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Abstract
Background. Heterogeneity within the tumor may cause large heterogeneity in quantitative perfusion 
parameters. Three-dimensional contrast-enhanced ultrasound (3D-CEUS) can show the spatial relationship 
of vascular structure after post-acquisition reconstruction and monodisperse bubbles can resonate the ul-
trasound pulse, resulting in the increase in sensitivity of CEUS imaging.

Objectives. To evaluate whether the combination of 3D-CEUS and monodisperse microbubbles could reduce 
the heterogeneity of quantitative CEUS.

Materials and methods. Three in vitro perfusion models with perfusion volume ratio of 1:2:4 were set up. 
Both quantitative 2D-CEUS and 3D-CEUS were used to acquire peak intensity (PI) with 2 kinds of ultrasound 
agents. One was a new kind of monodisperse bubbles produced in this study, named Octafluoropropane-
loaded cerasomal microbubbles (OC-MBs), the other was SonoVue®. The coefficient of variation (CV) was 
calculated to evaluate the cross-sectional variability. Pearson’s correlation analysis was used to assess the cor-
relation between weighted PIs (average of PIs of 3 different planes) and perfusion ratios.

Results. The average CVs of quantitative 3D-CEUS was slightly lower than that of 2D-CEUS (0.41 ±0.17 
compared to 0.55 ±0.26, p = 0.3592). As for quantitative 3D-CEUS, the PI of the OC-MBs has shown better 
stability than that of SonoVue®, but without a significant difference (average CVs: 0.32 ±0.19 compared 
to 0.50 ±0.10, p = 0.0711). In the 2D-CEUS condition, the average CVs of OC-MBs group and SonoVue® 
group were 0.68 ±0.15 and 0.41 ±0.17 (p = 0.2747). As for 3D-CEUS condition, using OC-MBs group and 
SonoVue®, the r-values of the weighted PI and perfusion ratio were 0.8685 and 0.5643, respectively, while 
that of 2D-CEUS condition were 0.7760 and 0.3513, respectively.

Conclusions. Our in vitro experiments showed that OC-MBs have the potential in acquiring more stable 
quantitative CEUS value, as compared to the SonoVue® in 3D-CEUS condition. The combination of 3D-CEUS 
and OC-MBs can reflect perfusion volume more precisely and may be a potential way to reduce quantitative 
heterogeneity.
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Introduction

Contrast-enhanced ultrasound (CEUS) is a noninvasive 
imaging method, using ultrasound contrast agent (UCA) 
and low mechanical index (MI) ultrasound for dynamic 
blood perfusion observation in the target tissue. It has 
been applied in the detection and differential diagnosis 
of solid tumors, the assessment of nonsurgical treatment 
and the evaluation of left ventricular function. As is com-
monly known, one of the inherent limitations of CEUS 
is its subjectivity. In contrast with traditional CEUS, quan-
titative CEUS with dedicated software can detect lesions 
with abnormal perfusion more sensitively.1 A multitude 
of quantitative parameters can be used as imaging bio-
markers. They can improve the diagnostic efficacy as well 
as the detection rate of atypical lesions.2–4

However, the quantitative CEUS faces 2 major dilemmas. 
First, the widely used quantitative two-dimensional CEUS 
(2D-CEUS) could only obtain a single plane of tumor per-
fusion.5 Due to tumor necrosis, hemorrhage and hypoxia, 
there is a  large heterogeneity within the tumor, which 
leads to the complexity of blood supply of tumor. Quan-
titative 2D-CEUS could not fully demonstrate the spatial 
features of the tumor internal environment,6 which would 
result in greater heterogeneity of quantitative parameters 
in different planes.7 Second, commercially available UCA 
typically consists of a suspension of phospholipid-coated 
microbubbles with radius ranging from 1 μm to 10 μm 
in diameter.8 Upon exposure to ultrasound, the microbub-
bles oscillate and generate harmonic echoes, which make 
the visualization and quantification of organ perfusion 
possible. The strength of harmonic signal is proportional 
to the 6th power of the radius of UCA microbubble,9 which 
means that polydisperse microbubbles can also affect 
the quantitative results in CEUS. The monodisperse mi-
crobubble suspension is narrowband and has acoustically 
uniform response.10 Therefore, by using monodisperse 
bubbles resonating with ultrasound pulse, the sensitiv-
ity of CEUS imaging can be increased by 2 to 3 orders 
of magnitude.11

Herein, we need to reduce the tumor quantitative het-
erogeneity taking into account 2 aspects. First, the three-
dimensional CEUS (3D-CEUS) will be used to reconstruct 
the entire target lesion stereoscopically combining x, y 
and z axes through software and improve the accuracy 
of tumor angiogenesis quantification.12 One of our previ-
ous in vitro studies has found that quantitative 3D-CEUS 
is more representative of the perfusion volume and with 
lower heterogeneity when compared with 2D-CEUS.7 Sec-
ond, a new kind of monodisperse microbubbles (Octaflu-
oropropane-loaded cerasomal microbubbles (OC-MBs))13 
with uniform size and long sonographic duration will be 
used to resonate with ultrasound pulse.

Objectives

In this study, an in vitro model was designed to observe 
whether the combination of 3D-CEUS and monodisperse 
microbubbles can reduce the heterogeneity of quantita-
tive CEUS.

Materials and methods

Materials

Hexadecylamine was obtained from Tokyo Pharmaron In-
dustrial Co. (Tokyo, Japan). Bromohexadecane was obtained 
from Shanghai Aladdin Co. (Shanghai, China). Poly (sodium 
4-styrenesulfonate) (PSS; ~70,000 MW), poly (allylamine 
hydrochloride) (PAH; ~15,000 MW) and methyl thiazolyl 
tetrazolium (MTT) were synthesized by Sigma–Aldrich 
(St. Louis, USA). Sodium carbonate (Na2CO3), calcium ni-
trate tetrahydrate (Ca(NO3)2•4H2O) and disodium ethylene-
diaminetetraacetate dihydrate (EDTA) were obtained from 
Guangzhou Chemical Reagent Factory (Guangzhou, China).

Fetal calf serum, tryptase, Dulbecco’s modified Eagle’s 
medium (DMEM) and Penicillin-Streptomycin were pur-
chased from Thermo Fisher Scientific (Waltham, USA). 
Human umbilical vein endothelial cells (HUVEC) and 
HepG2 cells were purchased from Sun Yat-sen Animal 
Experimental Center (Guangzhou, China).

Synthesis of Si-lipid

The method of N-[N-(3-triethoxysilyl) propylsuccin-
amoyl] dihexadecylamine (Si-lipid) synthesis was reported 
previously.14

Preparation of CaCO3 (PSS-PAH) 
microspheres

The PSS-doped CaCO3 microspheres with uniform diam-
eter were synthesized using colloidal aggregation of Na2CO3 
and Ca(NO3)2.15,16 First, 590  mL of  Ca(NO3)2•4H2O 
(0.025 M) and 400 mg of PSS were combined as an aque-
ous solution, into which 265 mL of Na2CO3 (0.025 M) solu-
tion was rapidly added under magnetic agitation (600 rpm) 
for 15 s. Then, the solution was kept for 10 min at 15°C. 
The PSS-doped CaCO3 microspheres were acquired and 
washed by centrifugation with deionized water (4000 rpm, 
10 min). The adsorption of PAH onto the PSS-doped CaCO3 
microspheres was conducted in a 0.1 M NaCl solution with 
80 mg of PAH. After 15 min, free-PAH was removed and 
the microbubbles were washed twice with deionized water. 
Then, CaCO3 (PSS-PAH) microspheres were obtained.
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Preparation of octafluoropropane(OFP)-
loaded cerasomal microbubbles (OC-MBs) 

The method of synthesis has been previously described.17 Un-
der water bath sonication, 10 mg of Si-lipid dissolved in 200 μL 
of ethanol (pH = 3) was injected into 5 mL of CaCO3(PSS-
PAH) (4 mg/mL) microsphere aqueous solution in a vial. After 
injection, the vial was kept in water bath sonication for 2 min. 
Then, the suspensions were incubated at room temperature 
for 12 h to form a siloxane network on the surface of the mi-
crospheres. The free Si-lipid was removed with centrifuga-
tion. The EDTA 2Na solution (0.2M) was utilized to remove 
the CaCO3 core of the microspheres 3 times. The obtained 
microbubbles were freeze-dried with mannitol (10% w/w). 
Finally, the bottle was filled with OFP to acquire OC-MBs.

Characterization of OC-MBs

The morphology of 2 kinds of microbubbles (OC-MBs 
and SonoVue®) was observed using optical microscopy 
(CKX41; Olympus Corp., Tokyo, Japan). The OC-MBs were 
also observed with field emission scanning electron mi-
croscopy (FE-SEM, Zeiss-Ultra 55; Zeiss Co., Oberkochen, 
Germany). Twenty microliters of OC-MBs suspension was 
casted onto copper foil. Then, the specimens were sput-
tered with gold for 5–10 min and inspected using a FE-
SEM with 10 kV accelerating voltage.

Hemolysis assay

The hemolysis assay was conducted according to the pre-
vious studies.18,19 Human red blood cells were separated 
from the whole blood through centrifugation for 10 min 
at 1500 rpm and purified with sterile isotonic phosphate-
buffered saline (PBS) via 6 successive washes. The packed red 
blood cells were suspended in PBS buffer diluting to a con-
centration of 4.0×108/mL. Then, 0.5 mL of the diluted human 
red blood cell suspension was added to 1.5 mL of deion-
ized water (positive control), sterile isotonic PBS (negative 
control) or PBS buffer containing OC-MBs with concentra-
tion of 50 μg/mL, 100 μg/mL, 200 μg/mL, 400 μg/mL, and 
800 μg/mL, respectively. After gentle shaking, the samples 
were allowed to stand at 37°C for 2 h. Finally, after centrifuga-
tion for 10 min at 1500 rpm, the supernatants were measured 
at 541 nm using UV-DU730 absorption spectrophotometer 
(Beckman Coulter, Inc., Brea, USA) to analyze the release 
of hemoglobin. The hemolysis percentage of each group was 
calculated according to the following formula (Eq. 1)20,21:

percent hemolysis (%) = × 100 (%)Asample – Anegative
Apositive – Anegative

	 (1)

where Asample was the  absorbance of  the  supernatant 
of the sample; Apositive was the absorbance of the supernatant 
of positive group (deionized water); and Anegative was the ab-
sorbance of the supernatant of negative group (PBS buffer).

Cytotoxicity of OC-MBs

The cytotoxicity of OC-MBs was evaluated using the stan-
dard MTT assay.22 The HUVECs and the HepG2 cells were 
seeded in each of two 96-well plates and cultured in DMEM 
with 10% fetal calf serum (v/v) overnight. Then, the cells were 
incubated for 24 h and 48 h in the presence of OC-MBs con-
centrations of 25 μg/mL, 50 μg/mL, 100 μg/mL, 200 μg/mL, 
400 μg/mL, and 800 μg/mL, respectively. Fresh DMEM was 
added to the negative control group. Then, the culture me-
dium was taken out and the cells were washed with PBS. 
Fresh medium (100 μL) and 20 μL of MTT assay (5.0 mg/mL) 
per well were added to all wells and the wells were incubated 
for 4 h. After removing the medium, the resultant formazan 
salt crystals were dissolved in 150 μL of dimethyl sulfoxide 
(DMSO) and analyzed on a microplate reader (Synergy 4; 
BioTek, Winooski, USA) at 570 nm. A pure DMSO empty 
group was also analyzed. The percent of cell survival rate 
was calculated using the following formula (Eq. 2):

cell survival rate (%) = × 100 (%)Asample – Aempty
Apositive – Aempty

	 (2)

where Asample was the absorbance of supernatant of sam-
ple; Anegative was the absorbance of supernatant of nega-
tive group (fresh DMEM) and Aempty was the absorbance 
of supernatant of empty group (pure DMSO).

In vitro experiment of OC-MBs

Establishment of the in vitro model

Three polyvinyl chloride pipes with outer diameter 
of 2 mm and an inner diameter of 1 mm were divided into 
3 parts (inflow part, perfusion model part and outflow part) 
with tin foil. The perfusion model was located in the middle 
of the tubes with a length of the pipe of 8 cm, 16 cm and 
32 cm, respectively, to simulate the different blood supply 
levels of the tumor. The perfusion model was divided into an-
nular (8 cm) and spherical (16 cm and 32 cm) model. The pipe 
could not be folded and the inner diameter was not to be too 
narrow. The volume ratio of the perfusion model was 1:2:4.

The perfusion model was fixed in a water tank with 
sound-absorbing sponges on the base of the tank (Fig. 1). 
The 3D ultrasonic probe was fixed upon the perfusion 
model below the water surface. The inflow end was con-
nected to the syringe pump (WZ-50C6; Smiths Medical, 
Minneapolis, USA) to ensure that the contrast medium 
was perfused at a constant rate (200.0 mL/h). The outflow 
end was put into a 1000 mL beaker.

Image acquisition and quantitative analysis of CEUS

Contrast-enhanced ultrasound (CEUS) examinations 
were performed using an Aplio 500 ultrasound scanner 
(Toshiba Medical Systems, Tokyo, Japan) with a 3D imaging 
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probe (PVT375MV, frequency: 2–8 MHz; Toshiba Medical 
Systems). The probe was fixed with a shelf under the water 
surface and above the perfusion model. The maximum 
cross section of the perfusion model was regarded as the 0° 
plane. Then, the probe was rotated to obtain 45° plane and 
90° plane images.

Two-dimensional ultrasound (2D-US), real-time 2D-
CEUS and 3D-CEUS were performed in each plane. Two 
kinds of ultrasound contrast agents, including OC-MBs 
and SonoVue® (Bracco Imaging, Milan, Italy), were dis-
solved in  0.9%  saline with microbubble concentration 
of 4×106/mL and gently shaken until they became a milky 
white suspension. The UCA was injected through the in-
ner tube at a constant speed of 200 mL/h. The duration 
of each imaging was 2 min and it was repeated 6 times. 
During the  interval of each measurement, 0.9% saline 
was used to rinse the tubes in order to remove the micro-
bubbles attaching on the tube wall, which might affect 
the experimental results. The original image data were 
stored for quantitative analysis.

The online software analysis package used was Aplio 
500 v. 3.7 (CHI-Q) (Toshiba Medical Systems). This study 
focused on the peak intensity (PI), the maximum average 
peak intensity of flow perfusion in the region of interest 
(ROI). It has been reported that PI can accurately reflect 

the blood volume of the tissue when the instrument set-
tings and the UCA dose remain unchanged.23

Statistical analysis

Continuous data following normal distribution were ex-
pressed as the mean ± standard deviation (SD). The paired 
sample t-test was applied to  evaluate the  differences 
of the average of coefficient of variation (CV). Pearson’s 
correlation analysis was used to determine the correlation 
between weighted PI (the average value of PI at 0°, 45° and 
90° planes) and the 2 imaging methods, as well as the cor-
relation between weighted PI and perfusion volume (1:2:4). 
The level of significance was set at a two-tailed p < 0.05. 
The statistical analysis was performed using IBM SPSS 
v. 22.0 software (IBM Corp., Armonk, USA).

Results

Homogeneity of OC-MBs

The image of the optical microscopy and the transmis-
sion electron microscopy (TEM) of OC-MBs were shown 
in Fig. 2A and Fig. 2B. The average diameter of OC-MBs 
was 2.0 μm, with high size uniformity. The image of the op-
tical microscopy of SonoVue® suspension and OC-MBs 
were compared in Fig. 3A and Fig. 3B. The OC-MBs mi-
crobubbles had higher homogeneity.

Hemolysis assay and in vitro cytotoxicity 
of OC-MBs

The blood biocompatibility of OC-MBs should be con-
sidered for using as an UCA. Hemolysis assay was con-
ducted to evaluate the blood compatibility. When hemo-
lysis occurs, the hemoglobin presented in red blood cells 
will be released into solution, coloring it red. The density 

Fig. 1. Device schematic diagram of in vitro experiment

UP – ultrasonic probe.

Fig. 2. Optical microscope image (×400) (A) and scanning electron microscopy image (B) of octafluoropropane-loaded cerasomal microbubbles (OC-MBs) 
of 2.0 μm
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of  this red color is  correlated with hemolytic activity 
and can be estimated by measuring the ultraviolet (UV) 
absorbance of a supernatant at 541 nm. The tube with 
the highest concentration of OC-MBs (800 μg/mL) was 
light red (Fig. 4). The solution of concentration ranged 
from 50 μg/mL to 400 μg/mL and was nearly transparent. 
The OC-MBs only experienced approx. 1.3% hemolysis 
at the highest experimental concentration of 800 μg/mL 
(Fig. 4). Consequently, it can be concluded that OC-MBs 
have negligible hemolytic activity.

The cytotoxicity of an UCA is vital to its biomedical 
application. In vitro cytotoxicity was tested on HUVEC 
and HepG2 cell lines. An MTT assay was used to esti-
mate the cytotoxicity of OC-MBs. As shown in Fig. 5, 
HUVECs retained 88% cell viability after incubation with 

OC-MBs for 48 h at a high concentration of 800 μg/mL, 
while the cell viability of HepG2 cell was higher than 95%. 
The cell viability presented no significant difference when 
measurements at 24 h and 48 h were compared.

The OC-MBs present prominent biocompatibility and 
may have the potential to use them as a new UCAs in vivo.

Ultrasound images of 2 UCAs

The model had an irregular shape on the imaging plane, and 
the diameter of the tube was uniform in structure. The ultra-
sound images of 2 UCAs were shown in Fig. 6 (OC-MBs: A and 
B, SonoVue®: C and D). When 2D-CEUS was used, the signals 
were similar for both UCAs (Fig. 6A,C). Yet, for 3D-CEUS, 
OC-MBs group could obtain clearer signals as compared 
to SonoVue® group, and the boundary of the perfusion pipe 
was sharper in the OC-MBs group (Fig. 6B,D).

Variability of quantitative CEUS of 2 UCAs 
in 3 different sections

The PI values of different perfusion models, UCAs and 
CEUS mode are shown in Table 1 and Table 2. The PI 
of each model in different cross sections was the aver-
age of 6 measurements and was shown as the mean ±SD. 
Each CV was calculated with the SD and the mean of the PI 
of 3 different cross sections in the same perfusion model, 
CEUS mode and UCA. The average CV of 3D-CEUS was 
slightly lower than that of 2D-CEUS, without significant 
difference (0.41 ±0.17 compared to 0.55 ±0.26, p = 0.3592, 
T = −1.009, degrees of freedom (df) = 5) (Table 3). When 
we used the 3D-CEUS, the average CVs of OC-MBs group 
and SonoVue® group were 0.32 ±0.19 and 0.50 ±0.10, respec-
tively. The PI of the OC-MBs has shown better stability than 
SonoVue®, but without significant difference (p = 0.0711, 
T = −3.547, df = 2). In the 2D-CEUS conditions, the average 
CVs of OC-MBs group and SonoVue® group were 0.68 ±0.15 
and 0.41 ±0.17 (p = 0.2747, T = 1.490, df = 2), respectively.

Fig. 4. Hemolysis caused by octafluoropropane-loaded cerasomal 
microbubbles (OC-MBs) at different concentrations. Deionized water 
was used as a positive control and phosphate-buffered saline (PBS) was 
used as a negative control. The data is shown in box and whisker plot 
format. The median value is displayed inside the “box” with orange line. 
The upper side and lower side of the “box” refer to the 1st quartile and 
the 3rd quartile. The maximum and minimum values are displayed with 
vertical lines connecting the points to the “box”

Fig. 3. Optical microscope image (×200) of SonoVue® (A) and octafluoropropane-loaded cerasomal microbubbles (OC-MBs) (B)
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Correlation between the actual perfusion 
volume and the weighted PI

In our study, the weighted PI was defined as the aver-
age PIs of 3 different planes (0°, 45° and 90°) in the same 
conditions. For 2D-CEUS, the weighted PIs of OC-MBs 
group of these 3 perfusion models were 0.92, 6.37 and 6.57, 
respectively, while the corresponding values of SonoVue® 
group were 0.57, 3.52 and 2.11, respectively. For 3D-CEUS, 
the weighted PIs of OC-MBs group were 0.96, 3.99 and 
4.77, respectively. By contrast, the corresponding values 
of SonoVue® group were 0.27, 2.43 and 1.86, respectively 
(Table 4).

As the weighted PIs presented the normal distribution, 
the correlation between the weighted PI and the perfusion 
volume (1:2:4) of the in vitro model was evaluated with 
Pearson’s correlation analysis. As for 3D-CEUS conditions, 
the r-value of the weighted PI and perfusion ratio using 
OC-MBs group and SonoVue® were 0.8685 (p = 0.3302) 
and 0.5643 (p = 0.6183), respectively, while that of 2D-
CEUS conditions were 0.7760 (p = 0.4345) and 0.3513 
(p = 0.7715), respectively (Table 4). The OC-MBs group 
had higher correlation between the perfusion volume and 
quantitative CEUS value compared to the SonoVue® group 

Fig. 6. Two-dimensional contrast-enhanced ultrasound (2D-CEUS) and 
three-dimensional contrast-enhanced ultrasound (3D-CEUS) images 
of 32 cm perfusion model: A,B. Octafluoropropane-loaded cerasomal 
microbubbles (OC-MBs); C,D: SonoVue®

Fig. 5. In vitro cell viability of human umbilical vein endothelial cells (HUVEC) (A) and HepG2 cells (B) incubated with octafluoropropane-loaded cerasomal 
microbubbles (OC-MBs) at different concentrations for 24 h and 48 h. The data is shown in box and whisker plot format. The median value is displayed inside 
the “box” with brown line. The upper side and lower side of the “box” refer to the 1st quartile and the 3rd quartile. The maximum and minimum values are 
displayed with vertical lines connecting the points to the “box”. The yellow “box” refers to the results of 24 h, while the orange “box” refers to the results of 48 h

Table 1. The peak intensity (PI) values and coefficient of variation (CV) of 2 ultrasound contrast agents (UCA) in different perfusion models using 3D-CEUS

Length of perfusion 
model [cm] UCA

PI (AU×10–6)
CV

0° 45° 90°

8
OC-MBs 1.35 ±0.19 1.05 ±0.00 0.73 ±0.01 29.72%

SonoVue® 0.20 ±0.13 0.19 ±0.00 0.42 ±0.00 49.16%

16
OC-MBs 3.36 ±0.13 4.51 ±0.16 4.08 ±0.11 14.58%

SonoVue® 3.55 ±0.09 1.61 ±0.05 2.13 ±0.07 41.40%

32
OC-MBs 2.66 ±0.05 7.48 ±0.10 4.16 ±0.10 51.77%

SonoVue® 1.67 ±0.12 0.84 ±0.01 3.07 ±0.00 60.71%

CEUS – contrast-enhanced ultrasound; OC-MBs – octafluoropropane-loaded cerasomal microbubbles.
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in 2D- and 3D-CEUS. The OC-MBs were technically fea-
sible and they may have the potential to improve the ac-
curacy of tumor perfusion assessment.

Discussion

The spatial distribution of blood vessels is closely related 
to the nature of the tumor. However, due to the necro-
sis, bleeding and hypoxia of the tumor, there is a  large 

heterogeneity within the  tumor, which causes large 
intra-volume heterogeneities in quantitative perfusion 
parameters.24 Two previous animal studies have shown 
that a small deviation in transducer position could result 
in quantitative errors up to 40.3%25 and plane to plane vari-
ation of parametric perfusion maps could be up to 22%.26 
In order to solve this problem, real-time 3D-CEUS and 
monodisperse microbubbles were used to explore whether 
the measurement variation could be reduced and whether 
it could improve the correlation between quantitative anal-
ysis and actual blood flow.

With the help of contrast agent, the traditional 2D-
CEUS greatly improves the ability of detecting tumor 
microvessels. However, 2D-CEUS only shows tumor 
blood vessels through a single plane and it cannot fully 
show its vascular characteristics if the blood vessels are 
rich or poorly positioned. The 3D-CEUS was developed 
to solve this problem. The 3D technique can show the spa-
tial relationship of vascular structure after post-acquisi-
tion reconstruction. Previous study has shown that real-
time 3D-CEUS could overcome sampling errors in tumors 
by  imaging the  tumor as a whole.27,28 However, based 
on the testing of our setup, the average CV of 3D-CEUS 
was slightly lower than that of 2D-CEUS (p = 0.3592) 
without significant difference. The reason might be that 
the perfusion model was not complex enough to simulate 
the internal structure of the tumor.

In the OC-MBs group, as well as in the SonoVue® group, 
the r-values of the weighted PI and perfusion ratio were 
higher when 3D-CEUS was used as compared to 2D-CEUS. 

Table 2. The peak intensity (PI) values and coefficient of variation (CV) of 2 ultrasound contrast agents (UCA) in different perfusion model using 2D-CEUS

Length of perfusion 
model [cm] UCA

PI (AU×10–4)
CV

0° 45° 90°

8
OC-MBs 1.55 ±0.00 1.00 ±0.01 0.20 ±0.00 73.75%

SonoVue® 0.42 ±0.00 1.05 ±0.01 0.23 ±0.01 75.60%

16
OC-MBs 9.94 ±0.00 3.45 ±0.00 5.71 ±0.01 51.71%

SonoVue® 3.12 ±0.00 2.77 ±0.00 4.68 ±0.11 28.94%

32
OC-MBs 2.89 ±0.00 12.66 ±0.00 4.17 ±0.16 80.78%

SonoVue® 2.57 ±0.00 1.80 ±0.00 1.96 ±0.11 19.24%

CEUS – contrast-enhanced ultrasound; OC-MBs – octafluoropropane-loaded cerasomal microbubbles.

Table 3. Paired sample t-test was used to compare the mean CVs of 3D-CEUS and 2D-CEUS and mean CVs of OC-MBs group and SonoVue® group 
in the 3D-CEUS group and 2D-CEUS group

Values CV of 3D-CEUS CV of 2D-CEUS
3D-CEUS group 2D-CEUS group

CV of OC-MBs 
group

CV of SonoVue® 
group

CV of OC-MBs 
group

CV of SonoVue® 
group

Mean ±SD 0.41 ±0.17 0.55 ±0.26 0.32 ±0.19 0.50 ±0.10 0.68 ±0.15 0.41 ±0.17

T −1.009 −3.547 1.490

df 5 2 2

p-value 0.3592 0.0711 0.2747

CV – coefficient of variation; 2D-CEUS – two-dimensional contrast-enhanced ultrasound; 3D-CEUS – three-dimensional contrast-enhanced ultrasound; 
OC-MBs – octafluoropropane-loaded cerasomal microbubbles; SD – standard deviation; df – degrees of freedom.

Table 4. The weighted peak intensity (PI) (the average value of PI at 0°, 45° 
and 90° planes) values of different ultrasound contrast agents, perfusion 
models and contrast-enhanced ultrasound mode, and the correlation 
between weighted PIs and the perfusion volume. Pearson’s correlation 
analysis was used to determine the correlation between weighted PI and 
perfusion volume (1:2:4)

Perfusion 
ratio

2D-CEUS (n = 3) 3D-CEUS (n = 3)

OC-MBs SonoVue® OC-MBs SonoVue®

weighted PI 
(AU×10–4)

weighted PI 
(AU×10–6)

weighted PI 
(AU×10–4)

weighted PI 
(AU×10–6)

1 0.92 0.57 0.96 0.27

2 6.37 3.52 3.99 2.43

4 6.57 2.11 4.77 1.86

r-value* 0.7760 0.3513 0.8685 0.5643

p-value 0.4345 0.7715 0.3302 0.6183

* r-value – correlation coefficient between weighted PI and perfusion 
volume (1:2:4); 2D-CEUS – two-dimensional contrast-enhanced 
ultrasound; 3D-CEUS – three-dimensional contrast-enhanced ultrasound; 
OC-MBs – octafluoropropane-loaded cerasomal microbubbles.
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As 3D-CEUS could carry on with a volumetric imaging 
system, multiple planes could be captured simultaneously. 
The continuity and spatial relationships of the blood ves-
sels were more clearly displayed with 3D-CEUS.6 As a re-
sult, the quantitative measurement from a single 3D plane 
is more representative than results obtained in 2D.24

Another important component of  CEUS is  UCA. 
As a kind of phospholipid membrane microbubbles, So-
noVue® can generate nonlinear harmonic signals under 
ultrasound scanning and has good contrast effects, which 
has been proven through research and has been widely 
used in 2D-CEUS.29 In our preliminary studies, we found 
that for quantitative analysis, 3D-CEUS had better stabil-
ity, accuracy and feasibility than 2D in both, in vitro as well 
as in vivo models.7,30 However, the phospholipid membrane 
of SonoVue® can easily burst under high energy ultrasonic 
irradiation and uneven particle size will affect the quanti-
tative results. Therefore, in order to optimize the accuracy 
of quantitative 3D-CEUS, a new kind of monodisperse 
UCA with better stability is needed.

Si-lipid is a new type of organic-inorganic composite 
lipid synthesized from organic alkoxysilanes and lipid 
molecules. The double-layer vesicle structure with silica 
framework on the surface has higher morphological sta-
bility than traditional lipid vesicles. In recent years, there 
have been studies focused on the application of Si-lipid 
in UCA production.31–33 As for loaded gas, perfluorocar-
bon gas, such as OFP,34 has extremely low water solubility 
and good biocompatibility, which can effectively prolong 
the  durability of  microbubbles.35,36 Therefore, in  this 
study, Si-lipid and OFP were chosen to prepare OC-MBs. 
The CaCO3 template method was applied to maintain 
the uniformity of microbubble size. Our study showed that 
the OC-MBs microbubbles had higher homogeneity with 
size distribution of 2.0 μm. As a new kind of ultrasound 
contrast agent, the cytotoxicity and blood biocompatibil-
ity are vital to its biomedical application. The OC-MBs 
have negligible hemolytic activity, present prominent 
biocompatibility and may have the potential to be used 
as new UCAs in vivo.

In the present study, under the condition that the micro-
bubble concentration was controlled at about 4×106/mL, 
the imaging effects of both SonoVue® and OC-MBs group 
had no significant difference in 2D-CEUS; as for 3D-CEUS, 
the continuity, integrity and signal strength of the phan-
tom were significantly better in OC-MBs group than those 
of the SonoVue® group (Fig. 6). After quantitative analy-
sis, the PI of the OC-MBs has shown better stability than 
SonoVue® in 3D-CEUS condition (Table 1). It shows that 
under the protection of silica framework, OC-MBs have 
better stability and imaging capability than SonoVue®. 
The results of the Pearson’s linear correlation test show 
that there was a linear correlation trend between the quan-
titative results and the actual perfusion volume, and com-
pared with SonoVue®, OC-MBs have a trend of optimizing 
quantitative CEUS.

Limitations

We acknowledge several limitations of this study. First, 
the acoustic properties of the silicone tube used in the in vi-
tro model are still different from the blood vessel. If bet-
ter materials are to be found in the future, it is expected 
to reduce the impact of sound attenuation on the results. 
Second, only 3 in vitro models were used in this study, and 
more models should be involved to mimic the heterogene-
ity of in vivo target.

Conclusions

In the present study, we successfully prepared monodis-
perse OFP-loaded cerasomal microbubbles (OC-MBs) with 
high stability, size uniformity and biocompatibility. Our 
in vitro experiments showed that OC-MBs have the po-
tential in acquiring more stable quantitative CEUS value, 
as compared to  the SonoVue® in 3D-CEUS condition. 
The combination of 3D-CEUS and OC-MBs can reflect 
perfusion volume more precisely and may be a potential 
way to reduce quantitative heterogeneity.
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