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プレゼンター
プレゼンテーションのノート
A topic of this talk is an application of heavy-ion accelerators to cancer therapy.
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プレゼンター
プレゼンテーションのノート
This is an outline of this talk. Starting with Introduction, I will introduce development of a compact facility. Then, I will talk about recent developments, and a future plan. And finally I will summarize my talk.
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プレゼンター
プレゼンテーションのノート
In cancer treatment, there are three major methods to treat patients. First method is surgery, second is chemotherapy, and third is radiation therapy. An advantage of radiotherapy is that there is no pain and no infection. Kinds of radiation to be used in radiotherapy are mostly X-rays and gamma rays. However, protons and carbon ions are used in particle radiotherapy. Expectation for radiotherapy is that QOL, Quality Of Life, after treatments is much better than the other treatment methods. Also, physical burden is small, and this is good for aged people. Further, carbon-ion radiotherapy is effective for radiation-resistant tumors.
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プレゼンター
プレゼンテーションのノート
This slide shows comparison between X-ray and particle therapy. Suppose that X-ray is directed to a patient. Because of physical properties of X-ray, a physical dose of X-rays decreases as X-rays goes deeper into a patient body. On the other hand, a physical dose for proton and carbon beams can be concentrated on a tumor, due to a Bragg peak, while minimizing a physical dose to normal tissues. Furthermore, we can have a much sharper dose distribution around a tumor for carbon beam, as compared with proton beam, because of lower multiple Coulomb scattering in a patient body. In addition, RBE, which is Relative Biological Effectiveness, is 2-3 times higher around the tumor for carbon beam, while RBE is equal at any place for proton or X-ray beam. 
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プレゼンター
プレゼンテーションのノート
This slide shows an example of dose distributions between X-ray and carbon beam. As mentioned previously, a physical dose is peaked on a surface of a patient body for X-rays. Therefore, X-ray needs to be directed to a patient with many directions. In this example, treatment with nine directions is planned. You will see that dose is concentrated on a tumor, however, there are certain dose on normal tissues for X-ray treatment. On the other hand, due to a Bragg peak, we can concentrate a dose distribution on a tumor for carbon beams, even with three directions. You can see the very sharp dose distribution on a tumor, while minimizing a dose on normal tissues.
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1940’s: R. Willson proposed the medical application of heavy-ion beams. /
1957: LBL started clinical trials with Helium ions (2054 patients)
1975: Treatment with Neon ions was made (433 patients).
1992: The research had been aborted, due to the shutdown of Bevalac.

Biological and Medical Research with Accelerated Heavy lons at the Bevalac, LBL-11220, UC-48 (1980).
E.A. Blakely et al., Adv. Radiat. Biol. 11, 295 (1984). 7
W.T. Chu et al., Rev. Sci. Instrum. 64, 2055 (1993).


プレゼンター
プレゼンテーションのノート
The medical application of heavy-ion beams was firstly proposed by Robert Wilson in 1940’s. Then, Lawrence Berkeley National Laboratory started clinical trials with Helium ions in 1957, and 2054 patients were treated. And then, in 1957, treatment with Neon ions was made, and 433 patients were treated. However, all the clinical programs were terminated unfortunately, due to the shutdown of the heavy-ion accelerators, Bevalac.
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プレゼンター
プレゼンテーションのノート
At the same time, a project to construct the heavy-ion medical accelerator, HIMAC, was proposed at NIRS. The HIMAC stands for Heavy Ion Medical Accelerator in Chiba, and is the world-first heavy-ion medical accelerator. This project was funded by the Japanese Government in 1984. Then, the construction of the HIMAC began in 1987, and the beam commissioning was made in 1993. Finally, clinical trials started in June, 1994.
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プレゼンター
プレゼンテーションのノート
This graph shows number of patients treated with carbon-ion radiotherapy using HIMAC at NIRS. As mentioned previously, we started clinical trials since June 1994, and treated 21 patients for this year. Number of patients increases year by year, and recently we treat approximately 800 patients per year. Now, total number of patients is more than ten thousands.
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プレゼンター
プレゼンテーションのノート
Now, I would like to show some clinical results.
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プレゼンター
プレゼンテーションのノート
This is a case for a head and neck tumor. A big cancer back of the eyeball, and the eye-ball is distorted. The contours show a results of the treatment planning; 48.6 Gy with 18 fractions for six week treatment. As can be seen in the right CT image, the cancer is disappeared 36 month after the treatment.
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プレゼンター
プレゼンテーションのノート
These are some cases for malignant head and neck cancers. In three cases, tumors is disappeared after the treatments.
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プレゼンター
プレゼンテーションのノート
All of these are the tough sarcoma cases. A patient on left had unresectable sacral chordoma. After the treatment, he recovered and could walk by himself. A young boy on the right had sacral osteosarcoma. He also recovered after the treatment. In both cases, if they took surgery, they may not be able to walk by themselves. However, they recovered as shown in these videos, indicating excellent QOL of carbon-ion radiotherapy.
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HIMAC in Chordoma-—_/
A
Site 5 year 5 year
No of Pts S:sacrum Treatment Local Overall
(new Pts/year) Sp:mobile Control Survival
spine
Sweden 1) 39 S+Sp Surgery 44% 84%
1963-1998 (1.1)
MGH. 2) 27 S Surgery 12% 82%
1982-2002 (1.4) + Proton
LBL 3) 14 S Surgery 55% 85%
1977-1989 (1.2) + Helium
Mayo 4) 52 S Surgery 56% 74%
1980-2001 (2.5)
NIRS 185 S+Sp C-ion 78% 85%
1996-2011 (12) (unresectable)

1) Cancer.2000 2)IJROBP.2006 3) IJROBP.1993 4) J Bone Joint Surg. 2005

NIRS


プレゼンター
プレゼンテーションのノート
This table shows the comparison of the clinical results among institutes in the world. The reported 5-year local control rates for surgical treatment with or without radiation for sacral chordoma were 44 to 72 %, while the 5-year local control rate for our unresectable cases was 77 %. And survival rates are almost same among modalities.
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プレゼンター
プレゼンテーションのノート
Now on, the development of a compact facility.
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プレゼンター
プレゼンテーションのノート
Based on the ten years of clinical experiences, we started to design a compact facility, and performed R&D works for wide spread use of carbon-ion radiotherapy. The R&D works were made during 2004-2005, and includes developments of the compact ECR ion source, compact linacs, RF acceleration cavity, power supplies for a synchrotron ring, and irradiation devices.
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プレゼンター
プレゼンテーションのノート
As a result of the R&D works and design studies, we could design the compact accelerator facility, dedicated for carbon-ion radiotherapy. The size of the compact facility is roughly one-third of the existing HIMAC complex.
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プレゼンター
プレゼンテーションのノート
This slide summarizes carbon facilities in Japan. Our institute, NIRS, located at the Chiba prefecture, and we started to treat patients since 1994. The second facility is HIBMC at the Hyogo prefecture. These are the first generation facilities. After the design and R&D works, the three compact facilities were build at Gunma, Saga and Kanagawa; they started to treat patients since 2010, 2014, and 2015, respectively. Now, the similar compact facilities are being built at Osaka and Yamagata, and they are planning to start from 2018 and 2019, respectively.
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プレゼンター
プレゼンテーションのノート
Here are carbon-ion facilities worldwide. The five institutes are in operation in Japan. There are two institutes in China, and four institutes in Europe. However, there is no institute in U.S., although the heavy-ion radiotherapy was originated from U.S.
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プレゼンター
プレゼンテーションのノート
Now I would like to introduce the recent developments in NIRS.
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プレゼンター
プレゼンテーションのノート
After development of the compact facility, we constructed the new treatment facility. The new facility was constructed on the side of the HIMAC complex, and the construction was completed in 2011. In the new facility, new developments, which include fast 3D raster scanning and superconducting rotating-gantry, were made. The new facility has the new three treatment rooms; room E & F has the fixed horizontal and vertical scanning irradiation ports, and room G has the rotating-gantry port.
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プレゼンター
プレゼンテーションのノート
This is a floor plan of the new treatment facility. We have two CT simulation rooms, and the three treatment rooms of room E, F and G. The treatment rooms E & F have the fixed horizontal and vertical irradiation ports, as mentioned previously, and have the identical design.


IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2017.
Plenary presentation We-Mo-P14-01 given at MT25, 27 August - 01 September 2017, Amsterdam, The Netherlands.

® NIRS

HIMAC

Irradiation methods

Broad beam method

Wobbler "
magnets
J Ridge filter

Bolus filter

3D scanning method

7

» Precise dose distribution
> Efficient irradiation
» No bolus and collimator

\!

A pairof H &V Beam energy is consecutively changed
scanning magnets to irradiate proximal layers

23


プレゼンター
プレゼンテーションのノート
This slide shows comparison between two irradiation methods. The broad beam method is used in the old treatment rooms of the HIMAC complex. In this method, a beam is spread out by using a pair of the wobbler magnets as well as a scatterer and a ridge filter. Then, the beam is to be shaped with a bolus filter and a collimator to fit to a tumor shape. On the other hand, in the 3D scanning method, a beam is scanned to a tumor by using a pair of scanning magnets. To irradiate proximal layers, beam energy is changed, and irradiation for this layer is subsequeltly made. The advantage of the 3D scanning method is that we can provide a precise dose distribution. Since no bolus and collimator are needed, efficient irradiation can be made.
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プレゼンター
プレゼンテーションのノート
The transverse dose distribution is controlled by a pair of the scanning magnets, as presented in the previous slide. Now, the depth dose distribution is controlled by changing beam energy. In HIMAC, carbon-ion beam is provided by the synchrotron. In cordially operation of the synchrotron, only beam with a single energy can be obtained by the synchrotron. Thus, to control the beam energy, energy degraders, installed before a patient, are used. However, use of these energy degraders enlarges a beam size and produces fragments; both deteriorate a dose distribution.
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プレゼンター
プレゼンテーションのノート
To take advantage of the 3D scanning irradiation, the beam energy must be controlled directly by accelerators. One solution is to change operation patterns as shown in this figure. However, this method has disadvantage; it would take longer irradiation time.
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プレゼンター
プレゼンテーションのノート
To overcome this issue, we proposed the variable energy operation. In this operation, an operation pattern having various flattops is used. Each of the flattops can be extended, and beams at each flattop are extracted from the synchrotron. This operation enables us to extract beam having various beam energy very quickly.
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プレゼンター
プレゼンテーションのノート
We employed the operation pattern having 202 flattops. The energy step of neighboring flattops corresponds to 1 or 2mm in water range. By using this operation patter, we can provide carbon beams having 202 different beam energies between E=430-50 MeV/u, and hence no energy degrader is needed to control a depth-dose distribution.
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プレゼンター
プレゼンテーションのノート
This video shows a result of beam acceleration and extraction tests. The carbon beams, as extracted from the synchrotron, are directed to the film, shown in the picture of the upper low. The beam energy is changed in step of 3mm water range. You can see that the beam energy is quickly changed and extracted from the synchrotron.
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プレゼンター
プレゼンテーションのノート
Now, I would like to switch the topic of the superconducting rotating-gantry.
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プレゼンター
プレゼンテーションのノート
Before talking about the gantry, let me briefly introduce treatment using fixed irradiation ports. These pictures show treatment for a lung cancer with four direction. To direct beams with desirable directions, a patient has to be rotated as shown in the left picture, and the irradiation of two directions, using the horizontal and vertical fixed-ports, are made. Then, to direct the beams from the other directions, we have to rotate a patient as shown in the right picture, and irradiations with the other two directions are made. Rotating a patient would case unexpected organ movements, and may produce errors in a dose distribution.
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プレゼンター
プレゼンテーションのノート
Now, if we have a rotating gantry, a beam can be directed to a patient from any of medically desirable directions, while a patient is kept in the best position. The advantage of using a rotating gantry is no need to rotate patient. We could also provide a precise dose distribution. Further, we can also perform IMPT, Intensity-Modulated-Particle-Therapy.
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プレゼンター
プレゼンテーションのノート
As for a rotating gantry for particle therapy, a proton gantry is commonly used, and is also commercially available. However, it is much difficult to design and construct a rotating gantry for carbon-ion radiotherapy, because required B-rho for magnets is roughly three times higher than those for proton gantries, and hence magnets as well as a gantry structure would become very large and heavy.
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プレゼンター
プレゼンテーションのノート
To overcome this issue, we developed a superconducting rotating-gantry for carbon-ion radiotherapy. By using combined-function superconducting magnets, we succeeded to considerably reduce size and weight of the gantry. The total weight of this gantry is estimated to be 300 tons, which is roughly half of the existing rotating gantry for carbon therapy.
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プレゼンター
プレゼンテーションのノート
This is a layout of the superconducting rotating-gantry. The beam line of the gantry consists of ten superconducting magnets, BM01-BM10. By using combined function superconducting magnets, no quadrupole magnet is required, allowing us to design the compact gantry.
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プレゼンター
プレゼンテーションのノート
The left shows the superconducting magnet, as used for BM02-BM05. For cooling of the superconducting coils, compact 4K GM cryocoolers are used, so that the magnet requires no liquid helium. The right figure shows a cross sectional view of the magnet. Outside of the beam duct, there are superconducting quadrupole and dipole coils, covered by a cold laminated-iron yoke. The superconducting dipole and quadrupole coils have own power supplies, so that these coils can be independently excited.
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HIMAC Design of SC magnets

All the SC magnets were designed by using a 3D magnetic field solver
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The superconducting rotating-gantry has ten magnets, and they are categorized into five kinds. All the five kinds of the superconducting magnets were designed by using three-dimensional field solver, Opera-3d, as shown these figures.
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After the design, the superconducting magnets were constructed as shown by these photographs. The left photographs are for BM04, which has the bending angle of 26 degrees. The right photographs are for BM10, which has the large aperture with the bending angles of 22.5 degrees. The superconducting coils have surface-winding structure.
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Completed in September, 2015
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The construction of the gantry structure as well as the superconducting magnets was completed in September, 2015.
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This video shows the superconducting rotating-gantry in rotation. This rotating gantry is now in clinical use since May 2017.
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Future plan.
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Combined-function SC magnets
Max. dipole field: 4~5 Tesla

Circumference: ~21 m
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After the developments of the fast 3D raster scanning irradiation method and the superconducting rotating-gantry, we now started to design a superconducting synchrotron. This synchrotron has four combined-function superconducting magnets having the bending angles of 90 degrees. With the maximum dipole field of more than four tesla, the circumference of the synchrotron ring would become approximately 21m.
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We further designing compact gantry. By using high-field combined-function superconducting magnets, the size of the gantry would become considerably compact.
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By using the superconducting technology, the size of the facility would become much compact, the size is 32m by 14m. In this compact facility, three kinds of ions of helium, carbon and oxygen are to be accelerated and used for treatment. Further, a laser-driven accelerator will be developed and used for an injector. By using the laser-driven injector, we could further reduce the size of the accelerators.
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CIRT has been performed since 1994, and
more than 10,000 patients were treated at NIRS.

With the R&D works, made during 2004-2005,
a compact carbon facility was developed
for widespread use of CIRT.

Recently, the 3D scanning irradiation, as well as
the SC gantry were developed.

By using Superconducting and Laser technology,
development of a compact facility iIs in progress.
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For summary, carbon-ion radiotherapy using HIMAC has been performed since 1994 at NIRS, and more than ten thousands of patients were treated. Based on ten years of the clinical experiences, we designed of the compact facility and performed the related R&D works during 2004-2005 for widespread use of carbon-ion radiotherapy. Recently, the fast 3D raster scanning irradiation and the superconducting rotating-gantry were developed, and those technologies are in clinical use. Now, we are developing the next generation compact facility by using the superconducting and the laser technologies.
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