
group, with cytoplasmic vacuoles of various sizes, chro-
matin margination and karyopyknosis. Electron micro-
scopic examination revealed tumor cell volume reduc-
tion, karyopyknosis, chromatin margination, intercellular 
space widening, the presence of high electron-density 
apoptotic bodies and vacuoles in cytoplasm. 
CONCLUSION: The non-thermal effects of PHIFU 
combined with UCA can be used to ablate rabbit liver 
VX2 tumors. 

© 2008 The WJG Press. All rights reserved.
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INTRODUCTION
High-intensity focused ultrasound (HIFU) is a rapidly 
developing non-invasive technology for tumor treatment. 
In recent years it has been widely used for treating a 
variety of  solid tumors, such as liver tumor, bone tumor, 
and breast cancer. Mechanism for therapeutic actions of  
HIFU includes thermal effects and non-thermal effects 
with the latter dominated by cavitational effects. Thermal 
effects and cavitational effects work together to produce 
coagulative necrosis in targeted tumor and thus therapeutic 
purpose is achieved[1]. Glynn et al[2] have reported that 
cavitational effects of  HIFU can be completed in one 
acoustic cycle, indicating that in the process of  coagulative 
necrosis, cavitational effects precede thermal effects. 
Furthermore, cavitational effects will inhibit cell growth, 
increase membrane permeability, damage cellular DNA, 
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Abstract
AIM: To investigate the pathological characteristics of 
non-thermal damage induced by pulsed high intensity 
focused ultrasound (PHIFU) combined with ultrasound 
contrast agent (UCA), SonoVue (Bracco SpA, Milan, 
Italy) in rabbit liver VX2 tumor. 
METHODS: Liver VX2 tumor models were established 
in 20 rabbits, which were divided randomly into PHIFU 
combined with ultrasound contrast agent group (PHIFU 
+ UCA group) and sham group. In the PHIFU + UCA 
group, 0.2 mL of SonoVue was injected intravenously 
into the tumor, followed by ultrasound exposure of 
ISP 5900 W/cm2. The rabbits were sacrificed one day 
after ultrasound exposure. Specimens of the exposed 
tumor tissues were obtained and observed pathologi-
cally under light microscope and transmission electron 
microscope. The remaining tumor tissues were sent for 
2,3,5-Triphenyltetrazolium chloride (TTC) staining. 
RESULTS: Before TTC staining, tumor tissues in both 
the sham and the PHIFU + UCA groups resembled gray 
fish meat. After TTC staining, the tumor tissues were 
uniformly stained red, with a clear boundary between 
tumor tissue and normal tissue. Histological examina-
tion showed signs of tumor cell injury in PHIFU + UCA 
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promote cell apoptosis and inhibit cell proliferation[3]. 
Therefore, efforts to reach treatment goals solely by non-
thermal effects dominated by cavitational effects have 
become very meaningful. 

Adjusting acoustic parameters of  pulsed high 
intensity focused ultrasound (PHIFU) can control 
thermal effects and non-thermal effects; short duty cycle 
and high intensity favor the occurrence of  cavitation[4]. 
Roberts et al[5] used mechanical and cavitational effects 
generated by pulse focused ultrasound to ablate rabbit 
kidney and they found that stable and predictable 
morphological lesions can be achieved by controlling 
certain parameters. Hall et al[6] used cavitational effects 
of  PHIFU to ablate tissues (histotripsy), and concluded 
that cavitation causes orderly and predictable histologic 
changes. Our preliminary study results show that bovine 
liver can be ablated non-thermally by PHIFU using the 
following parameters: frequency 0.87 MHz, spatial peak 
intensity ISP 5900 W/cm2, pulse repetition frequency  
100 Hz, and duty cycle 15%[7]. Considering blood 
circulation, in vivo tissues should be less susceptible to 
heating under same experimental conditions and acoustic 
parameters. It has been reported that ultrasound contrast 
agent (UCA) can enhance cavitational effects[8]. Therefore, 
we combined PHIFU and UCA to produce non-thermal 
damage in rabbit liver VX2 tumor in vivo, and investigated 
the pathological characteristics of  the non-thermal 
damage. 

MATERIALS AND METHODS
Animal model 
Twenty New Zealand white rabbits of  either gender, 
3-4 mo old and weighing 2.0 ± 0.16 kg were used in this 
study. Animals were fasted 24 h before experiments; 
abdomen was shaved using 10% Na2S; all rabbits were 
anesthetized by intramuscular injection of  0.1 mL/kg 
Sumianxin (Institute of  Veterinary Medicine, Agriculture 
and Ranching University of  Changchun, China). One 
block (bout 1 cm3) of  active tumor tissues was taken from 
the rabbit inoculated with VX2 tumor (VX2 squamous 
carcinoma cell line was offered by Funabashi Farm 
Company in Kyoto, Japan), washed with normal saline, 
and then subdivided into small tissue pieces about 1 mm3. 
The 20 rabbits were fixed in prone position and routinely 
disinfected. A median incision was made below the 
Xiphoid process to expose the right lobe of  liver, where a 
hole about 1-2 cm deep was made using ophthalmological 
forceps; then 2 ready tissue pieces were implanted into 
each hole. Bleeding points were stopped with gelatin 
sponge and then the abdominal wall was sutured. Skin 
incision was disinfected; 1 mL Suxingling was injected 
intramuscularly. After tumor inoculation, the rabbits were 
fed for 2-3 wk and then used in this study. 

The exper iment was approved ethica l ly and 
scientifically by our university and complied with Practice 
for Laboratory Animals in China. 

Preparation of UCA suspension 
SonoVue® (Bracco Company, Italy) was used. After 

the plastic cap of  the vial was removed, 5 mL sterile 
normal saline was added into the vial. The vial was 
shaken vigorously for about 20 s before the milky white 
suspension was ready. 

HIFU equipment and experimental procedures 
Model JC High Intensity Focused Ultrasound Tumor 
Therapeut ic System [Chongqing Haifu (HIFU) 
Technology Co. Ltd., China] was used in this study 
and has been described in detail previously[9]. HIFU 
parameters used were as follows: ultrasound frequency 
0.87 MHz, focal length 150 mm, ISP 5900 W/cm2, pulse 
repetition frequency 100 Hz, and duty cycle 15%. 

Experiment started on the 15th day after VX2 
tumor inoculation. The rabbit abdomen was shaved 
with 10% Na2S one day before experiment. They 
were anaesthetized by intraperitoneal injection of  3% 
pentobarbital sodium solution (30 mg/kg body weight) 
10 min prior to the experiment and then fixed in prone 
position on the treatment bed. The 20 rabbits were 
randomly divided into sham and PHIFU + UCA groups, 
with 10 rabbits in each group. In the sham group, the 
target tumor was localized under the assistance of  
B-mode ultrasonography; after the power generator 
was turned off, the whole target tumor was irradiated 
for 90 s. In the PHIFU + UCA group, after the tumor 
was localized using B-mode ultrasonography, 0.2 mL 
SonoVue was injected rapidly via ear marginal veins, 
followed by rapid injection of  1 mL normal saline. 
Fifteen seconds after the injection, the tumors were 
exposed to HIFU for 90 s. 

Specimen 
Twenty-four hours after the HIFU exposure, rabbits in 
both groups were killed using excessive anesthetics. The 
abdomen was opened to excise the liver. Multiple-spot 
sampling was done from the tumor center to the tumor 
periphery. One mm3 tumor piece was sampled, double-
fixed by glutaraldehyde and osmium acid, embedded in 
epoxy resin, sectioned ultra-thinly and ultra-structural 
changes of  the targeted tissues were observed under 
transmission electron microscope. Another 1 mm3 
tumor piece was HE stained and observed under light 
microscope. The remaining tumor tissues were stained at 
37℃ TTC solution for 15 min and observed grossly. 

RESULTS
Gross observation 
VX2 tumor model was successfully established in all 
the rabbits. Gross observation found that the implanted 
tumor was located within hepatic parenchyma, and they 
were spherical, elliptical or nodular shaped. The tumors 
resembled the appearance of  gray fish meat and the cells 
were non-encapsulated. There was a clear demarcation 
between the tumor and the normal surrounding tissues. 
Before TTC staining, tumor tissues in PHIFU + UCA 
group resembled gray fish meat and they were demarcated 
clearly from surrounding normal liver tissues with a sharp 
boundary (Figure 1A). After the TTC staining the tumor 
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tissues were uniformly stained red without any unstained 
regions. There was a clear demarcation between the tumor 
and the normal tissues (Figure 1B). 

Light microscopy 
Sham group: Under low power lens, VX2 tumor cells in 
the sham group appeared mass-flake like or an invasive 
cancer nest, with reduced connective tissues and an 
unclear demarcation between the tumor and mesenchymal 
cells. Under high power lens, tumor cells were large, 
irregularly arranged with an irregular morphology. 
The nuclei were large and deeply stained, with great 
karyoplasmic ratio and increased mitosis (Figure 2A). 

PHIFU + UCA group: Tumor cytoplasm in all 10 
rabbits was lightly stained, with cytoplasmic vacuoles of  
various sizes, chromatin margination and karyopyknosis 
(Figure 2B). 

Electron microscopy 
Sham group: Tumor cells in the sham group appeared 
polymorphic or spindle-shaped of  various sizes and with 
signs of  mitosis. The nuclei were large, deformed, with 
clear nuclear membranes and rich euchromatin. The 
chromatin particles were large with intranuclear pseudo-
inclusions and there were multiple visible nucleoli  
(Figure 3A). 

PHIFU + UCA group: Tumor cells were reduced in 
size and in some tumor cells, karyopyknosis was revealed. 
These tumors showed chromatin margination, intercellular 
space widening (Figure 3B), the presence of  high electron-
density apoptotic bodies (Figure 3C) and various vacuoles 
of  different sizes in the cytoplasm (Figure 3D). 

DISCUSSION
In recent years, the use of  microwave, radio frequency, 
laser and ultrasound as thermal source to ablate solid 
tumors has been applied in clinical use[10]. Among 
these treatments, image-guided high-intensity focused 
ultrasound (HIFU) in situ ablation of  solid tumors is 
believed to be the most promising non-invasive modal-
ity. Ultrasound beams from an extracorporeal source 
can propagate through overlying tissues and be brought 
to a tight focus in the target tissue. The temperature at 
focus will elevate to 65℃ instantly (0.5-5 s), causing ir-
reversible coagulative necrosis which is grossly visible 
and histopathologically confirmed. Coagulative necrosis 
is induced through a combination of  thermal and cavi-
tational effects[1]. Some researchers believe that the ther-
mal ablation mechanism has shortcomings. Due to the 
individual diversity of  tissue characteristics and blood 
perfusion, the size and morphology of  thermal lesion 
cannot be accurately predicted. The local thermal effects 
may also damage the adjacent tissues and it is possible 
that uneven heating in the target region will cause leap-
ing injury[11]. In order to avoid the defects of  thermal 
effects, non-thermal effects of  ultrasound may offer an 
alternative. 

When acoustic intensity in the target tissue is higher 
than 1500 W/cm2, non-thermal effects (mechanical and 
cavitational effects) will occur. These include forming 
non-thermal lesion[12], damaging DNA, promoting cell 
apoptosis, inhibiting cell proliferation[13] and even causing 
histotripsy[14]. Thermal and non-thermal effects can be 
effectively controlled by adjusting exposure parameters 
of  PHIFU; short duty cycle and high intensity favor the 
occurrence of  cavitation[4]. PHIFU parameters used in this 
study, ultrasound frequency 0.87 MHz, ISP 5900 W/cm2, 
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Figure 1  Gross speci-
men f rom PHIFU + 
UCA group before and 
after TTC staining. A: 
Before TTC staining, 
tumor tissues resembled 
gray fish meat, and the 
boundary between tumor 
and normal tissues was 
very clear; B: After TTC 
staining, tumor tissues 
were uniformly stained 
red, without unstained 
regions. 

Figure 2  Light micro-
s c o p i c  p a t h o l o g y 
of the targeted VX2 
tumor  rabb i t  l i ve r 
tissues in sham group 
(A) and PHIFU + UCA 
group (B) (HE, x 400). 
A :  I n  s h a m  g r o u p , 
tumor cells were large, 
i r regular ly  arranged 
a n d  w i t h  i r r e g u l a r 
morphology. The nuclei 
were large and deeply 
H&E stained, with great 
k a r y o p l a s m i c  r a t i o 
and increased mitosis. 
B :  In  PHIFU + UCA 
group, tumor cytoplasm 
in all 10 rabbits was 
l ight ly  s ta ined,  wi th 
cytoplasmic vacuoles of 
various sizes, chromatin 
m a r g i n a t i o n  a n d 
karyopyknosis.
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pulse repetition frequency 100 Hz, and duty cycle 15%, 
have been demonstrated previously to be able to induce 
non-thermal damage in bovine liver[7]. These parameters 
are also consistent with non-thermal parameters reported 
elsewhere[12]. 

TTC staining assesses dehydrogenase activity and is a 
staining method for gross specimens. The main principle 
is that in the presence of  NADH, active dehydrogenase 
in viable tissues will reduce colorless oxidative TTC to 
red reductive TTC; hence viable tissue can be stained 
red while necrotic tissue can not. HIFU causes instant 
temperature rise to above 65℃ at focus; at such a high 
temperature, dehydrogenase is deactivated, hence tissues 
within the target region cannot be stained. Based on this 
principle, Chang Shufang et al[15] applied TTC staining 
to observe HIFU-induced coagulative necrosis grossly. 
In one of  our preliminary studies, the same parameters 
were used to form non-thermal damage in vitro bovine 
liver tissues[7]. Considering the cooling effect of  blood 
circulation in vivo animals, it is inferred that temperature 
elevation under same exposure parameters should be 
lower in this study. In this study, we found that tissues 
in PHIFU + UCA group were stained red by TTC, 
indicating that focal temperature was not high enough 
to deactivate dehydrogenase, which further proved that 
temperature in the targeted tissues did not elevate to the 
level required for formation of  thermal coagulation. 

Lesions caused by non-ther mal effects have 
characteristic pathological changes quite different from 
those of  thermal lesions. Ashush et al [16] observed 
the following morphological changes after HIFU 
cavitation: cell shrinkage, vacuole formation, chromatin 
condensation, karyorrhexis and the formation of  
apoptotic bodies. Kieran et al[11] studied non-thermal 

lesion by changing ultrasound intensity and duty cycle. 
Their histological observation showed that within certain 
intensity and duty cycle, vacuoles were formed in the 
cells, with blanched and dense liquid inside the vacuoles. 
This study found that PHIFU in combination with UCA 
can intensify non-thermal effects of  HIFU and thus 
achieve thermal ablation. Light microscopy displayed 
abundant vacuoles of  various sizes in the cytoplasm and 
chromatin margination and karyopyknosis in some cells. 
Electron microscopic examination revealed presence 
of  karyopyknosis and chromatin margination in some 
cells, intercellular space widening, the presence of  high 
electron-density apoptotic bodies and many vacuoles 
of  various sizes in the cytoplasm. These results are 
consistent with previous reports, indicating that by 
combining PHIFU with UCA, non-thermal effects can 
be intensified to achieve non-thermal tumor ablation. 
Immunohistochemical detection found that PHIFU 
combined with UCA can promote tumor cell apoptosis 
and inhibit tumor cell proliferation, which will be 
reported in another article. 

Future studies are needed in many aspects, such as 
cavitation detection, temperature monitoring and other 
means to detect non-thermal effects; how to optimize 
combination between UCA and HIFU exposure 
parameters; means to control and monitor cavitational 
lesions; long-term outcomes of  non-thermal tumor 
ablation. 

COMMENTS
Background
Image-guided high-intensity focused ultrasound (HIFU) in situ ablation of solid 
tumors is believed to be a promising non-invasive modality. Ultrasound beams 

Figure 3  Ultrastructure of the targeted VX2 tumor tissues 
in sham group and PHIFU + UCA group under transmission 
electron microscope. A: Tumor cells in sham group were 
pleomorphic or spindle-shaped of various sizes and with 
mitosis; nuclei were large and deformed, with clear nuclear 
membranes and rich euchromatin; chromatin particles were 
large with intranuclear pseudo-inclusions; there were multiple 
visible nucleoli (sham group, lead dyeing, x 3500); B: Tumor 
cells reduced in size; in some tumor cells, karyopyknosis was 
revealed, with chromatin margination and intercellular space 
widening (PHIFU + UCA group, lead dyeing, x 4000); C: High 
electron-density apoptotic bodies were present (PHIFU + 
UCA group, lead dyeing, x 8000); D: Vacuoles were present in 
cytoplasm of tumor cells (PHIFU + UCA group, lead dyeing, x 
8000). 
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from an extracorporeal source can propagate through overlying tissues and be 
brought to a tight focus in the target tissue. The temperature at focus will elevate 
to 65℃ instantly (0.5-5 s), causing irreversible coagulative necrosis. Mechanism 
for therapeutic actions of HIFU includes thermal effects and non-thermal effects 
with the latter dominated by cavitational effects. Due to the individual diversity of 
tissue characteristics and blood perfusion, the size and morphology of thermal 
lesion cannot be accurately predicted. The local thermal effects may also damage 
the adjacent tissues and it is possible that uneven heating in the target region will 
cause leaping injury. In order to avoid the defects of thermal effects, non-thermal 
effects of ultrasound may offer an alternative.
Research frontiers
Adjusting acoustic parameters of pulsed high intensity focused ultrasound 
(PHIFU) can control thermal effects and non-thermal effects; short duty cycle 
and high intensity favor the occurrence of cavitation. Ultrasound contrast agent 
(UCA) can enhance cavitation effects. Lesions caused by non-thermal effects 
have characteristic pathological changes quite different from those of thermal 
lesions. Therefore, the authors combined PHIFU and UCA to produce non-ther-
mal damage in rabbit liver VX2 tumor in vivo, and investigated the pathological 
characteristics of the non-thermal damage.
Innovations and breakthroughs
Non-thermal damage for tumor is the modality different from thermal damage. 
Previous studies showed that HIFU could ablate tumors by thermal effects. 
Short duty cycle and high intensity of PHIFU  favor the occurrence of cavita-
tion, and ultrasound contrast agent can enhance cavitation effects. The present 
study used PHIFU with short duty cycle and high intensity combined with UCA 
to damage rabbit liver VX2 tumor by non-thermal effect. Histopathology was 
used to evaluate the result.
Applications 
The present study showed that the non-thermal effects of PHIFU combined with 
UCA could be used to ablate rabbit liver VX2 tumors. And this study would help 
promote a new scheme of therapy for tumors.
Peer review
This is an interesting investigation, demonstrating the effect of intensity focused 
ultrasound combined with ultrasound contrast agent on liver metastases.
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