
12 bit precision and stored in text files for image 
reconstruction. The images are reconstructed by 
holographic US wave back-propagation.    

Fig.1 shows several RF signals acquired by the 
linear array probe during Pumping US wave 
irradiation.  Within 16 elements of the linear probe, 
RF signals recorded by ch1, ch5, ch9, ch13 are 
shown. When Pumping US is synchronized with the 
irradiation timing of Probing US, a bubble cavitation 
signals (BCS) are measured within the length of RF 
signal which is sampled in 1024 points. The sound 
pressure of Pumping US is 1.0MPa. The 
concentration of Sonazoid suspension is 8.0x10-3 
μL/ml. The signals are filtered by IIR band pass filter. 
The range of frequency band limitation is between 
5.0 - 10.0 MHz. Since the central frequency of 
Probing US is chosen to be much higher than that of 
Pumping US in order to suppress the US wave, 
which is propagated directly from the Pumping US 
transducer, the harmonic frequency component 
caused by bubble cavitation is recorded. 

Figs.2(a) and 2(b) show a holographic image 
and the 1-D amplitude of RF signal after the 
application of beamforming method. The sound 
pressure of Pumping US is 0.5MPa. The 
concentration of Sonazoid suspension is 8.0x10-3 
μL/ml. In Fig.2(a), the horizontal and the vertical 
axis of the image indicate time and x-position, 
respectively. We clearly see the temporal and spatial 
development of secondary US signal in the image. 
The succession of signal pattern in lateral direction 
is observed. Although further research is needed, it 

may be considered the cause of the succession in x-
direction is not by bubble movement but by lateral 
propagation of secondary US by nonlinear 
oscillation or destruction of bubbles. In addition, 
intermittent pattern in time direction is observed. 
This cause is thought to be by bubble destruction and 
bubble cloud formation. In Fig.2(b), the 1-D 
amplitude signal is obtained by analyzing the white 
line in Fig.2(a). This signal fluctuates as a result of 
the movement, nonlinear oscillation, cloud 
formation, and destruction of bubbles. Although, in 
order to measure the bubble destruction signal, sub-
μs-order time resolution, which is achieved by the 
proposed method, is insufficient, bubble nonlinear 
oscillation can be measured by the proposed method. 

 
4. Conclusions 
In this study, we proposed a temporal and spatial 
resolved observation of microbubble cavitation 
signal measurement method. We applied a 
beamforming method to ultrasound RF signals 
which contain bubble cavitation signal in order to 
reconstruct holographic image.  From the 
holographic image reconstruction, lateral 
propagation of secondary US in the bubble cavitation 
is observed. 
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Fig.2. Reconstructed holographic image of amplitude 
signal (a), 1-D amplitude signal after beamforming (b) 
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Microbubble characterization based on analysis of echo 
signal obtained by pulse inversion method 
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1. Introduction 

In ultrasonography, microbubbles (MBs) 
coated by a biological membrane such as protein 
and phospholipid have been used as contrast agents 
for over 30 years. MBs oscillate and scatter strong 
signals compared with surrounding blood cells and 
tissues. Thus, MBs significantly enhance the 
contrast of B-mode images. When MBs are exposed 
to ultrasound with a high pressure amplitude, they 
behave nonlinearly and generate harmonic and 
subharmonic components in the scattered signal. 
This nonlinear property has been used to improve 
the image quality in harmonic and subharmonic 
imaging techniques.   

On the other hand, targeted MBs, which can 
specifically absorb target molecules via 
biochemical bonds, have been intensively 
developed and enable ultrasound molecular imaging.  
In a previous study, it was demonstrated that there 
was weak correlation betwenn the amount of 
absorbed MBs and the concentration of target 
molecule[1].  This resutls suggests that analysis of 
number density of MBs possibly develops into the 
qunatification of molecule expression.  As a basic 
step toward quantitaive molecular imaging, this 
report investigates how the fundamental component 
and second harmonic component of echo signal in 
pulse inversion method change with increasing in 
the number density of MBs. 

 
2. Methods 

Commercial contrast agent (Sonazoid®) was 
circulated in a flow channel with diameter of 8 mm 
in Doppler phantom (Model 525, ATS Laboratories).  
The flow volume was 39.7 ± 0.4 mL/min and the 
flow velocity at the center of the channel was 
calculated to be approximately 26.5mm/s.  The 
number density of bubbles were 20, 200 and 2000 
bubbles/mm3. 

A modified ultrasonic diagnosis system was 
employed for the measurement of the echo signal.  
Ultrasound with a center frequency of 5MHz was 
emitted from a linear array transducer.  The RF 
signal was recorded at a sampling frequency of 
40MHz.  The total distance range was 40 mm, and 
the focal point of the ultrasound beam was located 
at the center of flow channel.  In the pulse 
inversion mode, in-phase and opposite-phase 
signals were consecutively emitted.  The signal for 
second harmonic component was acquired by 

adding both of in-phase and opposite phase signals.  
The estimation of number density of bubbles was 
conducted in the different five conditions for 
negative peak pressure of emitted ultrasound, 0.23, 
0.38, 0.68, 087, 1.34, 1.62 MPa.  Fig. 1 shows the 
waveforms at the focus point and corresponding 
frequency spectra, where the waveforms are 
measured by a needle type hydrophone with 0.2 
mm diameter (NH02, PAL) in absence of Doppler 
phantom.  
 
3. Quantification of Echo intensity 

Echo intensity was defined as the envelop 
amplitude evaluated from Hilbert transform of 
received signal.  Fig. 2 shows B mode image for 
second harmonic component, where echo intensity 
was logarithmically compressed.  ROI analysis 
was performed to quantify the echo intensity in the 
flow channel because echo intensity decayed due to 

Ppp=8.69 MPa
Pnp=1.62 MPa

Ppp=6.75 MPa
Pnp=1.34 MPa

Ppp=3.37 MPa
Pnp=0.87 MPa

Ppp=1.85 MPa
Pnp=0.68 MPa

Ppp=0.55 MPa
Pnp=0.38 MPa

Ppp=0.36 MPa
Pnp=0.23 MPa

 
Fig. 1  Waveforms of ultrasound at focus point 
and frequency spectrum, where Ppp and Pnp mean
positive and negative peak pressure, respectively.   

Region of interest
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Fig. 2  B mode image of flow channel and 
shape, size and position of region of interest 
(ROI) for evaluating echo intensity.   
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the energy dispersion induced by bubbles.  Thus 
analysis using region of interest (ROI) was 
performed to avoid the effect of dispersion.  The 
ellipsoidal ROI was located at 1 mm depth from 
upper of flow channel.  The minor and major radii 
were 1 mm and 2 mm, respectively.  The echo was 
defined as the averaged value in the ROI. 
 
4. Results 

First, we investigated the sound pressure 
range where MBs cannot be destroyed.  Fig. 3 
showsthe intensity of fundamental component and 
as function of peak negative pressure (Pnp).  At Pnp 
< 0.7 MPa, the intensities of fundamental 
components seemed to be proportional to Pnp.  At 
Pnp > 0.7, the intensities decreased with increasing 
in Pnp.  These results strongly insisted that MBs 
were destroyed at Pnp in these experiment 
conditions.  Fig. 4 shows (a) the intensity of 
fundamental component and (b) that of second 
harmonic component as function of number density 
of MBs at Pnp < 0.7 MPa.  It was found that there 
was proportional relationship between the intensity 
and number density of MBs except for the result in 
case of Pnp = 0.23 MPa.  The multi-scattering 
among MBs should complicate the relationship 
between the echo intensity and number density of 
MBs.  If bubbles with 1 m radius was distributed 
in a plane, the effect of multi-scattering become 
significant in case of number density larger than 
2000 bubbles/mm2.[2]  It is supposed that the trend 
in our experiment, i.e. the proportional relation in 
20-2000 bubbles/mm3 is consistent with the 
previous study.   
 
4. Summary 

For the analysis of number density of bubbles, 
it was investigated how the echo intensity depend 
on the number density and sound pressure based 
on the phantom experiments.  The center 
frequency of ultrasound was 5 MHz.  When peak 
negative pressure was smaller than 0.7 MPa, there 
was proportional relationship between echo 
intensity and number density in the range from 
20-2000 bubbles/mm3.  

 
Acknowledgment 
This work was supported by JSPS KAKENHI 
Grant Number No. 13303779. 
 
References 
1. Y. Yokoi, K. Yoshida, Y. Otsuki and Y. 

Watanabe.: Appl. Phys. Lett., 110 (2017) 
073702. 

2. [3] O. Couture et al.: IEEE Trans. Ultrason. 
Ferroelectr. Freq. Control, 46(1999), 220-232. 

Pnp=0.23 MPa
Pnp=0.38 MPa
Pnp=0.68 MPa

(a) Fundamental

y=0.28*x+1.29  (R2=0.97)
y=0.68*x+1.64  (R2=0.95)
y=1.87*x+2.8  (R2=0.96)

 

Pnp=0.23 MPa
Pnp=0.38 MPa
Pnp=0.68 MPa

(b) 2nd harmonic

y=0.48*x+2.6  (R2=0.36)
y=2.53*x+5.44  (R2=0.89)
y=11.34*x+15.46  (R2=0.98)

 
Fig. 4  Echo intensity as function of number 
density of MBs. (a) Fundamental component of 
in-phase signal, (b) 2nd harmonic component. 
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Fig. 3  Echo intensity of fundamental 
component as function of peak negative pressure, 
where circle and square plots show intensity of 
(a) in-phase signal and (b) opposite-phase signal. 
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