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ANALYSIS OF ULTRASONIC WAVES PROPAGATING IN A BONE PLATE OVER

AWATER HALF-SPACE WITH AND WITHOUT OVERLYING SOFT TISSUE
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Abstract—Recent in vitro studies have shown that guided waves can characterize bone properties. However, for
clinical applications to be viable, the soft-tissue layer should be considered. This study examined the effect of
soft tissue on guided waves using a bovine bone plate over a water half-space and overlaid by a 4-mm gelatin-
based soft-tissue mimic. The data (with and without soft tissue) clearly show a high-frequency, fast-propagating
wave packet and a low-frequency, delayed phase group. The presence of soft tissue attenuates the signals signifi-
cantly and increases mode density and number as predicted by theory. The data retain higher frequency content
than the bone-plate data at large offsets. Using theoretical dispersion curves, the guided modes can be identified
with mode 1 (similar to the A0 Lamb mode) minimally affected by the addition of soft tissue. There is infiltration
of high-frequency, late-arriving energy within the low-velocity guided-wave regime. Results of travel-time calcu-
lation suggest that P-wave and PP-reflections/multiples within the soft tissue may be responsible for the high-
frequency oscillations. (E-mail: lawrence.le@ualberta.ca) � 2013World Federation for Ultrasound inMedicine
& Biology.

Key Words: Ultrasound, Guided waves, Osteoporosis, Soft tissue, Cortical bone, Axial transmission, Dispersion,
Attenuation.

INTRODUCTION

Osteoporosis is a serious medical condition affecting

more than 200 million people worldwide (Reginster and

Burlet 2006). This ‘‘silent epidemic’’ (Njeh et al. 1997;

Werner 2004) can be characterized by low bone density

and deterioration of bone micro-architecture, resulting

in changes to the mechanical properties of bone (Werner

2004). Early detection and monitoring of osteoporosis

mainly rely on dual-energy X-ray absorptiometry, though

in recent years quantitative ultrasound (QUS) has gained

attention for its ability to detect bone fragility (Laugier

2006). Although X-ray absorptiometry is successful in

measuring bone mineral density, it cannot determine

bone micro-structures and elasticity, which are important

determinants of bone strength (Laugier 2006; Moilanen

2008). In comparison, QUS is lower cost, more portable,

and does not involve ionizing radiation. Additionally,

QUS uses mechanical waves that are more sensitive to

the physical properties of bone (e.g., elasticity,

absorption, cortical thickness, micro-architecture, den-

sity) than absorptiometry (Muller et al. 2005).

The measurement of the mechanical properties of

long bone is typically performed along the long axis of

a bone sample using the axial transmission method

(Bossy et al. 2004b; Le et al. 2010; Lowet and der Perre

1996; Moilanen 2008; Ta et al. 2009; Tatarinov et al.

2005). The axial transmission technique was first

developed over 40 years ago for fracture monitoring

(Gerlanc et al. 1975; Siegel et al. 1958). By positioning

the transmitting and receiving transducers rectilinearly

on the same surface of the bone sample, ultrasound

travels from the transmitter to the receiver along the

long axis of the bone. During measurement, the

transmitter is stationary while the receiver is moved

incrementally away from it. This acquisition design is

effective in analyzing bulk (or body) wave arrivals at

short source-receiver distances or offsets (Le et al. 2010)

and energetic guided waves at large source-receiver

offsets (Lefebvre et al. 2002; Moilanen et al. 2006;

Nicholson et al. 2002; Ta et al. 2006). Despite

difficulties in mode identification and analysis, guided
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waves are very useful in determining material properties

of long bones (Moilanen et al. 2006; Ta et al. 2006).

Guided waves are generated by the superposition of

reflected and mode-converted compressional (P) and

shear (S) bulk waves within a layer bounded by strong re-

flecting surfaces (Rose 1999; Viktorov 1967). Because of

the constructive interference ofmultiple reflectionswithin

the cortex, the resulting guided waves are capable of

traveling long distances and interacting with a large

portion of the bone sample. Guided waves propagate in

multiple modes, each with a phase velocity dependent

on frequency, and are sensitive to the boundaries,

structure and thickness of the bone sample (Lee and

Yoon 2004; Rose 1999; Vavva et al. 2008).

One challenge in the analysis of guided waves is the

presence of soft tissue. Because guided waves are sensi-

tive to cortical boundaries, the soft-tissue layer can affect

mode generation and alter the dispersive characteristics of

guided modes (Moilanen 2008). Furthermore, ultrasound

propagates in soft tissue with a velocity that overlaps the

velocity of low-order guided modes such as A0 Lamb

mode in bones andmight, therefore, cause phase misiden-

tification (Lee andYoon 2004;Moilanen et al. 2006). This

misinterpretation is possible in a time-distance (t-x) plot

when the A0 phase overlaps with the P-direct wavewithin

the soft tissue. Attenuation associated with the soft-tissue

layer could also lower the signal-to-noise ratio, and hence

the clarity of both bulk and guided waves.

Only a few studies have systematically analyzed soft

tissue effects, and those that do either resort to theoretical

modeling (Moilanen et al. 2008; Vavva et al. 2008) or

assume that soft tissue can be simulated by water

(Bossy et al. 2004b; Lee and Yoon 2004; Lowet and der

Perre 1996; Moilanen et al. 2006). In the latter case,

soft tissue over bone is often modeled as a fluid-solid

bilayer, because the acoustic properties of soft tissues

are similar to those of water. Early work demonstrated

how the presence of soft tissue affected velocity measure-

ment of cortical bones. Lowet and der Perre (1996)

reasoned that a soft-tissue layer of constant thickness

would introduce a constant lag in the transmission time

of a lateral wave (head wave) propagating through the

underlying cortex. For a soft-tissue layer of nonuniform

thickness, Bossy et al. (2004a) used a bidirectional

approach to obtain an unbiased estimate of the cortical

bone velocity. Moilanen et al. (2006) used water as

a soft-tissue phantom to explore the difference between

free and immersed aluminium and acrylic plates. They

successfully identified the fundamental A0 plate mode

and bilayer modes, and determined the plate thickness.

A bilayered fluid-solid tube model was later introduced

(Moilanen et al. 2008) to interpret in vivo data. Recently

Chen et al. (2012) investigated a bone-mimicking plate

coated respectively with a layer of water, glycerol or

silicon rubber to study influences of soft tissue on

guided-wave propagation. Their findings indicated that

the soft tissue–mimicking layer introduced additional

guided modes and the soft-tissue/bone dispersive charac-

teristics could be modeled by two independent fluid and

solid waveguides. Zhao et al. (2012) studied the guided

waves in porcine bone samples covered by a 5-mm soft

coating layer. Their results suggested that the funda-

mental flexural guided wave could be excited and

detected using photo-acoustic quantitative ultrasound in

the coated bone samples. Nevertheless, their work was

limited to the analysis of the A0-like Lamb mode only.

The aforementioned efforts have provided valuable

insights into the complexities of in vivo measurements

in the presence of soft tissue, though more work is needed

to quantify and validate the effect of soft tissue on the

excitation and characteristics of guided modes.

To model soft tissue, we synthesized a soft-tissue

mimic that has similar properties to human soft tissue.

The objective of the present study was to explore the

effect of this soft-tissue mimic on the propagation of

ultrasound in a cortical bone plate. We combined experi-

mental measurements on a bone plate (with and without

a soft-tissue proxy) with analyses of travel times, spectral

decomposition, and dispersion characteristics to analyze

the data. The findings of guided-wave propagation and

mode excitation were further validated by theoretical

dispersion curves based on stratified layers. The work re-

ported here was different from the study by Chen et al.

(2012) and other studies in some of the following aspects.

First, we used a bovine bone plate instead of bone

mimics. Second, we used a solid soft-tissue material

with ultrasonic properties very close to those of soft

tissue. In addition, we placed a water half-space below

the bone plate to mimic marrow material. The first three

aspects ensured that the properties of the sample resem-

bled closely those of the real bone. We used a bone plate

instead of a long bone sample to avoid cylindrical guided

waves, which might have complicated the analysis.

Moreover, we used the conventional ultrasound method

instead of a photo-acoustic technique (Zhao et al. 2012)

to excite guided waves. Finally, instead of analyzing the

wave modes using the independent fluid and solid charac-

teristic equations (Chen et al. 2012), we used the coupled

soft-tissue/bone system and thus the dispersion equation

to identify guided modes.

EXPERIMENTAL MEASUREMENTS

Bone phantom

A fresh bovine femur was acquired from a local

butcher shop. The residual soft tissue and marrow were

removed to allow the bone to be preserved, and the femur

was cleaned. Both ends of the bone were removed using
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a band saw to minimize potential waveform complica-

tions. The bone was further cut along the long axis and

the flat top piece was reserved to make a bone plate of

dimensions 230 mm (length), 50 mm (width) and 7 mm

(mean thickness).

Following the procedure described by Madsen et al.

(1978), we fabricated a tissue-like material to mimic

human soft tissue using distilled water, food gelatin

(Knox), and graphite powder (General Pencil Company,

Inc., Redwood City, CA, USA). Initially, 500 mL distilled

water was heated to boiling and then 77 g of gelatin

powder was added to the water while stirring. After the

gelatin was dissolved, 3 g of graphite powder was mixed

into the solution. The concentration of suspending

graphite particles determined the amount of ultrasonic

scattering generated in the material and thus the magni-

tude of attenuation coefficient. The final hot mixture

was allowed to cool enough to touch and then poured

on top of the bovine bone plate to form a 4-mm layer of

soft tissue overlying the bone surface (Fig. 1). The

synthetic gelatin-based material has similar properties

to those of human soft tissue (Culjat et al. 2010). The

soft-tissue mimic has an approximate attenuation of 0.4

dB/cm around 1MHz (vs. asoft tissue5 0.54 dB/cm/MHz),

a measured density of 1180 kg/m3 (vs. rsoft tissue 5 1043

kg/m3), compressional wave velocity of 1556 m/s (vs.

vsoft tissue 5 1561 m/s), and a very slow shear wave speed

measured around 20 m/s, consistent in magnitude with

the values for soft tissues published in literature

(Frizzell et al. 1976; Madsen et al. 1983; Zhang et al.

2007). We used water in place of marrow; water has

properties very similar to those of marrow (vwater 5

1480 m/s vs. vmarrow 5 1435 m/s) and is often used as

a marrow mimic (Culjat et al. 2010).

Experimental procedures

The bone plate was placed on two pairs of rubber

corks in a small water tank. The corks were 3.5 cm

long with a 4-cm diameter. The water level reached just

below the surface of the bone plate so that the bone was

not submerged; care was taken to ensure that no air

bubbles were trapped underneath the bone plate. The

7-cm-deep water acted as the marrow half-space. Exper-

iments were performed at room temperature, 21�C.

Following Le et al. (2010), two 1-MHz angle beam

compressional wave transducers (Panametrics C548,

Olympus NDT, Waltham, MA, USA) were attached to

two angle wedges (Panametrics ABWM-7T-30); one

transducer acted as a stationary transmitter and the other

as a receiver. The transducer-wedge systems were de-

ployed linearly on the same side of the bone plate (see

Fig. 1). Two steel bars provided constant pressure to the

transducer-wedge systems against the bone surface

during acquisition. A thin layer of ultrasonic gel (Aqua-

sonic 100, Parker Laboratories, Inc., Fairfield, NJ, USA)

was applied between the contacting surfaces to ensure

good coupling. The transmitter was pulsed by a Panamet-

rics 5800 PR. The signals detected by the receiver were

digitized by and displayed on a 200-MHz digital storage

oscilloscope (LeCroy 422WaveSurfer, Teledyne LeCroy,

Chestnut Ridge, NY, USA). In the experiment, the

receiver started at an offset of 35 mm and was moved

away at an increment of 1 mm to a final offset of 98 mm

for a total of 64 ultrasound records. Far-offset measure-

ments are important to allow for the buildup of strong

guided-wave energy and to minimize the interference of

bulk waves with the late-arriving guided waves. Each

record was averaged 16 times during acquisition to

increase the signal-to-noise ratio and was decimated to

1000 samples with a sampling interval of 0.1 ms.

The previously described BP procedure was

repeated for the soft-tissue/bone plate (STBP) to obtain

64 ultrasound records. The records were stored in a

time-distance matrix of amplitudes.

SIGNAL PROCESSING

Phase velocity versus frequency map

To explore the dispersive properties of the bone

sample, we first applied a low-pass filter to eliminate

wavenumber and frequency components larger than the

corresponding Nyquist limits, and then mapped the data

to the frequency-wavenumber (f-k) space (Alleyne and

Cawley 1991) using a two-dimensional (2-D) Fourier

transform. The resulting f-k signals were subsequently

transformed into the frequency-phase velocity (f-cp)

domain using the relation cp 5 2pf=k.

Spectral decomposition

The ultrasound records indicated that the signals

were non-stationary and the frequency distribution varied

Fig. 1. The experimental setup for the bone plate (BP) and soft
tissue/bone plate (STBP) measurements. Shown here is the
STBP sample. Some soft-tissue material was scraped off at
the end to show the bone plate. Water below the bone plate is
used to mimic marrow. A Canadian 25-cent coin (23.8 mm in

diameter) is used to show scale.
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with time. For this reason, we used time-frequency (t-f)

analysis, or spectral decomposition, of the time-domain

signals to quantify the time-sensitive spectral energy vari-

ations. Although the t-f map provided useful temporal

information about pulse-broadening and dispersion of

the propagating wave modes, it was particularly useful

in separating modes of different frequencies arriving

closely in time (Prosser et al. 1999; Xu et al. 2010). We

used a multi-wavelet spectral decomposition method

developed by Bonar and Sacchi (2010). The idea was as

follows: When an incident ultrasound signal reflects on

an interface with an impedance contrast, the reflected

wavelet is considered a convolution of the incident

wavelet with the reflectivity of the interface. Conversely,

a reflectivity function is obtained by deconvolving the

source wavelet from the reflected signal. For multi-

wavelet decomposition, an ultrasound time series is

treated as a convolution of the reflectivity function with

a dictionary of Ricker wavelets of various frequencies.

A Ricker wavelet is uniquely defined by its center

frequency (Ryan 1994). Bonar and Sacchi (2010) used

complex Ricker wavelets to obtain phase information.

The ultrasound signal is deconvolved into a frequency-

dependent reflectivity function in time, which can be

translated to a t-f map. The decomposition problem was

posed as an inverse problem with a l1 norm regularization

term to increase sparsity in the solution, and a l2 norm

cost function to fit the data. The joint l1 and l2 norm

strategy was used to improve the resolution of the

decomposition.

RESULTS

Four pairs of ultrasound time records are displayed

in Figure 2 for close, mid, and far offsets. Bandpass

filtering removed frequencies above 1 MHz and each

record was self-normalized for plotting. By self-

normalization, each record was divided by its own

maximum absolute amplitude. Before normalization,

the maximum displacements of the STBP data were

significantly smaller (33%) than those of the BP data.

Because of the transit time in the transducer wedges, all

estimated traveling times were delayed by approximately

5 ms. The first arriving signal (FAS) in BP was consistent

with the direct compressional wave traveling through the

bone sample from the transmitter to the receivers. When

a soft-tissue layer was introduced, the delayed FAS (indi-

cated by line A in Fig. 2) was consistent with a horizon-

tally propagating compressional wave through bone

plate. The FAS in the present study was the lateral

compressional wave traveling through the soft tissue

and along the bone plate. For a better comparison between

the BP and STBP data, we aligned the two data sets using

the FAS as shown in the figure. Both data sets indicated

two wave packets with distinct dominant frequencies

and speeds. The early-arriving signals traveled faster

with larger phase velocities (i.e., Dx/Dt) and had shorter

periods (higher frequencies). These were the non-

dispersive bulk reflection arrivals in the layers and both

data sets indicated similar bulk wave characters at early

times. The late coming signals were of longer periods

(lower frequencies), dispersive and exhibited slower

Fig. 2. The time records of the BP (black solid curve) and STBP (red dashed curve) for close, mid, and far offsets. The
STBP records have been time-shifted to align with the BP records using the FAS of the records. Superimposed are the
traveling times of the arrivals within the soft tissue. These include the compressional lateral wave traveling as compres-
sional wave (P) within the soft tissue and horizontally as P in bone (A), lateral wave traveling as P within the soft tissue
and horizontally as S in bone (B), and direct Pwave in soft tissue (C). The arrival time of the reflection PPwithin the soft

tissue is very close to C.
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phase velocities. These were the surface or guided waves;

the waveforms were quite different for the BP and STBP

data because of the influence of the overlying soft tissue.

The self-normalized amplitude spectra for the two

cases indicated a mixture of low and high amplitude

peaks up to 1 MHz (Fig. 3). At 35 mm offset (see

Fig. 3a), the BP spectrum peaked near 0.53 MHz, which

was nearly identical to the case of STBP (�0.49 MHz).

As offset increased, most of the ultrasound energy was

removed by the attenuation mechanism of the BP or

STBP plate and, as such, the dominant peaks shifted

toward lower frequency. At 95 mm (see Fig. 3b), the

BP spectrum remained dominated by a single maximum

at 0.14 MHz, whereas the STBP spectrum contained

two peaks of nearly equal magnitude at 0.27 MHz and

0.49 MHz, where the second peak also existed at 35

mm offset (see Fig. 3a). These STBP peaks occured at

larger frequencies than the BP peak, indicating that the

STBP had higher frequency content than the BP. On

average, the spectra lost approximately 88% ultrasonic

energy when the soft tissue was introduced.

The time-frequency analysis (Fig. 4) indicates the

time evolution of the spectral characteristics in the data

for the offsets of 35, 55, and 75 mm. Relative to the

time record at 35 mm offset, the three time records had

the maximum absolute amplitude ratio of 1:0.29:0.14

with corresponding energy ratio of 1:0.14:0.04. The

signal strength dropped off considerably with offset.

To reveal the presence of low-frequency and low-

amplitude signals, the time series were self-normalized

before the spectral decomposition analysis. A high-

frequency signal dominated the close-offset time record

(see Fig. 4a). At mid range, a low-frequency (0.1 MHz)

signal began to emerge and attained significant ampli-

tudes at 75 mm offset (see Fig. 4c and d). For STBP,

high-frequency signals similar to those of the BP were

also identified at 35 mm (see Fig. 4e). This phase group

peaked between 0.4 MHz and 0.8 MHz (see also

Fig. 3a and b) and remained dominant at longer distances

(see Fig. 4f–h). The relative strengths of the high-

frequency (0.4–0.8 MHz) and low-frequency (near 0.1

MHz) signals were minimally affected by offset (see

Fig. 3a and b), suggesting more high-frequency compo-

nents than was the case with the BP. Moreover, the

STBP had more energy clusters after 50 ms (see Fig. 4c

vs. Fig. 4g) than the BP, suggesting more guided modes

or enhanced mode density.

To interpret the two bone plate data sets, we

computed the theoretical dispersion curves and superim-

posed the experimental data onto the dispersion map. The

experimental data were 2-D–Fourier transformed to the

f-k domain and then mapped to the f-cp plane. No signif-

icant guided wave energies beyond 0.6 MHz were identi-

fied. The maximum intensity loci in the f-cp panel were

determined automatically for a given threshold value

and a section of the f-cp map. The simulated dispersion

curves were generated using the commercial software

package DISPERSE version 2.0.16i (Imperial College

London, London, UK) developed by Pavlakovic and

Lowe (2001) and widely used in ultrasonic nondestruc-

tive testing. The dispersion curves were calculated using

the models with discrete isotropic, homogeneous layers

of soft tissue (where applicable) and bone over a water

half-space. The thicknesses of modeled layers were rele-

vant to the bovine bone plate and soft-tissue material used

in the in vitro experiments. The marrow was modeled as

a water half-space and the soft tissue was modeled as

a solid layer. Following Le et al. (2010), the compres-

sional wave speed, shear wave speed, and density for

bone are 4000 m/s, 1970 m/s, and 1930 kg/m3.

Because the symmetric (Sn) and anti-symmetric (An)

modes are reserved for the dry bone plate and the guided

modes in a bilayered or multilayered system are no longer

Fig. 3. The amplitude spectra at two offsets: (a) 35 mm and (b)
95 mm. The spectra are self-normalized. The black solid curve

is for BP and the red dashed curve for STBP.
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standard Lamb modes, we followed Yapura and Kinra

(1995) to use ordinal numbers to label guided modes.

The dispersion curves for the BP experimental data

(Fig. 5a) indicated strong excitations at the leaky Lamb

modes 1, 2, 3 and 4. A total of 8 dispersive guided-

wave modes (from 1 to 8) were equally well identified

in the STBP data (Fig. 5b). The fitting errors between

the maximum intensity loci and the predicted dispersive

values were calculated for the first two modes. The rela-

tive fitting errors (Moilanen et al. 2006) of the BP exper-

imental data were found to be 10.5% and 10.1% for

modes 1 and 2, respectively. For the STBP case, the

relative fitting errors were 4.9% for mode 1 and 4.3%

for mode 2. The experimental data and the theoretical

prediction were in close agreement, and elastic models

were sufficient for dispersion curve estimation.

DISCUSSION

Themain objective of the present study was to inves-

tigate the effect of soft tissue on the propagation of ultra-

sound in long bone. The choice of a bone plate facilitated

our analysis of guided modes in plate and effectively

eliminated complex cylindrical modes commonly associ-

ated with tubular structures. Modal variations of guided

waves in a bone plate with and without a soft-tissue

mimic were tightly constrained through an integrated

analysis involving travel times, temporal-spectral anal-

ysis, and dispersion characteristics.

We identified twowave packets (Lee andYoon 2004;

Moilanen et al. 2008; Nicholson et al. 2002) in the

experimental data with and without soft-tissue mimic

(see Fig. 2). The fast-traveling, high-frequency wave

packet was non-dispersive and mainly consisted of reflec-

tions, mode conversions, and multiples within the cortex

(Le et al. 2010). The arrival times of the various embedded

phases were strongly sensitive to small perturbations in

compressional and shear wave speeds. The slow-moving

wave packet was strongly dispersive and contained

significant low-frequency signals, which was particularly

evident in the data. Surface waves are known to be dis-

persive because of variations in the penetrating depths

of different frequency components within vertically

stratified layers (Aki and Richards 2002; Boiero and

Socco 2010; Carannante and Boschi 2005; Knopoff

1972; Rapine et al. 2003; Tatham 1975). For finite

values of the ratio between wavelength and plate

thickness, Lamb waves can also undergo dispersion

similar to surface waves (Cheeke 2002; Rose 1999;

Viktorov 1967).

Fig. 4. The t-f plots: (a–c) BP; (e–g) STBP. From left to right, the offsets are 35mm, 55mm and 75mm, respectively. Also
plotted are the time signals for (d) BP and (h) STBP at 75 mm offset.
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The introduction of the soft-tissuemimic reduced the

recorded ultrasound energy significantly but enhanced the

high-frequency contribution to the data. The spectra for

BP and STBP were similar at 35 mm offset (see

Fig. 3a), though the STBP spectrum skewed toward

higher frequencies at far offsets (see Fig. 3b). Further

away from the source, the low-frequency signals were

observed around 0.1 MHz, with the BP peak much

stronger than the STBP peak. The strong high-

frequency signals were also present between 0.4 and 0.8

MHz in both cases, but in comparison, the high-

frequency components of the STBP spectrum were

much stronger than those of the BP spectrum, implying

the existence of more high-frequency guided waves in

the STBP data. This was supported by the dispersion

data (see Fig. 5), which indicated more high-frequency

modes were excited in the STBP (see Fig. 5b) than in

the BP (see Fig. 5a). These high-order modes traveled

with phase velocities over 4000 m/s, similar to the obser-

vations reported in previous studies (Lefebvre et al. 2002;

Ta et al. 2009). This effect of soft tissue was further

evidenced by the t-f analysis because the offsets of the

high-frequency STBP data (see Fig. 4e–g) exhibited clear

correlations with those of bulk-wave phases in BP (see

Fig. 4a). The high-frequency phase produced large-

amplitude oscillations that persisted at far offsets, and

the traveling time was linear with offset (see Fig. 2).

Bulk waveswere viable candidates considering their short

periods and non-dispersive characteristics. The extended

wave train could have resulted from the PP- and PS-

reflections and multiples within the cortex (Le et al.

2010). Because the thickness (4 mm) of the soft-tissue

layer was larger than the compressional wavelength

(1.56 mm), the support of a transient P wave within the

soft tissue was possible. Because vP,soft tissue , vS,bone,

the lateral shear wave traveling through the soft tissue

as compressional wave and horizontally through bone as

shear wave was also possible (line B in Fig. 2). At far

offsets such as 75 and 95 mm, the timing of the compres-

sional waves traveling from the transmitter to the

receivers within the soft-tissue-mimicking layer approxi-

mately divided the short-period and long-period zones in

the STBP data (line C in Fig. 2). After the arrival of this

phase were the PP-reflections and their multiples within

the soft tissue. These were short-period phases arriving

in the long-period and low-speed zone, creating high-

frequency fluctuations in the long-period waveforms as

a result of their interference. The arrivals of these low-

speed and high-frequency phases in the guided-wave

regime could adversely affect the delineation of travel-

time moveout curves and thereby might lead to erroneous

interpretations of the medium properties such as velocity

and attenuation.

Guided modes propagating through a material are

defined as symmetric or anti-symmetric depending on

the particle motion through the plate. For a symmetric

mode, particle motion is symmetric across the thickness

of the plate and the retrograde elliptical motion at the

plate surface is parallel to the direction of propagation

(Cheeke 2002; Rose 1999). Anti-symmetric mode

exhibits particle motion that is anti-symmetric along the

plate thickness and the retrograde elliptical motion at

the plate surface is perpendicular to the propagation

direction. Lamb waves are waves traveling in a plate

bounded above and below by vacuum. With the water

half-spaces loading on both sides of the plate, radiation

of energy into the surrounding fluid occurs and guided-

wave energy, which must travel or ‘‘leak’’ through the

water to reach the receivers, is attenuated (Rose 1999).

In the present study, the BP and STBP overlaid the water

half-space. Energy leakage through the underlying water

was possible. Ta et al. (2006, 2009) commented that the

presence of overlying soft tissue might cause the drop

in detected amplitudes of guided waves because of

energy leakage. Yapura and Kinra (1995) studied the

characteristic equations and displacement profiles for

Fig. 5. The theoretical f-c dispersion curves for (a) BP and (b)
STBP. Superimposed are the maximum intensity loci from the

experimental data (blue dots).
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a fluid-solid bilayer system immersed in air. In this

model, energy leakage does not exist. The displacement

profiles determine the measured displacement amplitudes

on the surface. In our study, the soft-tissue mimic was

a solid layer and displacement amplitudes were consider-

ably different for the BP and STBP when comparing the

surface measurements. We think studying the displace-

ment profiles for the two models (BP and STBP) will

shed light in explaining the difference in detected

amplitudes.

Our experiments provided clear evidence for the

existence of mode 1 and mode 2 in BP. These two modes

have very similar dispersion characteristics to anti-

symmetricA0 and symmetric S0Lambmodes in dry plate.

Mode 1was the dominantmode responsible for the strong,

late-arriving guidedwaves at approximately 0.1MHz (see

Fig. 3, Fig. 4c, and Fig. 5a), which is consistent with

earlier reports by Nicholson et al. (2002), Dodd et al.

(2006), and Moilanen et al. (2006) as an easily detectable

guided mode. This mode 1 is also similar to a flexural

wave mode as noted by Graff (1991) and Nicholson

et al. (2002).

The dispersion curves changed considerably when

soft tissue was introduced to the model. Modes tended

to cluster and mode density increased, results consistent

with findings by Moilanen et al. (2006, 2008) using

numerical simulation for a bilayered fluid-solid tube

model and with phantom study by Chen et al. (2012).

The number of guided modes also increased and more

high-frequency and high-speed modes were detectable

(see Fig. 5b). Of the detectable leaky modes, mode 1

was minimally affected by the addition of soft tissue;

a similar effect was previously documented for a plate

immersed in water (see Moilanen et al. 2006 and

Dodd et al. 2006). Although the multiplicity of high-

frequency modes accentuates the inherent complexities

of in vivo analyses, it also presents future additional

observational constraints on osteoporosis.

One key contribution of this study is a successful

attempt to mimic real long bone with a bovine bone plate

and soft-tissue mimic, which, in density, attenuation,

compressional wave speed and shear wave speed, resem-

bled real soft tissue, and to analyze the data using travel

times, spectral analysis, time frequency map, and

dispersion-curve calculation based on a simplistic, hori-

zontally stratified model containing three layers. The

work is a step forward from phantom work to close-to-

real clinical measurements. We attempted to analyze

the data using both the ray and wave concepts. The inter-

pretations are not in conflict but complement each other,

leading to a fruitful discussion. For example, the direct P,

PP-reflections and the multiples within the soft tissue had

high frequencies and low speeds. Although their presence

in the low-velocity guided-wave zone could be predicted

by the arrival times, they were not shown in the dispersion

map, perhaps because of their small amplitudes. It is

uncertain whether these compressional bulk phases in

the low-velocity guided-wave regime are important;

however, their interaction with the long-period wave

trains created some subtle high-frequency oscillations

in the STBP data compared with the BP data. The

combined analytical method not only provides an effec-

tive tool to verify key guided-wave signals contained in

the experimental data but also provides a roadmap for

revealing the nature of the complex interaction between

ultrasound waves and soft-tissue/bone structures. Future

study of the effect of soft-tissue thickness on the genera-

tion of guided waves will be beneficial to advance this

study further.

CONCLUSIONS

In this paper, we reported that the presence of a soft-

tissue layer affects the behavior of guided waves in long

bone. By adopting a 4-mm mimic with similar material

properties to those of soft tissue and using a combination

of travel times, dispersion-curve computation, and time-

frequency analysis, we were able to not only observe

both bulk (compressional and shear) and guided waves

but also identify the individual guided modes that were

responsible for these oscillations. For STBP, the addi-

tional soft tissue attenuated the ultrasound signals signif-

icantly and increased the number of guided modes and

mode density. Besides material absorption of the soft

tissue, the displacement profiles of the BP and STBP

might be the major determinant for the detected ampli-

tudes on the surface based on a bilayer system. Guided

modes were identified in the f-cp domain, and their disper-

sion characteristics were consistent with theoretical

predictions. The signals had larger high-frequency

content comparedwith no soft-tissue signals. The addition

of t-f analysis and simple travel-time calculation enabled

us to reveal the presence of bulk waves in soft tissue and

their presence in the low-velocity guided wave regime.

Our integrated approach could provide a promising blue-

print for future in vivo studies of human tibia.
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