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Background: It is difficult to achieve whole tumor ablation using percutaneous ethanol 
ablation therapy (PEAT) due to the limited diffusion of ethanol.
Purpose: To determine whether chemotherapy can be an adjuvant therapy to benefit PEAT, 
we investigated ultrasound-guided percutaneous ethanol-paclitaxel combined therapy 
(PEPCT) of VX2 carcinoma, a rabbit liver cancer model.
Materials and Methods: A six-arm study was designed to quantify the correlation between 
paclitaxel (PTX) dose and tumor necrosis or cell proliferation, including sham group (2 mL 
saline, n=6), incremented dose of PTX (0, 12.5, 25, 37.5 mg) in 2.0 mL ethanol (n=6) and 
a conventional PEAT group (n=6) as comparison. The test was followed by contrast- 
enhanced ultrasonic (CEUS) before 7-day sacrifice, tumor harvest, and sectioning. Tumor 
necrosis ratio was radiologically and histologically quantified; modified proliferation index 
(m-PI) was proposed to quantify the PTX’s pharmacological effects. A linear regression 
model was set to correlate the PTX dose with tumor necrosis ratio or cell proliferation index. 
The difference of radiological, histological necrosis ratio (HNR) and modified PI in six 
groups was analyzed via Kruskal–Wallis H-test, Welch analysis of variance and one-way 
ANOVA.
Results: Incremental increases of PTX (0, 12.5, 25, 37.5 mg) correlated with greater fraction 
of tumor necrosis (R2 = 0.946, P<0.001 for radiological necrosis ratio [RNR], R2 = 0.843, 
P<0.001 forHNR), indicating that one week after procedure PTX’s anti-proliferation and 
ethanol’s dehydration co-induced severe tumor necrosis. Correlation analysis further testified 
a significant association between PTX dose and m-PI (R2 = 0.860, P<0.001).
Conclusion: These results suggest a clear role for PTX-induced cytotoxicity and support the 
use of chemotherapeutic drugs in ablation therapy.
Keywords: percutaneous ethanol ablation therapy, PEAT, paclitaxel, PTX, new indication, 
combined therapy, VX2 liver cancer model

Introduction
Percutaneous ethanol ablation therapy (PEAT) is effective for patients with small 
hepatocellular carcinoma (HCC) lesions and poor hepatic functional reserve. PEAT 
involves the ultrasound-guided intratumoral injection of absolute ethanol into HCC, 
resulting in cellular dehydration, coagulation necrosis, and vascular thrombosis within 
the treated tumor.1 The patient outcome for PEAT is comparable to those who undergo 
surgical resection.2 However, the rate of local residual recurrence after PEAT is reported 
to range from 14–44%, owing to viable tumor residue after incomplete ablation.3 The 
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incomplete ablation is attributed to ethanol’s limited spatial 
diffusion in that viable tumor tissues along the edge of the 
tumor or in the portions isolated by septa remained intact.4 

Clinically ethanol is injected into different portions of the 
lesion with experiential dose and multi-session, which causes 
tumor necrosis very fast. As a result, massive necrotic compo-
nents and refluxed ethanol diffuse into vital structures, result-
ing in abdominal pain, fever, or neurologic deficits.5,6 PEAT 
has evident inferiority to other ablation techniques in terms of 
overall survival, complications, tumor control in the larger 
lesion, ease operation in fewer treatment sessions.7,8 

However, some patients are unsuitable for thermo-ablation 
due to thermal effect related contraindications,9 and for those 
patients chemo-ablation might be better if the issue of incom-
plete ablation can be addressed.

Some anticancer drugs (e.g., Doxorubicin, Irinotecan) 
have been shown to enhance interventional therapy of 
HCC. As a first-line antineoplastic drug, paclitaxel (PTX) 
stabilizes microtubule polymerization, thereby arresting can-
cer cell division.10–12 PTX has been clinically approved to 
treat ovarian, breast, endometrial, and lung cancers.13 

However, the indication of PTX does not include liver can-
cers. Two clinical trials on PTX treatment of HCC have been 
reported: in the 1990s Strumberg et al and Chao et al each 
concluded the similarly negative results at regular dosing 
strategies, respectively,14,15 and there have been no more 
clinical trial since that time.

PTX is poorly water soluble (< 0.1 μg/mL), but formula-
tion with Cremophor EL (CrEL) to improve solubility often 
causes severe adverse events. By contrast, PTX has solubility 
as high as 40 mg/mL in ethanol, yielding a clear, colorless 
solution potentially suitable for percutaneous delivery to 
HCC lesions. Ethanol dehydrates and denatures tumor tissue 
immediately. Simultaneously, the PTX solute is expected to 
gradually arrest the proliferation of the tumor cells, particu-
larly the viable residue surviving after ethanol’s incomplete 
ablation. Therefore, we hypothesize that percutaneous etha-
nol-paclitaxel combined therapy (PEPCT) has a better ther-
apeutic effect than conventional PEAT, where ethanol is not 
only a chemo-ablation agent, but also a solvent and carrier of 
PTX. PEPCT might help to clear viable tumor residue via the 
synergistic ablation-chemotherapy, reducing ethanol dose as 
well as procedure sessions.

Cell death produced by PEPCT is expected to provide 
additive results of both ethanol-induced coagulation necro-
sis and PTX-induced cytotoxicity, and the latter eventually 
causes superposed necrosis. To determine whether che-
motherapy can provide adjuvant benefit PEAT, we aimed 

to correlate PTX delivery and tumor necrosis after PEPCT 
in an animal liver cancer model—with the hypothesis that 
ethanol dissolved with more chemotherapeutic agent would 
produce more necrosis in ablation-treated tumors—and to 
investigate the basic biological processes that underlie cell 
death after PEPCT.

Materials and Methods
VX2 Rabbit Liver Cancer Model for 
PEPCT
This study was approved by our institutional ethics commit-
tee (Ethics Committee, Nanchang University, Approved 
Number: 20–542). All experiments were conducted in con-
formity with institutional guidelines for the care and use of 
laboratory animals in Nanchang University, and the National 
Institutes of Health Guide for Care and Use of Laboratory 
Animals. Rabbit VX2 liver cancer model was processed 
under the guidance of ultrasound imaging, according to the 
standard protocol described in the reference.16 Briefly, fro-
zen rabbit VX2 tumor samples were defrosted and injected 
into the hind limb muscle of donor New Zealand white 
rabbits (3.0±0.5 kg) for incubation. Approximately 2–3 
weeks after implantation, the donor rabbits were anesthe-
tized, the hind-limb tumors were excised and transected into 
several 1–2 mm pieces of the tumor and placed in 4°C 
Hanks solution for liver implantation. All the recipient ani-
mals were anesthetized by intraperitoneal injection of 3% 
pentobarbital solution (1 mL/kg). The abdomen was shaved 
and prepared using Povidone iodine. A 9.0-MHz linear 
transducer at a low mechanical index (0.10–0.40) (LOGIQ 
E9 US scanner; GE Healthcare, Pittsburgh, PA) was used for 
ultrasound-guided VX2 tumor implantation. The tumor was 
implanted in liver tissue at least 2 cm in thickness, which 
was not adjacent to any large vessels. During implantation, 
an 18-gauge Biopsy needles (inradium 1.2mm, Mantova, 
Italy) consisting of a cannula and a core was employed. 
Two to three fragments of tumor tissue were placed into 
the lumen of the cannula, followed by one small piece of 
gelatin foam. Under ultrasound guidance, the needle was 
inserted into the left lobe of the liver. The tumor fragment 
was unloaded and gelatin foam were sequentially patched to 
prevent its leakage from the liver. The puncture needle was 
removed after implantation and then the animals were 
aroused and returned to their cages. The size of tumor 
lesions was daily monitored by B mode ultrasonic imaging 
from the 10th day after implantation. Provided that the 
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implanted tumor grew up to 1.5 to 2 cm the rabbit was 
qualified for the procedure.

Ablation Procedures
Animals were pre-anesthetized (35–50 mg/kg ketamine, 
5 mg/kg xylazine, and 0.01–0.02 mg/kg glycopyrrolate) 
intramuscularly, and placed in a supine position. After iodine 
disinfection, 23-gauge Biopsy needles (in-radium 0.2 mm, 
Mantova, Italy) punctured the VX2 tumor under ultrasound 
guidance (LOGIQ E9 US scanner; GE Healthcare, 
Pittsburgh, PA) with a 9.0-MHz linear transducer at a low 
mechanical index (0.10–0.40) Absolute ethanol 
(Pharmaceutical Secondary Standard, Sigma), or ethanol 
mixed with a specific dose of PTX (United States 
Pharmacopeia, Sigma) was slowly injected (0.1 mL/S). To 
maximize spatial uniformity of drug distribution. We divided 
the tumor into three parts along the largest diameter, and half 
the volume of the injection was released into the bottom part 
(1/3 point), then the other half into the top part (2/3 point) 
(Figure 1A). All the procedures were performed by a single 
operator (CL) to minimize interoperator variability.

A six-arm study was designed to quantify the correlation 
between PTX and tumor necrosis (Figure 1B). In the sham 
group, 2 mL saline was prepared for percutaneous injection 
(n=6). Incremented dose of PTX (0, 12.5, 25, 37.5 mg in 
2.0 mL ethanol, n=6) in group 2, 4, 5 and 6 was used for 
correlation study. As a comparison Group 3 was set as 
conventional PEA therapy (n=6), where the total volume 
(mL) of ethanol to be injected was determined by clinical 
dose, as calculated by an empirical formula: 4/3 π(r + 0.5)3, 
where r is the radius of the tumor (cm).17 On the 7th day after 
ablation, all the rabbits were tested by contrast-enhanced 
ultrasonic (CEUS) and then killed for pathologic analysis.

CEUS Imaging
Radiological necrosis ratio (RNR) was measured with CEUS 
7 days after ultrasound intervention therapy on the same 
scanner. Rabbits were anesthetized and CEUS was recorded 

following bolus injection of 0.5 mL SonoVue solution into 
the ear margin vein, followed by a saline flush (5 mL 0.9% 
NaCl). Serial dynamic images were acquired until the con-
trast agent diminished, and RNR was quantitatively calcu-
lated as (whole tumor area - viable residue area)/whole 
tumor area *100%. Both areas were automatically measured 
on the images acquired during the arterial phase. Note that 
RNR before therapy is almost undetectable in all groups, it is 
reasonable as the tumor size is less than 2 cm. All the data 
were obtained by a single investigators (ZXL).

Pathologic Process of Tumor Samples
All animals were sacrificed by means of intravenous pen-
tobarbital (Veterinary Laboratories, Lenexa, Kan) over-
dose immediately after CEUS. The whole VX2 tumors 
were resected and fixed in formalin. Formalin-fixed VX2 
tumors were embedded in paraffin, sectioned at 5-mm 
thickness through the center of the tumor at the largest 
diameter, and mounted onto glass slides (Star Frost Plus; 
Mercedes Medical, Sarasota, Fla). For histologic examina-
tion and immunohistochemical (IHC) staining, two adja-
cent slices at the maximum cross-section were obtained 
with a thickness of 5 μm. One slice was stained by stan-
dard hematoxylin-eosin staining protocol, and the neigh-
bored slice stained by Ki-67 antibodies to assess tumor 
cell proliferation. Histological necrosis ratio (HNR) is 
a relatively precise standard for validated therapeutic 
response schemes associated with survival outcomes after 
local-regional therapy for HCC.18 It was estimated as 
follows: necrotic area/whole tumor area × 100%, autoread 
by the software “image-pro plus 6.0”. All the data were 
obtained by a single investigators (JZ)

We proposed modified proliferation index (m-PI) to faith-
fully describe the VX2 cell’s proliferation ability after survi-
val from ethanol ablation (m-PI = number of KI-67 positive 
cells/the whole viable cells *100%). In detail, the whole 
viable cells from H&E slice were counted at a certain view-
point (e.g., 10 viable cells at 40× magnification), and then, 

Figure 1 (A) Scheme of the PEPCT technique: The infusion needle is punctured percutaneously into the lesion under the guidance of ultrasound imaging. The half volume of 
ethanol is injected into 1/3 point, the other half at 2/3 point. (B) Organizational chart of the study design, consisting of four treatment arms with the PTX varying in the dose 
in ethanol solvent and conventional PEA (C-PEA).
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from the same viewpoint in the neighboring slice the KI-67 
positive cells were identified from those viable cells (e.g., 
among the 10 viable cells, only 8 cells are positive, then m-PI 
is counted as 80%). For each slice we randomly selected three 
areas and averaged the values as each tumor’s m-PI value. All 
the data were obtained by a single investigators (QRL)

Statistical Analysis
All the data are expressed as Mean±SD. Statistical ana-
lyses were performed using SPSS 22.0 (SPSS Inc., 
Chicago, IL, USA) and GraphPad Prism 6.01 (GraphPad 
Software, USA). The relationship between PTX dose and 
radiological/histological necrosis or proliferation index 
was assessed by using least-squares linear regression 
with the calculation of coefficients of determination (R2), 
all the data testing meets the assumptions of linear regres-
sion. A Welch analysis of variance was performed to 
compare the differences of HNR among all the groups 
and Games-Howell test was performed to make pairwise 
comparisons between independent groups. Kruskal–Wallis 
H-test and Bonferroni correction method were performed 
to compare the differences of RNR among all the groups 
and to make pairwise comparisons between independent 
groups, respectively. One-way ANOVA and Tukey’s test 
were performed to compare the differences of m-PI among 
all the groups and to make pairwise comparisons between 
independent groups, respectively. P values <0.05 were 
considered to indicate a statistically significant difference, 
and P values <0.1 represented a statistical trend.

Results
Procedures and Typical Photograph of the 
Resected Specimen
A total of 36 New Zealand white rabbits was used for 
therapy. All the procedures (100%) were technically suc-
cessful after repeated practice for three months. No proce-
dure-related complications or mortality were encountered. 

Photograph of the tumor tissue are shown in Figure 2. In 
contrast to pure ethanol, PTX solute in ethanol caused more 
necrosis, and in cases of the high dose group no viable 
residue was found. Photographs are presented for all tumors 
in the Appendix (Figure S1).

Radiological Tumor Necrosis and 
Histological Tumor Necrosis
Tumor radiological necrosis was found to be different 
between groups (Figure 3A). Subset analysis indicated that 
the increase of RNR treated by C-PEI was highly significant 
compared with the sham group (P<0.001), moderately signif-
icant compared with the 2 mL ethanol group (P=0.048), but 
not significant compared with the low PTX dose group 
(P=0.307). Therefore, administration of high dose of ethanol 
was relatively beneficial, since the RNR value was unsatis-
factorily (52.75±8.92%) at the clinically-used dose. 
Meanwhile, relative to C-PEI, the RNR for the medium- 
dose group was about 50% greater (77.97±8.17%, P=0.020). 
For the high dose group, the difference is statistically signifi-
cant, since for all the tumors only very weak signal of 
dynamic enhancement was detected (95.00±3.58%, 
P<0.001). HNR was less than RNR (Figure 3B), but the 
statistical differences and trends were similar. Necrosis ratio 
in C-PEI is significantly higher than that in sham (P=0.003), 
comparable with 2 mL PEI (P=0.380), low (P=0.989) and 
medium dose group (P=0.291), but remarkably lower than the 
high dose group (P<0.001). Note that clinically the radiologi-
cal necrosis of HCC is generally higher than that of histolo-
gical outcome, as we did. An individual archive including the 
arterial phase images, H&E scanning images, RTR and HTR 
values are shown in Appendix (Figure S2 and S3).

Relationship Between PTX Dose and 
Tumor Necrosis
Linear regression showed a strong positive relationship 
between administered PTX dose and RNR (R2 = 0.946; 

Figure 2 A typical cut surface photograph of the resected specimen of VX2 tumors. Generally, the white area is considered as viable tumor residue. In the saline group 
(group 1), the whole tumor looks highly viable. Ablation or synergistic ablation-chemotherapy treatment caused necrosis at different levels, Extremely, at the highest dose of 
PTX (group 6), the VX2 tumor is almost completely necrotic.
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Figure 4A). The dose of the drug has a statistically significant 
effect on the necrosis ratio (F(1, 16)=154.389, P<0.001), the 
dose of the drug attribute to 90.6% of the variation of the 
necrosis ratio. HNR showed a similar trend ((R2 = 0.843; 
Figure 4B), P<0.001). Correlation analysis demonstrated 
a significant association between PTX dose and tumor necro-
sis, indicating that PTX exerted cytotoxicity on the VX2 cells.

Modified Proliferation Index (m-PI) for 
Quantitative Cytotoxicity of PTX
The Ki-67 protein is expressed in all phases of the cell cycle 
except G0 and serves as a good marker for proliferation. 
High Ki-67 proliferative index, the fraction of tumor cell 
nuclei above a defined threshold being positive for Ki-67, 
has been reported to correlate with prognosis of patients 
with various cancers. The Ki-67 proliferation index is 

normally assessed by point counting a number of cells and 
is reported as percentage of positive cells. In this study we 
utilized m-PI to define the PTX’s anti-proliferation on those 
VX2 cells surviving ethanol ablation, which more precisely 
describes the extent to which viable cells have lost prolif-
eration ability. As shown in Figure 5 m-PI has no significant 
difference between three non-PTX groups (P=0.642), indi-
cating ethanol ablation has negligible anti-proliferation 
effect on VX2 cells. As PTX dose increases, fewer viable 
cells are Ki-67 positive as correlation analysis indicated the 
negative relation between administered PTX dose and m-PI 
(R2 = 0.860, P<0.001), it means that more and more 
percentages of viable cells cannot divide anymore although 
they survive the synergistic therapy, at high dose group only 
6.23±1.98% viable cells are positive, much lower than that 
in the C-PEI group (60.48±5.00%, P<0.001).

Figure 3 (A) The RNR values in all six groups were determined by the enhanced area recorded at the arterial phase of CEUS measured at one week after the procedure. 
(B) HNR values in all six groups were determined by automatically reading the H&E slices.

Figure 4 Scatterplot of PTX dose versus percentage tumor necrosis ratio with a best-fit regression line shows a strong linear relationship between these parameters. The 
slope indicated a dose dependent response: the necrosis ratio increases radiologically (A) by 1.721%/mg (95% CI:1.535–1.907) and histologically (B) by 1.14%/mg (95% 
CI:0.92–1.35), respectively.
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Discussion
We have showed that addition of PTX enhanced the con-
ventional PEAT at low dose of ethanol after one session 
procedure. Both radiological and pathological necrosis 
ratios and modified-proliferation index correlated with 
the dose of PTX. This combined therapy illustrated 
a synergistic effect between ablation and chemotherapy, 
indicating PEPCT could be an alternative therapeutic strat-
egy for the interventional treatment of liver cancer.

Reflux of ethanol determines its dehydrating and denatur-
ing effect.19 Ethanol’s spatial diffusion is driven by the con-
centration gradient and therefore the local concentration 
diminishes towards the rim of the tumor and may be insuffi-
cient to local recurrence and metastasis.20 PTX inhibits the 
proliferation of those cells survived ethanol ablation. In vitro 
tests described in the Appendix showed that incubation with 
5% ethanol killed about half of the VX2 or SMMC-7721 cells 
(purchased from the Shanghai Institutes for Biological 
Sciences), but once the ethanol was removed, the cell popula-
tion rebounded to the pre-stimulation level within 72 hours. In 
contrast, PTX can inhibit the rebound on a dose-dependent 
manner (Figure S4). This synergistic effect is consistent with 
our observation in vivo. Particularly, comparison of m-PI 
directly evidenced this mechanism. The PTX might have 
a close spatial distribution with ethanol due to the enormous 
divergence of solubility of PTX in ethanol and water. 

Therefore, even though only small amount of ethanol diffuses 
close to the rim, co-delivered PTX can still arrest the viable 
tumor cells’ proliferation. Although those cells seems “viable”, 
due to lack of proliferation ability they have low chance to 
invade or metastasize, thereby reducing the risk of recurrence. 
The long-term effect is still under investigation.

On the other hand, we found a new indication for PTX. 
As an anti-proliferative agent, PTX has shown cytotoxic 
activity in human HCC cell lines.21,22 The reason for its 
clinical failure is still unexplored. This combination of etha-
nol ablation and PTX has been clinically applied to treat 
pancreatic cysts. Hyoung-Chul Oh proposed that PTX is 
highly hydrophobic and viscous; therefore, it can exert its 
effect longer when instilled within the cyst cavity with a low 
risk of leakage through a puncture site and causing 
complications.23 EUS-guided cyst ablation using PTX have 
reported numerically better response rates although they 
reminded that the diffused PTX injured epithelial cells and 
provide additional inhibitory effects of apoptosis on epithe-
lial lining.This positive results reminds us that PTX might 
also have a similar enhancement effect on ethanol ablation of 
liver cancer.24 In this preclinical PEPCT assessment, PTX 
exerts its anticancer effect via US-guided intratumoral 
administration, where PTX more directly interact with liver 
cancer cells. PTX freely accessed to tumor cells and exerted 
a quasi-in vitro anticancer effect. As reported, intratumoral 
delivery of PTX showed much higher efficacy than other 

Figure 5 (A) Typical photographs for m-PI measured. Red asterisks represent the viable, and well-proliferated (Ki-67 positive) cells. Scale bar at the low magnification 
(10×):100 µm; at the high magnification (40×): 30 µm. (B) Individual m-PI values. (C) Scatterplot of PTX dose versus m-PI.
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modes of administration on an orthotopic prostate cancer 
model,25 additionally transcatheter arterial chemoemboliza-
tion with the PTX-lipiodol solution has also proved to acti-
vate against VX2 liver tumors.26 Our results suggest that 
route of administration may determine PTX effectiveness.

Finally, thermo-ablation techniques (radiofrequency, 
microwave, laser) is predominantly accepted for the treat-
ment of liver cancer, and chemo-ablation is gradually 
being phased out.27 However, contraindication for thermo- 
ablation must be concerned, for example, gallbladder or 
gastrointestinal perforation, angiorrhagia might occur 
depending on the lesion’s position,9 for example, the 
blood supply in the liver is very rich, and some tumor 
lesions are very close to the blood vessel, therefore the risk 
of thermo-ablation procedure will be quite higher, 
although some tricky solution has been tried to prevent 
the local overheating. For those patients PEPCT might be 
an ideal alternative treatment strategy according to the 
advantage of PEAT over percutaneous radiofrequency 
ablation.28 Moreover, the addition of PTX into ethanol 
ablation remarkably alleviates the dose of ethanol, a big 
safe issue of PEAT.29 Finally, ethanol ablation is still 
competitive for the undeveloped area and countries con-
sidering the procedure’s cost.

This study still does have some limitations. The correla-
tion between spatiotemporal evolution of cellular behavior 
and PTX distribution has not been investigated. Also, sys-
temic toxicity remains unknown, particularly the potential 
risks under the high dose of PTX. Additionally, the long- 
termed local recurrence of PEPCT has not been evaluated to 
compare with PEAT or radiofrequency ablation. Finally, the 
study examined a relatively small size of animals over 
a relatively short term, and further studies that involve larger 
samples and longer follow-ups are warranted.

In conclusion, noting the pharmacological properties of 
PTX, a solution in ethanol was developed to treat the HCC 
model under ultrasound guidance. The positive results 
remind us that PPECT might have a similar or superior 
clinical outcome to other ablation techniques. Clinical 
trials are under development.
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