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The influence of soft tissues coupled with cortical bones on precision of quantitative ultrasound (QUS)
has been an issue in the clinical bone assessment in conjunction with the use of ultrasound. In this study,
the effect arising from soft tissues on propagation characteristics of guided ultrasound waves in bones
was investigated using tubular Sawbones phantoms covered with a layer of mimicked soft tissue of dif-
ferent thicknesses and elastic moduli, and an in vitro porcine femur in terms of the axial transmission
measurement. Results revealed that presence of soft tissues can exert significant influence on the
propagation of ultrasound waves in bones, leading to reduced propagation velocities and attenuated
wave magnitudes compared with the counterparts in a free bone in the absence of soft tissues. However
such an effect is not phenomenally dependent on the variations in thickness and elastic modulus of the
coupled soft tissues, making it possible to compensate for the coupling effect regardless of the difference
in properties of the soft tissues. Based on an in vitro calibration, this study proposed quantitative compen-
sation for the effect of soft tissues on ultrasound waves in bones, facilitating development of high-preci-
sion QUS.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The increasing needs for monitoring the bone health status, for
example diagnosis of osteoporosis, have entailed a number of
quantitative bone assessment techniques, typified by quantitative
ultrasound (QUS), X-ray computed tomography (CT) and magnetic
resonant imaging (MRI) [1–3]. In particular, QUS has been deemed
as a most promising candidate for quantitative bone evaluation,
due to its competitive nature of non-radiation, ease of manipula-
tion and cost-effectiveness [1]. With the application of various
measurement configurations, the ultrasonic waves can be injected
into the bone structure and captured after they propagate either
axially along the bone axis (i.e., axial transmission (AT)), or circum-
ferentially across the bone cross-section (i.e., transverse transmis-
sion), or in the bone thickness in a reflection manner (i.e., pulse
echo or backscattering) [1,4–12]. The bone properties can be eval-
uated in different respects with applications of different tech-
niques, among which the AT technique remains most
competitive, because it is capable to reflect not only the material
properties of the bone, but the bone geometrical features [13–
16]. With such a fascination, the AT-based QUS has gained a good
reputation as promising for osteoporosis evaluation [15–18].
However, the prevalence of such a technique has been consider-
ably undermined by the fact that the soft tissue covering the bone
introduces unwanted disturbances and severe alterations to the
propagation of ultrasonic waves in the bone, significantly prevent-
ing the AT-based QUS technique toward a clinical application of
high precision and accuracy [17,19–25]. With such a concern, con-
siderable efforts have been directed to developing novel methods
to remove the influence of soft tissues. In this regard, Moilanen
et al. [26] invented an axial transmission device with receiver
shifted at a constant step during the measurement. With such an
operation, a distance–time diagram was obtained, from which
the wave propagation velocities can be determined without the
interference from the overlying soft tissues. Bossy et al. [17] devel-
oped a bidirectional transmission technique using a probe consist-
ing of two groups of emitters with a single group of receivers in
between. The generated ultrasound waves travel along the bone
in opposite directions. By taking into account time delays of waves
propagating in opposite directions, influence arising from unequal
thicknesses of the coupled soft tissues and the probe inclination
can be compensated for. However, previous efforts considered
the soft tissue as an addition layer to the bone that only provide ex-
tra wave propagation routines. The coupling effect on wave prop-
agation in real bone structures has not been explored but is of
great importance.

Our previous results demonstrated that a coupling layer (fluid
or mimicked soft tissue) can significantly alter the wave
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propagation characteristics in solid wave guides (i.e., metal or
bone-mimicking plate) [19–21,27,28]. However, the coupling ef-
fect on wave propagation in real bone structures which is much
different from plates has not been explored but of great signifi-
cance. With such a concern, in this study, a series of tubular Saw-
bones samples covered with a layer of artificial silicon rubber (ASR)
(serving as mimicked soft tissue and considered as Tissue Equiva-
lent Materials (TEM)) varied in thickness and elastic modulus was
ultrasonically interrogated at multiple frequencies, as well as an
in vitro porcine femur with soft tissue but marrow removed. The
propagation characteristics of the first arrival signal (FAS) and sec-
ond arrival signal (SAS) in the soft tissue–bone mimicking phan-
toms and in vitro porcine femur were analyzed. This study
further contributes to the understanding of the soft tissue coupling
effect on the propagation of ultrasonic guided waves, paving the
way for development of high-precision QUS techniques for clinical
bone assessment.

2. Ultrasound waves in a coupled cylindrical medium

Ultrasonic wave propagation in soft tissue–bone-coupled (SBC)
media can be simplified to wave propagation in a fluid–solid bi-
layer (FSB) for a first level approximation, by regarding the soft tis-
sue as fluid [17,23,26,29]. Here, the analytical description of wave
propagation in the coupled media, in particular in the tubular
structure, is recalled, treating the bone as a sort of tubular
structure.

First, considering a homogeneous, isotropic and elastic medium,
the equation of particulate motion in the medium can be expressed
as [30]

lr2uþ ðkþ lÞrðr � uÞ ¼ q
@2u
@t2 ; ð1Þ

where u, q, k and l are the displacement field, density and the two
Lamé constants of the material, respectively. In a FSB as illustrated
in Fig. 1, the displacement (u) in either the solid or fluid part can be
decomposed as, according to the Helmholtz decomposition [31],

u ¼ �rUþr�W; ð2Þ

where U is the scalar potential, and W the vector potential. Therein,
the displacement in a solid cylinder can be decomposed by its cor-
responding scalar potential (US) and vector potential (WS) as [23]

US ¼ ½A1JnðarÞ þ A2YnðarÞ� � cosðnhÞ � eiðkzz�xtÞ; ð3aÞ

WS
r ¼ ½B1Jnþ1ðbrÞ þ B2Ynþ1ðbrÞ� � cosðnhÞ � eiðkzz�xtÞ; ð3bÞ
Fig. 1. A hollow cylinder covered with a layer of fluid of an infinite extent in z-
direction and a finite thickness in the cylindrical coordinates (a: inner radius of the
cylinder, hS: thickness of the cylinder, hF: thickness of the fluid layer).
WS
h ¼ �½B1Jnþ1ðbrÞ þ B2Ynþ1ðbrÞ� � cosðnhÞ � eiðkzz�xtÞ; ð3cÞ

WS
z ¼ ½C1Jnþ1ðbrÞC2Ynþ1ðbrÞ� � sinðnhÞ � eiðkzz�xtÞ; ð3dÞ

As fluid is unable to sustain shear stresses, the vector potential
of displacement in fluid remains zero. As a result, the displacement
in fluid can only be express by the scalar potential, namely [19]

UF ¼ ½D1JnðaF rÞ þ D2YnðaFrÞ� � cosðnhÞ � eiðkzz�xtÞ ð4Þ

In Eqs. (3) and (4), a2 ¼ x2=C2
L � k2, b2 ¼ x2=C2

T � k2,
aF2 ¼ x2=C2

F � k2. Jn and Yn are Bessel functions of the order n. x,
k, CL, CT, CF are the angular frequency, wavenumber, longitudinal
wave velocity in solid, transverse wave velocity in solid and longi-
tudinal wave velocity in fluid, respectively. Note that kZ is the
wavenumber in dimension Z, while k is the wavenumber of
dimensionless.

At the interface of the fluid and solid, only normal components
of the displacement and stress are continuous, while the continuity
of the shear components never holds. The boundary conditions are
[32]

rrr ¼ rrh ¼ rrz ¼ 0; at r ¼ a

ur ¼ uF
r ; rrr ¼ rF

rr ; rrh ¼ rrz ¼ 0; at r ¼ aþ hs

rF
r ¼ 0 at r ¼ aþ hs þ hF

ð5Þ

where rrr, rrh, rrz are the three stress components in the cylindrical
coordinate. ur, rrr and rrh are the radial (or normal) component of
displacement and stress, circumferential component of stress in
the solid, respectively. uF

r ;rF
r and rrz are the radial (or normal) com-

ponent of displacement and stress, circumferential component of
stress in the fluid, respectively. a, hS and hF are the inner radius,
thickness of the solid cylinder and thickness of the fluid layer,
respectively, as indicated in Fig. 1. Combining the boundary condi-
tions (i.e., Eq. (5)) together with the governing wave equations (i.e.,
Eqs. (3) and (4)), it yields the characteristic equation of ultrasonic
wave propagating in the FSB, i.e., the determinant of the coefficient
matrix consisting of A1, A2, . . . , D2 in Eqs. (3) and (4), (more details
can be referred to elsewhere [19])

jM ¼ 0j: ð6Þ

Based on Eq. (6), Fig. 2 plots the dispersion curves of cylindrical
Lamb waves in a cortical bone cylinder (inner radius: 4 mm; wall
thickness: 3 mm; material properties are shown in Table 1) in
the absence and presence of a layer of fluid (thickness: 1 mm, as
listed Table 1), to find that the features of the guided modes in
the bone cylinder coated with a layer of fluid behave much
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Fig. 2. Dispersion curve of cylindrical Lamb waves in (a) a free bone tube (solid
lines) and (b) a bone tube covered with a layer of fluid (thickness:1 mm) (dash
lines).



Table 1
Material properties of human cortical bone and composite bone samples.

Density
(kg/m3)

Young’s modulus
(GPa)

Poisson’s
ratio

Bulk modulus
(GPa)

Cortical
bone

1850 16.46 0.373

Composite
tube

1640 16 0.31

Fluid 1000 2.2
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distinctly from their counterparts in the free bone cylinder. Such a
phenomenon was also observed in previous studies [19,26,27,33].
This considerably underpins the concern on the influence arising
from soft tissues on the wave propagation in bones. Such an influ-
ence may impair the evaluation addressed by QUS techniques, if it
is not well considered and appropriately compensated. On the
other hand, although it yields valuable information regarding the
coupling effect of soft tissues, the theoretical FSB model is signifi-
cantly simplified for imitating the SBC medium, in that soft tissue
is not actually pure fluid, but a kind of soft substance that sustains
shear stresses. However, a model dedicated for mimicking the real-
istic SBC medium is so far unavailable, because both the soft tissue
and bone are complex materials, exhibiting strong inhomogeneity
and anisotropy, as well as viscoelasticity to a certain degree. With
such a concern, cylindrical Sawbones phantoms covered with
mimicked soft tissues, and an in vitro porcine femur can provide
valuable information for understanding the coupling effect of the
soft tissue on ultrasound wave propagation.
3. Methodology

3.1. Tubular sample coupled with mimicked soft tissues

A number of composite tubes (Sawbones, Pacific Research Lab-
oratory Inc., Vashon, WA; length: 260 mm, outer radius: 20 mm,
thickness: 3 mm) were used to mimic human lone bones, with
the recognition of their similarity in morphology and material
property, as compared in Table 1. To introduce the effect of coupled
soft tissues, a piece of ASR (soft phase hereinafter) was manually
Table 2
Description of synthesised soft tissue–bone phantoms.

Sample No. Thickness of ASR (mm) Elastic modulus of ASR (kPa)

0# (no ASR) 0 N.A.
ASR of different thicknesses
T1# 0.8 11.96
T2# 1.9 ditto
T3# 3.4 ditto
T4# 4.2 ditto
T5# 5.1 ditto
T6# 6.3 ditto
T7# 7.7 ditto
T8# 9.4 ditto
ASR of different elastic moduli
E1# 3.4 2.89
E2# ditto 6.86
E3# ditto 11.96
E4# ditto 19.65
E5# ditto 32.38
E6# ditto 55.87
E7# ditto 73.41
E8# ditto 119.62
E9# ditto 181.23
E10# ditto 336.87
E11# ditto 536.51
placed in contact to the outer surface of the composite tube (hard
phase hereinafter), as listed in Table 2. The ASR is a kind of soft sub-
stance that demonstrates highly close properties to those of human
soft tissues, regarded as a TEM [6]. The interface between the soft
and hard phases was intensively adhered by introducing a specific
glue water (Type 460, Boluo Yongqiang Chemical Co., Ltd, China), in
recognition of the fact that the soft tissue and bone are compactly
connected in vivo. Such an adhesive introduces a very thin layer be-
tween the soft and hard phases, and was assumed not to influence
the competence of the proposed model for evaluating the coupling
effect on wave propagation. Before adhering, the contacting sur-
faces of both phases were cleaned and processed with a finishing
agent, to improve adhesion quality in between.

The produced ASR samples as described above were of different
thicknesses and varied elastic moduli for mimicking soft tissues at
various skeletal sites and in different pathological conditions. This
was achieved by controlling the shares of silicone gel (Wacker
M4600A), firming agent (Wacker M4600B) and oil (AK35, all from
Wacker Chemicals (Hong Kong) Ltd.) in the mixture. The detailed
manufacturing procedure for producing ASR and mechanical test-
ing for the elastic property of the ASR can be referred to our previ-
ous publication [19]. Two series of ASR pieces of the same in-plane
dimension (160 � 60 mm2) were produced, with one of a fixed
elastic modulus (11.96 kPa) but varied thicknesses (from 0.8 to
9.4 mm, Sample No. T1#–T8# in Table 2), and the other of a fixed
thickness (3.4 mm) but varied elastic moduli (from 2.89 to
536.51 kPa, Sample No. E1#–E11# in Table 2).

Ultrasonic investigation was performed on the produced SBC
phantoms (as listed in Table 2) in terms of the axial transmission
measurement in a laboratory setting in the room temperature.
All the phantoms were clamped on their two edges on an optical
testing table (NEWPORT� ST-UT2). A pair of ultrasound transduc-
ers (IS0202HP, Valpey Fisher Corporation�, central frequency:
1 MHz, nominal diameter: 9 mm), with one serving as the wave
transmitter and the other as the receiver, were collocated at the
interface of the soft and hard phases in tandem. Note that the
diameter of transducer is comparable to the wavelength of the
wave modes investigated in this study (around 8–15 mm). To ob-
tain good mechanical and acoustical coupling between the ultra-
sonic transducers and tubular samples, each transducer was
placed on an acrylic wedge. One surface of the wedge had the same
curvature as that of the tube, as seen in the insert of Fig. 3(a), en-
abling them to be in close contact with the curved surface of the
tube. By that means, the transducer-generated waves could be
transmitted efficiently into the samples through the wedge. Both
transducers were instrumented with a signal generation and data
acquisition system configured on a VXI platform [27], as schemat-
ically indicated in Fig. 3(a). The diagnostic signals, i.e., five-cycle
Hanning-windowed sinusoidal tonebursts, were generated using
an arbitrary waveform generation unit (Agilent� E1441), in which
D/A conversion was performed. The analog signals were amplified
to 180 V (peak-to-peak) with a linear amplifier (PiezoSys� EPA-
104) to drive the transmitter. Wave signals were captured with
the receiver through a signal digitizer (Agilent� E1438A) at a sam-
pling rate of 40 MHz. Shielded wires and standard BNC connectors
were used to minimize the noise. Fig. 3(b) displays the photo of
experimental setup.

It is noteworthy that, aimed at exploring the coupling effect of
mimicked soft tissues on ultrasonic waves in the bone phantoms,
the transducer pair was intentionally positioned at the interface
of the two media, rather than atop the soft phase, which was differ-
ent from the actual clinical implementation of QUS. A comparative
test (to be detailed in Section 4.1.2) has demonstrated that, when
the soft tissue layer is of a small thickness, the velocities of FAS
and SAS captured at the interface and those captured atop the soft
phase are identical (but not the signal magnitude), because the



Fig. 3. (a) Illustration and (b) photograph of experimental setup.
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time-of-flights used for both wave modes to pass through the thin
soft tissue layer are negligible.

3.2. Porcine femur with coupled soft tissues

In addition to the above investigation on SBC phantoms, an
in vitro porcine femur (bought from the slaughterhouse right after
the swine was slaughtered but with soft tissue remained) was
tested, as photographed in Fig. 4(a). The marrow of the femur was
removed, resulting in an approximately uniform bone thickness
being 3 mm along the circumference, as indicated in Fig. 4(b). A test
was first carried out on the porcine femur with the transducers
positioned on the upper surface of the soft tissue, with the distance
between the transmitter and receiver being 82 mm (Fig. 4(a)). The
thickness of the soft tissue under test was around 3 mm.
Consequently, the soft tissue was removed, as demonstrated in
Fig. 4(c), from which it can be noticed that the soft tissue and bone
are compactly connected. This is supportable for using adhesive to
treat the interface of the SBC phantoms as aforementioned. A
second test was then performed by putting the transmitter and re-
ceiver on the surface of the bone, as shown in Fig. 4(d), with the dis-
tance between the transmitter and receiver kept the same as that in
the case shown in Fig. 4(a). In each test, five measurements were ta-
ken with the average serving as the final result to reduce errors aris-
ing from operations and variations in surrounding environments.
The acoustic coupling between the transducers and the bone was
guaranteed by introducing a coupling gel (AQUASONIC�, Parker
Laboratories, INC., The Netherlands) in between, as indicated in
Fig. 4(d). Diagnostic signals as described in Section 3.1.2 were ex-
cited at several candidate frequencies swept from 150 kHz to
250 kHz at an increment of 25 kHz.

3.3. Signal processing method

In QUS practice, captured ultrasound signals are prone to a
diversity of contaminations including random electrical/magnetic
interferences, mechanical noise, temperature/humidity fluctuation
and measurement uncertainties. Toward this, a series of signal



Fig. 4. Photograph of experimental setup for in vitro testing using porcine femur coupled with soft tissues: (a) overview and (b) side view; (c) the soft tissue–bone interface;
and (d) experimental setup of porcine femur without soft tissue.
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processing endeavors, including standard signal pre-processing
(signal averaging, DC offset, smoothing and de-noising) and wave-
let transform-based signal decomposition was applied, to decom-
pose an acquired signal into different frequency bands, and only
the wave components in the excitation frequency band were fo-
cused on after screening broadband noise. Considering that wave
propagation in an elastic medium is the continuous transportation
of energy, distribution of signal energy were obtained using Hil-
bert-transform (HT). The theorem of HT is described by [34]

HðtÞ ¼ 1
p

Z þ1

�1

f ðsÞ
t � s

ds; ð7Þ

where H(t) is the HT of signal f(t). Eq. (7) performs a 90� phase-shift
or quadrature filter to construct a so-called analytic signal FA(t):

FAðtÞ ¼ f ðtÞ þ iHðtÞ ¼ eðtÞ � ei/ðtÞ; ð8aÞ

eðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2ðtÞ þ H2ðtÞ

q
; and /ðtÞ ¼ 1

2p �
d
dt

arctan
HðtÞ
f ðtÞ ; ð8bÞ

whose real part is signal f(t) itself and imaginary part is its corre-
sponding HT, i.e., H(t). e(t) is the module of FA(t) and /(t) is the
instantaneous frequency of FA(t). The envelope of e(t) depicts the
energy distribution of f(t) in the time domain. With the operation
of HT, the captured signals can be transferred to their counterparts
of energy distribution in the same time range, where individual
wave components of the signal can be recognized clearly, to be
demonstrated in next session.
4. Results and discussion

4.1. Soft tissue–bone-coupled phantom

4.1.1. Mode identification
The experimentally obtained group velocities of FAS and SAS in

the free composite tube (Sample No. 0#) were compared with the
theoretically calculated dispersion curves of L(0, 2) and F(1, 1) in
the structure of same geometrical and material properties with
those of Sample No. 0#, for exploring the mode natures of FAS
and SAS. Note that the theoretical dispersion curves were obtained
using the software package DISPERSE�. As demonstrated in Fig. 5, it
can be seen that the experimentally obtained dispersion curves of
FAS and SAS well fit those of L(0, 2) and F(1, 1), respectively, artic-
ulating that FAS is in conformity to L(0, 1), while SAS is in confor-
mity to F(1, 1). Such a conclusion is also consistent with those of
previous studies [11,23]. In addition, L(0, 2) is equivalent to the
lowest-order symmetric Lamb mode (i.e., S0) in plate/shell-like
structures in terms of particulate vibration, because both of them
possess a dominant in-plane vibration of particle [11]. Similarly,
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SAS is equivalent to the lowest-order anti-symmetric Lamb mode
(i.e., A0) in plate/shell-like structures, as they have a same domi-
nance of out-of-plane particle vibration [23]. Both wave modes
can be identified based on their velocities compared with the
theoretical values.
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4.1.2. Coupling effect on FAS and SAS
4.1.2.1. Different measurement configurations. As addressed in Sec-
tion 3.1.2, the transducer pair was purposely positioned at the
interface of two phases, rather than atop the soft phase (the clinical
practice), with a purpose of exploring the coupling effect of soft
phase on wave propagation in the hard phase. To examine the
difference between these two measurement configurations, a com-
parative test was carried out, in which FAS and SAS were captured
when (i) both transducers were collocated at the interface of two
Fig. 6. Schematic illustrations of two different measurement configurations with
the transmitter and receiver placed (a) at the interface of soft and hard phases and
(b) atop the soft phase.
phases as shown schematically in Fig. 6(a) and (ii) both transducers
were placed atop the soft phase (Fig. 6(b)). The same ASR layer
(elastic modulus: 11.96 kPa; thickness: 3.4 mm) was used in both
configurations, and the distance between the transmitter and re-
ceiver was kept the same (132 mm).

The HT-processed signals captured under the two configura-
tions are compared in Fig. 7(a). It can be seen that, for either FAS
or SAS, the arrival time remains the same (no change in propaga-
tion velocity) no matter it is captured at the interface or atop the
soft phase; whereas magnitudes of the peak energy of both modes
are much attenuated if signals captured atop the soft phase. Con-
clusion can therefore be drawn that the discrepancy in the propa-
gation velocities of FAS and SAS, when acquired at the interface or
atop the soft tissue, is ignorable, provided that the dimension in
thickness of the soft tissue is much smaller than the axial dimen-
sion of the bone between the transmitter and receiver, i.e., the dis-
tance between the transmitter and receiver in the axial
transmission measurement (the case in the current study). In this
sense, all the calibrated coupling effect of the soft tissue on FAS
and SAS, obtained in the above using transducers collocated at
the interface of two phases, is comparable with that in real clinical
setting where the transducers are placed atop human soft tissues.
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4.1.2.2. Effect of thickness and elastic modulus of mimicked soft
tissues. As a representative example, Fig. 7(b) displays the HT-pro-
cessed signals captured from the composite tube in the absence
(Sample No. 0#) and presence (Sample No. T3#) of ASR at fre-
quency of 200 kHz, to find that the presence of a layer of ASR
causes significant changes to both FAS and SAS. Such a modulation
is twofold: (i) the arriving time of both wave modes in the phan-
tom coupled with soft phase delayed comparing with their coun-
terparts in the free phantom (without soft phase), inferring that
FAS and SAS have reduced propagation velocities in the presence
of soft phase and (ii) magnitudes of both modes decrease to a
prominent extent, possibly due to the fact that a layer of ASR pro-
vides a way for the wave energies to leak from the hard phase to
the soft phase, which consumes a certain portion of the energies
of both wave modes before their arrival at the receiver.

To further explore the coupling effect of soft phase on the two
modes, measurements were conducted on a series of soft tissue–
bone mimicking phantoms (as described in Section 3.1.1) with
the soft phase varying in thickness (Sample No. T1#–T8#, Table 2)
and elastic modulus (Sample No. E1#–T11#, Table 2) at the fre-
quency of 200 kHz. Such a design is deliberately to imitate the bio-
logical conditions of soft tissues at different skeletal sites from the
health to the diseased. Fig. 8 shows the relationship of velocities of
FAS and SAS and ratio of ASR thickness to the wavelength (RoAT/k)
of SAS, to find that the velocities of both modes reduced to a great
deal no sooner than the soft phase was introduced, but future var-
iation in RoAT/k does not introduce much change to the velocities
of both FAS and SAS. It is inferred that the coupling effect on veloc-
ities of both modes may be regionally limited, i.e., the coupling ef-
fect may take place in a limited thickness of soft tissue.
Furthermore, as can be learn from the figure, the presence of soft
phase causes an approximately constant reduction in velocity of
around 10% for FAS and circa 20% for SAS at different RoAT/k, indi-
cating that the modulation on wave velocity due to the presence of
soft tissue can be compensated for regardless of RoAT/k. On the
other hand, as manifested in Fig. 9, alien from the velocity, the
magnitudes of both modes demonstrated a continuous decrease
as RoAT/k increases, articulating that such a coupling effect consis-
tently exists with respect to signal magnitude. The reduction rates
in signal magnitudes of both FAS and SAS in the free phantom
(without soft phase) with respect to the values in the phantom
with soft phase are indicated to increase as RoAT/k increases, pos-
sibly due to the increase in wave propagation path within the soft
100 200 300 400 500

Elastic modulus [kPa]

FAS

SAS

. elastic modulus of coupled ASR layer (insert: zoomed-in part showing initial stage).
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phase as RoAT/k increases. The observations are similar with those
from our previous publication [19].

Further, as noticed from Figs. 8 and 9, the SAS shows a greater
reduction in either velocity or magnitude due to the presence of
soft phase than FAS, highlighting that SAS has a greater sensitivity
to the coupling effect. This may be contributed to (i) the shorter
wavelength of SAS than FAS, which makes SAS have higher sensi-
tivity to the coupling effect and (ii) the different particulate vibra-
tion manners of FAS and SAS at the soft–hard interface: FAS is
equivalent to L(0, 1) which has a predominant in-plane particulate
vibration, while SAS, being equivalent to F(1, 1) has particle vibrat-
ing most in the out-of-plane direction. It is the out-of-plane vibra-
tion mode that causes the energy of SAS more easily to pass across
the soft–hard interface from the hard phase to the soft phase than
that of FAS, leading to significant energy consumption and making
SAS more affected by the coupling effect. (Note that F(1, 2) was not
detected possibly because F(1, 2) is a high-order mode and cannot
be generated easily and (ii) this mode is highly attenuated in the
samples.) However, the high sensitivity of SAS to the coupling ef-
fect may undermine its prevalence and capacity in bone evalua-
tion, although SAS has been reported to be a prominent indicator
to osteoporosis development [29]. It thus entails the current study
to explore such an effect and develop a method to compensate for
it. Note that as SAS has a higher sensitivity to the coupling effect,
the thickness of the ASR layer was intentionally normalized with
respective to the wavelength of SAS, as indicated in Figs. 8 and 9.

Fig. 10 demonstrates the relationships of group velocity vs. var-
iation in elastic modulus of the coupled soft phase. Similar to the
thickness scenario, the influence of soft phase takes effect most
in the moment when the soft phase was introduced; further in-
crease in elastic modulus does not change the velocity of FAS
and SAS prominently. As can be calculated from Fig. 10, the reduc-
tion in propagation velocity is either circa 20% for SAS or around
10% for FAS, and such a reduction for SAS or FAS remain approxi-
mately at different elastic moduli. This may make it possible to
compensate for the coupling effect on wave velocity arising from
the soft tissue regardless of the tissue elastic property. Further-
more, the reduction in propagation velocity shows a higher value
for SAS than for FAS, confirming that SAS has a higher sensitivity
to the coupling effect than FAS.
4.1.2.3. Dispersion properties of FAS and SAS. Extending to a wide
frequency range, the above investigation was iterated on Samples
No. 0# and No. T3# by swapping the excitation frequency from
50 kHz to 300 kHz with an increment of 25 kHz. The captured
group velocities of FAS and SAS are shown in Fig. 11, to observe
that the velocity of either FAS or SAS reduces to a prominent de-
gree due to the presence of a layer of ASR at every examined exci-
tation frequency. Note that FAS is undetectable at frequencies
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below 125 kHz. It is also indicated that SAS presents greater reduc-
tion in velocity than FAS at each frequency, corroborating the pre-
vious statement that SAS has a higher sensitivity to the coupling
effect than FAS.

In addition to the investigation on the wave velocity, Figs. 12(a)
and 12(b) show the magnitudes of FAS and SAS, respectively, cap-
tured in bone phantoms without and with a layer of ASR in the fre-
quency range of 125–300 kHz for FAS and 50–300 kHz for SAS. The
coupling effect of soft phase on the FAS and SAS can be intuitively
observed from the plot, in which the magnitudes of the both modes
reduced significantly at every frequency due to the presence of soft
phase. It can be also noticed that both FAS and SAS have their
respective magnitude dominance in the discussed frequency range,
e.g., the amplitude of SAS hits its peak at the frequency of 200 kHz,
which is right the frequency of the diagnosis signal in this study
(Section 4.1.2.1). On the other hand, though the ASR layer caused
significant reduction in signal magnitude at each frequency, it does
not alter the magnitude dominance of either FAS or SAS. This can
be instructive in mode selection especially for the QUS for bone
assessment where the soft tissue attenuates the wave energy at a
great level. Fig. 12(c) presents the reduction in magnitudes of
FAS and SAS due to the presence of soft phase in the above men-
tioned frequency range, to find that SAS demonstrates a greater
reduction in magnitude than FAS as a result of the coupling effect
arising from soft phase. Such an observation is similar with that
from Figs. 8 and 9, possibly due to the same reason in terms of
the difference in the particulate vibration patterns of FAS and
SAS as above analyzed.

4.2. Porcine femur

Further, the coupling effect of soft tissue on wave propagation
was explored on a porcine femur with marrow removed by testing
two distinct scenarios: (i) with the soft tissue (Fig. 4(a)) and (ii)
without soft tissue (Fig. 4(d)). Fig. 13 plots the group velocities of
FAS and SAS captured in those two scenarios at frequencies from
150 to 250 kHz with an increment of 25 kHz. Although they were
confined to a limited range due to the practical limitation, the
examined frequencies guaranteed that the capture signal can be
well recognized and has a good signal-to-noise ratio. In addition,
the frequency range covered the most commonly used diagnosis
frequencies in practice [23,29,35]. The data in Fig. 13 highlights
that the ultrasonic waves, including FAS and SAS, behave fairly dis-
tinctly in the bone with soft tissue from their counterparts in the
bone without soft tissue, manifested as significant reductions in
velocity of each mode at every examined frequency. Such a
distinction is fully attributed to the presence of soft tissue, which
is consistent with observation from the phantom studies (Sec-
tion 4.1.2.3). Noted that the contribution from the thickness of
the soft tissue was ignored here, as the measurement points were
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selected to have a thin soft tissue layer (circa 3 mm). As investi-
gated in Section 4.1.2.1, there is no much difference in velocity of
FAS or SAS in the bone with and without soft tissue when the soft
tissue layer is of small thickness. As can be learned from Fig. 13, the
reduction rates in velocities of both modes due to the presence of
the soft tissue does not change much in the examined frequency
range, although it demonstrates a slight trend of decreasing. It in-
fers that the soft tissue poses an approximate constant coupling ef-
fect on the wave propagation in the bone within the examined
frequency range, potentially paving the way for compensation for
such an effect regardless of the excitation frequency, toward high
precision bone evaluation. Furthermore, the reduction in velocity
of SAS due to the presence of the soft tissue (around 25%) demon-
strates higher value than that of FAS (circa 15%), indicating that
SAS is more sensitive to the coupling effect of the soft tissue, which
corroborates the previous conclusion from the phantom studies
(Section 4.1.2).

In parallel to the above interrogation on wave velocity, signal
magnitudes of both FAS and SAS were also canvassed, as displayed
in Fig. 14(a) for FAS and Fig. 14(b) for SAS. Similar observations can
be obtained to those from the phantom study (Section 4.1.2):

(i) the FAS and SAS exhibit distinct magnitude dominances
from each other, e.g., FAS has its maximum in magnitude
at the frequency of 225 kHz, while SAS at 175 kHz, which
are slightly lower than their counterparts in the phantom
study, respectively. Such a small distinction for either FAS
or SAS may be contributed to the difference in material
properties of the porcine femur and those of composite
tubes; and

(ii) the presence of a layer of soft tissue does not alter the vari-
ation trend of the signal magnitude in the examined fre-
quency domain. This is consistent with the observation
from the phantoms studies as stated in Section 4.1.2.3.

Fig. 14(c) plots the reduction rates in magnitudes of FAS and
SAS in the porcine femur with soft tissue comparing with those
without soft tissue, to find that in the examined frequency domain
(i) the soft tissue causes a nearly uniform impact on the magnitude
of either FAS or SAS; and (ii) such an impact in signal magnitude is
more prominent for SAS (around 40%) than for FAS (circa 25%), cor-
roborating the conclusion that SAS is more sensitive to the cou-
pling effect of soft tissue than FAS.
5. Conclusions

In clinic, human soft tissues may impair the precision and accu-
racy of QUS assessment for human bones. In this study, the cou-
pling effect of the soft tissue was systematically investigated via
ultrasonically interrogating a series of soft tissue–bone-coupled
phantoms by varying the thickness and elastic modulus of the
ASR layers, as well as an in vitro porcine femur. The results con-
vinced that (i) the coupling effect arising from soft tissues signifi-
cantly affects the propagation characteristics of ultrasonic waves
in the bone, manifesting as reduced propagation velocities and
attenuated signal magnitudes; (ii) such an effect is not dependent
on the variations in thickness and elastic modulus of the soft tis-
sue; and (iii) SAS has a higher sensitivity to the coupling effect
from soft tissue than FAS. It is concluded that the coupling effect
of soft tissue calls for careful consideration, especially when using
SAS, and can be quantitatively compensated for regardless of the
properties of the soft tissue layer (the coupling effect caused
reduction in velocity is 15% for FAS or 25% for SAS, based which
the coupling effect can be compensated). This study contributes
to an effort of driving QUS toward a bone evaluation technique
of high precision and accuracy.
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