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Abstract: Purpose: To investigate the possibility of using radiofrequency hyperthermia (RFH) to enhance intratu-
moral therapeutic effect of liposomal doxorubicin on hepatocellular carcinoma (HCC) via an interventional mo-
lecular imaging approach. Materials and methods: For both in-vitro confirmation and in-vivo validation, Luciferase/
mCherry-labeled human HCC cells (HepG2) and mice subcutaneous hepatic cancer xenografts were treated by: (i)
combination therapy of liposomal doxorubicin plus RFH at 42°C; (ii) liposomal doxorubicin alone; (iii) RFH at 42°C
alone; (iv) phosphate buffered saline (PBS) as a control. For in-vitro confirmation, MTS assay, confocal microscopy,
optical imaging and flow cytometry were used to evaluate and compare cell viabilities and apoptosis among dif-
ferent treatment groups. For in vivo validation, liposomal doxorubicin was directly injected into the tumor and RFH
was performed subsequently under ultrasound imaging guidance. Changes of tumor sizes were quantified using
ultrasound imaging and bioluminescence signal intensities after treatments were measured by optical imaging over
14 days, which were correlated with subsequent histology analysis. Results: Of in vitro experiments, MTS assay dem-
onstrated the lowest cell proliferation in combination therapy group compared with the other three groups (25.0 +
5.6% vs 49.7 + 5.2% vs 94.2 + 3.9% vs 100%, respectively, P < 0.001). Flow cytometry showed the highest percent-
age of early apoptotic HepG2 cells in combination therapy compared to the other three groups (37.9 + 3.2% vs 32.2
+1.7%vs 2.9+ 1.7% vs 1.8 + 0.7%, respectively, P < 0.001). Of in vivo experiments, optical imaging demonstrated
a significantly decreased bioluminescence signal intensities in the combination therapy group, compared with the
other three groups (0.53 £+ 0.10VS 1.4 + 0.5 VS 2.8 + 0.8 VS 3.0 + 0.3, P < 0.05). Ultrasound images showed the
smallest tumor volumes of the combination therapy group, in comparison to other control groups (0.7 £ 0.1 VS 1.8
+0.4VS 3.0 £0.8VS 3.3 £0.3, P<0.05). Both histologic correlation confirmed imaging findings. Conclusion: RFH
can enhance intratumoral therapy with liposomal doxorubicin for HCC, which is effectively monitored by ultrasound
imaging and optical imaging techniques. This concept may provide new avenues for eradicating the residual tumor
cells when combining RFA with interventional molecular imaging guided direct intratumoral chemotherapy of HCC.

Keywords: Radiofrequency hyperthermia, liposomal doxorubicin, hepatocellular carcinoma

Introduction Liver transplantation has been considered as
the most curative option for HCCs that meet the
Milan criteria (one HCC 5 cm or as many as
three nodules, 3 cm without vascular invasion

or extrahepatic metastasis), but limited avail-

Hepatocellular carcinoma (HCC) is the most
common primary malignancy of the liver and
the third most common cause of cancer-related

death worldwide, with an annual incidence of
more than 1 million worldwide [1-3]. With the
fast advancement of imaging techniques,
increasing number of HCC cases are diagnosed
at an early stage, which offered a great oppor-
tunity for completely eradicating the tumors
using radical treatment approaches [1, 4, 5].

ability of liver donors precludes the wide appli-
cation of this approach for treating HCC [2, 4,
6]. Surgical resection to remove the tumor or
potion of tumor-involved liver used to be the
best option for curing HCC patients [2, 7].
However, many patients may not be suitable for
surgical resection because of the associated
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high risks of further injury to the normal liver
tissue, blood loss after the operation, and
insufficient liver function in cirrhotic patients
[4, 8, 9]. Highly effective local reginal ablation
therapies such as radiofrequency ablation
(RFA) have been accepted as the standard of
care for early stage HCC [10-12]. Whether
RFA can replace surgical resection as the first-
line treatment for early HCC remains controver-
sial due to its higher local recurrence rate than
surgical resection [13]. Tumor recurrence post
RFA is widely considered to stem from residual
tumor cells in the peritumoral area, where
microvascular invasion and satellite micronod-
ules cannot be substantially ablated if the
ablative thermal energy is not homogeneously
distributed in the entire tumor area and a
tumor-free margin of 0.5 cm is not warranted
[14, 15].

Various strategies have been developed to
overcome the inherent limitations of high tumor
recurrence rate using RFA alone to treat HCC
[16, 17], such as RFA combined with chemoem-
bolization using drug eluting beads or an emul-
sion of chemotherapeutic drugs in Lipidol [4,
18-20]. Some retrospective studies show that
combination therapy can offer some benefits to
the patients in term of decreasing the rate of
tumor recurrence and prolonging the overall
survival time, but a variety of factors affect the
synergistic effect of combination therapy, such
as the status of the tumor blood supply and
tumor stages. Intravenous administration of
liposomal Doxorubicin had been combined with
RFA to treat liver or neck and head cancers in
rodent models [16, 17]. The results of the stud-
ies suggest that RF-induced thermal energy
could enhance the therapeutic effect by pro-
moting the rapid release of Doxorubicin from
the long-circulating drug/liposome complex
and increasing the dose of drugs in the tumor
tissue [21-23]. However, the majority of patients
with HCC cannot undergo systemic chemother-
apy because of hepatic insufficiency or medical
comorbidity. On the other hand, barriers still
exist in the systemic chemotherapy that limited
drugs can be delivered to the tumor targets.
The development of cluster ablation electrodes
with multiple infusion needles provides the
possibility that alongside with RFA, we can
inject high dose of chemotherapeutic drugs in
the target tumor area, especially at the margin
of the tumors. Recent studies have confirmed
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that non-ablative hyperthermia at around 42°C
can significantly enhance the chemotherapeu-
tic effect through the mechanism of increasing
chemosensitivity and reversing chemoresis-
tance [24, 25]. The aim of this study was to
determine whether RF hyperthermia (RFH)
could enhance the therapeutic effect of liposo-
mal doxorubicin in a HCC cell line (HepG2 cells)
and intratumoral chemotherapy of liposomal
Doxorubicin on mice HepG2 tumor xenografts.

Materials and methods
Study design

This study was divided into two stages: (a) in
vitro experiments to confirm if RFH can enhance
the efficacy of liposomal doxorubicin on HCC
cells; and (b) in vivo experiments validate the
synergistic effect of the combination therapy of
local liposomal doxorubicin with RFH.

In vitro experiments

Cell culture and RFH-enhanced cell killing ef-
fect of liposomal doxorubicin

Cellular viability assay: HepG2 cells (JCRB Cell
Bank, Osaka, Japan) were transfected with
luciferase (Luc)/m-Cherry/lentivirus gene, to
create Luc/RFP* HCC cells per the manufactur-
al protocol (GeneCopoeia Inc., Rockville, MD).
Luc/RFP-positive cells were sorted out using
fluorescence-activated cell sorting technique
(Aria Il, Becton Dickinson, Franklin Lakes, NJ).
Cells were then seeded in four-chamber cell
culture slides (NalgeNunc International, Ro-
chester, NY) and maintained in Delbecco’s
modified Eagle’s medium/F12 (1:1) supple-
mented with 10% fetal bovine serum (Gibco,
Grand island, NY). RFH was performed as
described in the literature [24, 25]. Cells in dif-
ferent groups were treated by (a) liposomal
doxorubicin (650 uM) (Doxil; ALZA Phar-
maceuticals, Palo Alto, CA) plus 30-min RFH
at approximately 42°C; (b) liposomal doxorubi-
cin (650 uM) alone; (¢) 30-min RFH alone; and
(d) phosphate buffer saline (PBS) to serve as a
control group. We used the 50-percent inhibi-
tory concentration (IC50) doses of liposomal
doxorubicin for cell treatments. Cells viability
was evaluated by MTS assay 24 h after the
treatments. Relative cell viability of different
cell groups was calculated using the equa-
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Figure 1. A. Confocal microscopy showed the lowest number of viable cells in the group treated with combination
therapy (liposomal doxorubicin + RFH), compared with the other three control groups. B. MTS assay further demon-
strated the lowest cell viability in combination therapy group (*P < 0.001). RFH = Radiofrequency hyperthermia. C
and D. Flow cytometry showed the highest percentage of early apoptotic HepG2 cells in combination therapy group
(liposomal doxorubicin + RFH) compared with those in other three groups (*P < 0.001). RFH = Radiofrequency
hyperthermia.

tion of A iAo Poono Poane Where A is buffer along with the appropriate control. Total
absorbance. number of Annexin V- and Pl-positive cells were
counted using a FACScan flow cytometer (BD
Biosciences). The data was analyzed using the

FlowJo software version 10.

Cells on cell culture slides were subsequently
washed twice with PBS, fixed in 4% paraformal-
dehyde, counterstained with 4’,6-diamidino-
2-phenylindole (DAPI, Vector Laboratories,
Burlingame, CA), and then imaged with a fluo-
rescent microscope. All experiments for each of
cell groups were repeated six times.

Cellular bioluminescence assay: In vitro biolu-
minescence optical imaging of cells of each
group was performed 24 hours after the treat-
ments. 5 uL Pierce D-Luciferin (ThermoFisher

Cellular apoptosis assay: The peroentages of SCientiﬁC, ROCKfOYd, ”_) was added into the cell
apoptotic cells in each group were quantified by culture medium and incubated for additional
flow cytometry using Annexin V-FITC/PI staining 20 minutes. 100 pl cell medium was mixed with
kit (BD Biosciences, San Diego, CA). Cells were 100 pl 1% agarose in a cylindrical glass tube.
stained with Annexin-V/FITC and PI in binding Optical imaging was performed using an in vivo
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Relative Photon Singal Intensity in vitro (%)

Figure 2. Optical imaging in vitro confirmed that rela-
tive photon signal intensity with combination therapy
was significantly lower than that in the groups treat-
ed with chemotherapy alone, RFH alone and PBS (*P
< 0.001).

optical imaging system (Bruker Corp., Billerica,
MA). Bioluminescent signal intensity was quan-
tified as the sum of all detected photon counts,
which was subtracted by the background pho-
ton flux within a manually derived region of
interest (ROI) using the Bruker MI software.
Data were normalized to relative signal intensi-
ty (RSI) by using the following equation: RSI =
Sl./Sl., where Sl is signal intensity, T represents
the treatment group, and C represents the con-
trol group.

In vivo experiments
Animal model

The animal protocol was approved by our
Institutional Animal Care and Use Committee.
The animals were anesthetized with 1-3% iso-
flurane (Piramal Healthcare, Andhra Pradesh,
India) in 100% oxygen. Mice models with sub-
cutaneous HCC cancer xenografts were creat-
ed by inoculating 5 x 10°-1 x 107 Luc/RFP-
positive HepG2 cells in 100-ul Matrigel into the
backs of 24 nu/nu mice. Once the size of tumor
reached 8-10 mm in diameter, we started the
treatments.
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RFH-enhanced intratumoral chemotherapy on
mouse models

Six mice in each of four groups were treated
by (a) direct intratumoral injections of 10 mg/
kg liposomal doxorubicin, immediately follow-
ed by local RF heating at approximately 42°C
for 30 minutes; (b) intratumoral injection of
10 mg/kg liposomal doxorubicin; (c) 30 min
RFH alone; and (d) intratumoral injection of 100
uL PBS to serve as the control.

RFH was carried out by inserting a 0.022 in-
ch RF heating wire into the tumor with its hot
spot at the center of each tumor mass, which
was precisely guided by ultrasound imaging.
A 400 um micro-fiber optical thermal probe
was subcutaneously placed at the margin of
the tumor, so that the temperature at the
RF-heated tumor mass could be measured
instantly. By setting the RF output power at
10-15 watts, the temperature could be con-
trolled at 42+1°C.

Post-treatment follow-up with optical and ultra-
sound imaging

Optical imaging was performed on an Optical
In-Vivo Imaging Systems (Bruker Corp., Billerica,
MA). Each animal was imaged at day O before
the treatment and days of 7 and 14 after the
treatment. The animals were anaesthetized
with 2% isoflurane delivered in 100% oxygen.
Optical images were acquired 20 minutes after
intraperitoneal injection of Pierce D-Luciferin at
150 mg/Kg.

Fluorescent signal intensity was quantified as
the sum of all detected photon counts, which
was subtracted by the background photon flux
within a manually derived region of interest
(ROI) using the Bruker Ml software. Data were
normalized to relative signal intensity (RSI) by
using the following equation: RSI = Sl /Sl
where Sl is signal intensity, Dn represents days
after treatment, and DO is the day before
treatment.

Ultrasound imaging was performed simultane-
ously to assess tumor growth (Sonosite Inc,
Bothel, WA) at days O, and days of 7 and 14
after treatment. The axial (X) and longitudinal
(Y) diameters of tumors, as well as tumor
depths (Z) were measured on the ultrasound
images at their largest profiles. The volume of

Am J Transl Res 2018;10(11):3619-3627



Radiofrequency hyperthermia-enhanced local chemotherapy of hepatocellular carcinoma

Control &=

-+ Liposomal doxorubicin+RFH
-+~ Liposomal doxorubicin

-+ RFH

-e~ Control

ke
)

«
n

-

Relative Tumour Volume by US (%)
~n

Figure 3. Ultrasound imaging is used to follow tumor growth (white arrows) and response to the treatments at days
0, 7 and 14. A significant decrease of relative tumor volume with combination therapy (liposomal doxorubicin + RFH)
was seen compared with other three treatment groups (*P < 0.05). RFH = Radiofrequency hyperthermia.

each tumor was then calculated according to
the equation: tumor volume = X * Y * Z * /6.
Data was expressed as relative tumor volume
(RTV) by using the following equation: RTV =
V,./V,, Where V is tumor volume, Dn repre-
sents days after the treatment and DO is the
day before the treatment.

Histologic correlation/confirmation

Mice Tumors were harvested at day 14 after
the treatment. The xenograft tissues were fix-
ed in 10% formalin for 4 h and then embedded
in paraffin. Hematoxylin-eosin (HE) staining
was performed to estimate the pathologic-
al change and TUNEL was performed for apop-
tosis analysis. The TUNEL assay was carried
out according to the manufacturer’s protocol
(Roche, Indianapolis, IN). A positive result was
brown staining in the nucleus. Apoptosis re-
sults were analyzed as the apoptotic index,
defined as the number of apoptotic cells/to-
tal number of cells x 100%. At least 1000 ce-
lIs from at least 10 scopes were counted using
the Olympus BX51 system (Olympus, Tokyo,
Japan).

Statistical analysis

Statistical software (SPSS, Version 19.0; Chi-
cago, Ill) was used for all data analyses. The
non-parametric Mann-Whitney U test was us-
ed to compare (i) relative proliferation rates
among different cell groups; (ii) relative signal
intensity as well as (iii) relative tumor volumes
at different time points among different animal
groups. P value of less than 0.05 indicates the
significant difference.
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Results

In-vitro evaluation: RFH-enhanced chemother-
apeutic effect on HepG2 cells

Confocal microscopy demonstrated diminish-
ed number of cells survived combination thera-
py compared with those in other three treat-
ment groups (Figure 1A). Quantitative MTS
assay further confirmed that cell proliferation
in the cell group with combination therapy
was significantly lower than those in the gro-
ups treated with chemotherapy alone, RFH al-
one and PBS (25.0 + 5.6% vs 49.7 + 5.2% vs
94.2 + 3.9% vs 100%, respectively, P < 0.001)
(Figure 1B). Flow cytometry showed that the
highest percentage of early apoptotic HepG2
cells in combination therapy compared with
those in other three groups (37.9 = 3.2% vs
322 + 1.7% vs 29 + 1.7% vs 1.8 + 0.7%,
respectively, P < 0.001) (Figure 1C, 1D). Bio-
luminescence optical imaging of cells con-
firmed that the relative photon signal inten-
sity in the cell group with combination the-
rapy was significantly lower than that in the
groups treated with chemotherapy alone, RFH
alone and PBS (31.5 + 3.9% vs 48.0 + 3.6% vs
95.3 + 2.7% vs 100%, respectively, P < 0.001)
(Figure 2).

In-vivo confirmation: RFH-enhanced chemo-
therapy of mouse HCC cancer xenografts

All the treatment in four groups was perform-
ed under ultrasound imaging guidance. All ani-
mals survived the experimental procedures
without complications. Ultrasound imaging de-
monstrated the smallest relative tumor volu-
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Figure 4. Optical/x-ray imaging follow-up of tumors after the treatments. A significant decrease of both relative biolu-
minescence signal (golden-yellow color) and tumor size was seen in the group with combination therapy (liposomal
doxorubicin + RFH), compared to other three treatment groups (*P < 0.05). RFH = Radiofrequency hyperthermia.
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Figure 5. Representative tumors harvested from four different animal groups, demonstrated the smallest tumor size
in the combination therapy group (liposomal doxorubicin + RFH), compared with three control treatment groups (*P

< 0.05). RFH = Radiofrequency hyperthermia.

me in the combination therapy group, com-
pared with the other three groups (0.7 + 0.1 VS
1.8+ 0.4VS3.0+0.8VS3.3+0.3,P<0.05)
(Figure 3). Optical imaging was used to follow
the response of tumors to the treatments, dem-
onstrating a significant decrease in relative
photon signal intensity in the combination ther-
apy group, compared with the other three
groups (0.563+0.10VS 1.4+ 0.5vs 2.8 £+ 0.8
vs 3.0 £ 0.3, P < 0.05) (Figure 4).

Gross specimens obtained at the end of
the experiment revealed the smallest tumor
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size in combination therapy group compared
with the other three groups (Figure 5). His-
tological analysis of apoptosis by TUNEL stain-
ing further confirmed more apoptotic cells in
the combination therapy group than in the
three other groups (51.3 + 10.5% vs 17.0 *
4.4%vs 2.9+ 1.7% vs 1.8 + 0.7%, respectively,
P < 0.001) (Figure 6).

Discussion

Our study evaluated the feasibility and efficacy
of using RFH to enhance intratumoral chemo-
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Figure 6. Apoptosis analysis using TUNEL staining showed more apoptotic cells (yellow brown dots) in combination
therapy group than other three groups (20X). RFH = Radiofrequency hyperthermia.

therapy of liposomal doxorubicin on HCC.
Our data demonstrated that RFH can signifi-
cantly enhance the direct intratumoral chemo-
therapy on human HCC cells, as manifested
by decreased survival of HCC cells in in-vitro
experiments, as well as shrunken tumor vol-
umes and decreased optical signal intensities
in both in-vivo confirmation and validation
experiments. Our study also provided the evi-
dence that (a) both chemotherapeutics and
RFH can been locally delivered simultaneously
to HCC tumors under ultrasound imaging guid-
ance and (b) both optical imaging and ultra-
sound imaging are useful tools to assess the
response of HCC to local therapy.

A few studies combined RFA with intravenous
liposomal doxorubicin to treat tumors of differ-
ent animal models, which demonstrated an
increased interstitial accumulation of doxoru-
bicin in target tumor tissue and widened co-
agulation necrosis area of the tumor [16, 17].
Preclinical studies further found that a combi-
nation of intravenous lyso-thermosensitive lipo-
somal doxorubicin with local mild hyperthermia
attemperatures > 39.5°C induced up to 15-fold
greater increase of doxorubicin in tumor tissue,
compared with the same dose of free doxoru-
bicin [27]. This regimen suggested the poten-
tial to increase the concentration of doxorubi-
cin in a tumor while limiting systemic exposure.
However, dose limiting toxicity (DLT) is still a
critical clinical issue when liposomal doxorubi-
cin is administered systemically in conjunction
with thermal ablation. The observed DLT of
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neutropenia indicates the existence of system-
ic exposure to non-entrapped drug especially
given the dose dependency of neutropenia,
leukopenia, and alopecia. The overall toxicity
aspects of liposomal doxorubicin appear to be
similar to doxorubicin [28]. Furthermore, intra-
venous liposomal doxorubicin still poses a mat-
ter of potential risks of hepatic or kidney injury
in HCC patients with impaired hepatic or renal
function reserve [12, 29]. Interventional mo-
lecular imaging may offer an opportunity to
address this problem [30]. Under imaging guid-
ance, we can precisely place the cluster abla-
tion electrode integrated with infusion needle
in tumor targets and thereby deliver highly con-
centrated therapeutics and thermal energy
simultaneously to the targets. Such an efficient
local drug/hyperthermia delivery approach can
circumvent the systemic administration of che-
motherapeutic agents and thus minimize toxic-
ity to other organs [30].

A combination of intratumoral RFA with local
chemotherapy may offer an opportunity of de-
structing the residual tumor cells in the peritu-
moral zone of an ablated HCC tumor. At the
margin of a RF ablating HCC tumor, the temper-
ature may not be high enough at the tumoricid-
al level, but we can take the advantage of mild
hyperthermia at the sublethal level to enhance
the local chemotherapy, with a goal of achiev-
ing a complete tumor destruction of the entire
tumor mass. Studies have suggested that mile
hyperthermia at a temperature of approximate-
ly 42°C can enhance the chemotherapeutic
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effect through a possible mechanism of frac-
turing tissue, increasing permeability of the
cytoplasmic membrane, cellular metabolism
and accelerating apoptosis of tumor cells [24,
26]. Our current study proved the principle that
intratumoral RF-induced hyperthermia can play
a promising role in boosting the efficacy of lipo-
somal doxorubicin on human HCC cancer cells,
which can be effectively monitored by in vitro
and in vivo bioluminescence optical imaging
and ultrasound imaging.

Our study has limitations. We only followed up
the tumor growth for up to two weeks and didn’t
observe the effect of combination therapy on
prolonging the overall survival after the treat-
ments, because HCC tumor xenografts creat-
ed with HepG2 cells grow very fast. This poses
the risk that the tumor in the control group
may grow a relatively large size of more than
10% body weight, which is not permitted by our
IACUC. We need additional experiments to
investigate the possibility of RFH to enhance
local chemotherapy of animal models with
orthotopic liver cancer, which may pave the way
for clinical translation of this technique.

In conclusion, we validated the feasibility of
using RFH to enhance intratumoral therapy
with liposomal doxorubicin for HCC. This con-
cept may provide new avenues for destructing
the residual tumor when combining RFA with
interventional molecular imaging guided direct
intratumoral chemotherapy of HCC.

Acknowledgements

This study was supported by an NIH RO1-
EB012467 grant.

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Xiaoming Yang,
Image-Guided Bio-Molecular Intervention Resear-
ch and Section of Vascular and Interventional
Radiology, Department of Radiology, University of
Washington School of Medicine, Seattle 98109, WA,
USA. E-mail: xmyang@uw.edu

References
[1] Kalva SP, Thabet A and Wicky S. Recent ad-
vances in transarterial therapy of primary and

secondary liver malignancies. Radiographics
2008; 28: 101-117.

3626

(2]

(3]

(4]

(5]

(6]

(7]

(11]

[12]

Lee DH, Lee JM, Lee JY, Kim SH, Yoon JH, Kim
YJ, Han JK and Choi BIl. Radiofrequency abla-
tion of hepatocellular carcinoma as first-line
treatment: long-term results and prognostic
factors in 162 patients with cirrhosis. Radiolo-
gy 2014; 270: 900-909.

Nishikawa H, Kimura T, Kita R and Osaki Y. Ra-
diofrequency ablation for hepatocellular carci-
noma. Int J Hyperthermia 2013; 29: 558-568.
Kim JW, Kim JH, Sung KB, Ko HK, Shin JH, Kim
PN, Choi HK, Ko GY, Yoon HK, Chun SY and
Gwon DI. Transarterial chemoembolization vs
radiofrequency ablation for the treatment of
single hepatocellular carcinoma 2 cm or small-
er. Am J Gastroenterol 2014; 109: 1234-1240.
Lin SM. Recent advances in radiofrequency
ablation in the treatment of hepatocellular car-
cinoma and metastatic liver cancers. Chang
Gung Med J 2009; 32: 22-32.

Gerolami R, Uch R, Brechot C, Mannoni P and
Bagnis C. Gene therapy of hepatocarcinoma: a
long way from the concept to the therapeutical
impact. Cancer Gene Ther 2003; 10: 649-660.
Takuma Y, Takabatake H, Morimoto Y, Toshiku-
ni N, Kayahara T, Makino Y and Yamamoto H.
Comparison of combined transcatheter arteri-
al chemoembolization and radiofrequency
ablation with surgical resection by using pro-
pensity score matching in patients with hepa-
tocellular carcinoma within Milan criteria. Ra-
diology 2013; 269: 927-937.

JiangL, Yan L, Wen T, Li B, ZengY, Yang J, Wang
W, Xu M and Wu H. Comparison of outcomes of
hepatic resection and radiofrequency ablation
for hepatocellular carcinoma patients with
multifocal tumors meeting the barcelona-clinic
liver cancer stage a classification. J Am Coll
Surg 2015; 221: 951-961.

Dhir M, Melin AA, Douaiher J, Lin C, Zhen WK,
Hussain SM, Geschwind JH, Doyle MB, Abou-
Alfa GK and Are C. A review and update of
treatment options and controversies in the
management of hepatocellular carcinoma.
Ann Surg 2016; 263: 1112-25.

Lee TY, Lin JT, Ho HJ, Wu MS and Wu CY. Evalu-
ation of the effect of cumulative operator expe-
rience on hepatocellular carcinoma recurrence
after primary treatment with radiofrequency
ablation. Radiology 2015; 276: 294-301.
Feng K, Yan J, Li X, Xia F, Ma K, Wang S, Bie P
and Dong J. A randomized controlled trial of
radiofrequency ablation and surgical resection
in the treatment of small hepatocellular carci-
noma. J Hepatol 2012; 57: 794-802.

Wang Y, Luo Q, Li Y, Deng S, Wei S and Li X.
Radiofrequency ablation versus hepatic resec-
tion for small hepatocellular carcinomas: a
meta-analysis of randomized and nonrandom-
ized controlled trials. PLoS One 2014; 9:
e84484.

Am J Transl Res 2018;10(11):3619-3627


mailto:xmyang@uw.edu

Radiofrequency hyperthermia-enhanced local chemotherapy of hepatocellular carcinoma

[13]

(14]

(15]

(16]

(17]

(18]

[19]

[20]

[21]

Cho YK, Kim JK, Kim WT and Chung JW. He-
patic resection versus radiofrequency ablation
for very early stage hepatocellular carcinoma:
a Markov model analysis. Hepatology 2010;
51: 1284-1290.

Ke S, Ding XM, Kong J, Gao J, Wang SH, Cheng
Y and Sun WB. Low temperature of radiofre-
quency ablation at the target sites can facili-
tate rapid progression of residual hepatic VX2
carcinoma. J Transl Med 2010; 8: 73.

Gao J, Wang SH, Ding XM, Sun WB, Li XL, Xin
ZH, Ning CM and Guo SG. Radiofrequency ab-
lation for single hepatocellular carcinoma 3
cm or less as first-line treatment. World J Gas-
troenterol 2015; 21: 5287-5294.

Hong CW, Chow L, Turkbey EB, Lencioni R,
Libutti SK and Wood BJ. Imaging features of
radiofrequency ablation with heat-deployed li-
posomal doxorubicin in hepatic tumors. Car-
diovasc Intervent Radiol 2016; 39: 409-416.
Ahmed M, Monsky WE, Girnun G, Lukyanov A,
D’lppolito G, Kruskal JB, Stuart KE, Torchilin VP
and Goldberg SN. Radiofrequency thermal ab-
lation sharply increases intratumoral liposo-
mal doxorubicin accumulation and tumor co-
agulation. Cancer Res 2003; 63: 6327-6333.
Yamakado K, Nakatsuka A, Ohmori S, Shiraki
K, Nakano T, Ikoma J, Adachi Y, Takeda K. Ra-
diofrequency ablation combined with chemo-
embolization in hepatocellular carcinoma:
treatment response based on tumor size and
morphology. J Vasc Interv Radiol 2002; 13:
1225-1232.

Hoffmann R, Rempp H, Syha R, Ketelsen D,
Pereira PL, Claussen CD and Clasen S. Trans-
arterial chemoembolization using drug eluting
beads and subsequent percutaneous MR-
guided radiofrequency ablation in the therapy
of intermediate sized hepatocellular carcino-
ma. Eur J Radiol 2014; 83: 1793-1798.

Peng ZW, Zhang YJ, Liang HH, Lin XJ, Guo RP
and Chen MS. Recurrent hepatocellular carci-
noma treated with sequential transcatheter
arterial chemoembolization and RF ablation
versus RF ablation alone: a prospective ran-
domized trial. Radiology 2012; 262: 689-700.
Head HW, Dodd GD 3rd, Bao A, Soundararajan
A, Garcia-Rojas X, Prihoda TJ, McManus LM,
Goins BA, Santoyo CA and Phillips WT. Combi-
nation radiofrequency ablation and intrave-
nous radiolabeled liposomal doxorubicin: im-
aging and quantification of increased drug
delivery to tumors. Radiology 2010; 255: 405-
414.

3627

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Moussa M, Goldberg SN, Tasawwar B, Sawant
RR, Levchenko T, Kumar G, Torchilin VP and
Ahmed M. Adjuvant liposomal doxorubicin
markedly affects radiofrequency ablation-in-
duced effects on periablational microvascula-
ture. J Vasc Interv Radiol 2013; 24: 1021-
1033.

Solazzo SA, Ahmed M, Schor-Bardach R, Yang
W, Girnun GD, Rahmanuddin S, Levchenko T,
Signoretti S, Spitz DR, Torchilin V. and Goldberg
SN. Liposomal doxorubicin increases radiofre-
quency ablation-induced tumor destruction by
increasing cellular oxidative and nitrative
stress and accelerating apoptotic pathways.
Radiology 2010; 255: 62-74.

Zhang T, Zhang F, Meng Y, Wang H, Le T, Wei B,
Lee D, Willis P, Shen B and Yang X. Diffusion-
weighted MRI monitoring of pancreatic cancer
response to radiofrequency heat-enhanced in-
tratumor chemotherapy. NMR Biomed 2013;
26: 1762-1767.

Zhang F, Le T, Wu X, Wang H, Zhang T, Meng Y,
Wei B, Soriano SS, Willis P, Kolokythas O and
Yang X. Intrabiliary RF heat-enhanced local
chemotherapy of a cholangiocarcinoma cell
line: monitoring with dual-modality imaging-
-preclinical study. Radiology 2014; 270: 400-
408.

Zhou Y, Han G, Wang Y, Hu X, Li Z, Chen L, Bai
W, Luo J, Zhang Y, Sun J and Yang X. Radiofre-
quency heat-enhanced chemotherapy for
breast cancer: towards interventional molecu-
lar image-guided chemotherapy. Theranostics
2014; 4: 1145-1152.

Poon RT and Borys N. Lyso-thermosensitive li-
posomal doxorubicin: an adjuvant to increase
the cure rate of radiofrequency ablation in liver
cancer. Future Oncol 2011; 7: 937-945.

Wood BJ, Poon RT, Locklin JK, Dreher MR, Ng
KK, Eugeni M, Seidel G, Dromi S, Neeman Z,
Kolf M, Black CD, Prabhakar R and Libutti SK.
Phase | study of heat-deployed liposomal doxo-
rubicin during radiofrequency ablation for he-
patic malignancies. J Vasc Interv Radiol 2012;
23:248-55, e7.

Molinari M and Helton S. Hepatic resection
versus radiofrequency ablation for hepatocel-
lular carcinoma in cirrhotic individuals not can-
didates for liver transplantation: a Markov
model decision analysis. Am J Surg 2009;
198: 396-406.

Yang X. Interventional molecular imaging. Ra-
diology 2010; 254: 651-654.

Am J Transl Res 2018;10(11):3619-3627



