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Abstract: This study investigates the effects of different mechanical indexes (MI) of diagnostic ultrasound (US) 
on microbubbles in-vitro. ZHIFUXIAN microbubbles were obtained after being inserted into a cellulose tube and 
exposed to ultrasonic irradiation at different MIs. The US images were captured to analyze the changes in the 
microbubble concentration. The movement trends of the microbubbles at different MIs were monitored. We found 
that the microbubbles were not damaged at a low MI. Further, the microbubbles moved with increased MI, and were 
destroyed as the MI increased to a certain point. At MI<0.20, the microbubble movement rate increased over time. 
At MI>0.20, the microbubble movement rate increased over time, and some burst. We concluded that microbubble 
movements follow a certain law of motion at a low MI. Microbubbles are displaced at low MI, and they are distinctly 
destroyed at a high MI.

Keywords: Ultrasound contrast, microbubbles, microbubble concentration, mechanical index, diagnostic ultra-
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Introduction

Ultrasonic microbubbles are a kind of contrast 
agent containing a special gas with a diameter 
in the range 1-10 µm. Due to the strong scatter-
ing characteristics of ultrasonic microbubbles, 
they are injected into human blood vessels to 
enhance ultrasonic signals and improve the 
definition and resolution of the ultrasound 
images. The microbubbles vibrate due to the 
intensity of the ultrasound, thus scattering 
strong ultrasonic signals and enhancing back-
scatter signals, which is the most important 
characteristic of an ultrasound contrast agent. 
An ultrasound field is created by alternating 
positive and negative pressure waves. A 
mechanical index (MI) is defined as the ratio of 
the negative pressure peak value of an ultra-
sound in the relaxation period to the square 
root of the ultrasonic frequency, which is a 
measure of the acoustic power of an ultrasound 
beam [1, 2]. A MI could measure potential bio-
mechanical effects, such as the gasification 
phenomenon generated by an ultrasonic wave 
and the energy released by the collapse of the 

cavitation bubbles. MIs could be used to indi-
cate such bio-mechanical effects, which can be 
depicted numerically for the operators of equip-
ment [3, 4]. The interaction of an acoustic field 
and contrast microbubbles plays a key role in 
the contrast-enhanced ultrasound imaging pro-
cess [5]. Cavitation can be categorized into 
inertial cavitation and stable cavitation. In sta-
ble cavitation, the bubble oscillates periodically 
with the sound pressure balance where its radi-
us is the equilibrium radius. Compared to sta-
ble cavitation, inertial cavitation causes the 
microbubble to collapse violently. Inertial cavi-
tation can be induced when the ultrasonic pres-
sure reaches a certain threshold value [6]. In 
stable cavitation, the bubbles vibrate at a high 
speed, which may cause insignificant biological 
effects. A contrast-enhanced ultrasound imag-
ing system uses harmonic imaging technology 
with an acoustic pressure >MI of 0.05, and the 
signal to noise ratio is improved by transmitting 
a fundamental frequency while receiving the 
amplified frequency. The contrast microbubbles 
are known to be destroyed by a diagnostic US at 
a high MI. The destruction of the microbubbles 
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is a major concern not only for its bioeffects, 
but also for improving the contrast imaging  
performed by clinicians. Thus, understanding 
the time-dependent behavior of microbubble 
destruction is essential [7].

If a liquid containing a microbubble is placed in 
an acoustic field, the gas-filled bubbles increase 
in diameter or explode with changes in the 
acoustic pressure [8]. Thus, in order to use one 
of the characteristics, it is imperative to under-
stand the behavior of the microbubbles at  
different MIs. A low MI reduces the signal to 
noise ratio and a low MI imaging (<0.25 MI) 
reduces the microbubble destruction. A low MI 
also causes a linear vibration of the microbub-
bles, and the frequency of the US reflection  
is the same as the transmission frequency.  
The increase in the MI to 0.05 results in the 
nonlinear expansion and compression of the 
microbubble, which results in the emission of 
nonlinear harmonic signals at multiples of the 
transmitted frequency [9].

Palekar, et al. have reported that microbubbles 
begin to oscillate and vibrate at a low MI and 
rupture at a high MI [10]. Apfel and Holland [11] 
have established that cavitation clearly exists 
at an of MI>0.5. Other studies [12, 13] demon-
strate that microbubbles oscillate in a relatively 
symmetrical and linear manner at an extremely 
low MI (0.05-0.1); where the microbubble is 
more resistant to compression than to expan-
sion at a slightly higher MI (0.1-0.3). However, 
microbubbles are forced to expand and com-
press at higher MIs, which results in their 
destruction at high acoustic pressures (MI>0.3-
0.6). Some studies report capillary leakage and 
extravasations for US exposures at MI>0.4 dur-
ing in-vivo tests [14, 15]. At certain ultrasonic 
pressures or MIs, the microbubbles move and 
collide with the vascular endothelium [16]. 
Stewart, et al. [17] have reported that the ultra-
sound beam destroys all contrast agents at an 
MI>1.3, producing a high amount of acoustic 
energy, which causes an instantaneous explo-
sion signal effect. This microbubble rupture is 
the leading cause of the non-thermal bioeffects 
of ultrasonography. Clinical ultrasound scan-
ners that can display the MI have been pro-
posed to evaluate the mechanical biological 
effects [18]. In the current study, we explore the 
MI at which the microbubbles begin to burst, 
particularly in a large lumen, under conditions 

that might be relevant to other microbubble 
studies. Although several cardiac studies and 
those in other organs have been accomplished, 
few microbubble studies exist on large cavity 
organs. Bladder tumors are considered to be 
the most common tumor in the urinary system, 
particularly in males [19]; with a high-risk area 
in the trigone of the bladder. When targeted 
microbubbles are used for cancer therapy there 
are some issues such as US microbubbles 
being suspended [20] and this may cause diffi-
culty in achieving a high concentration of micro-
bubbles in the target area. Thus, for enhanced 
therapy in large lacuna organs, an in-depth 
knowledge of the behavior of microbubbles at 
different MIs is required. Herein, we have inves-
tigated the effect of diagnostic US on the 
behavior of microbubbles at various MIs. 

Materials and methods

Formation of microbubbles

A previously developed lipid-coated microbub-
ble (MB) product [21], ZHIFUXIAN was used  
for the nucleation of the acoustic cavitation,  
in addition to being a contrast agent for a  
contrast-enhanced ultrasound (CEUS). ZHIF- 
UXIAN was prepared by the lyophilization of  
two lipid suspensions, 1,2-dipalmitoyl-sn-glyce-
ro-3-phosphoglycerol (DPPG) and 1,2-distearo-
yl-sn-glycero-3-phosphoethanolamine (DSPE), 
followed by Optison, which is a kind of fat  
foam, containing sulfur hexafluoride. The aver-
age microbubble concentration of Definity is 
approximately 7×109 bubbles/ml, with a size 
range of 2-4 μm.

Cellulose tube

The tube was created by the use of both cellu-
losic and non-cellulosic materials. The primary 
wall had a diameter of 4 cm and a length of 10 
cm.

Experimental platform

Microsoft Visual Studio 2010, the data analysis 
software was MATLAB, and the S2000 imaging 
analysis software was built by the South China 
University of Technology.

The cellulose tube was injected with approxi-
mately 10 ml of distilled water, followed by 0.01 
ml of microbubbles. Thus, the concentration of 
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microbubbles was similar to that of the con-
trast agent in humans. Then, the cellulose tube 
was fixed in a bracket utilized to maintain sta-
bility during the experiment.

The contrast microbubbles were monitored by 
a commercially available US imaging system 
(ACUSON S2000, Siemens, Germany) using an 
L9-4 high-frequency linear array probe (operat-
ing in the frequency range of 5-9 MHz). The out-
put of the L9-4 imaging probe was character-
ized experimentally by the 0.4 mm polyvinylidene 
difluoride bilaminar membrane hydrophone. In 
the B-mode, the probe transmits multiple sin-
gle-cycle pulses of 12 MHz.

The high-frequency linear array probe was fixed 
on the cellulose tube and a real-time gray-scale 
contrast-enhanced US was performed to 
observe the patterns at different MIs of 0.04, 
0.06, 0.11, 0.19, 0.24, 0.30, 0.38, and 0.43. 
During the experiment, we observed that the 
microbubbles were destroyed immediately at a 
high MI (0.38/0.43), and hence, we did not 
explore the observations at higher MIs. 
Moreover, at a low MI (0.04), almost no change 
in the concentration of the microbubbles was 
noted. Then, the movement of the microbub-
bles in the cellulose tube was observed, and 
video images with a 30 s setting were captured. 
The other parameters of the machine remained 
unaltered during imaging, with a 9 MHz trans-
ducer frequency, a 4 cm depth of the area of 
interest, and a 4 cm focus of depth.

The S2000 imaging analysis software was 
used to analyze the changes in the microbub-
bles over a period of time, and it was observed 

that the total concentration of the microbub-
bles changed over time. The MATLAB and Visual 
Studio software were used to analyze the 
microbubble movement trends, as illustrated in 
Figure 1.

Results

At a low MI, such as 0.04 or 0.06, according to 
the S2000 imaging analysis software, no obvi-
ous change was detected over time in the area 
under the curve (AUC), which indicates a lack of 
change in the concentration of the microbub-
bles over time. Thus, a distinctly altered con-
centration of the microbubbles was not noted 
(Figure 2A, 2B).

At a high MI, such as 0.11 or 0.19, according to 
the S2000 imaging analysis software, no obvi-
ous change was observed over time in the AUC, 
which indicated a lack of change in the concen-
tration of the microbubbles (Figure 2C, 2D).

As the MI was increased further, around 0.24 or 
0.30, according to the S2000 imaging analysis 
software, the AUC began to decrease, indicat-
ing that the concentration of the microbubbles 
reduced. Furthermore, at such a high MI, the 
diagnostic US destroyed the microbubbles 
(Figure 2E, 2F).

A higher MI, such as 0.43, according to the 
S2000 imaging analysis software, presented a 
clear reduction in the AUC due to the effect of 
the US, which indicated that the concentration 
of the microbubbles decreased rapidly. When 
the MI=0.43, the diagnostic US distinctly 
destroyed the microbubbles (Figure 2G).

Figure 1. The selected rectangle in the video with a dotted line in the middle divides the rectangle into two pieces, 
and ensures that the two rectangles were same brightness (i.e., the concentration of microbubbles in the two rect-
angular boxes was at the same level). The dotted line was the bisectrix for the rectangular box of microbubbles; the 
microbubble movement trend was obtained by measuring the position of the dotted line.
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Using the MATLAB data analysis method, at a 
low MI, such as 0.04 or 0.06, the bisectrix hov-
ered near the initial position. The microbubble 
movement was not obvious at low MIs, which 
suggests a low rate of microbubble movement 
(Figure 3A, 3B).

As observed from the MATLAB-based data 
analysis at a low MI, such as 0.11 or 0.14, the 
dotted line position clearly changes. γ is 
observed to be increasing during the process, 
(Figure 3C, 3D).

At a higher MI such as 0.24 and 0.30, γ increas-
es to its maximum value with no further 
increase, however, it decreases with the in- 
creasing MI to a certain extent. The microbub-
bles have a significant initial movement and are 
later destroyed (Figure 3E, 3F).

At an even higher mechanical index, such as 
0.43, after γ increases to its maximum value, it 

reduces for a short period. When the MI 
increases to a certain level, the microbubble 
movement is rapid initially, followed by the 
destruction of the microbubbles (Figure 3G).

Discussion

Some regularity is observed in the influence of 
a diagnostic US on microbubbles, although, 
remarkably different effects are observed at 
different MIs [22, 23]. If a correlation between 
a diagnostic US at different MIs and US micro-
bubbles can be established, it can be used to 
adjust the MI to achieve adequate ultrasonic 
imaging conditions. The current study presents 
some correlations of the effects of diagnostic 
US. Our results demonstrate that not only do 
different MIs exert different influences, but 
there is also a correlation between a diagnostic 
US at different MIs and US microbubbles. The 
MATLAB-based analysis demonstrates that the 

Figure 2. A. MI=0.04 of the contrast image and AUC, the area of interest and a period by S2000 imaging software 
was selected, and the total concentration of microbubbles was analyzed, which shows that the AUC does not change 
significantly with time; B. MI=0.06 image of an angiogram and AUC, the area of interest and a period by S2000 
imaging software was selected, and the total concentration of microbubbles was analyzed, which shows that the 
AUC does not change significantly with time; C. MI=0.11 of the contrast image and AUC, the area of interest and 
a period by S2000 imaging software was selected, and the total concentration of microbubbles by was analyzed, 
which shows that the AUC does not change significantly with time; D. MI=0.19 of the contrast image and AUC, the 
area of interest and a period by S2000 imaging software was selected, and the total concentration of microbubbles 
was analyzed, which shows that the AUC does not change significantly with time; E. MI=0.24 of the contrast image 
and AUC, the area of interest and a period by S2000 imaging software was selected, and the total concentration 
of microbubbles was analyzed, which shows that the AUC began to decrease with time, thereby indicating that the 
concentration of microbubbles decreased with time; F. MI=0.30 of the contrast image and AUC, the area of interest 
and a period by S2000 imaging software was selected, and the total concentration of microbubbles was analyzed, 
which shows that the AUC began to decrease with time, thereby indicating that the concentration of microbubbles 
decreased with time; G. MI=0.43 of the contrast image and AUC, the area of interest and a period by S2000 imaging 
software was selected, and the total concentration of microbubbles was analyzed, which shows that the AUC began 
to decrease with time, thereby indicating that the concentration of microbubbles decreased with time.
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movement speed of the microbubbles is very 
low, and the velocity within a specific velocity-
range exhibits no clear change with time at low 
MIs. Therefore, a US wave mainly causes micro-
bubble movement at low MIs. The echogenicity 
of the microbubbles was monitored continu-
ously by a low-MI B-mode imaging (MI=0.04), 
until their suspension in PBS, which did not sig-
nificantly increase the diffusion rate. Our study 
at an MI=0.04 did not detect any precise micro-
bubble movement, thereby indicating that the 
movement is achieved at a low rate. Thus, the 
main effect on the microbubbles is diffusion-
driven. Sonne, et al. [24] state that the mecha-
nism for microbubble destruction at low MIs 
can be attributed to two phenomena: cavitation 

and acoustically driven diffusion, in which the is 
expelled from the microbubble during acoustic 
compression. As the MI increases from 0.11 to 
0.19, no significant decrease in the total con-
centration of the microbubbles is observed, 
which indicates that the ultrasonic effect on 
the microbubbles mainly causes their move-
ment at this MI range with the passage of time. 
The MATLAB software analysis demonstrates 
that the moving speed of the microbubbles 
increases with the passage of time, suggesting 
that the effect of the US on the microbubbles 
increases with the passage of time. Tyrone, et 
al. [25] have established that peak rarefaction-
al pressures with a concentration greater than 
at an MI>0.21, result in the rapid destruction of 

Figure 3. (A, B) Showing the microbubble movement curve, the horizontal axis shows the time range; the vertical 
axis shows the bisectrix (dashed line); the blue curve is the dotted line position of the movement curve; red curve 
is the motion of fitted curve. (A, B) MI=0.04, movement curve in the initial position, the movement is not evident, 
MI=0.06, a dotted line location is not clear. The wave of the curve shows the vibration of microbubbles. (C, D) The 
MATLAB-based data analysis at low MI, such as 0.11 and 0.14, the dotted line position has clear changes, γ is seen 
increasing in the process, and the rate was faster as compared to (A and B); (E, F) At higher MI such as 0.24 and 
0.30, γ grows to a maximum and no longer increases, but decreases with MI to a certain extent. The microbubble 
has a significant initial movement and then is destroyed; (G) At higher mechanical index, such as 0.43, after γ in-
creased to the maximum, it is reduced for a short period. When the MI increased to a certain level, the microbubble 
movement is rapid initially, followed by its destruction.
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the microbubbles. Thomas, et al. [26] showed 
that microbubble destruction occurs at an MI of 
0.1; however, with a slight decrease. In addi-
tion, a slight decrease also occurs at an MI=0.2; 
and only at an MI of 0.3 is there evidence of 
destruction.

As the MI increases to 0.24 or 0.3, there is a 
slight decrease in the total concentration of the 
microbubbles, which indicates that the micro-
bubbles are damaged by the US wave. With a 
modest change in the total concentration of the 
microbubbles, the main effect of this range of 
MIs is that it causes movement in the micro-
bubbles, without damaging them. The MATLAB 
analysis demonstrates a high-speed movement 
of the microbubbles. Subsequently, the speed 
reduces later, indicating that the effect causes 
a strong microbubble movement and then dam-
ages them. As the MI increases to 0.43, the 
concentration of the microbubbles reduces 
sharply initially, demonstrating that the US pri-
marily damages the microbubbles. Furthermore, 
the moving speed of the microbubbles decreas-
es rapidly in a short period.

Preliminary analysis results indicate that when 
the MI<0.20, the microbubbles are mainly driv-
en down to the lateral, and as the MI increases, 
the movement speed increases linearly with 
the increasing MI. Thus, it can be inferred that 
when the MI<0.20, the movement of the micro-
bubbles reaches a steady state after a period, 
and then, remains unaltered.

For an MI>0.20, such as 0.24 or 0.30, the con-
centration of the microbubbles decreases with 
the passage of time. The MATLAB-based analy-
sis demonstrates that the microbubble speed 
rate increases dramatically after the turning 
point. Thus, beyond this point, it can be con-
cluded that the microbubbles burst according 
to the microbubble movement curve. Therefore, 
we speculate that when the MI is >0.20,  
the microbubbles move rapidly to the contralat-
eral at a high speed, then display a rupture 
phenomenon.

However, the present experimental system is 
not designed to mimic in-vivo conditions. Fur- 
ther, we have not estimated the concentration 
of the microbubbles, and the study primarily 
only elucidates the correlation between the 
microbubble movement and a diagnostic US  
at different MIs. However, our study emulates 
large cavity structures to examine the effect of 

a diagnostic US on microbubbles within cavity 
structures in order to provide a theoretical 
basis for a targeted cancer therapy to large 
lacuna organs such as the bladder. As it is dif-
ficult for suspended microbubbles to accumu-
late with a high concentration in the target 
area, the microbubbles can be driven to the 
target area at a low MI, thus achieving a high 
concentration of the microbubbles at the top  
of the bladder. Thus, when the microbubbles 
burst, excess energy is released, resulting in an 
enhanced targeted therapeutic effect.

Conclusion

In summary, our study indicates different mi- 
crobubble behavior at different MIs. The ultra-
sonic effects on the microbubbles mainly ca- 
use their time-dependent movement at low  
MIs and their destruction at high MIs, which 
provides a theoretical basis for their use in 
treatment of large cavity structures.
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