@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

ONCOLOGY LETTERS 14: 3124-3130, 2017

Spiral computed tomography evaluation of rabbit VX2 hepatic
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Abstract. The aim of the present study was to explore the
therapeutic effect of 20 kHz ultrasound (US) and micro-
bubbles (MBs) on rabbit VX2 liver tumors by spiral computed
tomography (CT) scanning. A total of 16 New Zealand rabbits
with hepatic VX2 tumors were divided into four groups:
Control, MB, low-frequency US and US + MB. The treatment
effect was evaluated by spiral CT scanning prior to, during
and following treatment (at 0 weeks and the end of 1 and
2 weeks). The tumor growth rate was recorded. The specimens
of VX2 tumors were collected for histological examination
and transmission electron microscopy (TEM). No significant
differences were observed between tumor areas measured by
CT and pathology after 2-week treatment (P>0.05). The mean
tumor growth rates in the control, MB, US and US + MB groups
after 2 weeks of treatment were 385+21, 353+12, 302+14 and
154+9%, respectively (P<0.05, US + MB vs. the other three
groups). Hematoxylin and eosin staining in the US + MB
group revealed coagulation necrosis, interstitial hemorrhage
and intravascular thrombosis. In the control, MB and US
groups, tumor cells exhibited clear nuclear hyperchromatism.
TEM of US + MB revealed vascular endothelial cell wall
rupture, widened endothelial cell gaps, interstitial erythrocyte
leakage and microvascular thrombosis, while intact vascular
endothelial cells and normal erythrocytes in the tumor vessels
were observed in the control, MB and US groups. A combina-
tion of 20 kHz US and MBs may effectively inhibit rabbit VX2
tumors. Spiral CT scanning is an ideal method to evaluate the
US treatment on rabbit tumors.
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Introduction

Ultrasound (US) at 20 kHz is a special sound range just
above the threshold of human hearing (1). The application
of low-frequency (20 kHz) US has been demonstrated to be
useful for increasing the efficiency and consumer safety in
food processing (2), removing heavy metal (lead, mercury and
arsenic) contamination in milk (3), decreasing the viscosity and
particle size of milk (4) and improving the functional proper-
ties of dairy ingredients (5). US at a frequency of 20 kHz has
been used to degrade the antibiotic ofloxacin in water (6). Low
to moderate levels of ofloxacin degradation were reported,
and this degradation was attributed to radical reactions in the
liquid bulk rather than thermal reactions in the vicinity of the
cavitation bubble (6).

US at 20 kHz can also increase membrane permeation (7).
Size measurements and the direct visualization of vesicles
demonstrate that US does not completely rupture membranes
into fragments but causes transient poration, as leakage from
the core is governed by acoustic cavitation (8). The extent of
leakage inversely depends on the membrane thickness and
directly depends on the sonication time and intensity (7).

US at 20 kHz is applied not only in industry but also to
improve the in vitro and in vivo bio-effects in medicine (9-11).
In vitro studies have demonstrated that 20 kHz US enhances
the permeation of diclofenac sodium across EpiDerm™
5-fold (9-11). It is a unique and exciting theranostic modality
that can be used to track drug carriers, trigger drug release and
improve drug deposition to tumor cells with high spatial preci-
sion (9). Cavitation bubbles induced by 20 kHz US may induce
cell death or transient membrane permeabilization, which is
defined as sonoporation on a single cell level (10). Microscopy
disclosed that the collapse of a microbubble (MB) and genera-
tion of a jet produce small holes within cell membranes (12).
Pores produced within the cell membrane may be transient
(facilitating successful therapeutic delivery) or permanent
(resulting in cell death) (13). The application of sonoporation
can be used to deliver genes into cells (14,15). In vitro, a variety
of cell lines, including fibroblast cells, ovarian carcinoma cells
and HeLa cells, have been successfully transfected for gene
therapy (14-16) with concomitant cell death (17).

In vivo studies demonstrated a loss of balance stability
and reduced motor response time in humans due to 20 kHz
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airborne US up to 1 h with 120 dB (18) and temporary hearing
loss for 5 min at 154 dB (19). Human subjects complained
of fatigue, headache, nausea and tinnitus as a result of
the airborne ultrasonic exposure at 20 kHz and 110 dB for
1 day (20). Nude mice succumbed after 8-70 min of exposing
the head to 20 kHz with a sound pressure of 162 dB (21).
Boucaud et al (22) researched the human skin bio-effect
of a 20-kHz contact US pulse wave with a 10% duty cycle
(0.1 sec on, 0.9 sec off) and a 20-kHz continuous wave for
10 min with a varying intensity of 0.25-7 W/cm?. They found
that 20 kHz US significantly increased skin permeabilization.
The skin permeabilization induced by 20 kHz US results
primarily from the direct mechanical impact of gas bubbles
that collapse on the skin surface (resulting in microjets and
shockwaves) (22). Tang et al (23) studied pig skin permeabi-
lization effects of a coupling medium with 20 kHz US, with
a 10% duty cycle (0.1 sec on, 0.9 sec off) for 2 h at a power
of 1.6-33.5 W/cm?. The results indicated that US-induced
cavitation in the coupling medium is the key mechanism of
skin permeabilization during low frequency sonophoresis.
Transient cavitation occurring on, or in the vicinity of, the
skin membrane is the central mechanism responsible for the
observed enhancement of skin permeability (23).

The industrial and medical applications of 20 kHz US are
diverse, ranging from high power industrial US equipment
to various therapeutic medical applications (24,25). Previous
studies have investigated the effects of low-frequency US
on small animals, including nude mice, and revealed that
low-frequency US could downregulate the expression of
vascular-related protein (25) and inhibit tumor growth (26).
However, the cavitation effect on tumors in larger animals,
including rabbits, has not been thoroughly studied. When MBs
are intravenously injected, the acoustic pressures that facilitate
the therapeutic effects will decrease (27). Thus, the present
study aimed to explore the effects of 20 kHz US and MBs
on rabbit liver tumors using computed tomography (CT) and
compare them with pathology as a reference standard.

Materials and methods

Animal protocol and tumor inoculation. The experiments
were performed with 16 New Zealand white rabbits that
weighed 2.0-2.5 kg (median, 2.2 kg). All 16 rabbits were
male, aged 90 days and were provided from the Laboratory
Animal Center of Nantong University (Nantong, China). The
experiments were approved by the Animal Care Committee of
Nantong University Medical School (Jiangsu, China) and were
performed in accordance with the institutional guidelines. The
animals were anesthetized with an intravenous injection of
30 mg/kg pentobarbital. VX2 carcinoma cells (Department
of Ultrasound in Medicine, Shanghai Jiao Tong University
Affiliated Sixth People's Hospital, Shanghai, China) were
used to establish a model of hepatic tumors. The abdomens
of the recipient rabbits were shaved and prepared with povi-
done iodine, and a midline subxyphoid incision was made.
The anterior surface of the liver was exposed, and prepared
tumor tissue was implanted in the liver lobe using forceps. The
outlet of the inoculated area was blocked by a gelatin sponge
(Suzhong Medical Instrument Co., Ltd., Yangzhou, Jangsu,
China). Only one inoculation site was used per liver. Aseptic
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technique was maintained during each inoculation. Following
surgery, the animals were returned to their cages, kept warm
(temperature 18°C; humidity, 65%; good ventilation; dim light;
quiet environment; and with sufficient food and clean water)
and monitored in the animal laboratory until they recovered
from anesthesia. An iU22 ultrasound system (Philips Medical
Systems, Inc., Bothell, WA, USA) with a 12-15 MHz broad-
band linear probe was used to monitor the tumor growth every
day following tumor inoculation. VX2 carcinoma nodules
reaching 0.8-0.9 cm in diameter were considered appropriate
for low-frequency US treatment. The period for tumors to reach
a size of 0.8 cm ranged from 12 to 13 days. The same inves-
tigator performed all inoculations and inoculated specimens
of the same tumor into all rabbits to minimize inter-animal
variations in the tumor growth rate.

Experimental protocol. In the present study, 16 tumor-bearing
rabbits were randomly divided into four groups, with 4 rabbits
per group: Group A, negative control (sham treatment);
group B, MB; group C, low-frequency US; and group D,
US + MB. The MBs used were an US contrast agent (SonoVue;
Bracco SpA, Milan, Italy). The rabbits were anesthetized via
an auricular vein injection of 30 mg/kg pentobarbital, which is
a routine site for vein injection in rabbits (28).

Subsequent to successful anesthesia, an iU22 ultrasound
system (Philips Medical Systems, Inc.) was used to locate the
liver tumor prior to insonication. The hepatic tumors were
subsequently sonicated using a focused low-frequency US
transducer manufactured by Taizhou Research Institute of
Ultrasound Technology (Taizhou, Jiangsu, China). The probe
was placed on the shaved abdominal skin of rabbits covered
with a US transmission gel (a Lotus medical ultrasonic
coupling agent; Yi Jie Guangzhou Pharmaceutical Technology
Co., Ltd., Guangzhou, China) to ensure US propagation. The
diameter of the therapeutic US transducer was ~24 mm. The
low-frequency US parameters were set to 20 kHz, 2 W/cm?,
duty cycle 40% (on 2 sec, off 3 sec) and a duration of 5 min
once every other day for 2 weeks. The US contrast agent
was simultaneously and continuously infused with US wave
irradiation via the auricular vein of rabbits (at a flow rate of
0.2 ml/min). The dose of the contrast agent administered was
1 ml (0.4 ml/kg) per rabbit for each treatment. The concentra-
tion of the contrast agent was 1.8x10° MBs/ml.

CT scanning. The rabbits were fasted for 8 h before scan-
ning and anesthetized with an intramuscular injection of
0.2 ml/kg sumianxin (1 ml, including 4 g dihydroetorphine
and 2.5 mg aloperidin; Nantong University Animal Center,
Nantong, China). CT perfusion scans were performed before
and at 1 and 2 weeks after tumor treatment. CT imaging was
completed on a multi-slice spiral CT (LightSpeed 16-Slice
Spiral CT; GE Healthcare, Chicago, IL, USA). To select the
scanning range, a plain CT scan of the liver was performed
prior to beginning perfusion scanning. The CT scanning
parameters were defined as follows: 80 kVp; 120 mAs; slice
thickness, 3 mm; matrix, 512x512; field of view, 15 cm; and
contrast medium IV injection in marginal ear vein, 1 ml/sec
(1.0-1.5 ml/kg body weight). The tumor size on imaging studies
was recorded as the median of the maximum transverse and
anteroposterior dimensions. Following treatment, the tumor
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Figure 1. Representative computed tomography images of tumors (arrows) prior to and following treatment in the control, MB, US and US + MB groups. US,

ultrasound; MB, microbubble.

area was determined each week by measuring the transversal
and anteroposterior tumor diameters. The tumor growth
rate (%) = (transversal x anteroposterior diameters) after
therapy - (transversal x anteroposterior diameters) before
therapy/(transversal x anteroposterior diameters) before
therapy x100.

Histological examination. At the end of the therapy experi-
ment, 16 rabbits with 4 rabbits per group were sacrificed by
established technique, and the maximum cross-section areas
of the hepatic tumors were calculated based on the anatomical
measurements and compared with the CT results. The tumor
specimens were then collected and cut into two sections for
histological examination (thickness, 1 cm) and transmission
electron microscopy (TEM; thickness, 1 mm). The tumor
tissues intended for histology examination were fixed with 10%
neutral formaldehyde solution for 24 h at 18°C and embedded
in paraffin, and each tumor was stained using hematoxylin and
eosin (H&E) for 2 h at 18°C. Subsequently, the structure of
the tumor cells was observed using an Olympus microscope
(BX50; magnification, x200; Olympus Corporation, Tokyo,
Japan). A histopathologist blind to the study evaluated the
findings using microscopy.

TEM. Each tumor sample intended for TEM was ~1 mm? in
volume and fixed in 2% glutaraldehyde and PBS for 2 h at 4°C,
followed by two washes in PBS buffer for 10 min. Following
treatment with 1% osmium tetroxide in PBS, the specimens
were fixed with 1% osmic acid at 4°C for 2 h and dehydrated
via immersion in 30% ethanol, followed by 50 and 70% ethanol
three times each for 10 min. The samples were then embedded
in propylene oxide at 18°C for 2 h and stained with lead citrate
E for 12 h at 18°C. Finally, the specimens were examined after
sectioning using TEM (Philips CM-120; Philips Molecular
Systems, Inc.).

Statistical analysis. The data were presented as median + stan-
dard deviation. Statistical analysis was performed using SPSS
version 11.0 (SPSS, Inc., Chicago, IL, USA). The tumor sizes
were subjected to Student's t-test to statistically compare
groups. Multiple groups were compared using a one-way anal-
ysis of variance (ANOVA), and the two groups were compared
using the Newman-Keuls test. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Comparison of CT and pathology measurements. The CT
images of 16 hepatic tumors in rabbits were obtained (Fig. 1).
A basic rabbit liver scan showed a low density of tumors,
while the tumors were markedly enhanced in the arterial
phase, with no enhancement in the necrotic tissue within the
tumor and in the surrounding normal liver parenchyma, which
manifested a clear demarcation. The portal venous phase scan
indicated a low density of tumors and clear enhancement of
the surrounding normal liver parenchyma, which best clarified
the tumor margins (Fig. 1). The tumor size and area calculated
based on CT data and pathology measurements did not signifi-
cantly differ at 2 weeks (P>0.05; Table I).

Tumor growth result with CT. As shown in Table II, the
calculation of tumor size of the maximum transverse and
anteroposterior dimensions. The tumor growth rates at 1 and
2 weeks based on CT are also shown in Table II and Fig. 2.
The mean tumor growth rates after 2 weeks in the control,
MB, US and US + MB groups were 385+21, 35312, 302+14
and 154+9%, respectively. The tumor growth rate significantly
differed among the four groups and was determined using the
ANOVA test, with F=87.53 and P<0.0001. A Newman-Keuls
multiple comparison test identified a significant difference
between the US + MB group and the other three groups
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Table I. Comparison of tumor area on CT and pathology after 2 weeks.

Group CT (D1 x D2), mm Anatomy (D1 x D2), mm t value P-value
Control 22+2.2x21+1.8 20+1.6x21+1.6 -0.03 0.9782
MB 19+2.2x18+2 .4 19+1.4x19+1.8 -0.66 0.5763
[N 18+2.2x17+2.6 18+2.3x18+2 4 -1.87 0.1579
US + MB 1442 3x14+2.2 15+1.4x15+1 4 1.27 0.2936

Data are presented as the median + standard deviation. D1, transversal diameter of the tumor; D2, anteroposterior diameter of the tumor; MB,

microbubble; US, ultrasound; CT, computed tomography.

Table II. Growth rate of rabbit hepatic tumor area calculated by computed tomography in the four groups.

Groups Pre (D1 x D2), mm 1 week (D1 x D2), mm 2 week (D1 x D2), mm GR 1 week, % GR 2 weeks, %
Control 9+0.1x9+0.1 13+1.2x13+2.3 2242 .2x21+1.8 1019 385+21

MB 9+0.2x8+0.1 1242 .3x12+1 .4 19+2.2x18+2 4 92+6 353x12

US 9+0.1x8+0.2 11+£2.1x12+2 .4 18+2.2x17+2.6 T7+4 302+14

US + MB 9+0.2x8+0.1 11£2.2x11+1.8 14+£2.3x14+2.2 7316 154+9

Data are presented as the median + standard deviation. D1, transversal diameter of the tumor; D2, anteroposterior diameter of the tumor; Pre,
pre-treatment; GR, growth rate following treatment; MB, microbubble; US, ultrasound.
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Figure 2. Tumor growth rate of each group in computed tomography. The
growth rate significantly differed between the US + MB group and the other
three groups *P<0.05 vs. control; #P<0.05 vs. MB; #P<0.05 vs. US. US, ultra-
sound; MB, microbubble.

(P<0.05), but the control, MB and US groups did not signifi-
cantly differ (P>0.05) (Table II and Fig. 2). The mean tumor
growth rates in the control, MB, US and US + MB groups
after 1 week of treatment were 101+9, 92+6, 77+4 and 73+6%,
respectively. The tumor growth rate did not significantly differ
between the US + MB group and the other three groups after
1 week (P>0.05; Table II).

Histological findings. The US + MB group showed tumor
coagulation necrosis (magnification, x200). Diffused
interstitial hemorrhage and vascular thrombus were also
observed 2 weeks after treatment. Residual liver neoplastic
cells could be found only at the peripheral border area. In
the control, MB and US groups, intact liver tumor tissues
grew in a solid pattern without evident vascular rupture and
necrosis (Fig. 3).

Figure 3. H&E staining results for the control, MB, US and US + MB groups
(magnification, x200). Intact live tumor tissues in the control, MB and US
groups grew in as solid pattern without clear vascular rupture and necrosis.
However, the H&E staining in the US + MB group revealed coagulation
necrosis, hemorrhage in the tumor tissue and thrombogenesis in the vessels.
H&E, hematoxylin and eosin; MB, microbubble; US, ultrasound.

TEM results. TEM revealed vascular endothelial cell wall
rupture, widened endothelial cell gaps, interstitial erythrocyte
leakage and vascular lumen thrombosis in the US + MB group.
The majority of tumor cells in the other three groups appeared
normal. Intact vascular lumen and normal erythrocytes in
the tumor vessels were observed in the control, MB and US
groups (Fig. 4).
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Figure 4. Microvessels of transmission electron microscopy in the control
(scale bar, 1 ym), MB (scale bar, 1 gm) and US (scale bar, 2 ym) groups had
an intact vascular lumen and normal erythrocytes in the vessels (arrow head);
ruptured vascular endothelial cells (scale bar, 2 ym), a widened endothelial
cell gap (scale bar, 2 ym) (slim arrow), erythrocyte exudation (scale bar,
1 pm) (slim arrow) and microvascular thrombosis (scale bar, 5 ym) (wider
arrow) were observed in the US + MB group.

Discussion

The present study did not indicate significant differences
between the tumor area calculated based on CT and pathology
data after 2 weeks of treatment in the four groups, with P>0.05
in all cases. CT is an accurate method to evaluate the cura-
tive effect of liver cancer treatments (29). Enhanced CT can
accurately detect the tumor vasculature. It detected not only
the border of the tumors but also internal necrosis due to the
non-enhancement of the tumors. Thus, CT is a useful tool
to evaluate liver cancer therapy and tumor necrosis, and to
measure the exact area of a tumor.

The present study used 20 kHz US, which is the lowest
frequency point on the US wave (30). This frequency was
selected as higher sound frequencies accelerate the vibration
of the MB in the sound field while reducing the amplitude (31).
The time interval of the sonic pressure half cycle between the
acoustic positive and negative range is short, which decreased
the expansion of MBs; the attraction between the liquid
molecules is not easily broken, which hinders the formation of
a cavitation bubble (31). Therefore, high frequency US requires
higher sound pressures to generate cavitation nuclei. The
intensity threshold of collapse cavitation positively correlates
with the frequency of US (32). The onset of collapse cavita-
tion at 20 kHz occurs at ~0.015 W/cm?, while this threshold
increases to 0.38 W/cm? at 70 kHz (33). By contrast, when MB
was irradiated with lower frequency US, such as 20 kHz, the
amplitude of MB increased (25). The vibration time at negative
pressure is longer; thus, the liquid-phase intermolecular attrac-
tion breaks more easily and more cavitation nuclei form (34).
Furthermore, the longer time gap between the compression
and expansion of the liquid affords the cavitation bubble with
more time to grow prior to bursting, and the volume of the
cavitation bubble is positively associated with the intensity of
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the cavitation effects when the bubble collapses (35). Thus,
selecting an appropriate ultrasonic frequency is crucial to the
induced cavitation effect.

The present study revealed that the tumor growth rate in the
US + MB group was lower than those in the control, MB and
US groups. In addition, vascularization damage was another
important result. The tumor cannot grow without angiogenesis
and malignant tumors are always rich in vasculature (36). The
present results demonstrated that the vascularization of rabbit
liver tumors significantly changed in the US + MB group
compared with the other three groups. H&E staining revealed
tumor microvascular internal thrombosis in certain areas, the
interstitial exudation of red blood cell (RBC) and tumor cell
necrosis. US combined with MBs can effectively destroy the
tumor blood vessels and inhibit the growth of the tumor (26).
Previous studies have reported that MB destruction during US
exposure ruptures microvessels and causes RBCs to extrava-
sate (37,38).

TEM in the present study revealed tumor capillary vessel
wall fracture, cavity thrombosis and interstitial exudation of
RBCs in the US + MB group, and these findings were consis-
tent with the results of the H&E staining. US combined with
MBs caused significant vascular changes, which may be due to
the following. Sonovue, a second-generation contrast agent, is
a phospholipid coated, sulfur hexafluoride gas-containing MB,
whose diameter is much smaller than that of room air-filled
bubbles (~2.5 mm) (39). This smaller diameter improves
the passage into the pulmonary capillary bed and allows
the bubbles to reach the micro-circulation of rabbit hepatic
tumors (39). MBs expand and contract in size in response
to the oscillating pressure and energy accumulates when the
MBs are constricted by sound pressure (40). Ultimately, the
energy carried by cavitation bubbles is released when the
MBs collapse and sonication cavitation occurs and during the
cavitation, the MBs undergo volumetric oscillations, thereby
changing the local mechanical condition of the tissue (40).
When MBs collapse, they can create shockwaves, increasing
the local pressure by 100 atm and the local temperature by
several thousands of degrees (41). Shockwaves can cause
substantial cell damage and possible cell lysis nearby (42). The
destruction of MBs may cause high-energy microstreams or
microjets that will result in shear stress on the membrane of an
endothelial cell and increase its permeability (43).

During US sonication in the presence of MBs, the oscil-
lation, collapse and cavitation of MBs in the acoustic beam
produced vascular pores and disrupted the vessel wall to
significantly increase the vascular permeability in the soni-
cated areas (35). This process may have led to the formation
of smaller bubbles, which interacted with the US beam and
caused the cellular bio-effects (44).

Other bio-effects include the free radicals generated during
MB collapse (41). The formation of highly reactive species,
including OH, H, HO, and H,0,, due to the transient collapse
of cavitation bubbles is the primary mechanism of the sono-
chemical reaction (41), which can also damage the vessel wall.

Notably, microvessel rupture was not observed in response
to US exposure. Similarly, ruptures were also absent when
MBs were infused in the absence of US. When MB infusion
and US exposure were performed simultaneously, the destruc-
tion of MBs was evident in the microvessels of rabbit hepatic
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tumors. The cumulative effects of 2 weeks of US sonication
may have ruptured tumor vessels and induced hemorrhage,
which would have destroyed the normal structural support for
the capillaries. In general, tumor vascular rupture, interstitial
erythrocyte leakage and continual injury induced by MB cavi-
tation result in tumor ischemia, which may explain the tumor
growth inhibition in the MB + US group (P<0.05 compared
with the other three groups), as presented in Fig. 2.

However, the disruption of blood vessels in the sonicated

tumors can enhance tumor inhibition, while it may also facili-
tate the intravasation of tumor cells into circulation to increase
metastasis. Future studies should investigate the possibility of
metastasis increase in response to MB + US treatment.
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