qx), where the wavenumber is complex, g = g - jo,, and where o, is
the absorption coefficient (Kinsler ef al. 1982).

Attenuation of ultrasonic waves in bone was first reported by Fry and
Barger (1978) and Smith ef al. (1979) for the measurements of the skull. In 1984,
Langton et al. generated much interest in the measurement of ultrasonic
attenuation for bone health assessment. The subsequent technique has come to be
known as Broadband Ulirasonic Attenuation (BUA) and is the parameter most
commonly measured in clinical ultrasonic bone assessment today.

Broadband Ultrasonic Attenuation measurements are taken by passing
signal with a bandwidth 200 - 600 kHz through the os calcis (the heel bone), often
performed in a water bath. The os calcis is used because it contains a high
proportion of cancellous bone, its sides are approximately parallel, and it is easily

accessible for testing.

13
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The assumption is made that when attenuation, is plotted on a decibel scale
as a function of frequency, f, the plot is linear in the bandwidth 200 - 600 kHz,
that 1s,

atten( ) = (gradient x frequency) + constant (1.2)

where the gradient is also called the BUA value, in dB per MHz. The BUA value
is the gradient of the attenuation spectrum in figure 1.4, evaluated by linear
regression.

In a relatively small study of sixty women, Langton found that the BUA
gradient was significantly higher in young healthy women than in those who had
sustained fractures of the femoral neck. Subsequent studies showing similar

results, became the basis for BUA as a parameter of clinical utility.
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Figure 1.4 Linear relationship between attenuation & frequency which is assumed for BUA.
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1.5.5 The Role of QUS in Bone Assessment

Quantitative ultrasound of the heel bone has attracted considerable interest
as a potential tool in the clinical management of osteoporosis. There are currently
a number of commercial QUS systems, using either a contact method (McCue
CUBA, Hologic Sahara, Metra QUS-2), or a water bath technique (Lunar
Achilles). It is a portable, quick and inexpensive method of bone assessment.
However, its acceptance as a reliable tool has taken some time, owing to a number
of uncertainties regarding its performance.

The potential role of QUS techniques in the management of osteoporosis
is determined by its clinical precision. The static instrument precision of
Broadband Ultrasonic Attenuation has been reported as 2 - 3 %, although for
repositioning, a coefficient of up to 9 % has been measured (Greenspan et al.
1997, Stewart and Reid 1998). For Speed of Sound, the %CV has been quoted as
being in the range 0.5 - 0.8 % (Greenspan et al. 1997). Comparing with normal
population ranges for BUA and SOS of 4.3 % and 1.4 %, respectively (Truscott et
al. 1996), both techniques do not perform as well as established DXA.

However, clinical trials have shown QUS is able to predict hip fracture risk
in the elderly, with and without supporting DXA data (Hans et al. 1996), and,
alone, it may be a stronger predictor of low bone mass than when combined with
other factors (Langton et al. 1997). As a result, the National Osteoporosis Society
recommended that QUS may be used to assess hip fracture risk in elderly women,
with patients with low results being referred for DXA assessment (NOS 1998Db).
However, its relatively poor precision, combined with the low rate of change in
BUA and SOS over time, means that the technique cannot currently be used to
assess response to therapy over a period of time (NOS 1998b).

Research has aimed to establish which physical factors of bone influence
QUS measurements. BUA is correlated with bone mineral density, as measured by
DXA (Petley et al. 1987), although not sufficiently strong to suggest that BUA is
only affected by density. Indeed, BUA is affected more by the structure of
cancellous bone than by the density (Tavakoli and Evans 1992).

Factors affecting the precision of BUA measurement have undergone

investigation. No industrial standards exist, and a large variation n BUA between
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different makes of commercial system has been reported (Evans ef al. 1996). The
assumed linear relationship between attenuation and frequency, typified in figure
1.4, has undergone scrutiny, since the attenuation slope varies in different
frequency ranges (Strelitzki and Evans 1996), or it may be a function of receiver
size (Edwards 1998). The effect of foot positioning was researched by Petley
(1994) who proposed a Region of Interest on which to calibrate measurements.
Laugier et al. (1994) proposed a BUA imaging system to overcome positioning
problems.

Bone-mimicking materials have been developed by some commercial
manufacturers, and by researchers, for testing the precision BUA systems. Such
materials have been made of a mixture of epoxy resin and gelatin (Clarke et al.
1994) to simulate the acoustic properties of real bone. The performance of these
phantoms will be discussed further in section 4.2.6.

Therefore, although QUS technology may offer complementary
information about bone condition to radiological data, further research into
underlying influences is required before it may be used in longitudinal studies. In
particular, the interaction between ultrasound and cancellous bone is poorly
understood, and the identities of those parameters that may be optimal for

assessing bone condition, are not known.

1.6 Presentation of Research

1.6.1 Contributions

The definition of osteoporosis refers to the deterioration of the
architecture of cancellous bone. Ultrasonic waves are influenced by this structure,
and may help to indicate the strength of bone and fracture risk. Since the
interaction between ultrasound and cancellous bone is not fully understood,
examination of an accurate theoretical model 1s vital if ultrasound is to be applied
in an optimal way. It is the aim of this thesis to further the understanding of
ultrasonic propagation in cancellous bone, and the contributions to the field may

be summarised as follows:
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e Biot’s theory for propagation in fluid-saturated porous media, previously
mnvestigated by other authors, is considered here in greater detail, where the
importance of the pore fluid dynamics is highlighted.

e The existence of two compressional waves, which are predicted by Biot’s
theory in cancellous bone and which had not been reported in the literature
prior to the start of this work, is confirmed. Wave velocities are observed to
depend on trabecular orientation, which Biot’s theory is unable to model.

e A second model is introduced here, which uses Schoenberg’s theory for
propagation in parallel-plates to gain qualitative agreement to experimental
data.

o The theories of Biot and Schoenberg are compared. This involves the
introduction of transverse isotropy and amisotropic fluid effects into Biot’s

theory.

Throughout the thesis, a number of issue are tackled, including:

e Can a useful theoretical model be found to describe propagation?

e How does frequency affect propagation?

e What physical factors of the composition and configuration of cancellous bone
affect the propagation of ultrasonic waves?

e Can any suggestions be made regarding the improvement of current clinical

systems ?

1.6.2 Ontline

The research is presented as follows:

Chapter 2  Biot’s theory is discussed in detail, the mechanisms of the
propagation of two compressional waves are addressed, and the theory is used to

predict wave properties for a model of cancellous bone.
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Chapter 3  An experimental plan was designed to investigate the propagation
of two compressional waves in bovine cancellous bone in vitro. The principles of
ultrasonic measurement are described, and the methods for evaluating wave
properties, the experimental immersion system used here and the extraction of

bone specimens are discussed.

Chapter4  Experimental results are presented and discussed. The fast and
slow compressional waves of Biot’s theory are observed and measured wave
properties are compared with theory. Wave properties are observed to be affected
by the inclusion of marrow in the pores and to vary with angle to the trabecular

orientation.

Chapter 5  An alternative propagation model for to Biot’s theory is presented
here which accounts for the direction dependence of observed wave properties.
Schoenberg’s theory for propagation in periodically alternating fluid-solid layers is
applied to a stratified model of cancellous bone. Experimental results are

compared with predictions from this second approach.

Chapter 6 The Biot and Schoenberg theories for modelling ultrasound in
cancellous bone are compared. Anisotropic fluid and frame effects are introduced
into Biot’s theory, to enable the theory to account for wave properties that change
with angle. These predictions are compared with the available experimental

results.

Chapter 7  The implications of the experimental and theoretical findings of the
previous chapters for clinical bone assessment is discussed. Various suggestions
are made regarding areas for future work in both theoretical modelling and clinical

studies.
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Chapter Two
The Application of Biot’s Theory to

Ultrasonic Propagation in Cancellous Bone

2.1 Introduction

Whilst many experimental studies of ultrasonic propagation In
cancellous bone have been undertaken by previous authors, relatively little
research has been carried out into its theoretical modelling. A thorough
theoretical understanding of the problem may lead to the most appropriate use
of ultrasound in diagnostic systems. Theoretical modelling also identifies
relationships that allow factors indicating bone strength to be inferred from
measurable parameters.

This chapter reviews Biot’s theory and discusses its application to
ultrasound in cancellous bone. The derivation of Biot’s theory is described,
and the main influences on propagation are discussed, including important

practical details.

19



E R Hubbuck, 2000 Chapter 2 : Biot’s Theory 20

2.2 Biot’s Theory for Acoustic Propagation in Porous Media

2.2.1 Acoustics of Porous Media

Several approaches for modelling acoustic wave propagation in porous
media have been proposed. One group is known as Rigid Frame models’
(Zwikker and Kosten 1949, Attenborough 1983, Allard et al. 1992). These
consider media where the porous solid component (the matrix or frame) has a
high density or elastic moduli and its movement can be neglected. Rigid Frame
models have been used to model acoustic wave propagation in the audio range
through air-saturated foams for noise control applications (Champoux and
Stinson 1992). However, for media where the movement of the solid frame is
elastic and contributes to wave propagation, a more comprehensive theory is
necessary.

Biot’s theory is widely acknowledged as the most general theory for
propagation in fluid-solid composite systems. Fluid relates to both liquid and
gas. The theory has been able to model a broad group of physical problems.
These include fluid diffusion through a porous matrix (Chandier and Johnson
1981); dispersion and attenuation due to relative fluid-solid motion (Stoll and
Bryan 1970); and the experimental observation of two compressional waves in
water-saturated porous solids (Plona and Johnson 1980). It has been used
extensively in the geophysical world for seismic prospecting of oil saturated
rocks (Bourbie et al. 1987) and in sediments (Stoll and Bryan 1970).
Furthermore, it has been shown that predictions for Rigid Frame media and
Biot’s theory are equivalent under certain conditions (Geertsma and Smit
1961, Attenborough 1983).

The following sections outline the derivation of the theory and discuss
the main results of Biot’s theory. Equations for wave propagation are given,
which are used in sections 2.4 and 4.4.2 to predict wave properties in

cancellous bone.

A Rigid Frame medium occurs when the bulk modulus of the frame, K, is much greater than
that of the fluid, Kj; and the bulk modulus of the solid material, K is greater than its shear
modulus, N.
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2.2.2 Derivation of Biot’s Theory

Biot’s theory (19564, b) considers acoustic wave propagation in porous
elastic media, saturated with a viscous fluid. The average motions of solid and
fluid are considered separately, creating two effective media. The theory
predicts that three waves propagate simultaneously: two compressional waves
(called waves of the first and second kind, or fast and slow waves), and a
shear wave. The fast wave is a bulk wave, where the fluid and solid are locked
together and move in phase. It usually exhibits negligible dispersion. The slow
wave corresponds to an out-of-phase motion between fluid and solid and is
usually highly attenuated.

A saturated porous medium occurs when both fluid and solid phases
are continuous. Compressional and shear modes propagate in an isotropic
elastic solid, whilst only one compressional wave may propagate in a fluid.
Therefore, it appears logical that three waves will propagate in a fluid
saturated porous solid if the fluid and solid are continuous. This is a useful,
but crude image, since the theory relies on the motion of fluid and solid being
coupled. This will be discussed in sections 2.2.3 and 2.2.4.

The theory assumes that the saturating fluid is compressible and
viscous, whilst the solid is perfectly elastic (that is, it obeys Hooke’s law) and
impervious to the fluid. Fluid and solid displacements are assumed to be small,
allowing the linearisation of the equations of motion. The theory is valid for
frequencies where the wavelength is large relative to the size of the
discontinuities, to allow the medium to be considered as a homogeneous and
isotropic continuum. This criterion is common to most continuum porous
media theories (for example, see Schoenberg’s theory of Chapter 5), and is
called the long wavelength regime. This regime should not be confused with
the Low and High frequency regions of Biot’s theory, introduced in section
2.2.3, the length-scale of which is defined with respect to the dynamics of the
pore fluid rather than the discontinuity size.

An abridged derivation of the theory is presented here to demonstrate
the physical significance and importance of particular terms, and is also useful

for understanding the modifications to the theory presented in Chapter 6.
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Maurice A. Biot derived his theory of porous media in four stages. In
the first stage, the static deformation of a porous medium containing a fluid is
considered. Using the fundamental assumption of the theory of elasticity,
where strain and stresss are proportional (Jaecger 1964), relationships between
stresses in the solid, o, and fluid, o; and strains in the solid, e;, and fluid, €,

are found to be,

0. =2Ne, + A(e, +e, +e,)+Q0¢,
o,,=2Ne, + A(e, te, +e,)+Qc¢,
o, =2Ne, +A(e, +e, +e,)+0¢,

c,=Ne,, o,=Ne,, o,=Ne, o=Qe+Re.(2.1)

with the co-ordinate system shown in figure 2.1. The terms N, 4, Q and R are
known as generalised elastic coefficients. Constants 4 and N correspond to the
Lame coefficients in the theory of elasticity (Jaeger 1964), with the latter
being the shear modulus. Equations (2.1) are for an isotropic porous medium,

that is, one whose properties do not vary with direction.

zl (@ 2 (b) 2 (©)

X X X
Figure 2.1 - Co-ordinates for subscripts in eqn (2.1) (a) zy-; (b) xz-; and (c) xy-planes,

such that stresses over the ij-plane lead to lateral or shear strain in an orthogonal plane.

Expressions for 4, O, and R are derived in terms of measurable
parameters (Biot 1962). These parameters can be determined by “jacketed”
and “unjacketed” compressibility tests. In the former, the specimen is enclosed

in an impermeable jacket and subjected to an external pressure. The pressure
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of the fluid is transmitted to the internal pore walls, and analysis of the
response yields an expression for the bulk modulus of the solid frame, K;. The
unjacketed compressibility test involves immersing a specimen in a pressurised
fluid. The dilatation of the specimen is measured once the fluid has penetrated
the pores, and an analysis of compressibility yields relations between the bulk
modulus of the solid material, K, and the fluid bulk modulus, K. Using these

results, the following expressions for A, Q and R may be found,

n BK. /K, 1)K, +B°K, +(1-2B)(K, - K,) 2N o
1-B-K, /K, +PBK, /K, 3

1-B—K, /K).BK
0= (L=p- K,/ K,)PK, , (2.3)
1-B—K, /K, +BK, /K,

2
R= KB , (2.4)
1-B-K, /K, +BK, /K,

In the second stage of the derivation, Biot considers the dynamics of
the porous medium. Using the displacement of the solid, U, and the fluid, &,
the acceleration of the solid and the fluid are related to strain forces and mass
densities in Lagranian terms. By introducing the operators, div U = e, div u =
g, curl U =w, and curl u = Q, for compressional strains in fluid and solid (¢
and e, respectively) and shear strains in fluid and solid (w and Q, respectively),
dynamic relationships are used to obtain equations of the propagation of

elastic waves. This results in two sets of coupled wave equations,

6»?2
V*(Pe+Q¢)= &T(p”e + P1E)

P , (2.5)
V*(Qe+ Re) = 52—(/312@ + P€)

52
NVw = 5{(pnw+ p129)
i , (2.6)

0 :“é,?(Plzw“LszQ)
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where equation (2.5) represents compressional propagation, whilst equation
(2.6) represents shear propagation. In the first set, the term P = 4 + 2N, and

mass densities, p;, are defined as

Py P12 = (1 - B)Ps , and  pp, +py =Ppy, 2.7

P2 =(1-a)Bpy, (2.8)

for fluid density py; solid density, ps, and interconnected porosity, f. The term
P2 is the cross-mass density, which describes the inertial drag that the fluid
exerts on the solid as the one is accelerated relative to the other. The term, a,
is the tortuosity and is a crucial parameter in Biot’s theory. The significance of
the cross-mass density and the tortuosity will be discussed in section 2.2.4.
Finally, equations (2.5) and (2.6) may be solved by assuming a

harmonic pressure wave, to yield expressions for the complex velocities as,

A+[ - 4(PR~-0*) o~ 1})]

V&zs L slow ™ 5 (29)
s 2(pnpzz "19122)
Vaewr =N/ [(1-B)p, +(1=1/ 2)p, ] (2.10)
where A= Pp,, +Rp,, -20p,,. (2.11)

Equation (2.9) governs the propagation of two compressional waves, known
as waves of the first and second kind, or fast and slow waves, respectively.
Equation (2.10) describes shear wave propagation. The real part of the root of
equations (2.9) and (2.10) provides the phase velocity in metres per second.
Absorption, in Nepers per metre, due to viscous damping at the fluid-solid
interface, is found from the imaginary part of the wavenumber, g siow shear =
® / Viasi, siow, shear- Viscous drag causes a phase lag between fluid and solid,
hence an imaginary term, joz.

It is often useful to consider that the wave of the first kind propagates

predominantly in the solid frame. Similarly, it may be imagined that the wave
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of second kind propagates mainly in the pore fluid, and is influenced by factors
associated with fluid dynamics in a pore or tube. This approximation is
generally true of Rigid Frame media, such as air-saturated foam, where the
densities and moduli of fluid and solid differ by a few orders of magnitude.
The properties of bone and marrow, however, are of the same order of
magnitude (shown in Table 2.1, later), but the Rigid Frame propagation
approximation is still a useful one. The following sections discuss additional

factors important to propagation.

2.2.3 Fluid Flow in Porous Media

During propagation of the compressional wave of the first kind, fluid
and solid are locked together and move in-phase. This locking arises through
two dynamic coupling forces: viscous and inertial. The extent of the relative
motion required for the propagation of the wave of the second kind depends
on the ability of the fluid to move freely within the pores, and on the
frequency of the incident wave. Biot’s theory assumes for low frequencies,
that the motion of the pore fluid, relative to the solid, follows Poiseuille flow.

Poiseuille flow describes the motion of a viscous fluid in a tube,of
radius, 7, and is characterised by a parabolic velocity gradient, as in figure 2.2
for flow between parallel plates (Daily and Harleman 1966). Macroscopic fluid
particles move in imaginary layers in the x-direction. Each layer has a different

velocity, from zero at the boundary, to a maximum at the centre.

Figure 2.2 - Poiseuille flow in a tube, radius r, of parallel sides; with fluid velocity, #, and

solid velocity, U .
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If the wall oscillates harmonically with exp(jot), a disturbance will be
set up in the fluid. In general, at a distance perpendicular from the wall, y, the

velocity parallel to wall, @, can be expressed as,

C()p 1/2
01 = il €XP jwr—(1+j)(7ﬁ] »), (2.12)
n

for maximum velocity, #,,, ; shear viscosity, 1; fluid density, ps; and angular

frequency, o (Biot 1956a). Equation (2.12) describes the relationship between
the flow in adjacent imaginary layers, depicted in figure 2.2, in the y-direction.
Such behaviour has previously been interpreted as a harmonic wave in the y-
direction, the amplitude of which is subject to exponentially decreasing
damping with increasing distance from the wall. For different profiles of
viscous flow, boundary layers are often defined by various criteria, such as
that distance within which the velocity does not exceed a certain percentage of
its maximum value (Sherman 1990). For the case of Poiseuille flow in a
porous medium, the characterising boundary layer is known as the viscous

skin depth, d,, and is expressed” as,
d, =Q2nlop)". (2.13)

Equation (2.13) shows that the viscous skin depth is dependent on frequency.
Indeed, Poiseuille flow only occurs for frequencies where the viscous skin
depth, d;, is greater than the pore radius, . The parabolic velocity profile

breaks down where d; = r, which occurs at the critical frequency, ®.i,
@ e =211/ pr°. (2.14)

Therefore, the viscous skin depth may be used as a yardstick for

acoustic propagation porous media, and its influence on predicted absorption

* Strictly, d, is the distance over which the vorticity decays to zero. Vorticity is a vector field
describing the rotation of fluid particles, relating the flow of adjacent layers (Sherman 1990).
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is discussed in section 2.2.4. The critical frequency will be lower for a medium
with large pores, than one of smaller pores, for the same pore fluid.
Furthermore, the critical frequency divides propagation into two frequency

regimes: Low and High.
(a) Low Frequency Range: ds > r; @ < Qerit

Poiseuille flow occurs at frequencies below the critical frequency,
where the viscous skin depth is large compared with the pore radius, ». The
viscosity of the fluid causes the fluid motion to lock on to the solid motion,
enabling the fast wave to propagate. However, since the slow wave involves a
relative motion of fluid and solid, it becomes over damped, and is described by

a diffusion equation, rather than a wave equation (Biot 1956a)’:
CDV2§=~§— , (2.15)

where & is a normal mode co-ordinate (of pressure, particle velocity) and Cjp is
the diffusion constant (Johnson and Plona 1982). This means the slow wave

will not propagate below the critical frequency.
(a) High Frequency Range : d; < ¥; &> Wiz

Above the critical frequency, Poiseuille flow breaks down where the
viscous skin depth is smaller than the pore size. Consequently, relative motion
of fluid and solid is not impeded by viscous drag, which enables the slow wave
to propagate. Inertial coupling dominates viscous coupling, and enables
locking between fluid and solid for fast wave propagation. Hence, at
frequencies above the critical frequency, both fast and slow compressional
waves propagate and may be observed. Figure 2.3 summarises the frequency

regions.

3 During diffusion, fluid particles filter from high pressure to low, owing to a pressure gradient.
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Long Wavelength Regime

A>a,r A=ar A<a,r
o BIOT’S THEORY ——————
Low Frequency : High Frequency :
Region I Region
|
dS >r ds =r ds <r :
: ' >
0 ocrit, critical frequency frequency

Figure 2.3 - Conditions determining the theoretical frequency regions of Biot’s theory.

2.2.4 Inertial Coupling and Tortuosity

Inertial coupling, or mass coupling, dominates viscous effects at high
frequencies, and may be regarded in the following way. When a solid body
accelerates in a fluid, it drags its own mass plus an additional mass of
surrounding fluid (Daily and Harleman 1966). The extent of this coupled mass
will depend on the shape and size of the solid body; or, in a porous solid, on
the porosity and surface area of the solid matrix. In Biot’s theory, the effect is
represented by the cross mass density, p,, and the tortuosity, o.

The tortuosity, a, is a critical parameter in the theory. It is strictly
defined as the ratio of the length of the winding path through the pores, to the
length of the path if it were straight. It therefore represents the fractional
deviation from a straight path, and is always greater than unity. Various
expressions have been derived for its evaluation in practice, many of which
relate to the geometry of the matrix. However, other factors may cause a
deviation in the path of fluid flow through the pores, and hence some
expressions include factors of fluid motion.

If the dynamics of the fluid are contained in the definition, they may
add a frequency-dependent term. Thus, the cross-mass density of equation

(2.8), may be rewritten as being dependent on frequency,
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pr(@)=—(a(@)-Dfp,, (2.16)

where a(m), the frequency-dependent tortuosity, defines the entire dynamics
of the pore fluid, incorporating inertial and viscous effects. Such effects may
be analysed by considering fluid motion in a Rigid Frame porous solid.

For a harmonic pressure gradient, VP,e’” (constant, P,), applied to a
porous medium, the linear (small amplitude) equation of motion of fluid in the

pores is,
i
-VP, =a(w —, 2.17
o ( )'Dfék ( )

where # is fluid velocity, B is porosity, ps is fluid density, and a(w) is the
frequency-dependent tortuosity. The product, o(w)ps, represents the added
fluid mass, coupled by inertial effects. Darcy’s law states that the rate of flow
through a porous medium is proportional to the pressure gradient causing that

flow,

k
pi=—=VP,, (2.18)
n

where 1 is viscosity and & is the permeability (in m?), which characterises the

rate of fluid flow. The permeability is related to the tortuosity by

a(w) = ;é:—/’f—, (2.19)
f/

which may be alternatively expressed as,

o(w)=a, + —*Jzz g’) , (2.20)
f

where a., is tortuosity at the limit of infinite frequency, that is, it only relates

to geometry. The product, bF(y), governs attenuation, where b = np*/k. The
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function, F(y), measures the deviation from Poiseuille flow as a function of
frequency, and accounts for changes in damping when the skin depth becomes
less than the pore radius. Its definition also describes the geometry of the
medium, whilst y depends on the ratio of the pore size to skin depth
(Attenborough 1987), defined elsewhere. Johnson et al. (1987) evaluated

equation (2.20) in terms of measurable parameters,

djalkip o

a(o)=a, + jnﬁ[l— B J/a)pfko, (2.21)

where a is the pore diameter; k, is the d.c. permeability (for static conditions
without a fluid pressure gradient). Equation (2.21) is also known as the JKD-
tortuosity. Berryman (1980) derived a purely geometric tortuosity for a matrix

of fused spheres, independent of density, and related to a structure factor, S,
a=1-SQ-1/pH=a_. (2.22)

Equation (2.22) has often been used as the first evaluation of tortuosity in the
application of Biot’s theory (for example, for cancellous bone, Williams 1992).
An alternative definition of tortuosity for a layered structure, is discussed in

section 6.3.1.

In practice, the critical frequency is a transitional bandwidth. Johnson
and Plona proposed a rule-of-thumb for a viscous frequency, ®,iscous, above
which the slow wave may be experimentally observed (Johnson and Plona
1982). This occurs at frequencies where the viscous skin depth, d;, is much

less than the pore radius, r,

2n
a)viscous = 2 (223)
Pfrzgz

for the scaling constant, £ ~ 0.01 (Johnson and Plona 1982). The viscous
frequency is therefore a number of orders of magnitude higher than the critical

frequency.
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2.2.5 Conditions for Slow Wave Propagation

Biot’s theory introduces the propagation phenomenon of the wave of
the second kind, or slow wave. This wave propagates mainly in the pore fluid,
and is therefore dependent on those factors relating to fluid flow. The previous
section showed that the ratio between pore radius and viscous skin depth i1s a

crucial factor. The conditions for effective slow wave propagation are:

e the continuity of fluid and solid phases and a high permeability;
e a high frequency content of incident wave;
e a large pore size;

o a low fluid viscosity.
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2.3 A Biot Model for Cancellous Bone

2.3.1 Historical Studies

McKelvie and Palmer first applied Biot's theory to ultrasound in
cancellous bone in 1987. Since then, a number of researchers have
investigated its ability to predict wave properties (McKelvie and Palmer 1991,
Williams 1992, Lauriks et al. 1994, Williams et al. 1996, Hosokawa and Otani
1997). Results show that velocity may be correctly predicted when input
parameters are independently evaluated (Williams 1992, Lauriks et al. 1994,
Williams et al. 1996, Hosokawa and Otani 1997). However, a discrepancy
between measured attenuation and predicted absorption has been reported on
more than one occasion (Williams et al. 1996, Hosokawa and Otani 1997).
The reasons behind this inconsistency will be discussed at length in section
3.3. Biot’s theory predicted qualitative changes in attenuation gradient with
porosity (McKelvie and Palmer 1991), but quantitative agreement was poor.

Lakes et al. (1983) reported observing the two compressional waves in
cortical bone, although this result has not since been independently verified.
At the outset of this work, the slow wave had not been observed in cancellous
bone. This marked a significant omission to the evidence supporting the
applicability of Biot's theory. Observations detailed in following chapters
confirm the existence of the slow wave for certain trabecular geometries. First,
this section describes the estimation of wave properties using a Biot model for

cancellous bone.

2.3.2 Model Input Parameters

The input parameters of a theoretical model generally relate physical
properties of the system to quantifiable parameters, which allow the practical
interpretation of experimental data. If these variables are accurately known, a
straightforward comparison between experiment and theory may be made.

However, in many circumstances, input variables may be undetermined, or
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determined to an insufficient degree, and the behaviour of the model must be
estimated. One method for estimating the predictions of Biot’s theory is
described in section 2.3.3, whilst the evaluation of the input parameters is
considered here.

Accurate prediction of the Biot wave speeds and absorption for
cancellous bone requires knowledge of the properties of the constituents and
the porous architecture. The values of fourteen parameters must be known.
The version of Biot’s theory applied here uses the JKD tortuosity term of
equation (2.21), which requires more knowledge of the structure and fluid
properties than the purely geometric term of equation (2.22), used by previous

authors (Williams 1992, Hosokawa and Otani 1997).
(a)  Material and Mechanical Properties of Cancellous Bone

The material properties of cancellous bone have not been as widely
investigated as those of cortical bone. However, the composition of both types
is approximately the same at the collagen level, and, therefore, it is widely
accepted that the properties of individual trabecula are the same as those of
compact bone (Gibson and Ashby 1988).

The density of human cortical bone is 1800 - 2000 kg/m’, whilst that of
individual trabecula average 1820 kg/m’ (from summaries by Gibson and
Ashby 1988; Duck 1990). A value of 1960 kg/m’ for bovine bone has been
used in previous Biot models (Williams 1992, Hosokawa and Otani 1997).

Understanding the relationship between density, microstructure and
strength in cancellous bone is beneficial, first, for fracture risk assessment;
second, for prosthetic design; and, finally, for determining how stress across
joints cause damage during osteoarthritis. Furthermore, an appreciation of the
mechanical behaviour of cancellous bone is useful for predicting its response
to acoustic waves. Both cortical and cancellous bone are mechanically
anisotropic, that is, their behaviour under tension and compression varies with
direction. Anisotropy in cortical bone arises from the alignment of
hydroxyapatite fibres at the ultra-structural level, whereas in cancellous bone,

it is mainly due to the trabecular structure. The Young’s modulus of human
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cortical bone along the longitudinal axes is 18.1 - 22.6 GPa, and perpendicular
to this, is 10.2 - 11.5 GPa (Gibson and Ashby 1988, Duck 1990).

A problem arises in modelling propagation, because Biot’s theory
assumes cancellous bone to be isotropic, where realistically, it is not. Previous
authors have tackled this problem by modelling wave propagation only in the
direction in which the solid Young’s modulus, F;, and the Poisson’s ratio, vy,
are evaluated. The problem of modelling waves in anisotropic media will be
discussed further in Chapter 5 and 6.

The mechanical behaviour of cancellous bone is typical of a cellular
material and was investigated by Gibson (1985). Cell deformation under stress
depends on three factors: the openness of the cells; the porosity; and the
properties of the cell walls. Standard techniques for the analysis of synthetic
foams and honeycombs, have been employed to investigate the mechanics of
cancellous bone. Gibson showed the relative density of cancellous bone was

proportional to its relative Young’s modulus;

E/E;,=C(p/ ps)", (2.24)

for Young’s Moduli, £ and E;, of the total medium and solid component,
respectively; densities p and p, of the total medium and solid components,
respectively; and constant, C. The index, n, takes the value 2 for open cells,
and 3 for closed cells, and has been evaluated as 1.23 for cancellous bone
(Williams 1992). The ratio of densities, (p/ps), is equivalent to the volume
fraction of the solid, or (1-B), for porosity, f. The Young’s modulus of the

cancellous frame, E;, can therefore be found from equation (2.24) as,

E =E(-p" (2.25)

Equation (2.25) may be used to evaluate the bulk modulus of the solid,

K, (i.e. the material of individual trabecula, taken to resemble cortical bone),

and the bulk and shear moduli of the cancellous frame, as K, and N,,

respectively, from standard expressions for an isotropic medium (Jaeger
1964), as,

34



E R Hubbuck, 2000 Chapter 2 : Biot’s Theory 35

K, =E,/31-2v,), (2.26)
K, =E,/31-2v,), (2.27)
N, =E, /2(1+2v,), (2.28)

where v, and v, are the Poisson’s ratio of the solid material and frame,
respectively. Poisson's ratio is the quotient of lateral contraction to
longitudinal extension under lateral stress (Jaeger 1964), and is therefore
direction dependent. Along the long axis of in bovine cortical bone its value is

0.32 - 0.36, whilst it is 0.4 - 0.5 perpendicular to this (Duck 1990).

(b)  Properties of Bone Marrow

Bone marrow is classified as either red or yellow. Yellow marrow fills
the shafis of cortical bones and is composed principally of fat cells, supported
by a delicate vascular connective tissue (McFaydean 1953). Its density is 923 -
1027 kg/m’ and its amount increases with age. Highly vascularised red
marrow, containing fewer fat cells, fills the trabecular cavities and its density
lies in the range 992 - 1047 kg/m’. Its bulk modulus was previously estimated
as being similar to that of fat at 2.0 GPa (McKelvie and Palmer 1991).

Little is known of the mechanical properties of bone marrow or its
response to ultrasound*. The viscosity of marrow from bovine radii is
dependent on temperature (Bryant et al. 1989), and its value can vary from

0.25 at 20°C to 0.05 Pa.s at 37°C.

(c) Structural Parameters

Defining the structure of cancellous bone is a complex task. The field
of biomechanics has proposed several geometric models, some of which will
be discussed in section 5.2, in addition to a measure of local anisotropy,
known as the fabric ellipsoid (Turner and Cowin 1987). By contrast, acoustic

propagation models such as Biot’s theory require knowledge of parameters

* Hrazdira (1965) found that ultrasound corrupted marrow cell suspensions by mechanical effects
and the production of free radicals. An ultrasonic response of this sort is not considered here.
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unique to dynamics, such as tortuosity and permeability. However, parameters
such as the porosity and pore size are common for analysis in both fields, and,
in practice, the assessment of the trabecular microstructure has been
performed using image processing and topological classification (Mellish et al.
1989, Croucher et al. 1994). Such methods evaluate mean trabecular plate
thickness (MTPT) and separation (MTPS), as well as information regarding
connectivity.

The porosity of young healthy human cancellous bone has been
estimated as around 77 %, rising to around 88 % in older, osteoporotic bone
(Mellish et al. 1989). It should be noted that it is the pore radius, not diameter
or plate separation which is considered by Biot’s theory, and data on the
MTPS (that is, pore diameter, a), suggests the pore radius in normal human
bone may be estimated as 285 + 50 um, whilst that of osteoporotic bone may
be taken as 455 + 130 um.

Williams et al. (1996) established empirical expressions for the
tortuosity and static permeability of cancellous bone. The authors measured
the tortuosity of cancellous bone from the electrical conductivity after marrow
removal. The ratio of conductivity of saline alone to the conductivity of the
sample saturated with saline, provides a geometrical factor which is
proportional to the tortuosity, .. The authors measured the permeability
using Darcy’s law (equation (2.18)) and a gravity-fed permeability chamber.

Such analysis yielded the expressions,

a, =1-2+(72-6x107°. MTPS), (2.29)

k,=44-9.8", (2.30)

where MTPS is the mean trabecular plate separation in microns.

Evaluating all model parameters for a specific sample of cancellous
bone, for the purposes of comparing theory with experimental results, is
problematic. Therefore, established values from literature are used and, since
many of the parameters in Table 2.1 may take a value within a given range, the
extreme limits of the behaviour of the model are estimated. The following

section discusses how the uncertainty in the prediction may be evaluated.
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Table 2.1 - Input parameters for Biot’s theory for a model of propagation in

marrow-saturated healthy and osteoporotic cancellous bone at 20°C.

Parameter

Value

Source and Detail

Independent & Variable

Density of solid (cortical), ps

1800- 2000 kg/m’

Gibson & Ashby (1988)

Density of fluid (marrow), ps

992 - 1047 kg/m’

Duck(1990); unknown species

Young’s modulus of solid, E

18.1 -22.6 GPa

Duck(1990) trabecular axis

porosity,

(2) 0.77 £0.05
(b) 0.88 £0.03

female 19-40 yrs
" 61-90 yrs, Mellish 1989

pore radius, 7

(a) 285 + 50 pm
(b) 455 + 130 pm

female 19-40 yrs
" 61-90 yrs, Mellish 1989

Independent & Fixed

Bulk modulus of fluid, K, 2.2 GPa McKelvie (1991); as water
Viscosity of fluid, n 0.15 Pa.s Bryant (1989); bovine at 20°C
Index of power law, # 1.23 Williams (1992); bovine tibia
Poisson’s ratio of solid, v; 0.32 Gibson (1988); bovine
Dependent

Shear modulus of bone, N, found from equation (2.28)

Poisson’s ratio of frame, v, equivalent to v;

tortuosity, o found from equation (2.22)

permeability, &, found from equation (2.30)
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2.3.3 Dealing with Uncertainties in Predictions

If values of the input parameters to a model are all known, subject to
some error, the simplest method for establishing the uncertainty in the
prediction is to find the upper and lower bounds that the model can take.
These extreme values may be found by determining the appropriate
combination of input values, which may be a complex task if performed by
hand. In practice, the use of optimisation algorithms simplifies this task.

Optimisation is part of almost every simulation or modelling situation
in engineering. It implies either minimising or maximising. Since the maximum
of a function, A(x), occurs at the same place as the minimum of -A(x),
however, it is possible to consider only minimisation. In finding the maximum
and minimum bounds of a theoretical prediction, the function #4(x) being
optimised is the output of the model itself.

Numerical methods that perform optimisation may use the principle
that derivatives of the function are zero at the minimum, or they may look for
the steepest gradient of descent towards the minimum (Kincaid and Cheney
1990). Classic methods, such as Newton’s method (Kincaid and Cheney
1990), adjust one variable at a time. However, they are slow for complex
problems. Faster and more sophisticated methods, such as genetic algorithms
(Kirkpatrick 1983), allow many variables to change at once, and may allow the
input values to be subject certain constraints.

There are established methods and computer algorithms for those
problems where both the function and input constraints are linear. One
example is the Simplex method (Kincaid and Cheney 1990), which is discussed
further in Appendix A.IIl. In practice, multivariable optimisation problems can
be solved using software that represents data as matrices, such as MatLab.
This method has been programmed in the software package MatLab using
standard commands.

Optimisation may be used to evaluate the upper and lower bounds of
wave properties predicted by Biot’s theory. Although there are over a dozen
parameters in the Biot model, not all of those listed in Table 2.1 will

contribute to determining the value of the bounds. Only those which can vary
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within a given range are taken as input parameters. The optimisation searches
iteratively by varying the inputs and monitoring that the value of the model
decreases, until the minimum bound is found.

Parameters headed Variable in Table 2.1, are independent with respect
to other variables in the theory, and may take a value within the range given.
These are the fluid and solid densities, py and p,, respectively; the Young’s
modulus of the solid, E;; the porosity, B, and the pore radius, ». These
parameters are those which may be varied during optimisation. For those
parameters listed as Fixed, there is only one value they can take, generally
because their value is estimated or is the only one quoted in the literature.
These include the fluid bulk modulus, the viscosity, and the index, n. The
Poisson’s ratio of the frame is assumed that same as that of the solid, and so is
fixed. Those parameters listed as Dependent may be evaluated from empirical
or theoretical equations. In this model, solid and frame moduli and the shear
modulus are be found from equations (2.25 - 2.28) and the tortuosity and
permeability are be found from equations (2.22) and (2.30), respectively.
Therefore, of the original fourteen parameters, only five may be varied within
the given range to find the bounds of theory. These are fluid and solid
densities, pyand py, respectively; Young’s modulus of the solid, E,; porosity, B;
and pore radius, 7.

To use the Simplex method to find the bounds of the predictions, it is
necessary to establish that the function (the equations of Biot’s theory) and the
constraints (input variable limits) are linear. Linearity was established for
Biot’s theory and the method used to establish this is outlined in Appendix
A.IIL. Once linearity was established, the Simplex method was used to find the
bounds of the Biot’s theory, allowing the Variable parameters in Table 2.1 to

alter within the given ranges.
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2.4 Prediction of Wave Properties for Cancellous Bone

2.4.1 Viscous Skin Depth and Critical Frequency

Before predictions for wave properties are presented, it is useful to
consider Biot’s defining frequency limits for a model of cancellous bone. In
particular, it is valuable to calculate the critical frequency, ®... (the intercept
of Low and High frequency regions in Biot’s theory), since this parameter
represents the frequency above which two compressional waves will propagate
in that medium. The critical frequency is the frequency where the viscous skin
depth equals the pore radius, ». In addition, the presence of a pore size
distribution in real bone will yield a critical bandwidth.

Figure 2.4 shows the viscous skin depth, d;, of equation (2.13), versus
frequency for pore fluids of marrow at 20 and 37°C (for viscosity, 1 as 0.15
and 0.05 Pa.s, respectively), and for water at 20°C (n = 0.001 Pa.s). The fluid
density was 1000 kg/m’ for all cases. Figure 2.4 also shows the mean pore
radii for normal and osteoporotic bone, as given in Table 2.1, with pore size
distribution given by the error bars. The critical bandwidths and their mean
values for the three fluid conditions were evaluated from Figure 2.4, and are
summarised in Table 2.2.

Clearly, the greater the fluid viscosity, the higher the critical frequency,
and the greater the critical bandwidth. Osteoporotic bone yields lower critical
frequencies for the same fluid conditions than healthy bone, although the
larger pore size distribution in the former does not necessarily give a larger
critical bandwidth, owing to the curvature of the graphs. Consequently, these
results provide the frequency limits below which two compressional waves
will theoretically propagate in cancellous bone with these fluid conditions. It
may be concluded that the two compressional slow waves will propagate at all
ultrasonic frequencies (defined as above 20 kHz) in cancellous bone with pore
radius equal to, or greater than 0.285 mm. It should be noted that, according
to Johnson’s rule of thumb (equation (2.23)), the frequency above which the
slow wave will be easily observed in practice, will be a few orders of

magnitude higher than this.
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Table 2.2 - Summary of critical frequencies for propagation through normal

and osteoporotic human cancellous bone saturated with various fluids.

Critical Bandwidth (and Mean) in Hertz
Normal Osteoporotic
Water at 20°C 3.3-6.9 (4.5) 0.1-2.9 (1.4)
Marrow at 37°C 156 - 341 (224) 48 - 148 (76)
Marrow at 20°C | 490 - 1042 (705) 143 - 451 (231)
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Figure 2.4 - Viscous skin depth versus frequency for marrow at 20°C & 37°C, and water at

20°C, with mean pore radii for normal and osteoporotic bone.
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2.4.2 Phase Velocities and Attenuation

Phase velocities and absorption of fast and slow waves were predicted
using the values in Table 2.1 and equations (2.2 - 2.4), (2.7), (2.9 - 2.11),
(2.16), (2.21 - 2.22), and (2.25 - 2.28). The model was evaluated for marrow-
saturated cancellous bone at 20°C. Figure 2.5 shows the phase velocities of
fast and slow waves and Figure 2.6 shows attenuation plotted over a wide
frequency range.

The effect of the critical frequency, ®..,, may be seen in figures 2.5 (a)
and (b) and figures 2.6 (a) and (b), which clearly show a bi-phasic response
over the frequency range. These phase velocity and attenuation curves both
show a knee between low and high frequency regions. This juncture

corresponds to the critical frequency, or, rather, to a critical bandwidth.
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Figure 2.5 - Maximum and minimum phase velocities of fast and slow waves, predicted by
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Figure 2.6 - Maximum and minimum absorption of fast and slow waves, predicted by Biot

for marrow-filled cancellous bone at 20°C.
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2.5 Summary and Conclusions

This chapter has presented a detailed discussion of the application of
Biot’s theory to ultrasonic propagation in cancellous bone. The equations of
Biot’s theory were presented, and the evaluation of input parameters for a
model of cancellous bone was described. The effects of frequency, structure
and mechanical properties on propagation were discussed, and the phase
velocity and absorption of the two compressional modes were predicted over a
large frequency range.

This analysis has lead to the following conclusions regarding the
practical observation of two compressional waves in cancellous bone at

ultrasonic frequencies.

° Theoretically, both fast and slow compressional waves will propagate
at ultrasonic frequencies in marrow-saturated cancellous bone.
° The open and permeable structure of cancellous bone will aid slow

wave propagation at ultrasonic frequencies.

During the course of the research for this thesis, Hosokawa and Otani
(1997) reported observing two compressional waves in cancellous bone for
propagation in the direction of the trabeculae. Their experiments were similar
to those being carried out for this study at the same time, the experimental

methods of which are detailed in the next chapter.
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Chapter Three

Procedures for the Measurement of

Ultrasonic Properties in Cancellous Samples

3.1 Introduction to Experimental Methods

Whilst the theoretical understanding of ultrasonic propagation has much in
common with that of acoustic propagation at frequencies below 20 kHz, the
practical investigation of the phenomenon has a number of distinctive
characteristics. Ultrasonic transducers utilise materials capable of oscillating at
high frequencies, and measurements are often performed under water, or using a
coupling medium.

Chapter 4 will later present the results of a series of experiments, designed
to investigate ultrasonic waves in cancellous bone in vitro. This study aims to
examine the correlation of measured wave properties with predictions from Biot’s
theory, introduced in the previous chapter. A number of established experimental
and analytical techniques are utilised in the research.

This chapter first describes the principles of ultrasonic measurement,
including the generation and reception of high frequency waves, and the causes of
deviation from ideal acoustic behaviour. The evaluation and interpretation of
measured attenuation is considered in some detail. Next, attention is turned to the
evaluation of phase velocity from experimental data using spectral processing. The
apparatus used in the experimental studies is described, the performance of which
is characterised in various tests. The chapter concludes by describing the

preparation and classification of specimens of bovine bone.
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3.2 Principles of Ultrasonic Measurement

3.2.1 Piezoelectric Transducers

Ultrasonic waves are most commonly generated by the conversion of a
fluctuating electrical signal to mechanical oscillations by a transmitting transducer.
The process is reversed in the measurement of ultrasound by a receiving
transducer. Such conversion is often achieved using semiconductor materials that
exhibit the piezoelectric phenomenon.

The piezoelectric effect occurs in materials where the application of an
electric potential causes a mechanical distortion. The phenomenon is reversible,
such that, if pressure is applied to a sample of such a material, an electrical
potential arises between its opposing faces. Transducers containing piezoelectric
elements are widely used to generate and detect ultrasonic waves, being composed
of materials such as lead zirconate titanate (PZT) and polyvinylidenefluoride
(PVDF). Applying an oscillating voltage to the faces of such a material produces
mechanical fluctuations, which, when coupled to a propagation medium, cause
acoustic waves to be generated.

The practical performance of piston-type piezoelectric transducers, of the

type used in these studies, is now discussed.

3.2.2 Ultrasonic Generation

In general, acoustic waves in air spread out spherically from a point
source. However, the sound field from a plane piston oscillator is more complex,
and has been investigated using Huygen’s principle (Leighton 1994). Huygen’s
principle treats each wavefront (the surface connecting points of the same phase)
as an array of point sources, which radiate secondary spherical wavelets. The
position of the wavefront at some time later, is the envelope of these secondary

wavelets.
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If the size of oscillating source is small compared to the wavelength, the
sound field is uniform. In practice, however, ultrasonic sources generate fields
with wavelengths comparable with the source dimensions, and so the acoustic
field is far more complex. The circular surface of a piston-type transducer can be
imagined to be an array of point sources, and, from Huygen’s principle, the
wavelets emerging from these distributed sources interfere, producing diffraction.

Hence, piston transducers project a field that varies spatially, the variation
of which depends on the transducer geometry and the excitation. For a piston
transducer in the xy-plane, the intensity, I, of a continuous wave field at a

position, z, in the on-axis z-direction, relative to the maximum intensity, Iy, is,

1/2
I—Zzsinzz .(ap2 +zz) -Z¢, 3.1)
1y A

for wavelength, A, and piston radius, a, (Wells 1977).

Figure 3.1 shows the on-axis field pattern, from equation (3.1), of a piston
transducer of 2.5 cm diameter at z = 0, emitting a continuous wave at 1 MHz. The
field contains a series of maxima and minima, whose separation increases with
distance from the transmitter. The position of the last maximum is taken as the
transition between the so-called near and far fields, often termed the Fresnel and
Fraunhofer diffraction regions, respectively. For figure (3.1), the last maximum
occurs at z = 0.105 m. Whilst the near field (z < 0.105 m) is highly complex, plane

wave propagation may be assumed to occur in the far field (z > 0.105 m).

a

Relative ints

0.1 02 03 0.4 05
Distance from Transducer (m)

Figure 3.1 - On-axis beam pattern for a radiating piston of 25 mm-diameter at I MHz.
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Transient pulses do not produce the same interference pattern as
continuous waves, and temporal information is required to predict a transient field
(Beaver 1974). However, it may be assumed that transient excitation affects the
amplitude variation in the near field more significantly than the far field (Kinsler et
al. 1982). The on-axis position of the transition between near and far fields for a
transient response may be approximated as that location predicted in the
continuous case, by equation (3.1). Section 3.3.2 will consider a case where it is

beneficial to probe a test object with the far field in practical measurement.

3.2.3 Ultrasonic Detection

The voltage output of a piezoelectric receiver is proportional to the
average pressure over its sensing surface. Transducers of finite size may spatially
average the pressure of an incident signal. For example, if a receiver is used to
measure the maximum pressure at a focus smaller in area than the sensing surface,
it will sense the peak, plus surrounding regions of lower pressure (figure 3.2). This
variation will be averaged over the sensing area, producing a signal output lower
than the actual peak pressure present (Leighton 1994). The transducer may only
measure the true peak if that pressure is sustained over the whole sensing surface.

The averaging of signal properties is considered later in section 3.3.2.

«+«—— Iransducer

Sensing element
PRI

'S

Pressure

*> Distance

Figure 3.2 - Source of spatial averaging during measurement (Leighton 1994).
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3.2.4 Non-linear Propagation

Linear wave propagation assumes fluctuations in particle velocity are much
smaller than the speed of sound, and fluctuations in density are negligible
compared to equilibrium density (Kinsler et al. 1982). However, particle
displacements cause local fluctuations in density in sound fields of sufficient
amplitude (often termed finite amplitude), such that density and pressure
variations do not satisfy the linear wave equation. There are two possible sources
of non-ideal behaviour: convection and material non-linearities (Leighton 1994).

Convection non-linearities occur if the particle velocity, v, is a significant
proportion of the wave speed, c. For high peak pressures, parts of the wave will
propagate with the combined speed, (v + ¢). This causes the peaks to travel faster
than other parts of the wave, whilst the troughs lag (Leighton 1994), in the
manner shown in figure (3.3) for a sinusoid. Material non-linearities occur when a
medium is compressed, causing its bulk modulus to increase locally. This leads to
an increase in the local speed of sound, which enhances the peak-trough shift.

Both forms of non-linearity cause the waveform to distort, in the manner
shown in figure 3.3. As a sinusoidal wave propagates through the medium, local
effects cause parts of the wave to travel faster than others, skewing the sinusoid.
The waveform becomes sawtooth at a distance from the source known as the
discontinuity length. The shock which occurs causes increased absorption by
redirecting energy from the fundamental frequency to harmonics, which are
attenuated more strongly. Afier the discontinuity length, the amplitude of the
shock decreases. Further absorption occurs after this (o/d age), and the waveform

becomes a small amplitude sinusoid.
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Figure 3.3 - Distortion of a sinusoidal wave due to non-linear propagation (after Leighton 1994).

The presence of non-linear propagation gives rise to various consequences
for the practical experiment. Non-linear waveform distortion may interact with
diffraction effects, causing a sinusoidal pulse to become non-symmetrical about
the zero axis: generally, the peak pressure is increased, whilst the trough becomes
rounded (Leighton 1994). In practice, analysis of the maximum and minimum peak
pressures may reveal the presence of non-linear propagation. Amplitude scaling
tests may also be performed. Both are used in these studies, as described in
sections 3.5.2 and 4.2.2. Linearity may be approximated for small wave
amplitudes in practice.

If comparisons are made between a theoretical model based on linear
propagation, and the results from a practical non-linear case, discrepancies are
likely to occur. For example, section 3.3.1 will later describe the evaluation of
attenuation based on a linear propagation model, is evaluated as the ratio of
amplitude spectra of reference and test trace, found using Fourier Transforms.
Although Fourier analysis may be applied to any signal, it is not strictly valid to
evaluate their spectral ratio if propagation is non-linear (Stremler 1990).
Furthermore, non-linear waveform distortion and the absorption of higher
harmonics may occur to different degrees in test and reference media. This will
lead to differing waveforms in the respective media and may bias attenuation

measurcs.
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3.2.5 Configuration for Measurement of Bone

Pulse-echo measurements are commonly used in ultrasonic applications
such as imaging and Doppler. A single transducer performs both the transmission
and reception of signals. In this monostatic arrangement, the test pulse traverses a
site twice, after the direct signal is reflected back at some rear interface. Bone is
highly absorbent in comparison with soft tissue (Bamber 1997), and thus signals
may be strongly attenuated over two traverses of a test site. Hence, measurements
of bone are better suited to transmission techniques, where the test object is
placed between a transmitting transducer and a receiving transducer.

Transmission tests may use a contact or a fixed-path arrangement, both of
which have been applied to QUS bone assessment (for example, in the Lunar®
Achilles and the Metra QUS-2™, respectively). In the contact method, probes are
placed against the site surfaces, hence only generating waves normal to the
surface. In contrast, the fixed-path are often performed under water, which
provides acoustic coupling. The following sections discuss the evaluation of

attenuation and phase velocity using transmission systems.
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3.3 The Measurement of Attenuation

3.3.1 Definition and Evaluation

Attenuation is the reduction in acoustic intensity of a sound field. Intensity
is defined as the rate of flow of energy through a unit area normal to the direction

of propagation. The instantaneous intensity, /(¢), at time ¢, is given by,
I(@®)= p®- V), (3.2)

for pressure, p(?), and particle velocity, v(f). For a plane harmonic wave, pressure
and particle velocity are related by p = p.cv, for ambient density, p,, and speed of

sound, ¢. So, the intensity at time, ¢, is,

2

1(0y=2—. (3.3)
p,C

a

However, intensity is often averaged1 over time, by the integral over period, 7,

t+T

I=— {pv.dt. 3.4
T{pv (3.4)

Taking p(x, 1) = P,.exp(-a,x).exp(jax - gx) in this integral, for a harmonic plane

wave, the time-averaged intensity is (Kinsler et al. 1982)?,

I: (Poe—a”x)Z

= I(0)e2%%, (3.5)
2p

of

where 1(0) is the intensity at time ¢ = 0. The pressure amplitude will decay as
P.exp(-a,x), whilst the intensity decays with exp(-20,x). The attenuation

coefficient, a,, is expressed in Nepers per metre, but may also be quantified in

! Output of ultrasonic equipment is often stated as a time-average at the spatial peak of intensity.
% Also, rms. pressure and particle velocity may be used for harmonic waves, to give / = P,msz/poc.
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decibels per metre. Since acoustic intensity is commonly expressed in decibels,
with respect to some reference, /L = 10log(/ / L.y, attenuation may be evaluated
as the decrease in measured intensity, with respect to some reference, as,

I
IL —1IL, = lOlog(;l—J . (3.6)
2

In practice, intensity is not generally measured, and the evaluation of
attenuation relies on measurements of pressure. As mentioned in section 3.2.3, the
output voltage from a piezoelectric transducer is proportional to the pressure over
its surface. From equation (3.3), intensity is proportional to the square of pressure,
and therefore also related to the square of voltage. Therefore, the reduction in
intensity of equation (3.6), that is, the attenuation, may be calculated as a function

of frequency, as the reduction in squared output voltage between two conditions,

atten(f) = —IOIOg[%—;;} , (3.7

where H,(f) and H(f) are the amplitude spectra of two distinct signals. Ideally, the
values of H/(f) and H,(f), should correspond to the outputs of the same signal
being measured internally in a test medium at two different locations. This will be
discussed further in the following section. However, in the insertion
measurements, used in clinical QUS and in this research, the values of H;(f) and
H(f), correspond to the cases with and without the bone present, respectively.
Figure 3.4 (a:i - iii) is a flow diagram of the steps involved in evaluation of
attenuation from two voltage signals (figure 3.4 (a:i)), and is used in the
experiments of Chapter 4. First, the Fourier spectrum of each signal is evaluated
by Fast Fourier Transforming (figure 3.4 (a:ii). The attenuation is then found from
the ratio of the two spectra, and may be normalised for sample width. Figure 3.4
also shows the steps involved in the evaluation of phase velocity, which will be

discussed later in section 3.4.
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