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In the cancellous bone, two types of longitudinal waves, fast and slow waves, are observed when the waves propagate parallel 
to the trabeculae direction. Paying special attention to the wave front of observed waves, we have experimentally made clear 
the effect of anisotropy on the fast wave speed. We have also compared the experimental results of fast waves with the 
simulation studies, using the three dimensional X-ray CT data and the Finite-Difference Time-Domain (FDTD) method. In 
spite of the lack of attenuation effects in the simulation, we can find interesting similarity between the fast wave speeds 
obtained by experiments and simulation. In addition, the characteristic attenuation behaviours of fast wave were found in both 
experiments and simulations. Attenuation of fast wave is always higher in the early state of propagation.  

1. Introduction 

Quantitative ultrasound (QUS) has become an important 
technique to assess the status of bone [1]. QUS parameters 
are closely related to the structural properties and elastic 
properties [2-4], which cannot be obtained by X-ray 
measurements or other nondestructive techniques. This is 
because these other techniques usually measure the amount 
of bone, for example, the mineral content.  
Despite the increasing use of this QUS technique, it is still 
difficult to obtain precise information about bones. One 
attempt for the precise evaluation is the measurement of 
cancellous bone, which is a good indicator of osteoporosis 
[5]. However, cancellous bone is anisotropic, 
heterogeneous, and composed of a complicated network 
structure called trabeculae in the soft tissue (bone marrow), 
which result in the complicated wave propagation 
phenomena. Many experimental and theoretical studies 
have been reported on the interactions between ultrasound 
waves and the cancellous structure. Hosokawa and Otani 
have reported the characteristic wave propagation and 
experimentally made clear the separation of longitudinal 
waves into fast and slow waves [6-7]. The introduction of 
this two-wave phenomenon increased the QUS parameters 
and brought us more information of the cancellous 
structure.  
On the other hand, another recent approach to understand 
the wave propagation is the direct analysis of wave 
equation. If the 3-D numerical simulation of wave 
propagation on bone is successfully performed, it shall give 
us the visual image of complicated wave propagation. 
Therefore, from the approach by Luo et al., several studies 
have reported the simulation of complicated wave 
propagation in cancellous bone [8]. Using a 3-D 
synchrotron micro tomography of actual trabeculae, Bossy 
et al. [9], Padilla et al. [10] and Haiat et al. [11] have 
reported the generation of fast and slow waves using finite-
difference time-domain (FDTD) simulation. We have also 
tried to introduce the elastic FDTD method for the 
simulation of two wave propagation in cancellous bone, 
using three-dimensional X-ray CT images [12,13]. Since 
the simulation easily enables the visualization of various 
wave propagations, it is very useful not only for 
understanding the behavior of sound wave but also for an 
optimal design of a new diagnostic system. 
In this study, therefore, we would like to discuss the wave 
propagation in the cancellous bone, from both experimental 
and simulation approaches. Here, we pay special attention 
to the fast wave propagation, because the fast wave mainly 
propagates in trabeculae and reflects its structure. Making 
use of the cancellous bone information obtained by X-ray 
micro-computed tomography (CT), the fast wave 
propagation is investigated considering the anisotropy in 
speeds and attenuation characteristics.  

 

2. Sample preparation 

In the following specimen preparation, the cancellous bones 
in the distal part of bovine femora were used. All specimens 
were defatted by boiling. To remove air bubbles trapped in 
the cancellous bone, the specimens were degassed in water 
for 60 min before the ultrasonic measurements.  
 

2.1. Cylindrical specimen for anisotropy 
measurements 

Specimens were obtained from 30 month-old bovine left 
femur. The cancellous bone in the distal part was removed 
and made into rectangular samples. Because most in vivo 
clinical techniques uses the ultrasonic waves propagating 
perpendicular to the bone axis, we took these rectangular 
samples along the bone axis (Fig.1). The cylindrical 
specimens, which were about 40–70 mm in length and 
11.00±0.05 mm in diameter, were formed from these 
rectangular samples.  
 
 

 

Fig.1 Cylindrical specimen. 

2.2. Rectangular specimen for attenuation 
measurements 

Specimens were obtained from 36 month-old bovine left 
femur. The cancellous bone in the distal part was removed 
and made into rectangular specimens. The size of bone 
specimens were 20×20×15 mm. In these specimens, the 
wave always propagates in the direction of bone axis. 
Several measurements were performed using a specimen by 
changing the specimen thickness. 

femur 
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3. Experiments 

In the following two experiments, the same experimental 
system is used except for the transducer type and geometry 
of transducer and specimens. In common, a function 
generator (33250A; Agilent Technologies) delivered 
electrical pulses to the transmitter. A single sinusoidal 
signal of 1 MHz, 50 Vp-p was applied to the transmitter. 
The longitudinal wave propagated through water, sample, 
and water. The other transducer received the wave and 
converted it into an electrical signal. The signal was 
amplified by a 40-dB preamplifier (5307; NF) and 
visualized with an oscilloscope (TDS524A; Tektronix). 
CT images of the specimens were obtained using X-ray 
micro-CT (MCT-12505MF; Hitachi, or SMX100-CT 
Shimadzu). Here, the defatted specimens were scanned in 
air. 
 

3.1. Experiments for Anisotropy 
measurements 

A PVDF focus transmitter 20 mm in diameter with a focal 
length of 40 mm (Custom made; Toray, Yokohama, Japan) 
and a self-made PVDF receiver 10 mm in diameter were 
used in this experiment. Both PVDF transducers were 
mounted coaxially with a distance of 60 mm in degassed 
water at room temperature. We placed the focal point of 
sound on the central axis of the cylindrical specimen as 
shown in Fig.2. The direction of the incident wave was 
always perpendicular to the side surface of the cylindrical 
specimen. The measurements were performed by changing 
the position along the cylindrical axis and the incident 
angle.  

Fig.2   Anisotropic wave speed measurements using 
cylindrical specimen. 

3.2. Experiments for attenuation 
measurements 

The bone specimen and plane square PVDF transducers 
were immersed in degassed water in an acoustical tube at 
room temperature. The surface area of the plane PVDF 
transmitter and receiver (self-made, PVDF films used) were 
20×20 mm. This comparatively large transducer brings 
good signal to noise ratio of the observed waves. The 
distance between two transducers was 60 mm. A 
rectangular specimen was mounted between the transducers. 
 

4. Simulation of wave propagation 

4.1. FDTD method 

We have used the governing equations of 3 dimensional 
elastic FDTD method for the isotropic medium. For 
example, the empirical equations for the x direction are 
shown here. 

  
( 2 ) yxx x zvv v

t x y z
σ λ μ λ λ

∂∂ ∂ ∂= + + +
∂ ∂ ∂ ∂  , (1) 

  

xy yx vv
t y x

σ
μ

∂ ∂⎛ ⎞∂= +⎜ ⎟∂ ∂ ∂⎝ ⎠  ,   (2) 
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t x y z

σσ σ
ρ

∂⎛ ⎞∂ ∂ ∂= + +⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠  ,  (3) 

Here, σij is the normal and shear stresses, vi is particle 
velocity, λ and μ are Lame’s coefficients, ρ is density of the 
medium. In this simulation, the elastic anisotropy in the 
solid part (trabeculae) and attenuation was not considered. 
Using the same equations for y and z directions, the stress 
and particle velocity were calculated alternately both in the 
spatial and time domains. The FDTD simulation software 
was originally programmed by our group [13]. 

4.2. Simulating procedure 

For the simulation of cylindrical specimen, we have used 
the whole CT data. The total simulation field was 13 × 15 × 
17 mm with cube lattice of 47.5 μm. Time step for 
simulation was 5 ns. By rotating the 3 dimensional 
specimen data in the simulation field, we have obtained the 
waves which passed through the specimen.  Because of the 
memory problem, we have assumed the transmitter with 
diameter of 9.5 mm, which is smaller than that used in the 
experiments. 

For the simulation to investigate attenuation, the size of 
specimens used was 15 by 15mm and 9-12 mm in 
thickness. Because of the memory problem, we used the 
centre part of specimen CT data. Figure 3 is an example of 
X-ray micro focus CT images. Spatial resolution of the CT 
images was 47.5  μm.  

 

Fig.3  An example of CT images of rectangular specimen. 
3-D reconstruction was made by 3D-bon software (Ratoc). 
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The total simulation field was 21 × 21× 18 mm with cube 
lattice of 57 μm. Time step for simulation was 4 ns.  

In these simulations, as the initial waveform at the surface 
of the plane source transducer, we used the experimentally 
observed waveform of a single sinusoidal sound wave at 
1 MHz  that passed through the water. For the material 
parameters for both simulations, we used the reported 
longitudinal wave speed and density in the bovine cortical 
bone [15] and Poisson’s ratio of 0.34.  
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Fig.4  Changes in observed waveform as a function of 
incident angle to a cylindrical specimen. The degree in the 

figure indicates the rotation angle. (a) experiments, (b) 
simulation. 

5. Results and discussion 

5.1. Anisotropy of the fast wave speed 

Figure 4 shows an example of the periodic changes in the 
fast wave observed from a cylindrical specimen. The wave 
fronts in Fig.4 are always observed faster than that of the 
wave which passed through water only. This tells us the 
existence of fast wave although the clear separation of fast 
and slow wave cannot be observed. Therefore, focusing on 
the position of the wave front, we can find that the fast 
wave speeds clearly depended on the incident angle. In this 
specimen, the fast wave speed showed a maximum value 
when the ultrasonic waves propagated from the anterior 
medial part to the posterior lateral part or vice versa. This 
direction corresponded to the predominant orientation of 
the trabeculae. The difference between the maximum and 
minimum speed values was dependent on the positions of 
the specimens, showing the distribution of anisotropy. 
Figure 4 shows similar tendency between experimental and 
simulation results. The amplitude changes due to the angle 
are dramatic in simulation, which seems to result from the 
lack of attenuation factor.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5  Periodic changes of the fast wave speed as a function 
of position from the distal edge in the cylindrical specimen. 

Experimental. 

 
 
 
 
 
 
 
 
 
 
 
Fig.6  Periodic changes of the fast wave speed. 18mmL and 
24mmL mean the comparatively large trabeculae models. 

Simulation. 
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Figure 5 shows the periodic speed changes due to the 
position in the cylindrical specimen. We have changed the 
measurement position by moving the specimen in the 
direction of an arrow in Fig.2. The dynamic changes in 
wave speed tell that the anisotropy becomes strong with the 
distance from the distal edge. Another interesting result is 
the averaged wave speed of all angle data at each position. 
Near the distal edge, the averaged speed is comparatively 
high. We have already reported that the dynamic speed 
changes indicate the degree of anisotropy whereas the 
averaged speed in one position depends on the bone volume 
fraction (BV/TV). [14] Our present data tells us the 
comparatively high BV/TV in the distal edge. 
Figure 6 gives the anisotropy results of simulated wave 
speed. We can find the similar anisotropic tendency of 
speed, however, the maximum and minimum values are 
different. In addition to the lack of attenuation factor in the 
medium, one reason seems to be the binarizing problem. 
We have tried to simulate using two trabeculae models of 
the same bone. In case of comparatively thick trabeculae 
model, the anisotropy becomes strong. This tells the 
difficulty for obtaining models from CT data, which usually 
includes some ambiguity in the images.  One should also 
note here the slight difference of simulation models from 
the actual bone. Due to the restriction of memory, we could 
not assume the actual transmitter model, which was used in 
the experiments. The assumption of smaller transmitter 
causes the comparatively large focal area, which also seems 
to result in the differences between the experiments and 
simulation.  

5.2. Attenuation of the fast wave 

Next, attenuation of the fast wave was investigated from 
both experimental and simulation approaches. Figure 6 
shows a typical experimental waveform (thickness 
8.45mm). We can see small amplitudes of the fast waves 
were always much smaller than those of the slow waves, 
which has also been observed in the simulated waveforms 
[13]. We then obtained the distribution of fast wave 
attenuation by decreasing the thickness of the specimen. 
Actually, in both simulation and experiments, we deleted 
each 1mm slice and simulated or measured the waveform. 
From the peak amplitudes of fast waves obtained at each 
thickness, the distribution of attenuation [dB/mm] can be 
evaluated; e.g. using peak amplitudes obtained from 10 mm 
and 9 mm thick specimens, we obtained the distribution of 
attenuation values between the positions from 9 to 10 mm 
from the surface. 

The distribution of BV/TV (bone volume / total volume) 
and fast wave attenuation is shown in Figs. 7. Because the 
longitudinal wave always enters the sample from the 
position 0, this result tells that the fast wave attenuation is 
higher in the early state of propagation. In addition, the 
attenuation values are similar. 

One reason for this interesting attenuation phenomenon is 
considered to come from the complicated propagation path 
of longitudinal waves. The fast wave mainly propagates in 
the trabeculae of cancellous bone. Alignment of trabeculae 
is not always parallel to the propagation direction. Figures 8 

 

 

 

 

 

 

 

 

 

Fig.6 Experimentally observed wave form at specimen 
thickness of 9mm. 
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Fig.7  Distribution of BV/TV and fast wave attenuation in a 
typical sample. 

 

show examples of the wave propagation. The bone model is 
shown in Fig. 8 (a). The black structure indicates solid part 
(trabeculae). For comparison, Fig.8 (b) shows the 
distribution of wave in water. We can see clear wave front. 
Figure 8 (c) is the result of the bone model. Due to the 
various paths of trabeculae, the wave front of fast wave is 
not uniform in the early state of propagation. This 
irregularity of wave front then seems to cause the apparent 
higher attenuation of fast wave. These results tell us that the 
fast wave requires certain propagation distance to form in-
phase wave front and steady attenuation. This also means 
that the fast wave attenuation is difficult to be used as an 
indicator of the structural properties of cancellous bone for 
the characterization of thin cancellous bone samples. 
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Fig.8  Simulated wave propagation in a typical specimen. 
(a) simulated area, (b) wave propagation in water, (c) wave 

propagation in the early state (2.5μs). 

 

6. Conclusion 

Experimental and simulation investigation of fast wave 
propagation was discussed. The FDTD simulation results 
showed similar tendency in the evaluation of anisotropy 
and attenuation. Especially, the visualization of propagation 
phenomena gives us important information to understand 
the complicated wave propagation process in trabecular 
bone.  
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