
similar pattern was scanned from the array of 
detected high amplitudes, and the two images were 
aligned by the intensity based method. 

Next, the PSF of the OCT image for the HFUS 
image was generated by a following Eq. (1). 
 
 
Variables zx, , were the position of the pixel in the 
ultrasound image, and the distance to the pixel 
position having the amplitude equal to or larger than 
the threshold value determined from that of the OCT 
image at an arbitrary position was defined as Fig. 2. 
The threshold values were decided from a difference 
of the OCT and HFUS edge’s brightness close to the 
position. 
 
 
 
 
 
 

Fig. 2 Definition of r included ),( zxh  

The relational expression of the two images was 
expressed by the Eq. (2). 
 
 
 

The following Eq. (3) was deduced by applying 
Fourier transformation to the both sides of the 
equations. 
 
 
By calculating the inverse function that canceled the 
point spread as described above, it was possible to 
generate the ultrasound image with the improved 
spatial resolution similar to that of the OCT image. 
The ultrasound image generated by calculating the 
inverse Fourier transformed (IFT) of the Eq. (3) was 
utilized as the input of both Eq. (1) and Eq. (2), and 
then the corrected PSF was calculated iteratively 
until the error   became enough minimum as 
expressed by the Eq. (4) . In particular, the cycle of 
calculation (Eq. (1) ~ Eq. (3)) was repeated in 
multiple times. Finally, the improved HFUS image 
was obtained in the spatial domain by the IFT. 
 

3. Results and discussion   
Based on the reconstructed OCT image (Fig. 

3 (a)) and the HFUS image (Fig. 3(b)), the 
ultrasound image was improved by using the 
proposed method (Fig. 3(c)). Fig. 3(d) shows the 
estimated PSF. The fiber structure of the artificial 

skin was observed more clearly so that blurs of the 
images were suppressed. While the structure of the 
atelocollagen layer containing much moisture was 
observed, the structure of the subsurface part such as 
silicone and gauze layer was not observed clearly.  

The newly found issue was that the blurs 
existed and that couldn’t be minimized even if the 
number of trials were changed. There are two 
solutions for the issue. The first one is to precisely 
calibrate the wavelength of the light during the 
reconstruction of the original image of the OCT so 
that the influence of the speckle due to scattering is 
suppressed to make the resolution closer to the 
theoretical value. As a result, PSF with higher 
accuracy could be generated. The other one is to 
weight the high luminance and the tissue parts to be 
focused on when generating the PSF, and narrow 
down the target. 

 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
Fig. 3 (a) Reconstructed OCT image (b) Reconstructed 
ultrasound image (c) Ultrasound image generated using the 
proposed method (d) PSF mapping for 100 trials 

4. Conclusion 
A novel imaging method with high spatial 

resolution and deep penetration depth was achieved 
by correcting the PSF of the HFUS based on the OCT 
measurement. The proposed method was validated 
by the experimental result on the artificial skin. In 
vivo skin measurement is planned as the future works. 
The proposed method would contribute to the precise 
imaging of the skin. 
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1. Introduction 

Bone formation driven by mechanical loads1 
can be accompanied by piezoelectric effect.2 To 
realize effective healing of bone fracture using 
low-intensity pulsed ultrasound (LIPUS),3,4 the 
piezoelectric effect under ultrasound irradiation 
should be elucidated. However, the piezoelectric 
properties at ultrasound frequencies in bone, 
particularly in cancellous bone with a porous 
structure, have not yet been well-investigated. 

In this study, both experimental and 
numerical observations of piezoelectric signal 
generated in cancellous bone by an ultrasound wave 
were attempted. A piezoelectric cell (PE-cell) of 
cancellous bone5 was used in the experiment, and a 
piezoelectric finite-difference time-domain 
(PE-FDTD) method6,7 was used in the numerical 
simulation. 
 
2. Experimental Method 

The experimental observation of piezoelectric 
signal in cancellous bone under ultrasound 
irradiation was performed using the PE-cell of the 
bone. The PE-cell, in which two aluminum 
electrodes were set on the front and back surfaces 
of the parallelepiped specimen of bovine cancellous 
bone, was used as an ultrasound receiver.5 The 
cancellous bone specimen, whose pores were 
saturated with air, was surrounded by brass plates to 
electrically shield, and the back space was filled 
with air. The dimension was 25 × 25 × 8.0 mm3. 
The porosity was about 0.7 (70%), and the 
trabecular orientation tended to be parallel to the 
thickness direction. 

To generate a burst ultrasound signal, a 
one-cycle sine electrical signal at 1 MHz was 
inputted from a function generator to a Pb(Zr,Ti)O3 
(PZT) transmitter with an active area of Ø12 mm. 
The transmitted ultrasound wave was received by 
the PE-cell of cancellous bone in water. The 
distance between the PE-cell and the PZT 
transmitter was 30 mm. The ultrasound signal  

received by the PE-cell, that is the piezoelectric 
signal generated in cancellous bone, was observed 
by a digital oscilloscope after passing through a 
preamplifier and a low-pass filter. For comparison, 
the ultrasound signal received by a poly(vinylidene 
fluoride) (PVDF) receiver was also observed. 

 
3. Numerical Method 

The numerical simulation of the piezoelectric 
signal was performed using the PE-FDTD 
method,6,7 which was an elastic FDTD method with 
piezoelectric constitutive equations. In the 
simulation, the cancellous bone model was 
reconstructed from the three-dimensional X-ray 
microcomputed tomographic image of the specimen 
used in the experiment. In accordance with the 
experiment, the air layer with a thickness of 1 mm 
was set at the back of the cancellous bone model. 
Moreover, the diameter of the transmitting surface 
and the distance between the transmitting surface 
and the cancellous bone model were the same with 
those in the experiment. However, to save 
computation time, the region of the cancellous bone 
model was limited, and the total region was reduced 
to 15 × 15 × 39 mm3 by setting perfectly matched 
absorbing layers (PMLs)8 at the surrounding 
boundaries. Moreover, the brass plates in the 
PE-cell were omitted, and the elastic properties of 
the electrodes were ignored. 

The signal received by the PVDF receiver in 
the experiment was used as the input ultrasound (or 
stress) waveform, but the magnitude of the sound 
pressure was not considered. The voltage between 
the electrodes was calculated as the output 
piezoelectric signal. 

 
4. Results and Discussion 

The experimental waveforms are shown in 
Fig. 1. Figure 1(a) shows the ultrasound signal 
received by the PE-cell of cancellous bone, which 
corresponds to the piezoelectric signal generated in 
cancellous bone. Figure 1(b) shows the signal 
received by the PVDF receiver. The simulated 
waveform of the piezoelectric signal is shown in  
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Fig. 1  Experimental waveforms of ultrasound signals 
received by (a) the PE-cell of cancellous bone and (b) the 
PVDF receiver. The signal in (a) corresponds to the 
piezoelectric signal generated in cancellous bone. 
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Fig. 2  Simulated waveform of piezoelectric signal 
generated in cancellous bone. 

Fig. 2. In these figures, the amplitudes were 
normalized by the maximum amplitudes of the 
experimental and simulated piezoelectric signals in 
cancellous bone, respectively. 

In the experimental waveform of Fig. 1(a), an 
electromagnetic noise was observed at 0–5 μs, and 
several signals (wave groups) were observed from 
20 μs, unlike in the waveform of Fig. 1(b) received 
by the PVDF receiver. It was reported in the 
previous study5 that these signals could be the 
piezoelectric signals generated by the 
multi-reflected ultrasound waves within the 
cancellous bone specimen. It was expected from the 
specimen thickness of 8.0 mm and the ultrasound 
speed of around 2000 m/s in cancellous bone that 
the signals due to the reflected ultrasound waves 
could appear from approximately 28 and 36 μs 
(note that these signals could be more separately 
observed when the wave number was large). 
Moreover, unlike in Fig. 1(b), it appeared that 
several waves overlapped in each signal. This was 
considered to be because the piezoelectric signals 
could be generated at various depths in the 
thickness direction. 

In the numerical waveform of Fig. 2, the 
piezoelectric signals due to the reflected ultrasound 
waves and the signals generated at various depths 
could be observed. However, the numerical 
waveform was not sufficiently agreed with the 
experimental one, which appeared to be because of 
the inadequate parameter values used in the 
simulation. 

 
5. Conclusions 

In this study, the piezoelectric signal 
generated in cancellous bone by an ultrasound wave 
could be observed, both experimentally and 
numerically. 
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