
of lipid droplet was ten times of luminal scattering 
amplitude. Five different scatterer distribution for 
each scatterer number were computed. 

The statistical characteristics of the 
simulated echo signal envelope from the same depth 
range (19.5 to 20.5 mm) in each simulated domain 
were analyzed. The analyzed depth range was based 
on three times of axial spatial resolution of the 
simulated imaging system. The analyzed areas are 
sufficient for stable statistical analysis.  

3.2 distribution parameter estimation 
The distribution parameter was estimated 

from the envelope amplitude of RF echo signal. 
Nakagami parameter 𝜇𝜇L (i.e., the normal liver 
structure part) was fixed a priori.  the parameters  
𝜇𝜇F, 𝜔𝜔L, ωF,  and 𝛼𝛼  are optimized based on the 
Kullback-Leibler (KL) divergence in Eq. 3.  

In Eq. 3, 𝑞𝑞(𝑥𝑥)  and 𝑝𝑝(𝑥𝑥)  were the PDF 
of the simulated echo amplitude envelope and the 
fitted distribution model (i.e., double Nakagami 
model function (Eq.1) or single Nakagami models 
(Eq.2). Eq.3 indicates that when the two functions 
are similar, then 𝐷𝐷KL  is small. The parameter 
combination of smallest 𝐷𝐷𝐾𝐾𝐾𝐾  was computed with 
'fminserch' (in Matlab) which is the optimization 
method without a derivative function. 

𝐷𝐷KL(𝑝𝑝||𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚) =∑ 𝑞𝑞(𝑥𝑥) log 𝑞𝑞
(𝑥𝑥)
𝑝𝑝(𝑥𝑥) .

∞

𝑚𝑚=0
 (3) 

 

4.Results and discussions 
Figure 1 shows the PDF of the echo 

amplitude envelope when the lipid droplets is 2 
sc/Rvol. The echo amplitude envelope was 
normalized with the root mean square of the 
amplitude envelope. The best fitted single and 

double Nakagami model are superimposed. Double 
Nakagami method is fitted better from low amplitude 
to high amplitude than singe Nakagami model.  

Figure 2 illustrates 𝐷𝐷KL  of previous and 
proposed methods in each number of lipid droplets 
per Rvol. In the proposed method, fitting accuracy is 
stably higher than single Nakagami model for all the 
number of lipid droplets.  

Figure 3 illustrates the estimated 
Nakagami parameters (𝜇𝜇 and 𝜇𝜇F) in each number of 
lipid droplets per Rvol. The horizontal dashed line 
shows μ ( 𝜇𝜇L  in the double Nakagami method) 
estimated from the distribution structure by single 
model. In the single Nakagami model, μ decreases is 
supposed to enhance a small number of lipid droplets, 
especially it becomes impossible to distinguish from 
the luminal structure alone around 3 sc/Rvol. On the 
other hand, the double Nakagami method has a 
positive correlation with the number of lipid droplets 
and it can be confirmed that 𝜇𝜇F gradually increases 
stepwise from normal liver structure continuously. 
Therefore, this results suggest that the double 
Nakagami method can quantify number of lipid 
droplets from low to high lipid droplet density in 
various condition of livers.  
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1. Introduction 

Photoacoustic (PA) imaging can visualize 
living tissues selectively by using a 
proper-wavelength-laser. The PA waves is generated 
based on a principal of photo-thermal 
phenomenon1). The imaging modality2) can be 
classified such as optical-resolution photoacoustic 
microscopy (OR-PAM)3), acoustic-resolution 
photoacoustic microscopy (AR-PAM)4), and 
photoacoustic tomography (PAT)5). 

A real-time-3D PA imaging system was 
developed by employing a spherically curved array 
transducerfor clinical application6,7). In the system, 
a spatial resolution less than 100 μm could be 
achieved with a frame rate of 10-20 volumes per 
second (vps). 

The previous paper reported that the PA 
waveform was dependent on a time-profile of the 
laser and a shape of a PA target8). In the image 
reconstruction6,7), a thresholding process was 
employed to suppress a first side lobe level. The 
thresholding effect may be enhanced by correcting 
an initial phase of the PA waves, which makes the 
waveform transformed to be an unipolar. 

In this paper, a basic study is conducted by 
using a spherical phantom and a vessel phantom to 
compare a time side lobe level in the images 
reconstructed by the phase correction method. 
 
2. Materials and methods 

2.1 Experimental setup 
Fig. 1 shows a schematic of an experimental 

setup. The spherically curved array transducer  
consisted of 256 elements of 1-3-composite with 
equal area, forming 7 tracks of approximately equal 
width with the center frequency of 12 MHz  
(Japan Probe Co., Ltd., Kanagawa, Japan). A hole 
of 10.4 mm diameter was in the center of the 

transducer to irradiate targets with a laser. The PA 
signals were acquired by a programmable 
acquisition system with 256 Tx/Rx channels 
(Vantage 256, Verasonics Inc., Redmond, WA, 
USA). The sampling frequency was 62.5 MHz. The 
system was connected to a pulse generator (DG535, 
Stanford Research Systems Inc., CA, USA) to 
synchronize data-acquisition. A short-pulsed ( < 10 
ns) Nd:YAG diode-pumped Q-switched laser with 
second harmonic generation (SHG) (Q1C; 532 nm, 
10 Hz, 5 mJ, Quantum Light Instruments Ltd., 
Vilnius, Lithuania) was used for generation of PA 
signals. 

In this paper, a single polyamide particle 50 
μm in diameter (Polyamid seeding particles 
diameter 50 μm, Dantec Dynamis A/S, Skovlunde, 
Denmark) and the vessel phantom were used as the 
PA imaging targets. The vessel phantom was made 
by injecting red ink into a silicon tube with inner 
and outer diameter of 100 μm and 300 μm. 

 
2.2 Correcting initial phases of PA waves 

In the reconstruction method, a Wiener filter9) 
was employed to restore a bandwidth of the PA 
signal and enhance the thresholding effect7). Fig. 

 
 

Fig. 1 Schematic of an experimental setup. 
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2(a) shows the concept of the reconstruction. The 
Wiener filter  M  is obtained by a following 
equation9). 
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where  H ,  NP and  SP  are frequency 
spectrums of the transfer function, the averaged 
PAS level, and the noise level, respectively. The 
Wiener filter with an arbitrary phase was applied to 
the PA signals received by each channels in a 
Fourier domain as in (2). Fig. 2(b) shows the 
concept of the proposed method. 

    ,),(, arbWF MiRFIFFTtiRF         (2) 
where  tiRFWF ,  is the Wiener filtered PA signal 
arb is the arbitrary phase, and IFFT[*] is an inverse 

Fourier transform operation, respectively. The 
Wiener filtered signal was used as the input to the 
DAS reconstruction. 

3. Results and discussions 
Figs. 3 show a PA B-mode image 

reconstructed by (a) the original reconstruction 
method, and (b) the proposed method with the 

correcting phase of 90 deg., respectively. The 
proposed method suppressed the time side lobe 
levels by -8.7 dB with keeping the spatial 
resolution. 

 
4. Conclusions 

In this paper, the basic study was conducted 
by using the two phantoms to compare the time side 
lobe level in the reconstructed images. The time 
side lobe level could be suppressed by correcting 
the initial phase of the PA signals. 
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Fig. 2 Concept of (a) the original 

reconstruction method, and (b) the proposed 
method. 

 
Fig. 3 PA B-mode images reconstructed by 

(a) the original reconstruction method, and (b) the proposed method. 
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