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Abstract: Despite recent advances in surgical technique and treatment strategies for esophageal cancer (EC), to 
effectively manage the advanced (metastatic or disseminated) and recurrent EC still remain a great challenge. The 
aim of this study was to determine the feasibility of using intra-esophagus radiofrequency hyperthermia to enhance 
local HSV-TK/ganciclovir-mediated suicide gene therapy of an innovative animal models with orthotopic esophageal 
squamous cancers. Human esophageal squamous cancer (ESCa) cells were labeled with lentivirus/luciferase. ESCa 
cells and nude rats with orthotopic ESCa were divided into in four groups (n = 6/group) and treated with: i) combina-
tion therapy of MR imaging-heating-guidewire-mediated radiofrequency hyperthermia ((RFH, 42°C) plus local HSV-
TK/GCV; ii) HSV-TK/GCV alone; iii) RFH alone; and (iv) phosphate-buffered saline (PBS). Bioluminescence optical 
imaging and transcutaneous ultrasound imaging were used to follow up bioluminescence signal and size changes of 
tumors among different groups over two weeks, which were correlated with subsequent histology. We demonstrated 
that combination therapy of RFH with gene therapy resulted in the lowest cell proliferation (37.5±8.6%, P<0.0001), 
rendered the smallest relative tumor volume (0.90±0.15, P<0.01), and relative bioluminescence optical imaging 
photon signal intensity (0.81±0.17, P<0.01) of orthotopic esophageal cancers, compared with groups treated with 
gene therapy alone, RFH alone and PBS. Our study indicated that intra-esophageal radiofrequency hyperthermia 
could enhance the HSV-TK-mediated effect on esophageal squamous cancers.
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Introduction

Esophageal cancer is the sixth leading cause of 
cancer-related mortality with an estimated 
455,800 new esophageal cancer cases and 
400,200 deaths occurred each year worldwide 
[1, 2]. According to National Cancer Institute, 
there will be almost 17,000 new cases of 
esophageal cancer in the United States in 
2015 and approximately 16,000 people will die 
of the disease. The prognosis for patients with 
locally advanced esophageal cancer treated 
with the standard approaches of surgery or 
chemo-radiotherapy is poor [3-5]. In the United 
States, the overall 5-year survival rate for 
patients with esophageal adenocarcinoma is 
<20% [6]. 

Oesophagectomy is still considered to be the 
standard procedure for all malignancies with-
out lymph-node metastases in many institu-
tions [7, 8]. However, at the time of the diagno-
sis of esophageal cancer, more than 50 percent 
of patients have unresectable tumors [1]. Some 
patients may not be candidates for surgery 
because of other underlying medical illnesses, 
which would increase the risk of death during  
or shortly after surgery. A combination therapy 
of chemotherapy with radiotherapy is now a 
standard of care in the nonsurgical manage-
ment of locally advanced esophageal cancer 
[3]. However, combining chemotherapy and 
radiation treatments increases the likelihood 
and severity of side effects, while radiation can 
cause side effects from sunburn-like skin reac-
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tions, painful or difficult swallowing to severe 
damages to nearby organs, such as heart, lung 
and spinal cord. Although chemotherapy can 
offer the benefits of palliating symptoms in 
many patients, survival is rarely exceeding one 
year [1]. The primary reason for this is the resis-
tance of esophageal malignancies to chemo-
therapeutics, which diminishes the usefulness 
of chemotherapy in management of esopha-
geal malignancies [9, 10]. Thus, it is desirable 
to develop new alternative technologies for 
treating unresectable and chemo-resistant 
esophageal cancers.     

Gene therapy is one of the promising approach-
es to treat malignancies, and over 2200 clinical 
trials of gene therapies have being conducted 
worldwide so far (http://www.wiley.com/legacy/
wileychi/genmed/clinical/). Among various ge- 
ne therapeutic strategies, HSV-TK-mediated 
suicide gene therapy, followed by intravenous 
administration of ganciclovir (GCV), has been 
extensively studied [11]. HSV-tk gene in tumor 
cells can not only phosphorylate certain nucle-
oside analogs (e.g. ganciclovir, an antiherpetic 
drug), thus converting them from non-toxic to 
toxic DNA replication inhibitors, but also gener-
ate “bystander effect” to induce the death of 
neighboring untransfected cells [12]. HSV-tk 
gene therapy had been investigated for treating 
various neoplasms, such as HCC and colon car-
cinoma [13], glioma [14], and non-small cell 
lung cancer [15]. However, a critical weakness 
with systemic HSV-tk/GCV therapy is its low rate 
of gene delivery into tumor and thereby low gene 
transfection/expression, which is one of the 
major hurdles to the clinical application of suicide 
gene therapy [16]. Attempts to solve this prob-
lem have been made by increasing the concen-
tration of HSV-tk genes, which can consequent-
ly cause substantial and undesirable toxicities 
to other vital organs.

Previous studies have demonstrated that con-
trolled hyperthermia can enhance gene trans-
fection/expression [17, 18]. Our recent studies 
have confirmed that radiofrequency hyperther-
mia (RFH) can enhance gene transfection and 
transduction efficiency in metabolic active tis-
sues, such as atherosclerosis [19]. Based on 
these experience, in this project we aimed to 
challenge a critical clinical problem, poor prog-
nosis of those patients with esophageal can-
cers. We attempted to develop an alternative  

to chemotherapy, a completely new interven-
tional oncology technique, named “radiofre-
quency heat-enhanced direct intratumoral 
gene therapy of esophageal malignancies”. As 
the initial step, the present study focused on 
establishing the “proof-of-principle” of the new 
concept, RFH could enhance the efficiency of 
HSV-TK/GCV-mediated gene therapy on esoph-
ageal cancers.

Materials and methods

Study design 

The present study was carried out in two phas-
es: (a) in-vitro experiments to confirm RFH-
enhanced gene therapeutic efficacy of HSV-tk/
GCV on human esophageal cancer cells; and  
(b) in-vivo feasibility validation of using optical 
and ultrasound imaging to monitor RFH-
enhanced HSV-tk/GCV gene therapeutic effica-
cy on rat models with orthotopic esophageal 
cancer xenografts.

In-vitro experiments

Cells and RFH-enhanced gene therapy: For the 
purpose of using molecular imaging to evaluate 
the therapeutic effect, human esophageal can-
cer cells (T.T) were first transfected with lucifer-
ase (Luc)/red fluorescence protein (RFP) gene/
lentivirus, to create Luc/RFP-positive esopha-
geal cancer cells according to the protocol pro-
vided by the manufacturer (GeneCopoeia Inc., 
Rockville, MD). Luc/RFP-positive cells were 
sorted out using fluorescence-activated cell 
sorting technique (Aria II, Becton Dickinson, 
Franklin Lakes, NJ). Then , these cells were cul-
tured in Delbecco’s modified Eagle’s medium/
F12 (DMEM/F12, 1:1) (Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS) 
(Gibco, USA), and incubated with a humidified 
5% CO2 atmosphere at 37°C. Cells were cul-
tured in 4-chamber cell culture slides (Nalge 
Nunc International, Rochester, NY, USA). 
Radiofrequency hyperthermia was performed 
as described in the literature [19, 20]. Briefly, 
RFH was carried out by attaching a 0.022-inch 
MR imaging-heating-guidewire (MRIHG) under 
the bottom of chamber 4 of the chamber slide. 
The MRIHG was connected to a custom RF gen-
erator for heating. A 400 µm fiber optical tem-
perature probe (PhotonControl, Burnaby BC, 
Canada) was placed in the chamber for mea-
suring the temperature. HSV-tk/lentiviral vector 
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and 3rd generation lenti-combo packing mix 
were purchased from Applied Biological 
Materials Inc (Richmond, BC, Canada). HSV-tk 
gene expression in cells was quantified by 
qRT-PCR. 

Cells were divided into different groups with 
various treatments, including (a) RFH-enhanced 
HSV-tk/lentivirus (using a MOI of 20) gene 
transduction at approximately 42°C for 30 
mins, followed by 3-day GCV exposure (100 
mmol/L); (b) HSV-tk/lentivirus followed by GCV 
treatment alone; (c) RFH followed by GCV treat-
ment; (d) phosphate buffered saline (PBS) fol-
lowed by GCV treatment. The lentiviral trans-
duction was carried out according to manufac-
turers’ instructions (Applied Biological Materials 
Inc, Richmond, BC, Canada). Subsequently, cell 
proliferations in different groups were evaluat-
ed by MTS assay 72 hours after the GCV treat-
ment. Briefly, MTS (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) agent was 
added to the cell chambers and incubated for 4 
h. The absorbance was measured using a 
microplate reader at 490 nm. The relative cell 
proliferation of each cell group was determined 
using the equation Acontrol-Atreated/Acontrol, where A 
is the absorbance. Then, cells on slides were 
washed twice with PBS, fixed in 4% paraformal-
dehyde, counterstained with 4’,6-diamidino-
2-phenylindole (DAPI, Vector Laboratories, Bur- 
lingame, CA), and then imaged with a laser con-
focal microscope (A1R; Nikon, Tokyo, Japan). 
The experiments for each cell group were 
repeated six times.

Cell apoptosis assay: The percentages of via-
ble, apoptotic and necrotic cells were quanti-
fied by flow cytometry using Annexin V-APC/PI 
staining kit (BD Biosciences) according to the 
manufacturer’s protocol. Cells were stained 
with Annexin-V/APC–and PI in binding buffer 
along with appropriate controls. Total number 
of Annexin V- and PI-positive cells were coun- 
ted using a FACScan flow cytometer (BD 
FACSCantoTM II). The data was analyzed using 
the FlowJo software version 10 (TreeStar, Inc.).

Real-time quantitative reverse transcription 
polymerase chain reaction (RT-qPCR): Total 
RNA was extracted using All Prep DNA/RNA 
Mini kit (Qiagen, Inc., Valencia, USA). RT-qPCR 
was performed using an Mx3005PTM real time 
PCR system (Stratagene, La Jolla, USA) with the 
TaqMan EZ RT-PCR kit, according to manufac-

turer’s protocol (Applied Biosystems, Foster 
City, CA). We used forward primer 5’-GGTGATG- 
ACCTCTGCCCAGAT-3’, reverse primer 5’-TGT- 
GAGGAGCCAGAACAGCAT-3’, and TaqMan(R) 
MGB Probe 6FAM-TGG GAA TGC CCT ATG 
C-MGBNFQ. The following PCR parameters 
were used: initial UNG activation at 50°C for  
2 min, RT reaction at 60°C for 30 min, UNG 
deactivation at 95°C for 5 min, then 40 cycles 
of denaturation at 94°C for 15 sec and anneal 
extend at 60°C for 1 min. After the final cycle, 
RT-qPCR products were analyzed by MxPro-
Mx3005P software (Stratagene, La Jolla, USA). 
The ΔCt data were collected and -ΔΔCt was cal-
culated using the following formula: -ΔΔCt = 
ΔCt of HSV-TK gene group -ΔCt of the HSV-TK 
gene +RFH group. The relative expression of 
the target gene was calculated using 2-ΔΔCt [21].

In-vivo experiments

Animal model: The animal protocol was 
approved by our Institutional Animal Care and 
Use Committee.

Twenty-four nude rats, weighted 180-220 g 
(Charles River Laboratories, San Diego, CA), 
were used to create innovative animal models 
with orthotopic esophageal cancers, which 
were performed using an ultrasound imaging-
guided minimally invasive approach. Briefly, the 
nude rats were positioned supine on the surgi-
cal table and a 0.035-inch guidewire was tran-
sorally introduced into esophagus, and then a 
custom micro-catheter was advanced into the 
cervical esophagus over the guidewire. After 
withdrawing the guidewire, a custom micro-
coaxial needle that had a curved tip was posi-
tioned into the target esophagus through the 
micro-catheter. Under real-time ultrasound 
imaging guidance, the curved tip of the needle 
punctured into the cervical esophagus wall with 
a controlled penetration depth of 3 mm, where 
5×106-1×107 Luc/RFP-positive esophageal can-
cer cells in 100-µl Matrigel were injected into 
the target esophageal region. 

RFH-enhanced gene therapy: When the volume 
of tumors reached around 5 mm3, the animals 
were anesthetized with 1-3% isoflurane in 
100% oxygen. Six rats in each of four study 
groups were treated by (a) HSV-TK lentiviral par-
ticles plus RFH, which was carried out by intra-
tumoral injection of approximately 108 HSV-TK 
lentiviral particles in a total of 50 µL PBS, fol-
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lowed by RFH at approximately 42°C for 30 
mins; (b) HSV-TK lentiviral particles therapy 
without RFH; (c) RFH alone; and (d) PBS to serve 
as control. HSV-TK lentiviral particles was 
directly injected into the esophageal cancer 
mass through the intraesophageal agent deliv-
ery needle under real-time ultrasound imaging 
guidance. Immediately after the HSV-TK lentivi-
ral particles delivery, intraesophageal RFH was 
generated by inserting a 0.022-inch MRIHG 
into the esophagus with its heating spot cen-
tered at the tumor. A fibrotic temperature probe 
was placed in the targeted esophagus, in paral-
lel to MRIHG, to monitor the temperature. The 
intraesophageal RF heating was controlled at 
around 42°C for 30 minutes. One day after the 
gene injection, GCV at a daily dose of 50 mg/kg 
was intraperitoneally administered for 14 con-
secutive days. 

Post-treatment following up with optical imag-
ing and ultrasound imaging: Optical imaging 
was performed on a Bruker In-Vivo Xtreme 
Imaging Systems (Bruker Corp., Billerica, MA). 
Each animal was imaged at day 0 before treat-
ment and days 7 and 14 after the treatments. 
Animals were anaesthetized with 1%-3% isoflu-
rane (Piramal Healthcare, Andhra Pradesh, 
India) in 100% oxygen through a nose cone. 
Optical images were achieved 20 minutes after 
intraperitoneal injection of Pierce D-Luciferin at 
150 mg/Kg (ThermoFisher Scientific, Rockford, 
IL). Signal intensity was quantified using the 
Burker MI software. Relative signal intensity 
(RSI) was calculated by using the equation: RSI 
= SIDn/SID0, where SI is signal intensity, Dn rep-
resents days after treatment, and D0 is the day 
before treatment. Ultrasound imaging was per-
formed to follow up the tumor growth (Sonosite 

Figure 1. A. Confocal microscopy shows a lowest 
number of cells survived in combination treatment 
(Gene+RFH). B. Results of MTS assay show that 
the lowest cell viability in the group receiving com-
bination treatment (Gene+RFH), compared with 
those of control groups (*P<0.05). C. Apoptosis 
analysis shows much more apoptotic and necrotic 
cells in combination therapy group (Gene+RFH), 
compared to that of three control groups.
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Inc, Bothel, WA) at day 0 before treatment and 
days 7 and 14 after the treatment. The axial (X) 
and longitudinal (Y) diameters of tumors, as 
well as tumor depths (Z) were measured on the 
ultrasound images at the maximal tumor 
dimensions. The volume of each tumor mass 
was calculated according to the equation of vol-
ume = X*Y*Z*π/6. Data was expressed as rela-
tive tumor volume (RTV) by using the following 
equation: RTV = VDn/VD0, where V is tumor vol-
ume, Dn represents days after treatment, and 
D0 is the day before treatment. We followed up 
the tumors for only 14 days post-treatments. 
This was because our institutional IACUC did 
not approve a longer period of follow up since 
the tumor xenografts might grow up over 10 
percent of the animal body weight in the control 
animal groups as the following up time lasted.

Histologic correlation/conformation: Tumors 
were harvested at day 14 after treatments. 

Tumor tissues were embedded in O.C.T com-
pound, frozen in liquid nitrogen, kept frozen at 
-80°C, and then cryosectioned at 10-µm slices 
for apoptosis staining. Level of apoptosis was 
determined by a terminal deoxynucleotidyl 
transferase dUTP nick end labeling assay 
(TUNEL) using ApopTag Plus Peroxidase In Situ 
Apoptosis Detection kit, according to the  
manufacturer’s instruction (EMD Millipore 
Corporation, Temecula, CA). 

RNA preparation and RT-Qpcr: Tumor tissues 
from the HSV-TK/GCV-treated group and the 
HSV-TK/GCV/RFH treated group were collect-
ed. HSV-TK gene expression level in tumor tis-
sues was quantified by qRT-PCR as described 
in the in-vitro experiment. 

Statistical analysis

Statistical software (SPSS, Version 19.0; 
Chicago, III) was used for all data analyses. The 

Figure 2. Ultrasound imaging (A) and Optical/x-ray imaging (B) follow-up of rat esophageal cancers (arrows on A and 
yellow-red colors on B) in four different animal groups with various treatments. (C) Quantified analysis shows the 
significant decreased relative tumor volume in the combination therapy group (Gene+RFH) at day 14, compared 
with those of other three control animal groups, which is consistent with the drop of photon intensities on optical 
images (D). 
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non-parametric Mann-Whitney U test was used 
to compare (i) relative proliferation rates among 
different cell groups; (ii) relative signal intensity 
as well as (iii) relative tumor volumes at differ-
ent time points among different animal groups; 
and (iv) HSV-TK gene expression rates at end 
points among various animal groups. P value of 
less than 0.05 was considered significant 
difference.   

Results

RFH-enhanced gene therapeutic effect on 
esophageal cancer cells

Of the in-vitro experiments, MTS assay demon-
strated the lowest cell viabilities in the group 
treated with a combination of HSV-TK/lentivi-
rus-GCV plus RFH, compared to those of con-

cal imaging, manifesting as brightly red-orange-
colored signals (Figure 2B). 

RFH-enhanced gene therapeutic effect on rat 
orthotopic esophageal cancer xenografts     

The in vivo experiment on rats showed that the 
HSV-TK gene therapy plus RFH significantly 
inhibited the growth of tumors. Fourteen days 
after the treatment, the average relative tumor 
volume was the smallest in the gene therapy 
plus RFH group, as compared to those in the 
HSV-TK-only group (0.90±0.15 vs 1.65±0.35, P 
= 0.0004) and RF hyperthermia-only group 
(0.90±0.15 vs 3.44±0.44, P<0.0001). RFH did 
not inhibit tumor growth, as compared to the 
tumor growth in the control group (relative 
tumor volume: 3.44±0.44 vs 3.88±0.58, P = 
0.065) (Figure 2C). Optical imaging demon-

Figure 3. Representative tumors harvested from four different animal groups 
showed the smallest tumor size treated by combination therapy (Gene+RFH) 
in comparison with other three treatments. The photographs of harvested 
specimens show the tumors (arrows) adhere to the esophaguses (arrow 
heads). Apoptosis analysis by TUNEL staining demonstrates more apoptotic 
cells (brown dots) in the combination therapy group (Gene+RFH) than the 
three control groups (20×).

trol groups with HSV-TK/le- 
ntivirus-GCV, RFH-GCV and 
PBS-GCV alone (37.5±8.6% 
vs 50.9±7.7% vs 92.5±10.6% 
vs 100±10.1%, P<0.0001) 
(Figure 1A). Confocal micros-
copy showed much more cells 
were killed after the treat-
ment of combination therapy 
than the other three groups 
(Figure 1B), which was con-
sistent with the results of 
MTS assay. Cell apoptosis 
analysis demonstrated that 
22.2% more apoptotic and 
necrotic cells in the combina-
tion therapy group than other 
control groups with different 
therapy alone (Figure 1C). 

Successful creation of the 
rat models with orthotopic 
esophageal cancers

All 24 rat models with ort- 
hotopic esophageal cancers 
were successfully created. 
These esophageal cancers 
could be easily visualized and 
the sizes of these tumors 
could be precisely measured 
by ultrasound imaging at 
three dimensions (Figure 2A). 
These esophageal cancers 
could also be detected, in 
vivo, by bioluminescence opti-
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strated a decrease of relative photon intensi-
ties in the group with gene therapy plus RFH 
compared with the control groups with gene 
therapy alone (0.81±0.17 vs 1.51±0.28, P = 
0.0041), RF hyperthermia-alone (0.81±0.17 vs 
3.73±0.55, P<0.0001) and PBS (0.81±0.17 vs 
4.18±0.58, P<0.0001) (Figure 2D). The find-
ings of both ultrasound imaging and optical 
imaging correlated well with subsequent histo-
logic confirmation, which displayed more apop-
totic cells in the combination therapy group 
than those of three control groups (Figure 3). 

RT-qPCR analysis further showed that HSV-TK 
gene copy numbers of cells and rat esophageal 
cancer tissues of the combination therapy 
group were 1.79±0.30 and 1.37±0.23 fold 
higher than the gene therapy alone group (P = 
0.0007 and 0.0058) (Figure 4).

Discussion

In this study, we investigated the possibility of 
using unablative hyperthermia at the tempera-
ture of approximately 42°C to enhance intratu-
moral HSV-TK/GCV-mediated gene therapy of 
esophageal cancers. The findings of our study 
show that, (a) RF hyperthermia can increase 
HSV-TK gene expression level in human esoph-
ageal cancer cell lines and esophageal cancer 
tumors, as manifested by decreased cell viabili-
ties in in-vitro experiments as well as shrunken 
tumor volumes and decreased optical signal 
intensities of treated tumors in the in-vivo 
experiments, (b) RF hyperthermia can been 
specifically delivered to esophageal tumor 
through a transesophageal approach using 

MRIHG, thus providing substantial localized 
therapeutic hyperthermia, (c) under ultrasound 
imaging guidance, it is feasible to locally inject 
therapeutic gene into esophageal cancers 
through an intra-esophageal approach , (d) it is 
feasible to use ultrasound and biolumines-
cence optical imaging to follow up the response 
of orthotopic human esophageal cancer xeno-
grafts to gene therapy. 

Gene transfection relies on the use of a geneti-
cally modified viral or non-viral vectors that 
mediates the transfer of therapeutic genes into 
cells, allowing their transient or stable expres-
sion. Selecting an efficient method to boost the 
gene transfection and expression is the key 
step when promoting the therapeutic effect on 
genetically manipulated cells. The combination 
of hyperthermia with gene therapy, in which 
hyperthermia increases the transgene expres-
sion, representing a promising strategy [22]. 
Our study established “the proof of principle” 
that RF hyperthermia can enhance not only 
HSV-TK gene expression in esophageal cancer 
cells, but also the therapeutic effect of HSV-TK/
GCV on both esophageal cancer cells and 
esophageal cancer tumors. The explanation of 
hyperthermia-enhanced gene transfection/
expression may lie in the potential mechanisms 
that hyperthermia can fracture tissues, 
increase the cell membrane permeability and 
the cell metabolism, and therefore increase the 
gene expression [18, 23-25].    

To date, HSV-TK/GCV therapies have been per-
formed via an intratumoral gene delivery 
approach for treating easily accessible solid 
tumors, such as liver cancer, kidney cancer and 
lung cancer. However, for deep-seated esopha-
geal cancers, no technique is available to fa- 
cilitate the delivery of high dose of therapeutic 
gene materials into tumors. Systemic adminis-
tration of therapeutic genes not only poses the 
potential risk of toxicities to vital organs, such 
as brain and heart, but also lacks the capability 
of delivering sufficient therapeutic genes to the 
targets. Furthermore critical problem with sys-
temic gene administrations is the low transfec-
tion/transuction efficiency and thereby low 
expression of therapeutic genes at the targets. 
Many studies have focused on developing new 
strategies to enhance the therapeutic effect of 
HSV-TK/GCV system, such as stem cell-based 

Figure 4. qRT-PCR quantitative analysis of HSV-TK 
gene expression in cells (A) and tumor tissues (B). 
RFH could enhance HSV-TK gene expression level in 
both HCC cells and mice tumors. 
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gene targeted delivery [26, 27], tumor-selective 
enhancer-promoters based strategy [28], as 
well as combination with other chemotherapeu-
tic drugs [29]. 

To this end, we designed and manufactured a 
micro-intraesophageal agent delivery/RF heat-
ing system, which could be precisely positioned 
into the target region of the rat orthotopic 
esophagus via real-time ultrasound imaging 
guidance. By using this micro-interventional 
system, we could not only precisely inject 
esophageal cancer cells in the esophagus wall 
for creating the rat model of esophageal can-
cers, but also locally deliver HSV-TK/lentivirus 
as well as RFH to enhance therapeutic effect of 
HSV-TK genes on esophageal cancers.    

We created an innovative rat models with or- 
thotopic esophageal cancers, which exhibits 
the specific pathophysiologic properties of 
esophageal cancers and the interactions 
between tumors and host organs. In addition, 
we labeled the esophageal cancer with lucifer-
ase gene, which enabled us to use in vivo opti-
cal imaging to follow up tumor responses to 
RFH-enhanced gene therapy. This animal 
model has several advantages: (a) high repro-
ducibility and cost-effectiveness with precise 
tumor inoculation under ultrasound imaging 
guidance; (b) suitability for testing new intrae-
sophageal interventional techniques; (c) rela-
tively quick tumor growth which facilitates the 
evaluation of therapeutic effects of various 
treatments in a short period of time, using opti-
cal imaging and ultrasound imaging; and (d) 
easy handling in labs. Thus, we believe that the 
successful creation of such rat models with 
molecular imaging-detectable, orthotopic eso- 
phageal cancers should provide a useful ani-
mal models for basic science on esophageal 
malignancies. 

Since this study primarily focused on the new 
technical development, we did not follow up the 
animals to the time points when the treated 
tumors completely disappeared. This was due 
to the consideration that longer follow-up peri-
od would result in the xenograft tumor masses, 
especially in the control animal group, most 
likely to exceed more than ten percent of the 
body weight, which was not allowed by our 
Institutional Animal Care and Use Committee. 

In addition, for proving the principle of the new 
concept, we used a hyperthermia temperature 
of 42.0°C only. Future experiments are warrant-
ed to optimize the hyperthermia temperature 
via a series of studies and to maximize the 
enhancing effect of RF hyperthermia on gene 
therapy.    

In conclusion, the results of our study con-
firmed that intra-esophageal MRIHG-mediated 
RF hyperthermia can enhance HSV-TK/GCV-
mediated suicide gene therapy on rat esopha-
geal cancers, which may open a new avenue  
for effectively manage human esophageal 
malignancies.
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