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Purpose: To evaluate the therapeutic results and rate of organ preservation in patients with stage Ill or IV
oral cancer treated with retrograde superselective intra-arterial chemotherapy and daily concurrent
radiotherapy. )

Materials and methods: One hundred and twelve patients with stage Il and IV oral squamous cell carci-
noma underwent intra-arterial chemoradiotherapy. Catheterization from the superficial temporal and
occipital arteries was performed. Treatment consisted of superselective intra-arterial chemotherapy

’éiﬁ?”é’iﬁier (docetaxel, total 60 mg/m?, cisplatin, total 150 mg/m?) and daily concurrent radiotherapy (total of
Chemoradiotherapy 60 Gy) for 6 weeks. . ‘

Retrograde superselective intra-arterial Results: The median follow-up for all patients was 46.2 months (range, 10-76 months). After intra-
infusion arterial chemoradiotherapy, primary site complete response was achieved in 98 (87.5%) of 112 cases.

Five-year survival and local control rates were 71.3% and 79.3%, respectively. Grade 3 or 4 toxicities
included mucositis in 92.0%, neutropenia in 30.4%, dermatitis in 28.6%, anemia in 26.8%, and thrombocy-
topenia in 7.1% of patients. Grade 3 toxicities included dysphagia in 72.3%, nausea/vomiting in 21.4%,
fever in 8.0%; and renal failure in 0.9% of patients.

Conclusion: Retrograde superselective intra-arterial chemotherapy and daily concurrent radiotherapy for
stage Il and IV oral cancer provided good overall survival and local control.

Organ preservation
Survival rate

© 2014 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 111 (2014) 306-310

For patients with locally advanced head and neck cancer,
including the oral cavity, surgery with or without radiotherapy is
widely accepted as the standard treatment and is thought to be
the most effective curative therapy. However, extended surgery
markedly causes loss of oral function, including swallowing and
speech, and affects the patient's social life, reducing the quality
of life (QOL). To preserve function while maintaining or improving
locoregional control and survival rates, concurrent chemoradio-
therapy (CRT) represents one of the standard treatment modalities
for definitive treatment of locoregionally advanced squamous cell
carcinoma of the head and neck, particularly in resectable
advanced cases [1]. However, treatment results remain unsatisfac-
tory. Superselective intra-arterial chemotherapy for head and neck

" cancer has the advantage of delivering a high concentration of the

* Corresponding author. Address: Department of Oral and Makxillofacial Surgery,
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chemotherapeutic agents to the tumor bed. It can be classified into
the following two types: selective arterial infusion through the
femoral artery by Seldinger method [2]; and retrograde selective
infusion via the superficial temporal artery (STA) and/or occipital
artery (OA) [3-5]. Retrograde superselective intra-arterial chemo-
therapy with radiotherapy for advanced head and neck cancers
has been developed over the last 20 years [3,4], and can be used
to provide daily concurrent CRT for patients with advanced head
and neck cancer. Treatment results from arterial injection therapy
combined with radiotherapy for locally advanced oral cavity can-
cer have been reported to be similar to those of surgery, suggesting
the usefulness of this treatment modality [6]. This method can be
used for patients with T3, 4 head and neck cancer, and it may allow
organ preservation, even in cases of locally advanced head and
neck cancer [7]. The purpose of the present study was to evaluate
therapeutic results and rate of organ preservation in 112 patients
with stage III and IV (MO) oral cancer treated with retrograde
superselective intra-arterial chemotherapy and daily concurrent
radiotherapy.
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Materials and methods

Patients

Between August 2006 and July 2011, 118 patients with stage III
and IV squamous cell carcinoma of the oral cavity and no evidence
of distant metastasis when initially evaluated underwent retro-
grade superselective intra-arterial chemotherapy and daily concur-
rent radiotherapy. Six of these patients were found to be ineligible
for the study: 2 due to a catheter infection, 1 due to pneumonia, 1
due to edema of neck and pharynx, 1 due to liver dysfunction, and
1 due to withdrawal of consent during treatment. Thus, 112 pa-
tients (78 male and 34 female; median age, 59 years; range, 28—
87 years) were eligible for evaluation (Table 1). The primary lesion
and cervical lymph nodes were assessed by positron emission
tomography-computed tomography (PET-CT), magnetic reso-
nance imaging (MRI) and ultrasound examination before treat-
ment. Staging was performed according to the 2002 UICC staging
system [8]. Patients who had received previous chemotherapy,
radiotherapy, or surgery were excluded. Patients were required
to have an Eastern Cooperative Oncology Group (ECOG) perfor-
mance status (http://ecog.dfci.harvard.edu/general/perf_stat.html)
of 0 or 1, a white blood cell count of at least 3500 cells/mm?, a
platelet count of at least 100,000/mm?, and a hemoglobin level of
at least 9 g/dL. Patients with cerebral infarction, or severe dysfunc-
tion of the liver, kidney, heart, or lung were ineligible. The primary
tumor sites included the tongue (n=60), upper gingiva (n=16),
lower gingiva (n=14), floor of mouth (n=7), buccal mucosa
(n=16), hard palate (n=4), and other lesion (n =5). Forty patients
had stage III disease, and the remaining 72 had stage IV disease.
The local institutional research board approved this study, and in-
formed consent was obtained from each participant.

Retrograde superselective intra-arterial infusion procedure

Before treatment, 3-dimensional computed tomography angi-
ography (3D-CTA) of the carotid artery was performed to identify
the main tumor-feeding arteries and determine the morphology
of the tumor-feeding artery originating from the external carotid
artery. Catheterization from the STA was performed according to

Table 1
Patients and disease characteristic (n=112).
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the method described by Tohnai et al. [3] and Fuwa et al. [4]
(HFT method) [7]. A hook-shaped catheter (Medikit Corp., Tokyo,
Japan) was superselectively inserted into the target artery and
fixed to the periauricular skin. Catheterization from OA was per-
formed according to the method of Iwai et al. [5]. When the tumor
had 2 or more feeding arteries, catheters were inserted into the 2
arteries via STA and OA or bilaterally. After catheterization, flow
check digital subtraction angiography (DSA) and angio-CT were
performed in all cases. Angio-CT can help to detect tumors by con-
firming enhancement of the feeding area and enabling the catheter
to be placed at the appropriate position. Furthermore, weekly con-
firmation of the feeding artery by injection of a small amount of
indigo carmine is important. When catheterization using a hook-
shaped catheter was not stable, the guidewire exchange method
was used to replace it with a P-U catheter (Toray Medical Co.,
Ltd., Tokyo, Japan) [4].

Radiotherapy

Radiotherapy was planned for all patients after appropriate
immobilization using a thermoplastic mask and 3-dimensional
CT-based techniques. Conventional radiotherapy was performed
at 4 or 6 MV and 2 Gy/fraction/day. The irradiation field was chan-
ged according to lymph node status. In cases of NO disease, the
field contained the primary site and levels I to III of the neck on
the ipsilateral side. The dose was delivered to 40 Gy/20 fractions.
The portal was then reduced to only the primary site to spare the
spinal cord. The total dose delivered to the primary tumor was
60 Gy/30 fractions. In cases of N1-N2a, b disease, the field con-
tained the primary site and the levels I-V of the neck on the ipsi-
lateral side. The dose was delivered to 40 Gy/20 fractions. The
portal was then reduced to the primary site and lymph node
metastases. The total dose delivered to the primary tumor was
60 Gy/30 fractions, and that to the metastatic lymph node sites
was 50 Gy/25 fractions. In cases of N2c disease, the field contained
the primary site and the levels I-V of the neck on bilateral sides.
The dose was delivered to 40 Gy/20 fractions. The portal was then
reduced to the primary site and lymph node metastases. The dose
to the spinal cord ranged from 40 to 45 Gy. The total dose delivered
to the primary tumor was 60 Gy/30 fractions, and, if at all possible,
the total dose delivered to the metastatic lymph node sites was to
50 Gy/25 fractions.

Superselective intra-arterial chemotherapy

The anticancer agent was injected in a bolus for 1 h through the
intra-arterial catheter when radiotherapy was performed. The total
dose of docetaxel (DOC) was 60 mg/m? (10 mg/m?/week), and that
of cisplatin (CDDP) was 150 mg/m? (5 mg/m?/day) (Fig 1). Sodium
thiosulfate (STS) (1 g/m?) was administered intravenously to pro-
vide effective cisplatin neutralization after the anticancer agent
was given as soon as possible. All patients were given a 5-HT3
receptor antagonist before administration of the anticancer agent.

Follow-up dfter the treatment

All patients were evaluated 4 weeks after completion of treat-
ment by PET-CT, MRI and ultrasound examination. The purpose
of this combined CRT using retrograde superselective intra-arterial
infusion was to improve the local control rate and achieve good
QOL without surgery. If residual primary tumor was present after
this treatment, a salvage operation was performed 6-8 weeks after
completion of intra-arterial CRT. If residual metastatic lymph
nodes were present after treatment, radical neck dissection was
performed.
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Fig. 1. Treatment schedule for chemoradiotherapy using retrograde superselective
intra-arterial infusion. The total dose of docetaxel (DOC) was 60 mg/m? (10 mg/m?/
week x 6), and that of cisplatin (CDDP) was 150 mg/m? (5 mg/m?/day x 30). When
catheters were inserted into the 2 arteries or bilaterally, a half dose of anticancer
agents was injected into the two lines, respectively. External irradiation was
performed 5 times a week at 2 Gy per fraction, to a total of 60 Gy, for 6 weeks.

Toxicity assessment

Toxicities encountered during therapy were evaluated accord-
ing to the National Cancer Institute ~ Common Terminology
Criteria for Adverse Events v3.0 (http://ctep.cancer.gov/protocol~
Development/electronic_applications/docs/ctcaev3.pdf). The eval-
uation categories were blood cell counts, nausea/vomiting, oral
mucositis, dermatitis, dysphagia, renal function and fever.

Statistical analysis

Overall survival (0OS) and local control (LC) rates were estimated
using the Kaplan-Meier method. Cases of residual or recurrent pri-
mary lesion after treatment were considered to be local failures
unless salvage operation was successful. The differences between
stage III and stage IV OS and LC rates were assessed by the log-rank
test.

Results

Treatment results

For all patients, the median follow-up was 46.2 months (range,
10-76 months). After intra-arterial chemoradiotherapy, primary
site complete response was achieved in 98 (87.5%) of 112 cases,
and residual tumor was seen in 14 (12.5%) cases. Eight patients
(7.1%) was detected local recurrence during follow-up. Thirty pa-
tients (26.8%) died: 21 of pulmonary metastasis, 5 of progression
of the primary lesion, 3 of the cervical lymph node, and 1 of non-
cancer-related causes.

The Kaplan-Meier method was used to estimate the 1-year, 3-
year, and 5-year OS rates, which were 85.7%, 74.6%, and 71.3%,
respectively (Fig. 2a). At 5 years, OS rates of stage III and stage IV
oral cancer patients were 83.1% and 64.5%, respectively. Five-year
0S rate of stage III oral cancer patients was significantly higher
than that of stage IV oral cancer patients (P=0.033) (Fig. 2a). The
1-year, 3-year, and 5-year LC rates were 82.0%, 79.3%, and 79.3%,
respectively (Fig. 2b). At 5 years, LC rates of stage IIl and stage IV
oral cancer patients were 85.1% and 75.4%, respectively. No signif-
icant difference was observed between the LC rates of stage Il and
stage IV oral cancer patients (P = 0.120) (Fig. 2b).

Toxicities

Table 2 shows the acute toxicities experienced during therapy.
Grade 3 or 4 toxicities included mucositis in 103 cases (92.0%),
neutropenia in 34 cases (30.4%), dermatitis in 32 cases (28.6%),
anemia in 30 cases (26.8%), and thrombocytopenia in 8 case

a - Overall survival rate

(%)

100

80
60 h Stage IV

40

20
1 L 1 J L
0 0 1 2 3 4 5

Time {year)

No. at Risk
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Stage T 40 38 31 21 13 13
Stage IV 72 60 45 32 21 11

b Local controf rate
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Stage LIV 112 85 70 48 37 30
Stage I 40 kN 30 20 13 12
StagetV. 72 . 50 40 28 24 18

Fig. 2. Overall survival rate (a) and local control rate (b) using the Kaplan-Meier
method. (a) Three and 5-year OS rates were 74.6%, and 71.3%, respectively. At
5 years, the OS rate of stage IIl oral cancer patients was 83.1% (95% confidence
interval, 80.8-85.3%), and the OS rate of stage IV oral cancer patients was 64.5%
(95% confidence interval, 61.0-67.9%), 5-year OS rate of stage III oral cancer patients
was significantly higher than that of stage IV oral cancer patients (P = 0.033). (b)
Three and 5-year LC rates were 79.3% and 79.3%, respectively. At 5 years, the LC rate
of stage IIl oral cancer patients was 85.1% (95% confidence interval, 83.3-86.1%),
and, the LC rate of stage IV oral cancer patients was 76.1% (95% confidence interval,
73.6~77.3%); no significant difference was observed between the LC rates of stage IIl
and stage IV oral cancer patients (P =0.120).

Table 2
Toxicity (n=112).

National Cancer Institute — Common Terminology Criteria for Adverse Events v3.0.

(7.1%). Grade 3 dysphagia occurred in 81 cases (72.3%) with severe
mucositis. Grade 3 toxicities included nausea/vomiting in 24 cases
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Fig. 3. Squamous cell carcinoma of the tongue (T4aN1MO). (a) Digital subtraction angiograms (DSA) of retrograde superselective intra-arterial infusion. Two catheters were
superselectively inserted into the left lingual artery (LA) via the occipital artery (OA-LA) and left facial artery (FA) via the superficial temporal artery (STA-FA). Tumor stain is
seen with the use of contrast medium on flow check DSA (OA-LA: arrowhead). (b, c) Axial and coronal views of angio-CT. The left side of the tongue tumor extends to the floor
of the mouth and extrinsic muscles of the tongue. Angio-CT images showed that tumor staining of left tongue from left LA and left mouth floor from left FA can be seen with
the use of contrast medium. The perfusion area from the left LA was not visible to the floor of the mouth and inside the mandible (c: OA-LA arrow), the perfusion area of floor

of the mouth and inside the mandible was seen from the left FA (c: STA-FA arrow).

(21.4%), fever in 9 cases (8.0%), and renal failure occurred in 1 case
(0.9%). Renal toxicity was significantly low: this finding is thought
to be due to the low dose of CDDP and the STS-based neutralization
of CDDP. No patients died as a result of treatment toxicity.

Discussion

Intra-arterial administration of anticancer agents might result
in increased levels of anticancer agents being delivered to tumors
and more potent antitumor effects compared to intravenous
administration [3]. Present strategies at our institution for patients
with locally advanced oral cancer include avoiding extended sur-
gery and preserving primary organ function using retrograde
superselective intra-arterial chemotherapy and daily concurrent

radiotherapy. This method has been performed since 1996 for
organ preservation and improvement of treatment results in pa-
tients with advanced head and neck cancer [7]. For patients with
N2 and N3 cervical lymph node metastases, retrograde superselec-
tive intra-arterial CRT combined with hyperthermia was utilized
[9].

In cases of locally advanced tongue carcinoma (T3 and T4), the
primary tumor extends to the floor of the mouth, lower gingiva
and/or extrinsic muscle of the tongue. In such cases, the catheter
must be placed in both the lingual and facial arteries. After cathe-
terization, it is necessary to check the flow to the tumor on DSA
(Fig 3a) and angio-CT (Fig 3b and c). Determining whether arterial
infusion of an anticancer drug actually permeates the entire tumor
is important for successful arterial infusion therapy. Angio-CT
images were obtained in 5-mm-thick continuous sections in two
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planes (axial and coronal) depending on the extent of the tumor.
Angio-CT images showed that the perfusion area from the left lin-
gual artery was not visible to the floor of the mouth and the inside
of the mandible with use of contrast medium (Fig 3b and c: OA-LA).
On the other hand, the perfused area on the floor of the mouth and
inside the mandible was seen from the left facial artery (Fig 3b and
c: STA-FA). Therefore, the position of the catheter must be checked
to ascertain of the catheter was put in the proper position after
catheterization. However, flow check angio-CT has sometimes dif-
ficulty to confirm the tumor feeding area due to the artifacts of
crowned teeth, Nakamura et al. used MRI to ascertain the area
reached by infusion of an arterial anticancer drug instead of an-
gio-CT [10]. The MRI flow check method in the present report al-
lows acquisition of images from various directions, thereby
delineating the perfusion area by arterial infusion more accurately
than conventional methods. .

In the present trial of retrograde superselective intra-arterial
DOC/CDDP chemotherapy and daily concurrent radiotherapy, OS
and LC rates among patients with stage III and IV oral cancer were
excellent. DOC enhances the effect of radiotherapy by causing cell
synchronization at the most radiosensitive phase of the cell cycle
(G2/M). CDDP enhances radiosensitivity through inhibition of
DNA repair. The mechanisms by which CDDP and DOC serve as
either a cytotoxic agent or radiosensitizer are distinct from each
other {11]. DOC treatment followed by CDDP demonstrates a syn-
ergistic effect on cell survival inhibition, with increased intracellu-
lar platinum accumulation compared to CDDP followed by DOC,
and DOC improves the multidrug resistance induced by single
treatment with CDDP [12].

Retrograde superselective intra-arterial chemotherapy and dai-
ly concurrent radiotherapy for advanced oral cancer improved OS
and LC rates. Five-year OS rate for stage IIl oral cancer patients
was significantly higher than that for stage IV oral cancers
(P=0.033), 21 of 30 patients died due to the pulmonary metasta-
sis; 18 of stage IV patients, 3 of stage IIl patients. On the other
hand, 5-year LC rates for stage Il and stage IV oral cancer patients
were not significantly different (P=0.120), indicating that this

method provided good local control even for locally advanced oral

cancer. These results suggest that the disedse can be managed
without a primary surgical approach in most patients with stage
Il and IV oral cancer. g S

In the present study, grade 3 or 4 toxicities included mucositis
in 103 cases (92.0%) and grade 3 dysphagia with severe mucositis
during treatment in 81 cases (72.3%). Intra-arterial chemotherapy
can deliver a high dose of anticancer agents to head and neck le-
sions, and mucositis is a significant toxicity that can affect swal-
lowing function. Thus, dysphagia is likely to improve with time
in most cases within 3 months: in the present study only one pa-
tient was dependent on tube feeding over 1 year. Newman et al.
[13] investigated swallowing and speech function after treatment
for head and neck cancer with intra-arterial versus intravenous
CRT, and found no statistically significant differences between
the intra-arterial CRT group and the systemic CRT group in relation
to swallowing function. Speech function was comparable; how-
ever, it was significantly worse in the intra-arterial CRT group than
in the systemic CRT group. The present method was not associated
with any major complications during follow-up, and no patients
died as a result of treatment toxicity. These findings indicate that
retrograde superselective intra-arterial CRT is safe and suitable
for advanced oral cancer.

Multiple trials, particularly those using high-dose CDDP (RAD-
PLAT), have reported a high response rate intra-arterial CRT [14].
On the other hand, a previous multicenter randomized phase 3
trial covering 239 patients with advanced unresectable head and
neck cancer in the Netherlands concluded that CDDP-based
intra-arterial CRT was not superior to intravenous CRT in relation

to locoregional control and survival [15]. Robbins had questioned
if this randomized trial was related to the technique used to deliver
the intra-arterial infusions [16]. To prove the effectiveness and fea-
sibility of retrograde intra-arterial CRT, further randomized trials
comparing retrograde intra-arterial and intravenous chemother-
apy combined with concurrent radiation therapy are necessary.

Conflict of interest
There are no conflicts of interest.
Acknowledgments

We appreciate advice from Dr. Itaru Sato regarding statistical
analysis, help from Dr. Kei Sugiura in providing patient data, and
support from staff members at Yokohama City University.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.radonc.2014.03.
005. '

References

[1] Salama JK, Seiwert TY, Vokes EE. Chemoradiotherapy for locally advanced head
and neck cancer. ] Clin Oncol 2007;25:4118-26.

[2] Robbins KT, Storniolo AM, Kerber C, et al. Rapid superselective high-dose
cisplatin infusion for advanced head and neck malignancies. Head Neck
1992;14:364-71.

[3] Tohnai [, Fuwa N, Hayashi Y, et al. New superselective intra-arterial infusion

via superficial temporal artery for cancer of the tongue and tumour tissue

platinum concentration after carboplatin (CBDCA) infusion. Oral Oncol
1998;34:387-90.

Fuwa N, Kodaira T, Furutani K, et al. A new method of selective intra-arterial

infusion therapy via the superficial temporal artery for head and neck cancer.

Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2008;105:783-9.

Iwai T, Fuwa N, Hirota M, et al. Secure surgical method for catheter placement

via the occipital artery to achieve retrograde superselective intra-arterial

chemotherapy for advanced oral cancer: Alternative to approach via the
superficial temporal artery. Indian ] Otolaryngol Head Neck Surg 2012, in
press.

[6] Fuwa N, Kodaira T, Furutani K, et al. Intra-arterial chemoradiotherapy for

locally advanced oral-cavity cancer: -analysis of therapeutic results in 134

cases. Br J Cancer 2008;98:1039-45.

Mitsudo K, Shigetomi T, Fujimoto Y, et al. Organ preservation with daily

concurrent chemoradiotherapy using superselective intra-arterial infusion via

a superficial temporal artery for T3 and T4 head and neck cancer. Int J Radiat

Oncol Biol Phys 2011;79:1428-35.

[8] Sobbin LH, Wittekind C, editors. International union against cancer. TNM
classification of malignant tumors. New York: Wiley-Liss; 2002. p. 25-9.

[9] Mitsudo K, Koizumi T, lida M, et al. Thermochemoradiation therapy using
superselective intra-arterial infusion via superficial temporal and occipital
arteries for oral cancer with N3 cervical lymph node metastases. Int | Radiation
Oncol Biol Phys 2012;83:e639-45,

[10] Nakamura T, Fuwa N, Takayama K, et al. A new method using MRI to delineate
areas of head and neck cancer targeted by intra-arterial infusion via a
superficial temporal artery. Oral Oncol 2011;47:387-90.

[11] Hill BT, Whelan DH, Shellard SA, et al. Differential cytotoxic effects of
docetaxel in a range of mammalian tumor cell lines and certain drug resistant
sublines in vitro. Invest New Drugs 1994;12:169-82.

[12] Maeda S, Sugiura T, Saikawa Y, et al. Docetaxel enhances the cytotoxicity of
cisplatin to gastric cells by modification of intracellular platinum metabolism.
Cancer Sci 2004;95:679-84.

[13] Newman LA, Robbins KT, Logemann JA, et al. Swallowing and speech ability
after treatment for head and neck cancer with targeted intraarterial versus
intravenous chemoradiation, Head Neck 2002;24:68-77.

[14] Robbins KT, Kumar P, Harris ], et al. Supradose intra-arterial cisplatin and
concurrent radiation therapy for the treatment of stage IV head and neck
squamous cell carcinoma is feasible and efficacious in a multi-institutional
setting: results of Radiation Therapy Oncology Group Trial 9615. ] Clin Oncol
2005;23:1447-54.

[15] Rasch CR, Hauptmann M, Schornagel ], et al. Intra-arterial versus intravenous
chemoradiation for advanced head and neck cancer: results of a randomized
phase 3 trial. Cancer 2010;116:2159-65.

[16] Robbins KT, Howell SB, Williams JS. Intra-arterial chemotherapy for head and
neck cancer: is there a verdict? Cancer 2010;116:2068-70.

[4

[5

[7



J Physiol Sci (2014) 64:177-183
DOI 10.1007/s12576-014-0309-8

Hyperthermia generated with ferucarbotran (Resovist®)
in an alternating magnetic field enhances cisplatin-induced
apoptosis of cultured human oral cancer cells
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Abstract Hyperthermia is a promising anti-cancer treat-
ment in which the tissue temperature is increased to
42-45 °C, and which is often used in combination with
chemotherapy or radiation therapy. Our aim in the present
work was to examine the feasibility of combination therapy
for oral cancer with cisplatin and hyperthermia generated
with ferucarbotran (Resovist®; superparamagnetic iron
oxide) in an alternating magnetic field (AMF). First, we
established that administration of ferucarbotran at the
approved dosage for magnetic resonance imaging provides
an iron concentration sufficient to increase the temperature
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to 42.5 °C upon exposure to AMF. Then, we examined the
effect of cisplatin combined with ferucarbotran/AMFE-
induced hyperthermia on cultured human oral cancer cells
(HSC-3 and OSC-19). Cisplatin alone induced apoptosis of
cancer cells in a dose-dependent manner, as is well known.
However, the combination of cisplatin with ferucarbotran/
AMF was significantly more effective than cisplatin alone.
This result suggests that it might be possible to reduce the
clinically effective dosage of cisplatin by administering it
in combination with ferucarbotran/AMF-induced hyper-
thermia, thereby potentially reducing the incidence of
serious cisplatin-related side effects. Further work seems
justified to evaluate simultaneous thermo-chemotherapy as
a new approach to anticancer therapy.

Keywords Ferucarbotran - Hyperthermia - Oral cancer -
Anti-cancer effect - Cisplatin - Resovist®

Abbreviations

AMF  Alternating magnetic field
MNPs Magnetic nanoparticles

MRI  Magnetic resonance imaging
SPIO  Superparamagnetic iron oxide
Introduction

Cancer cells are more vulnerable to increased temperature
than normal cells [1]. Thus, hyperthermia is viewed as a
promising approach in cancer therapy [2]. Many techniques
have been reported to increase the temperature of cancer
tissues, such as whole-body hyperthermia [3], radiofre-
quency hyperthermia [4], microwave-induced hyperther-
mia [5], and implantable needles [6]. However, with all
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these modalities, it remains difficult to increase the tem-
perature of only the cancer tissues in a controlled manner
without damaging surrounding normal tissues.

More than 40,000 people are diagnosed with oral cancer,
including cancers of the mouth, tongue, tonsils, and throat,
every year in the US alone. Oral cancer can cause func-
tional damage and disfigurement, and, in its advanced
stages, it invades surrounding organs, causing disorders of
speech, swallowing, and even chewing. Surgery may have
serious adverse effects, so chemotherapy or radiation
therapy is often favored in oral cancer patients, not with
standing potentially serious systemic side effects. Hyper-
thermia is often preferred, e.g., for metastatic N3 cervical
lymph nodes, because it has fewer adverse side effects.
However, it is difficult to induce hyperthermia in a meta-
static node-specific manner. Nevertheless, selective
hyperthermia has been studied as a possible approach to
obtain tumor-specific cytotoxicity, e.g., by ferromagnetic
embolization [7]. More recently, magnetic nanoparticles
(MNPs) have been investigated for this purpose, because
MNPs generate heat when they are exposed to an alter-
nating magnetic field (AMF) as a result of hysteresis and
relaxational losses [8].

Ferucarbotran (Resovist®) is an organ-specific contrast
agent used in magnetic resonance imaging (MRI) of local
tumors, and the permissible dose in humans has been
established by at least two studies [9, 10]. Because feru-
carbotran consists of superparamagnetic iron oxide (SPIO)
coated with carboxydextran, it generates heat when it is
exposed to an AMF [11, 12], and it has been reported to
induce selective hyperthermia when used in arterial
embolization [11]. However, it has not been established
whether ferucarbotran is suitable for inducing hyperther-
mia in cancer treatment.

Cisplatin (cis-diaminedichloroplatinum II; CDDP) is
widely used in chemotherapy in many types of cancer,
including oral cancers [13]. However, it has serious side
effects, including acute kidney damage and/or renal failure
[14-16]. Recent studies have demonstrated that hyper-
thermia stimulates cellular uptake of cisplatin [17, 18] and
consequently enhances the cytotoxicity of cisplatin in
cancer cells, both in vitro and in vivo [19-21]. Thus,
combined treatment with cisplatin plus hyperthermia may
allow the effective dose of cisplatin to be decreased suffi-
ciently to minimize serious side effects.

Accordingly, in order to examine the feasibility of using
combination therapy with cisplatin and ferucarbotran/
AMF-induced hyperthermia in the therapy of oral cancer,
in this stady we examined the effect of the combined
treatment on oral cancer cells in culture. Our results con-
firmed that ferucarbotran/AMF-induced hyperthermia sig-
nificantly enhances the effect of cisplatin. Because both
cisplatin and ferucarbotran have already been approved for
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clinical use, early introduction of this technique, at least for
oral cancers, should be feasible.

Materials and methods
Reagent, drug and cell lines

Ferucarbotran (Resovist®) was purchased from FUJIFILM
Pharma (Tokyo, Japan) [11]. Cisplatin was purchased from
Wako Pure Chemical Industries (Osaka, Japan). Human oral
squamous cell carcinoma cell lines OSC-19 and HSC-3 were
purchased from the Japan Health Sciences Foundation,
Health Science Research Resources Bank (Osaka, Japan). In
all cases, cells from early passage cultures were stored and
used for the experiments. OSC-19 and HSC-3 were cultured
in Dulbecco’s modified Eagle’s medium (DMEM), 1 %
penicillin—streptomycin, and 1 % L-glutamine.

Thermography

Thermal images were taken using a thermograph (infrared
thermal imaging camera InfReC R300SR; Nippon Avion-
ics, Tokyo, Japan). Temperature was also measured using a
thermograph.

Alternating magnetic field (AMF) generator
An AMF was generated by a vertical coil with an inner

diameter of 6.5 cm, driven by a transistor inverter (HOT
SHOT; Ameritherm, New York, USA) operated at a

A

Fig. 1 Heat generation by ferucarbotran in an alternating magnetic
field (AMF). a The alternating magnetic field (AMF) generator, b a
photograph of ferucarbotran in medium (left), and thermal images of
ferucarbotran in medium before (middle), and 10 min after AMF
(308 kHz, EC 270 A) (right)
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frequency of 308 kHz and electric current (EC) 250 A [12,
22-26]. Temperature was measured using a hand-held
thermometer, HA-200 (Anritsu Meter, Tokyo, Japan).

Apoptosis assay

HSC-3 cells and OSC-19 (6 x 10* cells/well) were
seeded on 6-cm dishes and incubated for 24 h. Cisplatin
was then added to a concentration of 0 pM (control), 7.5
or 15 pM. When hyperthermia was to be applied, 10 mM
ferucarbotran was added and AMF was performed with a
HOT SHOT under the conditions described above [22,
25, 26]. Incubation was continued for 12 h at 37 °C, in
an atmosphere of 5 % CO, in air. Cells were washed
twice with cold PBS and suspended in 1x binding buffer
at a concentration of 1 x 10° cells/ml. Next, a 100-pl
aliquot of the solution, containing 1 x 10° cells, was
transferred to a 5-ml culture tube. Then, 5 pl of allo-
phycocyanin (APC) Annexin V and 5 pl of 7-aminoac-
tinomycin D (AAD) (BD Biosciences, CA, USA) [27]
were added to the tube. Incubation was continued for
15 min at room temperature (25 °C) in the dark. Finally,
400 pl of 1x binding buffer were added to each tube.
Cells were examined by flow cytometry (BD FACSCanto
IT; BD Biosciences).

Cell cycle analysis

Cell cycle analysis was performed using The Cyclet-
est™ Plus DNA Reagent Kit (BD Biosciences)
according to the manufacturer’s protocol [28]. Briefly,
HCS-3 and OSC-19 cells treated with O uM (control),
7.5 or 15 uM cisplatin, with or without hyperthermia
(10 mM ferucarbotan/AMF), were washed in PBS and
fixed in 90 % ethanol. Fixed cells were washed twice in
PBS and stained with 50 pM propidium iodide con-
taining 5 pg/ml DNase-free RNase for 1 h, then ana-
lyzed by flow cytometry using a FACScan (BD
FACSCanto II).

Statistical analysis

Data were analyzed using BD FACSDiva software (BD
Biosciences). Data are expressed as mean & SEM. Data
were analyzed by one-way ANOVA followed by the Tukey
post hoc test using GraphPad Prism software (GraphPad
Software, CA, USA). The criterion of statistical signifi-
cance was set at p < 0.05.

Results

Heat generation by ferucarbotran in an alternating
magnetic field (AMF)

Heat production is determined by the magnetic properties
of ferucarbotran, its concentration, and the strength of the
AMEF [12]. Therefore, we examined the heating effect of
AMF on medium containing ferucarbotran by thermogra-
phy (Fig. 1b). As shown in Fig. 2, the temperature
increased time-dependently, and the extent of the increase
was dependent on the concentration of ferucarbotran
(Fig. 2a) and the magnitude of the EC used to generate
AMEF (Fig. 2b). The results showed that AMF produced at
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Fig. 2 Dependence of heat generation on ferucarbotran concentration
and alternating magnetic field (AMF) strength. a Temperature—time
curves at different concentrations of ferucarbotran (1, 10, or 20 mM
equivalent of iron) on AMF at 308 kHz and EC 230 A. b Temper-
ature—time curves in the presence of 10 mM ferucarbotran on AMF at
different levels of electric current (230-270 A) at 308 kHz. ¢ Effect
of cisplatin (30 pM) on ferucarbotran (1, 10, or 20 mM equivalent of
iron)/AMF (308 kHz, EC 230 A)-induced increase of temperature;
medium only, medium 4 cisplatin, medium + ferucarbotran, and
medium + cisplatin + ferucarbotran
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Fig. 3 Ferucarbotran/AMF-induced hyperthermia enhances the pro-
apoptotic effect of cisplatin in human oral cancer cells. Annexin-V/PI
staining of human oral cancer cells at 12-h intervals after treatment
with 0, 7.5, or 15 pM cisplatin with or without hyperthermia (HT) in
HSC-3 cells, and 0, 15, 30 uM cisplatin with or without HT in OSC-
19 cells. a Representative analysis of apoptosis of HCS-3 cells and
OSC-19 cells exposed to cisplatin and ferucarbotran with or without
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AMEF. Annexin-V/PI method with FACS scan dot plot analysis was
used to divide the treated and control cells into four groups: (1) living
cells (lower left quadrant); (2) necrotic cells (upper left quadrant); (3)
early apoptotic cells (lower right quadrant); and (4) late apoptotic
cells (upper right quadrant). b Representative analysis of apoptosis of
OSC-19 cells exposed to cisplatin with or without AMF. *p < 0.05,
*p <00l n=4
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generator settings of 308 kHz and EC 250 A in the pre-
sence of 10 mM (equivalent of iron) ferucarbotran was
sufficient to generate a temperature of 42.5 °C, and we
adopted these conditions for the subsequent assays. We
confirmed that cisplatin did not alter the heating effect
under these conditions (Fig. 2¢).

Ferucarbotran-enhanced cisplatin-mediated apoptosis

It has been reported that cisplatin induces apoptosis in
cancer cells [29]. We thus examined whether ferucarbotran/
AMF-induced hyperthermia further increased cisplatin-
induced apoptosis in oral cancer cells. FACS analysis
demonstrated that cisplatin increased both early and late

apoptosis in a dose-dependent manner in HSC-3 cells
(Fig. 3a) and OSC-19 cells (Fig. 3b). Ferucarbotran/AMF-
induced hyperthermia for an hour significantly increased
the apoptotic effect of cisplatin.

Cisplatin-induced G2/M arrest of human oral cancer
cells was unaffected by hyperthermia

To examine whether hyperthermia modifies the mechanism
of anti-cancer action of cisplatin, flow-cytometric cell-
cycle analysis of treated cells was performed. Cisplatin
induced potent G2/M arrest in both HSC-3 cells (Fig. 4a)
and OSC-19 cells (Fig. 4b). We found that ferucarbotran/
AMF-induced hyperthermia did not alter the effect of
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cisplatin on the cell cycle. Thus, hyperthermia per se had
no effect on the anti-cancer mechanism of cisplatin.

Discussion

Ferucarbotran is an organ-specific superparamagnetic
contrast agent used in MRI, and its safety and maximum
dosage (10 mM; 0.016 mL/kg, which contains 8§ pmol
(0.45 mg) Fe/kg equivalent of iron [30]) have been well
established [9, 10]. Since hyperthermia has already been
shown to enhance the anti-cancer effect of cisplatin [31] in
the treatment of oral cancer, we anticipated that combina-
tion therapy with cisplatin and ferucarbotran/AMF-induced
hyperthermia might be suitable for oral cancer treatment,
making it possible to reduce the necessary dose of cisplatin
and consequently reduce the risk of serious side effects.

Hyperthermia to induce apoptosis of cancer cells is best
performed at about 42 °C, because temperatures above
44 °C have been reported to cause necrosis and damage to
surrounding normal tissues [32]. Therefore, we first con-
firmed that the above concentration of ferucarbotran was
sufficient to maintain a temperature of 42.5 °C under
appropriate AMF conditions, and this level of hyperthermia
could induce apoptosis of oral cancer cells, as evaluated by
FACS analysis. It should be noted that it would still be
necessary to optimize AMF conditions for clinical treat-
ment. Similarly, it would be desirable to deliver cisplatin
and ferucarbotran to oral cancer tissue in a selective
manner. This may be achieved by the use of superselective
intra-arterial infusion with a catheter, as we previously
reported in oral cancer patients [33].

We previously reported that ROS production was higher in
cancer cells than in normal cells, and was further increased
when the temperature was increased [34]. Cisplatin also
increases ROS production, and this is most likely the mech-
anism responsible for its anti-cancer effect [34, 35]. We
confirmed that the combination of cisplatin and ferucarbotran/
AMF-induced hyperthermia further enhanced ROS produc-
tion (data not shown). This is important, because cisplatin
may cause ototoxicity [36], so it is desirable to minimize the
necessary cisplatin dose, as far as is consistent with thera-
peutic effectiveness, in the clinical context.

It is well known that cisplatin causes accumulation of
cells in S phase and blocks the GO/G1 phases in xeno-
grafted human head and neck carcinoma cells [37], leading
to apoptosis. [38, 39]. Our data showed that ferucarbotran/
AMF-induced hyperthermia enhanced the anti-cancer
effect of cisplatin without altering its characteristic effect
on the cell cycle. Accordingly, ferucarbotran/AMF-induced
hyperthermia did not appear to modify the mechanism of
action of cisplatin in human oral cancer cells. Because both
cisplatin and ferucarbotran are already in clinical use, we
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believe the combination of cisplatin with ferucarbotran/
AMF-induced hyperthermia has the potential for early
clinical application. It should at least be possible to reduce
the clinically effective dosage of cisplatin by administering
it in combination with ferucarbotran/AMF, thereby reduc-
ing the risk of serious cisplatin-related side effects. Further
investigation seems watranted to confirm the safety and
effectiveness of this combined treatment for oral cancers in
humans.
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