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Abstract: To develop a novel ablation therapy for human solid cancer, the heating
properties of a ferromagnetic carbon steel rod and a prototype Ti-coated needle using this
carbon steel rod, were investigated in several high-frequency outputs at 300 kHz. In the
former, the heating property was drastically different among the three inclination angles
(6 = 0° 45° and 90°) relative to the magnetic flux direction as a result of the shape
magnetic anisotropy. However, the effect of the inclination angles was completely
eliminated in the latter. It is considered that the complete non-oriented heating property
relative to the magnetic flux direction allows the precise control of the ablation
temperature during minimally invasive thermotherapy without a lead-wire connected to a
fiber-optic thermometer. This newly designed Ti-coated device will be suitable for clinical
use combined with its superior biocompatibility for ablation treatments using high-frequency

induction heating.
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1. Introduction

Recent advances in radiotherapy [1-3], chemotherapy [4-6], and endocrine therapy [7-9] have
reduced the necessity of invasive surgical resections in human cancer treatments. Based on such
background information, establishment of a more minimally invasive treatment has been desired for
achievement of a favorable prognosis in patients suffering from cancers. In addition to the
above-described treatments, thermotherapy has become a promising option to treat human solid cancers.
In the case of a primary liver cancer, radio-frequency ablation (RFA) therapy utilizing the high-frequency
current of 470 kHz has been widely carried out as a minimally invasive treatment [10—13]. However,
RFA must be completed within a short time, because the patient must remain still while the
high-frequency current flows from a needle electrode embedded in the tumor to grounding pads placed
on the back or thigh of the patient. It has been reported that a tumor size greater than 30 mm in
diameter is the main risk factor for local recurrence after RFA treatment [14,15]. Additionally, RFA
can be safely performed in most cases; however, early or late complications related to mechanical or
thermal damage may be observed during follow-up examinations [16]. Thus, it is essential to develop a
more minimally invasive thermotherapy that could heat tumors at a lower temperature than RFA and
also allows patients to slightly move during the treatments.

In general, high-frequency induction heating is a process which is used to melt, bond, or harden
metals and other electrically-conductive materials. This technique offers an attractive combination of
fast and consistent heat for many manufacturing processes in the engineering field. Recently, we have
focused on the application of this technique as a novel thermotherapy achieving more minimally
invasive treatment in the medical field [17-19]. Thus, establishment of a novel ablation therapy which
solves these problems is desired for the treatment of primary liver cancer. Although a ferromagnetic
carbon steel rod is used as the main component of the ablation needle, encapsulation with a Ti layer is
required to obtain a prominent biocompatibility in clinical use. In this thermotherapy, the pricking
direction of the ablation needle seems to significantly vary due to the tumor location; therefore, a
non-oriented heating property relative to the magnetic flux direction is indispensable for precise
control of the treatment temperature. However, the shape magnetic anisotropy, which originates from
the demagnetizing field coefficient, causes an undesirable effect on the heating property in the AC
magnetic field [20].

In a previous study [21], we investigated the heating property of the Ti-coated carbon steel rod
using a high-frequency output of 100 W (AC magnetic field: 1.69 A/m) at 300 kHz. According to
experiments performed by changing the inner diameter of the Ti-tubes, there was an optimum
thickness that minimized the effect of the inclination angles relative to the magnetic flux direction.
Considering these results, we have attempted to fabricate a prototype ferromagnetic ablation needle,
which is totally covered by the Ti layer having a superior biocompatibility [22,23]. The purpose of the
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present study was to evaluate its adaptability for a novel ablation cancer therapy utilizing
high-frequency induction heating.

2. Materials and Methods
2.1. Materials

The ferromagnetic carbon steel rod containing 0.16% C used to generate heat in the AC magnetic
field is shown in Figure la. While the full length of this carbon steel rod was 22.2 mm, its diameter
was 1.0 mm over almost all of its 19.0 mm length. Additionally, the 3.2 mm long end possessed a
larger diameter to some extent, corresponding to the gripping part of the ablation needle. The
expanded end part possessed different diameters of 2.5 mm and 2.0 mm as seen in figure. Figure 1b
shows the prototype Ti-coated ablation needle with a full length of 26.5 mm fabricated for subsequent
animal experiments. The outer component having the Ti thickness of 0.4 mm was obtained from a Ti
rod using a high precision CNC turning machine. The above-mentioned carbon steel rod was inserted
into this outer component, and then a cover consisting of Ti was attached to the upper part by a
press-fit insertion technique. Thus, this newly designed prototype ablation for the present study was
completely encapsulated by a non-magnetic Ti layer. The outer diameter of the 19.0 mm long insertion
part was determined to be 1.8 mm, so as to obtain the optimum Ti thickness of 0.4 mm in order to
reduce the effect of the shape magnetic anisotropy [20,21]. The tip of the prototype ablation needle had
an acute angle for easy insertion into the tumor, while a notch is made in the gripping part to fit the
claw of Kocher’s forceps.

Figure 1. Appearance of the ferromagnetic carbon steel rod (a) and the newly designed
prototype Ti-coated ablation needle used in the present study (b).

2.2. Experimental Procedure

Figure 2 shows the setup used for the measurement of the heating property in the AC magnetic
field. Both the ferromagnetic carbon steel rod (Figure 1a) and the newly designed Ti-coated prototype
ablation needle (Figure 1b) using the above carbon steel rod were placed in a high-frequency induction
coil at the three different inclination angles of 6 = 0°, 45° and 90° relative to the magnetic flux
direction. The high-frequency induction coil was connected to a power supply through an impedance
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tuner. While the high-frequency outputs employed in the present study were 80 W, 90 W, and 100 W,
these values corresponded to the AC magnetic fields of 1.40 kA/m, 1.50 kA/m, and 1.69 kA/m,
respectively. The measured frequency was 300 kHz for all the specimens, and a fiber-optic
thermometer was used to directly measure the increase in temperature (AT) in ambient air.

Figure 2. Setup for measuring the heating properties of the ferromagnetic carbon steel rod
and the newly designed prototype ablation needle having different inclination angles
relative to the magnetic flux direction.
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3. Results and Discussion
3.1. Heating Properties of the Ferromagnetic Mild Steel Rod

Figure 3 shows the relationship between the increase in temperature (AT) and induction time for the
ferromagnetic carbon steel rod (Figure 1a) with different inclination angles relative to the magnetic
flux direction in the high-frequency output of 80 W (AC magnetic field: 1.40 kA/m) at 300 kHz. These
results show the typical effect of the shape magnetic anisotropy on the heating property found in the
rod-like ferromagnetic materials. The AT attains a markedly high value of 53.0 °C during the short
time of 40 s in the 6 = 0° specimen, whereas that of the 8 = 90° specimen is as low as 6.4 °C even after
the induction time of 1,200 s. For the 6 = 45° specimen, the AT value continuously increased with the
increasing induction time and reached 42.2 °C after the induction time of 1,200 s.

Figure 4 shows the induction time dependence of the heating properties for the ferromagnetic
carbon steel rod (Figure 1a) for the high-frequency output of 100W (AC magnetic field: 1.69 kA/m) at
300 kHz. As is obvious from the figure, both the 6 = 0° and 6 = 90° specimens possess almost the same
temperature curves in comparison to the data shown in Figure 3. On the other hand, a significant
increase in AT is found to occur for the 0 = 45° specimen, and its value reached 52.0 °C after the
induction time of 400 s. Because the various insertion angles into the tumors occur due to their
location during clinical use, the direct use of the ferromagnetic carbon steel rod is unsuitable as the
device for the novel ablation cancer therapy, in addition to its poor biocompatibility.
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Figure 3. Changes in temperature of the ferromagnetic carbon steel rod having different
inclination angles relative to the magnetic flux direction versus the induction time for the
high-frequency output power of 80 W at 300 kHz.
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Figure 4. Changes in temperature of the ferromagnetic carbon steel rod having different
inclination angles relative to the magnetic flux direction versus the induction time for the
high-frequency output power of 100 W at 300 kHz.
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3.2. Heating Properties of the Prototype Ti-Coated Ablation Needle

Figure 5 shows the relationship between the increase in temperature (AT) and induction time for the
prototype Ti-coated ablation needle (Figure 1b) for the high-frequency output of 80 W (AC magnetic
field: 1.40 kA/m) at 300 kHz. Both the 6 = 0° and 6 = 45° specimens exhibit overlapping temperature
curves that reached the AT of about 21 °C after 1,200 s. The AT value similarly increased with the
increasing induction time, and its value reached 23.2 °C after 1,200 s for the 6 = 90° specimen.
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Figure 5. Changes in temperature of the prototype Ti-coated ablation needle at different
inclination angles relative to the magnetic flux direction versus the induction time for the
high-frequency output of 80 W at 300 kHz.
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Figure 6 shows the induction time dependence of the heating property for the prototype Ti-coated
ablation needle (Figure 1b) for the high-frequency output of 90 W (AC magnetic field: 1.50 kA/m) at
300 kHz. In this figure, it is noted that the three temperature curves are well overlapped versus the
induction time. The AT values are approximately 26 °C after 1,200 s for all the specimens with the
different inclination angles (0 = 0°, 6 = 45° and 6 = 90°) relative to the magnetic flux direction. The
AT values after the induction time of 1200 s are slightly higher compared to the data given in Figure 5
as a result of the increase in the high-frequency output from 80 W to 90 W.

Figure 6. Changes in temperature of the prototype Ti-coated ablation needle at different
inclination angles relative to the magnetic flux direction versus the induction time for the
high-frequency output of 90 W at 300 kHz.
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Figure 7 shows the induction time dependence of the heating property for the prototype Ti-coated
ablation needle (Figure 1b) for the high-frequency output of 100 W (AC magnetic field: 1.69 kA/m) at
300 kHz. Also in this figure, the three temperature curves totally coincide with each other versus the
induction time, reaching AT values of approximately 46 °C after 1,200 s.

Figure 7. Changes in temperature of the prototype Ti-coated ablation needle at different
inclination angles relative to the magnetic flux direction versus the induction time for the
high-frequency output of 100 W at 300 kHz.
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3.3. Applicability of the Prototype Ti-Coated Needle for Ablation Cancer Therapy

Taking Figures 5, 6, and 7 into consideration, it is obvious that the non-oriented heating property
relative to the magnetic flux direction is achieved with the prototype Ti-coated ablation needle
fabricated in this study. For the Ti-tube involving the ferromagnetic carbon steel rod [21], the effect of
the inclination angles resulting from the shape magnetic anisotropy [20] was significantly reduced by
choosing the optimum Ti thickness; however, the complete non-oriented heating property has not been
obtained because of the insufficient encapsulation by the non-magnetic Ti layer. It seems likely that
the complete sealing of the ferromagnetic carbon steel rod plays a key role in achieving such a
significant feature as the ablation needle for human cancer therapy.

In the AC magnetic field, the hysteresis loss (Py) and eddy current loss (P.) remarkably affect the
difference in the heating property of the ferromagnetic carbon steel rod. The Ti-coated carbon steel rod
with a small Ti thickness presumably possesses a higher maximum magnetic flux density resulting in
the high P, and P, values. However, the increase in the Ti thickness produces a decrease in the cross-
sectional area of the embedded carbon steel rod. The low amount of magnetic flux passing through this
reduced area leads to the lower effect of P, and P, on the AT value. It seems likely that the balanced
effects of P, and P, play an important role in achieving the non-oriented heating property. In addition,
the magnetic penetration depth (9) is closely associated with the thermal properties of the Ti-coated
carbon steel rod based on the electrical resistivity and relative magnetic permeability. Considering
these factors, there is an optimum condition to obtain a non-oriented heating property resulting from
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the combined effects of Py, P. and 6. In conclusion, the effect of the shape magnetic anisotropy is
drastically reduced using a carbon steel rod surrounding by the Ti layer with an optimum thickness.

Comparing Figure 7 with Figure 4, a remarkable difference is observed in the heating properties
between the ferromagnetic carbon steel rod and the prototype Ti-coated ablation needle. As is obvious
from Figure 7, the temperature curves of the 8 = 0° and 6 = 45° specimens remarkably lower their
slope during the induction time of 1,200 s. These results are attributable to the significantly reduced
effect of the shape magnetic anisotropy explained in terms of the demagnetization coefficient [24]. On
the other hand, the drastic AT enhancement, which reached approximately 46 °C after 1,200 s, is
observed in the temperature curve of the 6 = 90° specimen, even though the AT value is at most 7.7 °C
after 1,200 s in the ferromagnetic carbon steel rod shown in Figure 4. It is important to note that a fairly
enlarged area perpendicular to the magnetic flux direction is achieved in the high-frequency induction
coil for the 6 = 90° specimen. The complete encapsulation provides an uninterrupted closed circuit for
the Ti layer surrounding the enlarged area of the ferromagnetic carbon steel rod. The eddy current
flowing near the surface of the Ti layer significantly affects the AT enhancement, thus causing
overlapping of the temperature curves of the 6 = 0° and 6 = 45° specimens.

In clinical use, it is essential to strictly control the ablation temperature so as not to exceed the
optimum temperature. The AT value of more than 40 °C seems to be undesirable for the ablation
treatments, because it produces a remarkably deleterious effect on the normal cells surrounding the
tumors. It is considered from Figure 7 that the high-frequency output of 100 W results in the excessive
AT enhancement. The prototype Ti-coated ablation needle enables us to indirectly control the
treatment temperature by setting the optimized high-frequency output and treatment time. It is
particularly emphasized that the novel thermotherapy will be conveniently carried out utilizing the
non-oriented Ti-coated ablation needle, because there is no necessity to use a lead-wire connected to
the fiber-optic thermometer during the treatment. This prototype ablation needle having a superior
biocompatibility [22,23] will be employed in subsequent animal experiments in order to certify its
clinical applicability.

4. Conclusions

The heating properties of a ferromagnetic carbon steel rod and a prototype Ti-coated ablation
needle were investigated in several high-frequency outputs ranging from 80 W to 100 W with the aim
of studying its applicability as a novel ablation cancer therapy. In the experiments, by changing the
inclination angles (0 = 0°, 6 = 45° and 6 = 90°) relative to the magnetic flux direction, the former
exhibited drastically different heating properties among three inclination angles due to the effect of the
shape magnetic anisotropy. However, the latter had a complete non-oriented heating property relative
to the magnetic flux direction, suggesting that precise control of the ablation temperature is possible
during clinical use without a lead-wire connected to a fiber-optic thermometer.

Acknowledgments

The present study was supported by a Grant-in-Aid from The Ministry of Education, Science,
Sports and Culture of Japan (No. 20500423: T. Naohara) and Comprehensive Support Programs for



J. Funct. Biomater. 2012, 3 171

Creation of Regional Innovation, Research for Promoting Technological Seed Program in 2009

(No.14-025: T. Naohara) from The Japan Science and Technology Agency.

References

10.

1.

12.

13.

14.

15.

16.

Matsuura, M.: Nakajima, N.: Araki, K.: Ito, K. The usefulness of radiation therapy for
hepatocellular carcinoma. Hepatogastroenterology 1998, 45, 791-796.

Hawkins, M.A.: Dawson, L.A. Radiation therapy for hepatocellular carcinoma: From palliation to
cure. Cancer 2006, 106, 1653—1663.

Dawson, L.A. The evolving role of radiation therapy in hepatocellular carcinoma. Cancer Radio
ther. 2008, 12, 96-101.

Ganne-Carrié, N.: Trinhet, J.C. Systemic treatment of hepatocellular carcinoma. Eur. J. Gastro
Enterol. Hepatol. 2004, 16, 275-281.

Okada, S. Chemotherapy in hepatocellular carcinoma. Hepatogastroenterology 1998, 45 (Suppl. 3),
1259-1263.

Llovet, J.M. Updated treatment approach to hepatocellular carcinoma. J. Gastroenterol. 2005, 40,
225-235.

Goldhirsch, A.; Gelber, R.D. Endocrine therapies of breast cancer. Semin. Oncol. 1996, 23,
494-505.

Kimmick, G.G.; Muss, H.B. Endocrine therapy in metastatic breast cancer. Cancer Treat. Res.
1998, 94, 231-254.

Yamashita, H. Current research topics in endocrine therapy for breast cancer. Int. J. Cli. Oncol.
2008, /3, 380-383

Buscarini, L.; Buscarini, E.; di Stasi, M.; Vallisa, D.; Quaretti, P.; Rocca, A. Percutaneous
radiofrequency ablation of small hepatocelluler carcinoma: long-term results. Eur. Radiol. 2001,
11,914-921.

Ni, Y.; Mulier, S.; Miao, Y.; Michel, L.; Marchal, G. A review of the general aspects of
radio-frequency ablation. Abdom. Imaging 2005, 30, 381-400.

Lencioni, R.; Della Pina, C.; Barttolozzi, C. Percutaneous image-guided radiofrequency ablation
in the therapeutic management of hepatocellular carcinoma. Abdom. Imaging 2005, 30, 401—408.
Crocetti, L.; Lencioni, R. Thermal ablation of hepatocellular carcinoma. Cancer Imaging 2008, 8,
19-26.

Ayav, A.; Germain, A.; Marchal, F.; Tierris, I.; Laurent, V.; Bazin, C.; Yuan, Y.; Robert, L.;
Brunaud, L.; Bresler, L. Radiofrequency ablation of unresectable liver tumors: factors associated
with incomplete ablation or local recurrence. Am. J. Surg. 2010, 200, 435-439.

Lam, V.W.; Ng, K.K.; Chok, K.S.; Cheung, T.T.; Yuen, J.; Tung, H.; Tso, W.K.; Fan, S.T.;
Poon, R.T. Risk factors and prognostic factors of local reccurrence after radiofrequency ablation
of hepatocellular carcinoma. J. Am. Coll. Surg. 2008, 207, 20-29.

Akahane. M.; Koga, H.; Kato, N.; Yamada, H.; Uozumi, K.; Tateishi, R.; Teratani, T.; Shiina, S.;
Ohtomo, K. Complications of percutaneous radiofrequency ablation for hepato-cellular
caicinoma: Imaging spectrum and management. Radiogr. 2005, 25 (Suppl. 1), 57-68.



J. Funct. Biomater. 2012, 3 172

17.

18.

19.

20.

21.

22.

23.
24.

Maehara, T.; Konishi, K.; Kamimori, T.; Aono, H.; Naohara, T.; Kikkawa, H.; Watanabe, Y.;
Kawachi, K. Heating of ferrite powder by an AC magnetic field for local hyperthermia. Jpn. J.
Appl. Phys. 2002, 41, 1620-1621.

Naohara, T.; Aono, H.; Maehara, T.; Watanabe, Y.; Hirazawa, H.; Matsutomo, S. Computer
simulation of heat generation ability in AC magnetic field. In Proceedings of International
Symposium Electromagnetic Processing Materials, Dresden, Germany, 19-23 October 2009;
pp. 193-196.

Watanabe, Y.; Sato, K.; Yukumi, S.; Yoshida, M.; Yamamoto, Y.; Doi, T.; Sugishita, H.;
Naohara, T.; Maehara, T.; Aono, H.; Kawachi, K. Development of a second radiofrequency
ablation using sintered MgFe,O4 needles and alternating magnetic field for human cancer therapy.
Bio-Med. Mater. Eng. 2009, 19, 101-110.

Cullity, B.D.; Graham, C.D. Introduction to Magnetic Materials; Willey IEEE Press: Hoboken,
NJ, USA, 2008; pp. 234-237.

Naohara, T.; Aono, H.; Hirazawa, H.; Maehara, T.; Watanabe, Y.; Matsutomo, S. Heat generation
ability in AC magnetic field of needle-type Ti-coated mild steel for ablation cancer therapy. Int. J.
Comput. Math. Electr. Electron. Eng. 2011, 30, 1582-1588.

Brunette, D.M.; Tengvall, P.; Textor, M.; Thomsen, P. Titanium in Medicine: Materials Science,
Surface Science, Engineering, Biological Responses and Medical Applications; Springer-Verlag:
New York, NY, USA, 2001; pp. 14-19.

Van Noort, R. Titanium: The implant material of today. J. Mate. Sci. 1987, 22, 3801-3811.
Skonski, R. Simple Model of Magnetism; Oxford University Press: New York, NY, USA, 2008;
pp. 82-83.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



