
mainly of positive pressure components and shows 
steep rise in pressure.  The maximum values of the 
pressure shown in Fig. 2(a) and 2(b) were 11.9 MPa 
and 7.52 MPa, respectively.  As can be seen from 
these figures, the each peak pressure was changed by 
changing the discharge energy, whereas, its 
waveform shape was unchanged.  The full width at 
half maximum of pressure shape was 0.27 μs. 

 

 
Fig. 2 Typical results of discharge power and the 
pressure waveforms in the distance between 
needle tips of (a) 2 mm and (b) 1 mm.  The 
distance from the needle electrode to the 
hydrophone sensor was fixed at 10 mm. 

 
3-2. Pressure gradient and impulse 

The relationship between the waveform shape and 
gene introduction has been already investigated by 
several researchers.  Mulholland et al. reported the 
effect of high stress gradient of the laser-induced 
stress wave (LISW) on the permeabilzation of the 
plasma membrane7).  Kodama et al. showed that the 
impulse of shock wave was dominant factor for 
uptaking the molecules into the cytoplasm of human 
cells8).  In this study, therefore, the pressure 
gradient and pressure impulse of underwater spark 
discharge-induced shock wave were calculated from 
the pressure waveforms. 

Figure 3 shows the peak pressure dependence of 
the pressure gradient (dividing the peak pressure by 
the rise time) and the pressure impulse (integrating 
the pressure over time).  The distance between the 
needle tips and the GS interval were 2 mm and 3 mm, 
respectively.  The pressure gradient and pressure 
impulse values estimated from the LISWs reported 
in a literature9) were also plotted in this figure.  The 
calculated pressure gradient and pressure impulse 
values of underwater spark discharge-induced shock 
wave tended to be large in comparison with these 
results of LISWs.  From these results, the single 
shock wave generated by underwater spark discharge 
even under 0.5 J in pulse energy has a superior ability 
in increasing with the permeabilzation of the plasma 
membrane required for gene transfer. 

 
Fig. 3 Peak pressure dependence of the pressure 
gradient (closed black circles) and pressure 
impulse (closed red circles).  The closed blues 
squares and open green triangles indicate the 
pressure gradient and pressure impulse estimated 
from the results of LISWs, respectively. 

 
4. Conclusion 

The acoustic characteristics of single shock wave 
generated by underwater spark discharge were 
investigated in detail.  As a result, the generated 
shock wave consists mainly of the positive pressure 
component and has an ability used for gene transfer, 
even when the discharge energy is less than 0.5 J. 
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1. Introduction 

tFUS (transcranial focused ultrasound) has a great 
potential for non-invasive therapy for brain disease. 
The purpose of this research is to apply tFUS with 
microbubble for BBB (Blood Brain Barier) opening 
and neuromodulation. BBB opening is the technique 
to enhance the permeability of BBB for efficient 
drug delivery1). On the other hand, neuromodulation 
is mechanical stimulation of the neuron induced by 
ultrasound for some treatment purpose.  In this 
research we focus on the stimulation of red nucleus 
which exists in deep area of brain and is said to be 
effective against rehabilitation from cerebral 
infarction2). For the both therapies the combination 
with microbubble is expected to increase the 
therapeutic effects, which improve safety of these 
therapies3, 4). In this research to further investigate 
these therapies and the effect of microbubble the 
experiment on the macaque monkey which is closer 
to the human is performed. Major issue concerning 
application of tFUS for brain therapy is focus quality 
due to the reflection and refraction through the skull. 
Thus for conducting the experiment with monkey we 
develop the focal controlling method with array 
transducer aided by numerical simulation of 
ultrasound propagation utilizing CT data of monkey. 
 
2. The simulation of ultrasound propagation 

The simulation of ultrasound propagation through 
the skull is conducted by HIFU simulator5) based on 
a FDTD (Finite Differential Time Domain) method 
developed in Riken. It employs the equation for 
conservation of mass (Eq.1) and of momentum 
(Eq.2) for the basic equation.  

1
𝜌𝜌𝑚𝑚𝑐𝑐𝑠𝑠𝑚𝑚2

𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕 + ∇ ∙ 𝒖𝒖 = 0 (1)  

𝜌𝜌𝑚𝑚
𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕 = −∇𝑝𝑝 + ∇ ∙ {𝜁𝜁𝑣𝑣𝑚𝑚𝜕𝜕𝑡𝑡(𝒆𝒆)𝑰𝑰 + 2𝜇𝜇𝑣𝑣𝑚𝑚 (𝒆𝒆 − 1

3 𝜕𝜕𝑡𝑡(𝒆𝒆)𝑰𝑰)} (2)  

where 𝜌𝜌𝑚𝑚  and 𝑐𝑐𝑠𝑠𝑚𝑚  is density and velocity of 
longitudinal wave respectively. e is the deformation 

tensor, 𝜁𝜁𝑣𝑣𝑚𝑚  is bulk viscosity and 𝜇𝜇𝑣𝑣𝑚𝑚  is shear 
viscosity. For representing non-linearity of 
ultrasound Tait’s equation (Eq.3) is employed as the 
state of equation.  

ρ = 𝜌𝜌0 (
𝑝𝑝 + 𝐴𝐴
𝑝𝑝0 + 𝐴𝐴)

1
𝛾𝛾
 (3)  

where 𝜌𝜌0  and 𝑝𝑝0  is density and pressure of 
background.  A and γ are the constant. 
In order to model the monkey’s skull Hounsfield unit 
of CT images was translated to the volume fraction 
of bone. The density and sound speed of each voxel 
were average calculated by the volume of fraction 
inside the all unit voxel. The grid size of simulation 
was smaller than of original CT data. So the grid size 
was converted by the cubic spline interpolation. 
In order to decide the distribution of phase for 
precise focal targeting inside the skull two methods 
were considered in this research. The first method is 
calculation of propagation time from a target point to 
the each element of array transducer and decide the 
phase to correct it. The second method is TR (Time 
Reversal) method6) which is performed by the 
simulation. The steps of TR are as follows. At first 
the sound source was set at a target point in the 
simulation model and the ultrasound emitted from it 
and propagated to the array transducer through the 
skull. Next the phase was decided to maximize cross-
correlation against the center element from the 
corrected waveform of each Ch. It considered not 
only propagation time difference but also the 
multiple refraction due to the skull. In the present 
study the controllability of focus was investigated 
using these two methods to develop real tFUS 
system for the future experiment with monkey. 
 
3. Result 

Fig.1 is the numerical set up and shows the model 
made by CT of monkey and 64ch array transducer 
whose radius is 60 mm, f number is 1 and frequency 
is 500 kHz. The size of numerical domain was  
80 𝑚𝑚𝑚𝑚 × 80 𝑚𝑚𝑚𝑚 × 160 𝑚𝑚𝑚𝑚  with a resolution of  

1P5-3



800 × 800 × 1600 Cartesian meshes.  
 

 
 
Fig.1 Simulation setup of ultrasound propagation 
form transducer through the monkey’s skull.  
(a) Skull model and 64ch array transducer. (b) Cross 
section of xz plane.  
 
Fig.2 is the simulation result showing pressure 
field by phase controlling to (0, 0, 0) and (-10 mm, 0, 
0). The distributions of phase were decided by only 
propagation time difference (a) and by TR (b). In the 
both target (b) shows the better focuses than (a), 
which means TR can correct the multiple refraction 
due to the skull as well as the propagation time 
difference.  
 
4. Discussion 

Simulation results show that TR with 64ch array 
transducer works effectively in the case of 500 kHz.  
But TR takes over 4 hour by the simulation in this 
case while calculation of propagation time difference 
takes only few minutes. Fig.2 (a) shows that the 
distribution of phase decided by only propagation 
time difference is also available for focal targeting. 
Short calculation time enables us to move target 
point quickly during the experiment on the monkey 
with monitoring the position of generated focal point 
by CT image utilizing a constant media. Therefore 
before developing real tFUS system for the 
experiment with monkey, we plan to further 
investigate range of focal movement and 
controllability by the simulation. And to validate the 
simulation result the experiment using the skull 
model is also conducted using hydrophone scanning. 
Finally based on these data we are going to conduct 
the BBB opening or neuromodulation on the 
macaque monkey.      

 

 

Fig.2 Pressure field on the xz plane for the simulation 
with phase control. The value below each figure is 
maximum pressure. 
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