
two-dimensional flow, flux is calculated. This is 
called the flow function F(r,ɵ) as 
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where velocity data are integrated along every arc 
to calculate 2-D flow rate of the base flow 
component. 
In this case, k represents the ratio of the positive 
flux of the vortex to the positive portion of the total 
flux passing through the integration boundary. Then, 
the ratio k is defined as 
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Vorticity is an important concept in fluid dynamics. 
The vorticity acts as a measure of the local rotation 
of fluid elements. Vorticity is a vector quantity and 
it tells us the tendency of a fluid particle to rotate or 
circulate at a particular point. 
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3. Results and Discussion  
Echodynamography is explained as a combination 
of base flow and vortex flow. Fig. 3 shown that 
separation coefficient of vortex flow and base flow 
with calculating the coefficient k in the cardiac 
cycle. 

Fig. 3 Separation coefficient of base flow and vortex 
flow of LV in the healthy subject. (a) Atrial 
contraction; (b) isovolumetric contraction; (c) 
ventricular ejection; (d) ventricular filling. 

 
The flow velocity is found by analyzing the spatial 
distribution of the 2-D flow rates within scan plane. 
Fig. 4 shows velocity patterns of 
echodynamography in LV are about 39 cm/s inflow 
and about 96 cm/s outflow velocity. 
Fig. 5 displays a comparative of vorticity of the left 
ventricle at each phase in the healthy subject. The 
maximum vorticity at atrial contraction was 
-30.25/s, the isovolumetric contraction was -82.80/s, 
ventricular ejection was +145.88/s, and ventricular 
filling was -30/s. Positive vorticity means the blood 
flows counter-clockwise while negative vorticity 
means the blood flows clockwise. 

Fig. 4 Velocity vector echodynamography in the 
healthy subject. (a) Atrial contraction; (b) 
isovolumetric contraction; (c) ventricular ejection; 
(d) ventricular filling. 

Fig. 5 Vorticity of left ventricle in the healthy 
subject. (a) Atrial contraction; (b) isovolumetric 
contraction; (c) ventricular ejection; (d) 
ventricular filling 

4. Conclusion 
The conclusion of this paper is when there is a 
vortex, it has some vorticity. But the reverse is not 
necessarily true. A base flow, which is not a vortex, 
has vorticity too.  
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1. Introduction 

High-Intensity Focused Ultrasound (HIFU) 
is noninvasive treatment focusing ultrasound from 
outside the body to coagulate target tissue by 
heating it.1) In blood-vessel targeting HIFU 
treatment, cavitation are utilized for enhancing the 
ultrasonic heating to overcome the cooling effect by 
the blood flow. In ultrasound enhanced 
thrombolysis, mechanical action of cavitation is 
utilized for crushing and tearing the thrombus and 
delivering the thrombolytic agent into the 
thrombus.2) However, the tissues surrounding the 
target may be damaged due to exessive cavitation 
bubbles. A real-time monitoring method to separate 
blood flow and cavitation is needed to ensure the 
safety of such treatments. 

In this study, we propose a novel filtering 
method separating blood flow and cavitation signals 
by employing a singular value decomposition 
(SVD). 
 
2. Materials and Methods  

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

setup. HIFU was generated from a 128-ch 2D-array 
transducer (focal length: 120 mm) at a driving 
frequency of 1.0 MHz. A sector probe with a center 
frequency of 3.0 MHz (Hitachi Aloka Medical, 
UST-52105) was connected to a programmable 
ultrasound scanner (Vantage256, Verasonics) to 
acquire RF data for imaging. 
 
2.2 Acquisition of cavitation signal 

     Fig.2 shows a sequence of the HIFU 
insonification and imaging. The intensity and 
exposure duration of HIFU were 40 kW/cm2 and 
100 μs, respectively. HIFU was irradiated twice at a 
pulse repetition frequency (PRF) of 50Hz. Between 
the HIFU insonification, 54 diverging waves were 
sent at a PRF of 3.0 kHz. One data block for 
imaging was composed of 18 sets, each consisting 
of three diverging waves steered at different angles 

of -20°, 0°, and 20° for compounding operation, 
which reduced the frame rate from 3.0 kHz to 1.0 
kHz. RF data for 36 frames of images were used for 
separating signals between blood flow and 
cavitation. 
 
2.3 Acquisition of blood flow signal 

A blood flow phantom (Poly-Vinyl Alcohol) 
with a 4 mm diameter cylindrical cavity was set at 
the HIFU geometric focus. A blood mimicking fluid 
consisting of glycerin 70 wt%, water 30 wt% and 
godball (ultrasonic scatterer) was flown at a steady 
velocity of 40 cm/s. RF data were aquired without 
HIFU insonification. 
 

 
Fig. 1 Schematic of experimental setup 

 

 
Fig. 2 Sequence of HIFU and imaging 

 
2.4 Signal synthesis and SVD filtering 

The signals acquired as described in 2.2 and 
2.3 were summed to synthesize the signal including 
both cavitation and blood flow. It was returned to 
the programmable ultrasound scanner for image 
reconstruction. The image data in size of 
113×93×36 (nz×nx×nt) were converted into 
two-dimensional data M (nz·nx×nt). The singular 
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value decomposition can be expressed as 
 

  tn

i iii VUVUM
1

,.   (1) 
where  is a diagonal matrix with dimension 
(nz·nx×nt) containing the ordered singular values 

)2,1( ti ni  . The U  and V  are unitary 
matrices with respective dimensions (nz·nx×nt) and 
(nt×nt). The symbol   stands for the conjugate 
transpose. By defining two threshold singular 
values #p and #q, the filtering can be expressed as 
 
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q

pi iii
ff VUVUM ..   (2) 

The singular value selection was automatically 
performed by a square base 2D fitting algorithm3) 
for a covariance matrix of U  and V . 
 
3. Result and Discussion  

Fig.3 shows a set of spatiotemporal couples 
vectors of U  and V . The signal component 
presumably from the residual microbubbles in the 
blood flow phantom, that from cavitation, that from 
mixture between cavitation and blood flow, and that 
from the blood flow are seen in #1, #2, #20, and 
#36, respectively. 
 

 
Fig. 3 A set of vectors of and U  and V  

 
Fig.4 shows the covariance matrix of U  

and V , respectively, and the results using the 
square base 2D fitting algorithm. The cavitation 
signals had a larger spatial correlation than the 
blood flow signals. On the other hand, blood flow 
signals had larger temporal correlation than the 
cavitation signals due to steady flow. Utilizing the 
difference in spatiotemporal property, an automatic 

thresholding of singular values was tested. Fig.5 
shows the resulting the Power Doppler images, 
where (a) and (b) is the cavitation and blood flow 
image assuming that cavitation and blood flow 
corresponds to SV of #2-19 and #21-36, 
respectively.  

In this study, because the cavitation signal 
was generated in a free fluid, the cavitation bubbles 
flew due to the acoustic radiation pressure. A noise 
of cavitation was observed in Fig5 (b) as shown 
white circle. This was because the cavitation signals 
with the velocity similar to that of the blood flow 
cannot be separated completely. In the future 
experiments, a cavitation will be generated in a gel. 
 

 
Fig. 4 Covariance matrix, and result of square base 2D 

fitting algorithm (a) U  (b) V  
 

 
Fig. 5 Power Doppler after SVD filtering (a) Cavitation: 

#2 to #19 (b) Blood flow: #21 to #36 
 
4. Conclusion 

We proposed a filtering method that can 
separate the blood flow and cavitation components 
using singular value decomposition. In addition, we 
investigated an algorithm for automatic selection of 
threshold values based on the difference of the 
spatiotemporal properties. 
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