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Background: This feasibility study aimed to compare real-time two-dimensional contrast-enhanced ultrasound (2D-CEUS)
and three-dimensional contrast-enhanced ultrasound (3D-CEUS) to quantify flow in an in vitro model.
Material/Methods: Five polyvinyl chloride (PVC) tubes were used for the perfusion models and used SonoVue ultrasound contrast
agent with a perfusion volume ratio of 1: 2: 4: 8: 16. The contrast was injected at a constant speed to com-
pare the raw quantitative data of 2D-CEUS and 3D-CEUS at angles of 0°, 45°, and 90°. The coefficient of varia-
tion (CV) of the peak intensity (PI) in the model were compared and the correlations between weighted Pl and
perfusion volume were analyzed.

Results: In the three angles used, real-time 3D-CEUS resulted in a more comprehensive view of the spatial relationships
in the perfusion model. Using real-time 2D-CEUS, the mean CV was 0.92+0.36, and the mean CV in the real-
time 3D-CEUS model was significantly less at 0.48+0.32 (p<0.001). Quantitative 3D-CEUS parameters showed
a good correlation with those of 2D-CEUS with an r-value of 0.93 (p=0.02). The r-value of weighted Pl and the
perfusion ratio using 2D-CEUS was 0.66 (p=0.23) compared with values in 3D-CEUS of 0.84 (p=0.08).

Conclusions: The combination of real-time 3D-CEUS and quantitative analysis identified the spatial distribution of the changes
in angle in the model, which was less influenced by sectional planes, and was more representative of the per-
fusion volume when compared with 2D-CEUS. Quantitative real-time 3D-CEUS requires in vivo studies to eval-
uate the potential role in the clinical evaluation of vascular perfusion of malignant tumors.
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Background

The development of ultrasound contrast agents with a low me-
chanical index (M), which is correlated with the acoustic pres-
sure, has advanced the imaging technique of contrast-enhanced
ultrasound (CEUS). During minutes, CEUS can visualize dynamic
enhancement patterns in real-time [1]. CEUS has become an
effective standard diagnostic imaging method that is recom-
mended and supported by several clinical guidelines [2-4].

However, the use of two-dimensional contrast-enhanced ultra-
sound (2D-CEUS) to evaluate the vasculature within a three-
dimensional (3D) tissue, such as a tumor, can produce vari-
able results. Interpretation of 2D-CEUS is based on one single
2D sectional plane, and tumor necrosis and vascularity may be
heterogeneous in different 2D imaging planes. 2D-CEUS only
shows the 2D layout of tumor blood vessels and not their com-
plex spatial relationships [5]. Therefore, 2D-CEUS does not ac-
curately reflect blood flow and perfusion of the whole lesion.

Three-dimensional contrast-enhanced ultrasound (3D-CEUS)
combines the advantages of 2D-CEUS and 3D-US, and can ob-
jectively evaluate tumor vascularity by reconstruction of stereo-
scopic images [6]. Compared with 2D-CEUS, 3D-CEUS can faith-
fully reflect the contrast perfusion of the whole lesion and can
precisely evaluate treatment response [7,8]. Static 3D-CEUS is
a clinically valuable tool that can demonstrate the blood supply
of tumors [9]. However, its drawback is that it may not visualize
the dynamic perfusion of the lesion. Real-time 3D-CEUS solves
this problem as there is continuous dataset acquisition [10].
Real-time 3D-CEUS has previously been studied in preclinical
animal studies of tumor treatment response [8,11]. Further
clinical evaluation has been carried out in disease diagnosis
and the evaluation of therapeutic effects [7,12-14].

However, qualitative analysis of 3D-CEUS images is subjective
and prone to interobserver variation, particularly by junior ra-
diologists who may be inexperienced [15,16]. Combined with
the used of on-line quantitative analysis software, 3D-CEUS
can image the stereoscopic perfusion of contrast agents in
real-time. Therefore, quantitative analysis of real-time 3D-CEUS
is established to overcome imaging limitations and increase
the objectivity of investigators when interpreting CEUS imag-
ing information [17].

Currently, real-time 3D-CEUS quantitative analysis is still in
the preliminary stage. Previous studies on the repeatability
of quantitative real-time 3D-CEUS analyzed repeating pairs of
acquisition data within a scan session under the same con-
ditions [18,19]. A normalized and maneuverable model is re-
quired to demonstrate that quantitative 3D-CEUS is a sta-
ble and feasible method to analyze the fluid flow in lesions.
Therefore, this feasibility study aimed to compare real-time
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Figure 1. Perfusion models. The perfusion model is in the middle
section of the tubes with lengths of 2 cm, 4 cm, 8 cm,
16 cm, and 32 cm. The perfusion model components
are of different shapes, including tubular (2 cm),
annular (4 cm and 8 cm), and spherical (16 cm and
32 cm).

two-dimensional contrast-enhanced ultrasound (2D-CEUS) and
three-dimensional contrast-enhanced ultrasound (3D-CEUS) to
quantify flow in an in vitro model.

Material and Methods

Establishment of the model

Five polyvinyl chloride (PVC) tubes with an outer diameter of
2 mm and an inner diameter of 1 mm were divided into three
parts using tin foil, the inflow part, the perfusion model part,
and the outflow part. The perfusion model was in the middle
section of the tubes with lengths of 2 cm, 4 cm, 8 cm, 16 cm,
and 32 cm, to represent different levels of blood supply of a
tumor mass. The components of the perfusion model were
formed into different shapes, including tubular (2 cm), annu-
lar (4 cm and 8 cm), and spherical (16 cm and 32 cm) (Figure 1).
The tubes had no folds and no narrowing of the inner diameter.
For this perfusion models, the volume ratio was 1: 2: 4: 8: 16.
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Figure 2. Construction of the in vitro model.
This perfusion model is fixed in a
water tank, which includes an acoustic
absorption sponge with a thickness
of about 2 cm on the top and bottom.
The inflow end is connected to a
syringe pump to ensure that the
contrast agent perfuses at a constant
speed. The outflow end is shown
placed in a 1000 ml beaker.

Beaker

This perfusion model was then fixed in a water tank, which in-
cluded an acoustic absorption sponge with a thickness of about
2 cm on the sides and base. The inflow end was connected to
a syringe pump (WZ-50C6) (Smiths Medical, Minneapolis, MN,
USA) to ensure that the contrast agent was perfused at a con-
stant speed (200.0 ml/h). The outflow end was placed into a
1000 ml beaker (Figure 2).

Image acquisition

Contrast-enhanced ultrasound (CEUS) was performed using
an Aplio 500 ultrasound scanner (Toshiba Medical Systems,
Tokyo, Japan) with a PVT375MV 3D imaging probe (frequency:
2-8 MHz) (Toshiba Medical Systems, Tokyo, Japan). The in vitro
model was immersed in a water tank. The probe was fixed
below the water surface and above the perfusion model us-
ing a rack. The largest sectional plane was regarded as the
0° plane, and then the probe was rotated to acquire the 45°
plane and 90° plane images to compare the imaging stability
of 2D-CEUS and 3D-CEUS. Real-time 2D-CEUS scans were per-
formed using the settings of mechanical index=0.09, frame
rate=10 fps, and acoustic power=2%. In the same session,
real-time 3D-CEUS scans were performed using the settings
of mechanical index=0.09, frame rate=1.5 fps, and acoustic
power=2%. The other imaging conditions are shown in Table 1.

The ultrasound contrast agent used in this study was SonoVue®
(Bracco Imaging, Milan, Italy), which is an ultrasound contrast
agent consisting of sulfur hexafluoride microbubbles. The ultra-
sound contrast agent was reconstituted with 5 ml of 0.9% sa-
line and gently shaken until it became a milky white suspen-
sion. One milliliter of contrast suspension was added to 50 ml
of normal saline, resulting in a 1: 50 concentration dilution.

Two-dimensional ultrasound (2D-US) was performed in each
plane, followed by real-time 2D-CEUS and 3D-CEUS. The ultra-
sound contrast agent was infused at a constant rate of 200 ml/h
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Table 1. Imaging parameters of real-time two-dimensional
(2D) and three-dimensional (3D) contrast-enhanced
ultrasound (CEUS).

Parameter 2D-CEUS 3D-CEUS
i i Harmonic Harmonic
wave wave
Mechanic index 0.09 0.09
Frequency MH) 35 35
Greydensity(@®) 78 78
 Dynamicrange o 6
Famerate ofps 15vps
focalpoint 1 1
Focuslocation (cm) 77
 Acoustic power output (%) 2 2

through an inner tube. The duration of each imaging session
was 2 minutes, which was repeated six times. During the in-
terval of each measurement, 0.9% saline was used to flush
the tubes to remove the microbubbles from attachment to
the tube wall, which might have affected the experimental
results. The raw dynamic imaging data were stored for quan-
titative analysis.

Quantitative analysis of CEUS

The online software analysis package used was Aplio 500 ver-
sion 3.7 (CHI-Q) (Toshiba Medical Systems, Tokyo, Japan). This
study data analysis focused on the perfusion parameter of the
peak intensity (PI), which was the maximum average peak in-
tensity of flow perfusion in the region of interest (ROI). It has
previously been reported that when the instrument set-up and
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Figure 3. Ultrasound images of the perfusion model. The largest sectional plane is regarded as the 0° plane (A-C). The probe was spun

to the 45° plane (D-F), and the 90° plane (G-I).

the dose of contrast agents remain constant, Pl accurately re-
flects the blood volume of tissues [20].

Statistical analysis

Data were analyzed using SPSS version 19.0 software (SPSS Inc,
Chicago, IL, USA). Normally distributed data were expressed as
the meansstandard deviation. The coefficient of variation (CV)
of different sectional planes in 2D-CEUS and 3D-CEUS were
calculated and compared using the independent sample t-test.
Correlation of the weighted PI (mean value of PI from three dif-
ferent sections) between two imaging methods, and correlation

This work is licensed under Creative Common Attribution-
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of the Pl weighted value and perfusion ratios (1: 2: 4: 8: 16),
were determined by the r-value using Pearson’s correlation
analysis. A p-value <0.05 was considered to be statistically
significant.

Results

The establishment of the perfusion model

The established model had a irregular shape in the imaging
plane with structurally even tube diameters. There was no
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Table 2. Comparison of the coefficient of variation (CV) between real-time two-dimensional (2D) and three-dimensional (3D) contrast-
enhanced ultrasound (CEUS) in different length of the perfusion model and different sectional planes.

Length of perfusion

model (cm)

PI (2D: AUx10~; 3D: AUx10¢)

3D 11.09+1.00

0.80+0.13 113.39%
""""""""""""""""""""" 3780059 6521%
 016:004  o047s004 14370%
0206003 0474003 8649%
""""""""""""""""""""" 1854013 80S1%
""""""""""""""""""""" 3476023 1606%
""""""""""""""""""""" 3796038 5196%

56 697s065 2%
251034 4695047 T175%
"""" 3506034 5384005 5936%

significant acoustic attenuation in the far field, and the imaging
effect was satisfied. The model simulated a tumor with necro-
sis in the irregular shaped area. The images of two-dimensional
ultrasound (2D-US), two-dimensional contrast-enhanced ultra-
sound (2D-CEUS), and three-dimensional contrast-enhanced
ultrasound (3D-CEUS) in three different sections are shown
in Figure 3. Real-time 3D-CEUS provided a more intuitive and
comprehensive view of the spatial relationships of the per-
fusion model.

Variability of different sectional planes in quantitative
CEUS

The peak intensity (PI) values of the different perfusion mod-
els are shown in Table 2. The Pl of each model in different sec-
tional planes was the average of six measurements and shown
as the mean + standard deviation (SD). Each coefficient of vari-
ation (CV) was calculated with the standard deviation and the
mean of the Pl of three different sectional planes in the same
perfusion model and the CEUS mode. In each perfusion vol-
ume model, the CV of 3D-CEUS was always less than that of
2D-CEUS. The average CV of the five perfusion models using
real-time 2D-CEUS was 0.92+0.36. The average CV using real-
time 3D-CEUS was 0.48+0.32, which was significantly less than
the average CV of 2D-CEUS (p<0.001). Therefore, the stability
of the quantification of 3D-CEUS was better than 2D-CEUS in
this in vitro model.

Table 3. Weighted peak intensity (PI) in real-time two-
dimensional (2D) and three-dimensional (3D) contrast-
enhanced ultrasound (CEUS).

Ratio of perfusion Weighted Pl (2D: AUx10~*; 3D: AUx107)

model volume

Correlation between the perfusion volume and
quantitative CEUS

The weighted PI of quantitative CEUS was the average Pl of
0°, 45°, 90° planes in the same perfusion model, and the same
CEUS modes. The results are shown in Table 3. The weighted
PIs of real-time 2D-CEUS of these five perfusion models were
1.94, 1.84, 4.39, 8.80, and 6.01, while the corresponding val-
ues of real-time 3D-CEUS were 2.20, 0.64, 3.09, 6.89, and 6.66.
As the weighted Pls were in accordance with normal distribu-
tion, Pearson’s correlation analysis was computed to assess
the correlation of the weighted PI of two imaging methods, as
well as the correlation of the weighted PI and perfusion ratios
(1: 2: 4: 8: 16) of the in vitro model.

Quantitative 3D-CEUS parameters showed a good correla-
tion with those of 2D-CEUS with the r-value of weighted Pl in
2D-CEUS compared with 3D-CEUS of 0.93 (p=0.02). The r-value
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Table 4. Correlation of the weighted peak intensity (PI) value
and perfusion ratio in real-time two-dimensional
(2D) and three-dimensional (3D) contrast-enhanced
ultrasound (CEUS).

Weighted value of PI

of weighted Pl and perfusion ratio by using 2D-CEUS was 0.66
(p=0.23), while that of 3D-CEUS was 0.84 (p=0.08) (Table 4).
Quantitative real-time 3D-CEUS could reflect the actual perfu-
sion volume of the lesion more precisely compared with quan-
titative real-time 2D-CEUS. The quantitative real-time 3D-CEUS
was technically feasible and may be used for evaluation of the
perfusion of tumors.

Discussion

Compared with two-dimensional contrast-enhanced ultrasound
(2D-CEUS), instantaneous 3D-CEUS contrast-enhanced ultra-
sound (3D-CEUS) increases the perfusion imaging information
in the coronal and sagittal planes. Therefore, 3D-CEUS can more
effectively demonstrate the spatial structure of lesions and
provide information that cannot be detected in 2D scanning,
which may mean that it is and important supplement to real-
time 2D-CEUS [21,22]. However, instantaneous 3D-CEUS is es-
tablished on the static images reconstituted using computers,
and cannot dynamically observe the time-intensity curve (TIC)
of stereoscopic perfusion in lesions in vivo. Without TIC, it is
possible to miss the key points in the perfusion process.

Real-time 3D-CEUS is established based on instantaneous
3D-CEUS together with the time vector, and can thoroughly
and stereoscopically observe the perfusion characteristics of
lesions with TIC. Meanwhile, the ‘off-target’ phenomenon and
motion artifacts that result from motion decreased, which is
another great advantage in ultrasound technology following
real-time 2D-CEUS and 3D-CEUS [23,24]. As the present study
has shown, real-time 3D-CEUS shows superiority to real-time
2D-CEUS and static 3D-CEUS in imaging lesion morphology,
the spatial relationship of supplying blood supply vessels, and
the distribution of internal blood vessels, which are important
for the evaluation of flow perfusion with only subtle changes.
The latest real-time 3D-CEUS technology can acquire the origi-
nal volume raw data with a higher frame rate, and when com-
bined with volume quantitative analysis software implanted
on the instrument, it can more accurately reflect the perfu-
sion of tumors [24].
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In the present study, we used an in vitro model to demon-
strate the stability and feasibility of quantitative real-time
3D-CEUS to evaluate the perfusion that might occur in solid
tumors. Because malignant tumors are generally irregular in
shape and contain areas of bleeding and necrosis, an irregu-
lar perfusion model was constructed to represent blood perfu-
sion of a tumor. We performed comparative experiments un-
der different sectional planes with the same concentration of
ultrasound contrast agent to evaluate the stability of 3D-CEUS.
As for the CEUS image of the same model, 3D-CEUS images
were more similar to the actual structure of the model when
compared with 2D-CEUS (Figure 3). The coefficient of varia-
tion (CV) was used to determine the variability of peak inten-
sity (PI) of different sectional planes. The CV of Pl was found
to be relevant to the irregularity of the model. However, in the
same model, the CV of 3D-CEUS was significantly lower than
that of 2D-CEUS (p<0.01). The 3D-CEUS images are based on
the x and y planes, respectively and reconstruction of a third
axial plane (the z-axis plane) was based on the acoustic sig-
nals of the x and y axial planes, which synthesized a stereo-
scopic real-time contrast-enhanced image. 2D-CEUS could
only obtain the acoustic signal of a single slice, and the dif-
ference between the signals of different planes were signifi-
cant. This finding was particularly significant when the shape
of the object was irregular, and the internal echo was hetero-
geneous, so the quantitative stability of 2D-CEUS was lower
than for 3D-CEUS.

In this study, the r-value of Pl between 2D-CEUS and 3D-CEUS
was 0.9, which was a finding supported in the reported previ-
ously study by Cao et al. [17], which meant that 3D-CEUS had
similar enhanced characters with 2D-CEUS. The weighted PI
was used to adjust the quantitative results of different planes.
Both real-time 2D-CEUS (r=0.66; p=0.23) and real-time 3D-CEUS
(r=0.84; p=0.08) correlated quantitatively with the actual per-
fusion volume. However, real-time 3D-CEUS showed a better
linear correlation with perfusion volume. Therefore, 3D-CEUS
might more exactly reflect the actual perfusion volume com-
pared with 2D-CEUS. This function has potential clinical appli-
cation. A previously reported study showed that quantitative
real-time 3D-CEUS could differentiate between early (within
24 hours) responders and non-responders in a mouse mod-
el of colorectal cancer [8]. Nam et al. showed that the PIs of
tumor imaging from 3D-CEUS were significantly lower in the
treatment complete responder group than in the incomplete
responder group as early as one or two weeks after transhe-
patic arterial chemotherapy and embolization (TACE) [14].

This study had several limitations. Firstly, this feasibility study
used an in vitro model with polyvinyl chloride (PVC) tubes rep-
resenting blood vessels. Also, there were only five perfusion
models in the study. However, because the lesions in vivo are
variable, more models should be designed in future studies.
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The ratio of weighted PI did not correspond with the ratio
of the perfusion volume. The reasons might have been that
the parts of the perfusion model were formed into different
shapes, including tubular, annular, and spherical, with differ-
ent planes. Although the PVC tubes had good acoustic ultra-
sound performance, the tube walls might have caused some
acoustic attenuation. With the increased number of stacked
wall layers, the effects of this attenuation on the quantitative
results increased. Further developments to refine this model
may be used in the future, such as improved ultrasound con-
trast agents and imaging systems to facilitate quantitative
real-time 3D-CEUS.
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uation of vascular perfusion of malignant tumors.
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