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Abstract

The first clinical trial with carbon beams generated from the HIMAC was conducted in June 1994. The total
number of patients treated is now in excess of 3,500 as of October 2007. The impressive advance of the carbon-
ion therapy using the HIMAC has been supported by high-reliability operation and by the development of the
accelerator technology. Furthermore, we have carried out the beam intensity and quality upgrades of the HIM-

AC accelerator complex in order to increase the irradiation accuracy and the treatment efficiency.

1. Introduction

Heavy-ion beams are very suitable for the treatment of deeply seated cancer because of an excellent physical-
dose distribution and high-LET characteristics around the Bragg peak. Therefore, NIRS decided to carry out
heavy-ion cancer therapy with HIMAC [1]. Since the first clinical trial on three patients in June 1994 with 290
MeV/n carbon beam, the total number of patients treated at HIMAC exceeded 3,500 as of October 2007. At an
early stage of the clinical trials, the number of fractional irradiations was typically 18 and the treatment required
6 weeks, besides the extra time needed for diagnostics and treatment planning. The number of fractions, how-
ever, has been decreased for some protocols, especially for the lung and liver, without encountering any serious
side effects. At present, for lung- and liver-cancer treatments, only one fractional irradiation is carried out. Such
decrease in fraction number can increase the number of treatments. As a result of the accumulating numbers of
protocols, at 2003, carbon therapy at NIRS was approved as a highly advanced medical technology by the Ja-
panese government. Such advances of carbon therapy with HIMAC have been supported by highly reliable op-
eration [2] and by the development of beam-delivery and accelerator technologies [3-5]. The HIMAC acceler-
ator complex has been upgraded especially for increasing the irradiation accuracy and the treatment efficiency.
Based on the study for the upgrade of the HIMAC accelerator complex, we have designed a compact carbon-
ion therapy facility for widespread use in Japan, and the Gunma University has been constructing the compact
facility since April 2006. Owing to upgrade of the HIMAC accelerator, further, a design of a new treatment fa-
cility as our future plan has been successfully progressed. We review the upgrade of the HIMAC accelerator

complex.

2. Study for upgrade of HIMAC accelerator complex
2.1. Gated irradiation with patient’ s respiration

Damage to normal tissues around tumor was inevitable in treatment of a tumor moving along with respiration
of a patient. A respiration-gated irradiation system, therefore, which can respond quickly to irregular respir-
ation, was developed [3]. In this system, the irradiation-gate signal is generated only when target is at the design

position and the synchrotron can extract a beam. This method has been applied to liver, lung and uterus cancers
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since February 1996. At present, this irradiation method has applied to one-third of the HIMAC treatment. Fig-

ure 1 shows the view of irradiation gated with respiration.

Fig. 1. The view of irradiation gated with respiration using the horizontal irradiation port.

This irradiation method requires the quick response of beam on/off according to the irradiation-gate signal.
For the purpose, the RF-KO extraction method with AM and FM was developed. This RF-KO slow extraction
method in synchrotron is based on the transverse beam heating while keeping the separatrix constant. One of
great advantages in this method has a quick response within 1 ms to a gate-signal of beam on/off, as shown in

Fig. 2. As a result, this RF-KO slow extraction method has realized the irradiation gated with respiration.
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Fig.2. Time response of the RF-KO slow extraction method to the gate signal. (a) From upper trace, sex-
tupole field for the extraction, circulating-beam current, transverse RF wave-form and the time structure
of the extracted beam in time scale of 50 ms/div., (b) Beam-on (Left) and -off (Right) response in time sca-
le of 2 ms/div.

2.2. Improvement of time structure of extracted beam through RF-KO slow extraction

The RF-KO method has been a key-technology of the gated irradiation method, although the method brought
a huge ripple of the time structure of the extracted beam (spill). The huge spill ripple has never disturbed the
dose distribution in the wobbler method, because the ripple frequency of around 1 kHz is much different from
the wobbling one of around 60 Hz. On the other hand, sophisticated irradiation-methods such as a spot scanning
and a raster one (beam-scanning method) have successfully been developed, because they can provide a high
irradiation accuracy even for an irregular target shape and bring a high beam-utilization efficiency [6-9]. In the
beam-scanning method, it was anticipated that the huge ripple affects the lateral dose distribution, because the

scanning frequency is closed to the ripple one. Further, the intensity modulation of the extracted beam is an im-
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portant technology for the beam-scanning method. Therefore, both the control method for the microscopic

structure (kHz-order) and for the global one (Hz-order) were investigated.

2.2.1 Improvement of microscopic time structure of extracted beam

Since microscopic time structure of extracted beam (spill ripple) should be significantly suppressed in the
beam-scanning methods, the source of the spill ripple in the RF-KO method was investigated through both the
experiment and simulations [10], as follows; The frequency region of the transverse RF filed, which can extract
the beam, was measured. Further, the spill structure during one period of the FM were measured and simulated
in various sizes of the horizontal chromaticity. As the results of the investigation, it was found that the RF-KO
slow extraction with the FM consists of two processes depending on the RF frequency regions; (1) The particles
near the boundary of the separatrix can be extracted mainly due to the amplitude growth of the betatron oscil-
lation when the frequency of the transverse RF field matches with the tune region near a boundary of the sep-
aratrix (extraction region). (2) The particles deeply inside the separatrix are diffused toward the boundary of the
separatrix when the RF frequency matches with the tune region inside the separatrix (diffusion region). They
are overlapped in each other, because of the dependence of the tune on the betatron-amplitude in the third-order
resonance. The spill structures during one period of the FM are quite different in each frequency region and
they are repeated with the repletion frequency of the FM, which is very source of the spill ripple in the RF-KO
method. Therefore we proposed the dual FM method in order to suppress the spill ripple [11]. During the no-
beam period, applying an additionally RF field with a frequency that matches that of the extraction region, the
particles in the extraction region can be extracted due to the betatron-amplitude growth and/or due to the syn-
chrotron oscillation. Thus, in this scheme, the spill ripple was considerably suppressed compared with that in
the original RF-KO method (single FM). Furthermore, applying a transverse RF field with a mono-frequency
that matches the tune in the extraction region, the particles in the extraction region can be extracted at a constant
rate, because the amplitude-growth rate is almost constant due to satisfying the resonance condition. In this
case, the spill ripple is considerably small under the condition that there is no other perturbation. However, the
extraction efficiency is considerably degreased in this scheme, because no particle can be delivered to the ex-
traction region from the diffusion one. Thus, the spill ripple will be improved, while keeping the extraction ef-
ficiency high, by adding a diffusion function to the mono-frequency RF-field, which we call the separate func-
tion method [11]. In this case, the dual FM method can be utilized for the diffusion function. The microscopic

time structure, which was improved by the separate function method, is shown in Fig. 3.
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Fig. 3. Improved time structure by the separate function method. (a) Time scale is 200ms/div., (b) enlarged
figure (a). Time scale is 0.5 ms/div.



2.2.2 Improvement of global time structure of extracted beam

In the RF-knockout extraction, the global time structure should be control, because it has been strongly re-
quired for medical and other applications. Especially for the beam-scanning irradiation method, the uniform
spill significantly contributes to obtain easily uniform dose distribution in the lateral direction. For the purpose,
we proposed to optimize the AM function for the transverse RF-field. In this optimization process for the AM,
the radial distribution function of particles in the normalized phase-space was assumed to be expressed by the
Rayleigh distribution function. The width of the Rayleigh distribution is widened by the transverse RF heating
and the larger part than a constant width is extracted from the ring. Using this model, we estimated analytically
the global spill structure. A diffusion constant by RF kick was obtained experimentally, and we predicted the
RF kick angle so as to keep the extracted intensity constant. As a result of the study, it was verified that the
function for the AM with the above-mentioned parameters could provide the flat spill within ?23% in both the
simulation and the experiment at HIMAC synchrotron. Cooperating with the feedback system, finally, the glo-
bal spill structure was suppressed less than ?5% [12].

Based on the control of the global time structure mentioned above, further, we have developed a system to
control the spill structure and the beam intensity by the AM of the transverse RF-field for extraction [13], be-
cause the flat spill and the intensity control allow precise irradiation with a larger dynamic range of dose modu-
lation. The core part of this control system (AM function controller) needs to achieve: 1) calculate and output
AM signal based on the requirement comes from the irradiation system, 2) real-time processing more than 1ms
time resolution, and 3) feed-forward and feedback control to realize the extracted intensity as same as reque-
sted. In order to realize these requirements, we employed a single-chip microcomputer for main processing. By
cooperating with the feedback control, the intensity of extract beam was controlled dynamically while keeping
its flatness. This system allows us to control the beam current almost as requested, which was experimentally
verified at the HIMAC synchrotron. The time structure of extracted beam, which was obtained through the in-

tensity control system, is shown in Fig. 4.
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Fig. 4. Time structure of extracted beam obtained by the intensity control system. Left: Constant spill struc-
ture (bottom trace) in the time scale of 200 ms/div. Right: Intensity controlled spill structure (green trace)
and request signal (yellow trace).

2.3. Control of beam profile and position
2.3.1 Control of beam size
In order to deliver the desired beam size and profiles at a target through a beam-transport line, it has been an

essential technology to match the optical parameters, such as the emittance, twiss parameters and dispersion
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function at an extraction channel of the ring. However, an optical matching at the extraction channel has not
been easy, because it has been difficult to directly measure the optical parameters there as an initial condition
of the transport line. Thus, an effort has also been made to match the optical parameters by predicting them at
the extraction channel based on a simulation. However, the simulation result has a relatively large error com-
pared with a direct measurement due to errors of the magnetic fields and an unexpected non-linear field in the
ring. Therefore, we have developed a more accurate prediction method of the optical parameters at the extrac-
tion channel. The procedure in the proposed method is as follows: (A) For horizontal plane; (1) An outgoing
separatrix was measured at the entrance of the extraction channel by using thin tantalum rods [14]. (2) The lat-
tice parameters in the ring model, such as the horizontal tune and the strength of the separatrix exciters, were
modified so as to reconstruct the measured outgoing-separatrix. (3) A simulation with the modified lattice para-
meters predicts the optical parameters of the extracted beam at the extraction channel. (B) For vertical plane;
the optical parameters are estimated by measuring the vertical beam profile of the circulating beam by a non-
destructive profile monitor [15] and using the twiss parameters of the ring at the entrance of the extraction chan-
nel. In order to verify the proposed method, we compared the predicted beam envelopes and dispersion function
along the transport line with the measurement result. As a result, it was verified that the optical parameters re-

constructed well the actual beam profile in the beam transport line [16], as shown in Fig. 5.
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Fig. 5. Comparison of the horizontal beam profile between the simulation and the experiment. From the
upper figure, phase-space distribution estimated by the rod-monitor measurement, horizontal profile es-
timated by the simulation and the measured profile.

As can be seen in Fig. 5, particle distribution in the horizontal plane is not Gaussian distribution, while the
vertical one is Gaussian. It is inevitably that the difference between the horizontal and vertical distribution bri-
ngs the rotating-angle dependence of the beam distribution in a rotating gantry. Therefore, we developed the
compensation method for such an asymmetric distribution in the phase space and the difference between the
horizontal emittance and the vertical one. This method is based on employing a thin scatterer (thin scatterer
method), although the emittance is slightly enlarged by multiple scattering. As a result of particle tracking, the

followings were verified [17]: 1) The asymmetric distribution was compensated by the thin scatterer set at the
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optimum phase-advance from the entrance of the extraction channel. 2) The proposed method could realize the
symmetric beam condition at the entrance of the gantry. 3) The horizontal and vertical profiles at the iso-center

had no correlation between the rotation angles of the gantry while keeping their Gaussian profile.

2.3.2 Control of beam position
We have investigated the beam-position stability in order to deliver the stable beam for the beam-scanning.
It was found from the measurement that beam position of vertical port from the upper synchrotron showed rela-
tively poor reproducibility, especially in horizontal axis, corresponding to the extraction direction. Further, it
was confirmed that large change was observed at particular conditions: 1) At the cold start, 2) After high energy
operation with 800MeV/n and 3) After low energy operation such as a proton beam with 100MeV/u. it seems
that 2) and 3) are caused by the change of residual field of the magnet.

Concerning the cold start, temperature of the cooling water for power supplies and magnets varies according
to the excitation level etc. It was found from the measurement that 7 degrees rise in water temperature in the
first one hour after the cold start, corresponding to more than 3 mm change of horizontal beam position. We
should take an extra time for keeping the water temperature constant in the case of cold start.

It can be conceived that the extreme condition such as maximum energy and lower than minimum-design-
value may cause variation of magnetic field via different residual magnetization. Owing to initializing pro-
cedure, the magnetic field reproducibility of the DC magnets was measured to be less than 5710-5 by NMR me-
asurement. Such slight change of the magnetic field in the transport line would not affect the beam quality, such
as the position, profile and intensity. On the other hand, the magnetic field reproducibility of the pattern oper-
ation magnet was measured to be around 10-4 by search-coil measurement. The slight difference of the mag-
netic field in the ring brings the tune difference. Since a slight change of the horizontal tune causes the separa-
trix size difference in the resonant slow extraction, the extraction angle and the emittance change. It was veri-
fied by a computer simulation using RF-knockout simulation code. It means the beam quality at the end of
HEBT strongly depends on the magnetic field stability of the pattern operation magnet in the synchrotron ring.
Since daily fluctnation of the horizontal tune strongly affects beam quality, we have developed the system to
compensate the daily fluctuation of the horizontal tune. In this system, we employ online-monitoring system
and pulse-to-pulse correction by the correction quadrupole magnet in the ring. The current of the correction
quadrupole magnet is changed to center the beam position at the profile monitor, based on measured beam re-
sponse, which depends on the beam line and its optics. In the preliminary test results, this system makes it poss-

ible to keep the beam position and intensity constant at the iso-center.

2.4. Intensity upgrade and extended flattop operation

When the delivered beam intensity can be considerably increased to more than 2-10" carbon ions, we can
complete the one fractional irradiation of almost treatment with one operation cycle of the HIMAC synchrotron,
because the scanning method has high beam-utilization efficiency. This one cycle operation can increase the
treatment efficiency in the gated irradiation. Therefore, we have pay much effort to increase the beam intensity

from the synchrotron.

2.4.1 Intensity upgrade
In order to suppress the beam loss due to space-charge effect, resonance characteristics were investigated at
the HIMAC synchrotron by means of a tune survey (Qx = 3.68~3.75, Qy = 3.0~3.5) with a high-intensity beam.
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The working point is close to the integer resonance through the incoherent tune-shift under high ion density
after bunching. Thus we changed the vertical tune from 3.13 to 3.23. Since the effect of the 3rd-order coupling
resonance (Qx +2Qy = 10) is not negligible, however, we tested the resonance correction by using 4 sextupoles.
After the correction, the beam lifetime was increased by more than 5 times under (Qx,Qy) = (3.74,3.23).
Reducing bunching factor can suppress the space-charge effect. Therefore, an un-tuned RF-cavity, having a Co-
based amorphous core, has been developed so as to make multi-harmonics operation possible for reducing the
longitudinal space-charge effect [18,19]. By the multi-harmonics operation, the beam intensity was increased
by 40%.

2.4.2 Extended flattop operation

Concerning the extended flattop operation of the HIMAC synchrotron, the stability of the beam was tested,
firstly. In this test, 2+ 10'° carbon ions were accelerated up to 400 MeV/n and extracted with the constant rate of
2+10° particles/s during 100 s of the extended flattop. The extraction beam rate is highly stabilized owing to a
dynamic intensity control system with RF-knockout slow-extraction. In the 3D pencil beam scanning irradia-
tion, on the other hand, the stability of the pencil beam is very important issue to assure the scanned field quality.
As a result of the simulation study, it was clearly found that the dose uniformity was intolerably deteriorated
under the position change of £2 mm with sinusoidal frequency of 50Hz. Further, it was founded that the long-
term difference of the beam position and size during the irradiation bring more critical disturbance on the dose
distribution. Therefore, the beam position and profile during 100s extraction was also measured. Figure 6 shows
the measured beam profiles during 100s extraction. The measurement was carried out by using the wire grid
profile monitor in the beam line where the beta functions are larger than that of the iso-center. By the analysis
of this measurement result, it was calculated that both the position and size during the extended flattop are sta-

bilized within 0.5 mm at the iso-center position.

counts
counts

Fig. 6. Measured result of beam profile during 100s extraction.

4. Summary
For the upgrade of the HIMAC accelerator complex, the beam-studies have been carried out. Owing to the
studies, not only a compact carbon-therapy facility for widespread use in Japan, but also the new treatment fa-

cility at HIMAC with the scanning method has been successfully progressed.
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Status and Developments of the Heavy Ion Therapy
Facility HIT at Heidelberg

H. Eickhoff, GSI, Darmstadt, Germany
Corresponding: H.Eickhoff@gsi.de

Introduction ,

The Heavy Ion Therapy Facility HIT at the University Clinics of Heidelberg [1] is designed to treat about
1000 cancer patients per year, mainly with p- and carbon-beams; in addition the extension to helium and oxygen
beams is foreseen. The 'intensity controlled raster-scan procedure' will be applied, which has been successfully
demonstrated at the GSI Experimental Therapy Program [2]. Since 1997 about 400 patients have been treated
with this treatment modality.

The accelerator complex of the HIT facility comprises two ECR- low energy branches, a linac with a compact
RFQ- and TH- structure, a synchrotron, a high energy beam transport system, leading the ion beam to 2 horizon-
tal treatment places, an isocentric light ion gantry and a ‘QA’ -place for quality assurance and further develop-

ments.

Description of the Heidelberg Facility

The main requirements of the proposed facility can be summarized as follows:

o treatment both with low- and high- LET-ions
o fast change of ion species
* 3 treatment areas to treat a large number of patients

e integration of an isocentric gantry

e ion-species :p,He,C,O

* ion-range (in water) :20 - 300 mm

e ion-energy (*) 150 - 430 MeV/u
e extraction-time | :1-10s

® beam-diameter :4 - 10 mm (h/v)
e intensity (ions/spill)(*) : 1*#10° to 4*10"

(*) (dependent upon ion species)

These requirements are similar to those already established at the GSI-pilot project, but extended by addi-
tional ion species and the gantry application.

In addition to C-ion irradiations, proton treatments are requested for special tumor species in order to com-
pare the medical results of C-treatments to those achieved with p-beams, for which an extended medical data
base is available. For protons there is a significant blow-up of the beam diameter over the path length, which
restricts the localization for deeply seated tumors. As this effect is much smaller for He-ions, this ion species

will be favorable for a low-LET-ion treatment.



The structure of the facility
The building consists of 3 floors; the accelerator complex is located on the first and a major part of the addi-

tional technical installations on the second underground level.

jm-ms.w Wl

Fig. 1: Layout of the first underground floor, housing the accelerator complex

On ground level offices are located as well as the upper part of the gantry cave, that extends over all 3 floors.
Fig. 1 shows the layout of the first underground floor of this facility with the accelerator sections and treat-
ment places.

The accelerator and beam transport sections consist of the following subsections:

a) Injector and low energy beamline

For the ion generation two parallel ECR-sources are installed, giving the possibility to switch from proton to
carbon treatment within a short time.

The ECR source is chosen, as this type provides a very stable beam intensity over a long time without adjus-
tment of the source parameters.

The required particle currents between 80 pA for O and 1.2 mA for p are rather conservative; both the cur-
rent and the requested beam emittance can easily be achieved. The extraction energy of the ECR-source is 8
keV/u.

Within the low energy beam line the requested intensity reduction down to 0.1% of the maximal ion intensity

is be performed by means of appropriate beam defocusing.

b) Linac, Medium energy beam transport

A combination of an RFQ and IH-linac structure with a total length of about 6 m is installed to accelerate the
ions up to 7 MeV/u [3-7]. The RF-frequency of these structures is 216 MHz. The pulse length is about 200 ps,
the maximal repetition frequency is 5 Hz. The normalized beam emittance is about 0.8 7 mm mrad, the momen-
tum spread +0.15%.



IH = Drift Tube Linac RFQ Switching ’
7 MeViu 400 keV/u 8 keViu Ma‘l'""t v"'

- Eeern ¥ siits ¢
i : Iy Sits &
7. -
Qar QT QT QTaQD SOL QT v \
Stripper Macropulse Spectrometer/ 7
Foil Chopper Magnet 4
Ny
ECR 1: < ECR2:
SOL
b om { b =i H3 or H3
1608‘1‘ 3H9+

Fig. 2: Layout of the injector-linac

The medium energy beam transport system to the synchrotron consists of a stripping and a matching section.
In addition, for multiturn injection a chopper system is provided to match the pulse length for the synchrotron
injection. An rf debuncher cavity is installed to reduce the momentum spread for the synchrotron injection in

order to maximize the multiturn injection efficiency.

¢) Synchrotron

For the synchrotron [8] with a circumference of about 65 meters 6 bending magnets with a maximum flux
density of 1.53 T are provided. Four long and two short straight sections are available for the installation of in-
jection and extraction elements and the RF-cavity. After a 15 to 20 turn injection, corresponding to an injection
time of about 30 ps, the acceleration to the maximal extraction energy takes place within 1.0 s.

The synchrotron has a doublet focusing structure with a slightly different ion optical setting for beam injec-
tion and extraction.

For slow extraction the 'transverse knock out' method is applied with variable extraction time between 1 and
10 s and multiple beam extraction at the same flat top. The easy realization of multiple beam extraction in the
same cycle with this method gives great advantages both for respiration gated treatments and for the minimi-

zation of the treatment duration using the rasterscan method.

d) High energy beam transport (HEBT)
The high energy beam transport system delivers the slowly extracted beam to three treatment places. After
the synchrotron extraction section a fast deflecting magnet prohibits the beam delivery in case of interlocks.
At the end of the high energy transport line a 'Quality-Assurance' (QA)-place is installed for beam diagnostic

purposes, further developments of the treatment technique and biophysical research activities.

e) Treatment areas
In order to meet the demand for a patient flow of 1000 patients/year three treatment areas are provided. For
the first and second area the beam is delivered from horizontal beam lines similar to that used at the GSI pilot

project. The beam for the third treatment place is delivered by a rotating beam transport system (‘isocentric gan-



try'). All beam lines are equipped with identical horizontal and vertical scanning magnets and beam diagnostic
devices for the intensity controlled rasterscan. As an option the integration of a PET monitoring system in the

gantry beam line is proposed.

/) The Gantry

The mechanical Gantry-structure, used for HIT is shown in Fig 3 [9]. The diameter of the gantry is about 13
m; its total weight including all magnets and supports is near 600 tons. FEM calculations for this structure result
in a maximum angle dependent deformation of about £0.5 mm, which leads to an expected maximum beam po-
sition variation at the isocenter of about 1-2 mm, mainly due to a steering of the last focusing quadrupole. Al-
though reproducable positioning errors can be handled by means of appropriate steerer settings a fast on-line
position correction with the scanner magnets, that is successfully in operation at the GSI pilot project, will be

used in addition.

Fig. 3: View of the gantry mechanical structure

(some of the beamline elements are covered by structure elements)

In 2003 beam tests of the last gantry section, including the scanner magnets and the 90 degrees bending mag-
net [10] in a horizontal setup have been successfully performed within the HGF-strategy funds for investiga-

tions on ‘Multifield irradiation techniques ‘[11].

Status of the facility

After the installation of the accelerator systems, which started in Nov. 2005, the beam commissioning acti-
vities with the source and linac-branches began in March 2006. The linac commissioning was finished at the
end 0f 2006; in 2007 the beam commissioning of the synchrotron and HEBT branches started, leading to a first
extracted beam to one of the horizontal treatment places in March 2007. Until then the evaluation of the appro-
priate components settings is going on to achieve the requested beam properties for p- and C-beams at the hor-
izontal treatment places, aiming to have a fixed parameter set in Nov. 2007.

Parallel to the beam commissioning procedures the installation of the isocentric gantry took place, which is



the worldwide first light ion gantry, capable to transport a 6.6 Tm beam, equivalent to a C-beam of 430 MeV/
u. The first rotation of this gantry took place in April, 2007. The first delivery of a test beam through the gantry
is expected for the end of 2007.

Time Activities

(Year)

2006 assembly of the accelerator systems
2006-2008 | Commissioning activities

2008 patient treatments (horizontal places)
2009 patient treatments (gantry place)

Table 1: Major milestones of the HIT project

Developments of ‘treatment technique’

a) Rasterscan treatment method

Treatment volume

Magnetic
deflection MWPC

Feedback | Emin |

Intensity, Position

Fig. 4: Rasterscan-Method

The ‘intensity controlled rasterscan’ treatment modality [12] is foreseen as the only treatment method for
all patient places, including the gantry.

The principle of this method, which has been developed at GSI and successfully applied to more than 350
patients within the GSI Experimental Therapy Program, is shown in Fig. 4. The tumor volume can be composed
of slices ( ‘isoenergy-slices’ ) of different depths. These slices are irradiated with ions of specific energies, cor-
related to the requested penetration depth. By a sequential treatment of such slices with adequate intensities the
requested dose profile for the tumor volume within the shown spread-out bragg peak is achieved. (Fig. 5).

To cover the lateral dimensions of the tumor the ion beam passes two fast scanner magnets that deflect the
ions both in horizontal and vertical direction after being accelerated to the requested energy in a synchrotron
and slowly extracted.

The rasterscan control system determines the excitation of the scanning magnets to deposit the requested
dose profile, measuring the number of ions at a specific irradiation point by means of ionization chambers and

the position and beam width at each scanning point by means of fast multiwire proportional counters in front



of the patient. When a required dose limit of an isoenergy-slice has been reached the beam extraction is inter-

rupted very quickly (< 0.3 ms).
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Fig. 5: Depth dose profile for overlapping Bragg peaks

The rasterscan treatment modality demands fast, active energy-variation to provide different penetration de-
pths and intensity-variation to minimize the treatment time. Already within the Therapy Pilot Project at the exis-
ting GSI accelerator complex a system had been developed, that for carbon ions between 90 and 430 MeV/u al-
lows the reliable request of 255 energy-steps for sequential synchrotron cycles. Besides this energy variation
also intensity-and beam spot variations at the treatment location on a pulse to pulse basis can be requested. The

principles of this system are also established at the HIT facility.

b) Advanced positioning -and diagnostic-systems

Fig. 6: Combined robotic system at the HIT treatment place

For the HIT-facility a sophisticated combined positioning and diagnostic system has been developed and
commissioned by Siemens-MT on the basis of robotic technology (Fig. 6).This system allows an optimized
workflow of the patient treatments and an accurate and flexible usage of patient positioning and position veri-

fications.



¢) On-line PET-diagnosis

In order to get an indication of the dose distribution during the irradiation-process an ‘on-line’ PET diagnostic
system [13] has been implemented at GSI during the GSI Experimental Therapy program. This 'PET camera'
allows to detect the position of gamma-rays of decaying positron emitters, produced either by projectile- or tar-
get-fragmentation, during the irradiation and enable the oncologists to verify the correct irradiation after each

applied fraction.

d) ‘Moving' targets

*litable motion
tracking system

t t ) :

static moving, moving,
non-compensated compensated

Fig. 7: ‘3D-online motion compensation method’ , schematics (upper part) and test-results for non- com-
pensated and compensated irradiation (lower part)

As a very accurate beam delivery is mandatory for a treatment with high LET beams by means of the raster-
scan method the treatment of moving organs is a challenge. At present two methods are under investigation: the
(respiration) gated beam extraction and the 3D correction method. Whereas the first method is applied to patient
treatments at HIMAC for many years the second method [14] 3D online motion compensation method™ (see
Fig. 7) has been developed at GSI and is still in a test phase.

To compensate 3D variations of a moving tumor volume the scanning magnets are used for correction in both
lateral dimensions; a PMMA wedge system is proposed to realize fast particle energy variations (within certain

limits) to cover variations of the penetration depth.
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1. Introduction

The CNAO (Italian acronym that stands for National Centre for Oncological Hadrontherapy) is a National
wide facility conceived to supply hadrontherapy treatments to patients recruited all over Italy. The CNAO is
under construction in Pave, about 30 kilometres South-West of Milan. The Italian Ministry of Health, which,
in the year 2001, has created the CNAO Foundation to build and run the facility, mainly finances it. The foun-
ders of CNAO are five among the largest oncological institutes in Italy: Fondazione Ospedale Maggiore (Mil-
an), Fondazione Ospedale San Matteo (Pave), Fondazione Istituto Neurologico Besta (Milan), Fondazione
Istituto Nazionale dei Tumori (Milan), Istituto Europeo di Oncologia (Milan) and the TERA Foundation (Nov-
ara, lead by U. Amaldi who was the promoter of the hadrontherapy center since 1992). Since 2003 INFN is In-
stitutional Participant of CNAO, together with the Universities of Milan and Pave, the Polytechnic of Milan and
the Town of Pave. The availability of carbon ions at CNAO will be an exclusive treatment modality for Italy
and all patients with radioresistant tumours shall be addressed to the centre in Pave. To efficiently recruit pati-
ents, it will be created a network to connect the CNAO to the national health system. Pre-selection criteria will
be defined on the basis of established clinical protocols and the hospitals and clinics in the network will address
to the CNAO those patients that satisfy the criteria. Pathology Committees, with the participation of multidi-
sciplinary experts, have been activated within the Scientific Committee of the CNAO Foundation to define the
clinical protocols for each kind of tumour that will be treated at the centre. The contribution of experts from dif-
ferent disciplines (surgeons, oncologists, organ specialists in addition to radiation oncologists) will permit to
best tailor the clinical modality and at the same time their participation will grow the consensus and the recru-
itment capability of CNAO. Three treatment rooms with four beam ports (three horizontal and one vertical) and
one experimental room have been realised. At present it is foreseen to start the operation of the machine and to
begin the preparation to treatments in summer 2008. The first patient treatment is expected by fall 2008 and re-
gime operation will be fully operational within the next three years. At regime, on a double shift operation, five
days per week and at least 220 days per year, the CNAO will deliver about 20 thousands sessions of hadron-
therapy per year. The overall number of patients will obviously depend by the fractionation schemes adopted.
The actual dimensioning of spaces and fluxes for patients, personnel and people are adequate for about 3000
patients per year. In addition is under construction a room totally devoted to physical and radiobiological rese-
arches. The site of the CNAO allows the future expansion of the facility, to add new treatment rooms and also
a new research and clinical building close to the centre. The expansion in the direction of the extracted beam is
potentially adequate to host two gantry rooms for carbon ions, each with the same dimensions of the present
Heidelberg facility. The choice of the CNAO foundation has been to postpone the construction of the expansion
in order to validate the clinical necessity of the gantry for ions and also to wait and to contribute to the technol-

ogical improvements expected in this field.



2. Layout and buildings

The construction site is close to the internal highway of Pave and thus it is well connected by communication
means. It is also located nearby the sites of three hospitals (San Matteo, Maugeri and Mondino) and the univer-
sity campus and thus well placed to profit of clinical and research synergies that will be fundamental for the
success of the CNAO initiatives. The buildings construction started in autumn 2005 and it is going to be com-
pleted in fall 2007.

The CNAO design is based on the following assumptions:

o the Centre will be devoted to the treatment of deep-seated tumours (up to a depth of 27cm of water equiv-
alent) with light ion beams (proton, carbon ions and others) and to clinical and radiobiological research;

o the full-size CNAO will have 5 treatment rooms (3 rooms with fixed beams and 2 rooms with gantries)
and one experimental room. For the first phase (CNAO - Phase 1) 3 treatment rooms will be equipped with 4

fixed beams, three horizontal and one vertical and one experimental room will be constructed (Figure 1).

One experimental room

Three treatment rooms (3H+1V)

Fig. 1. Layout of the CNAO underground level - Phase 1.

The CNAO buildings develop on four levels. The underground level hosts the accelerators and the treatment
rooms. The surface level hosts the ambulatories for the first visit of the patients and the medical imaging devi-
ces; two CT-PET cameras, two CTs and one NMR could be installed in the CNAO. These devices will permit
the construction of the individual treatment planning for each patient. The first level is occupied by the offices
of the personnel, the administration and also the spaces and the laboratories serving the experimental area. A
direct connection between these areas and the experimental room is realised. The second floor occupies only
half of the surface and it hosts a conference room, some smaller meeting rooms and also the direction offices.
The flux of patients, personnel and public.-have been carefully studied in order to optimise the layout and to

guarantee a quality of life that takes into account the needs of the various typology of people.



3. High Technology
The high technology design has been driven by the clinical requirements of the therapeutical beams, speci-
fied in Table 1.

Beam particle species p, C%, (possibly He*", Li**, Be"", B, 0*)
Beam particle switching time <10 min
1.0 g/em’” to 27 g/em’ in one treatment room -
Beam range 3 gfem’ to 27 glem” elsewhere
Up to 20 g/em’ for O*' ions
Bragg peak modulation steps 0.1 glen®
Range adjustment 0.1 g/em’
Adjustment/modulation accuracy <£0.025 glem®
Average dose rate 2 Gy/min (for treatment volumes of 1000 cnr’)
Delivery dose precision <+2.5%
Beam axis height (above floor) Eg ZE ?el]e;d WZI:rleI)leCk beam linc)
.1 4 to 10 mm FWHM for each direction
Beam size independently
Beam size step' 1.0 mm
Beam size accuracy’ <+0.2 mm
Beam position step' 0.8 mm
Beam position accuracy' <+0.05 mm
R 5 mm to 34 mm (diameter for ocular treatments)
Field size 5 N
2x2 cm” to 20x20 cm” (for Hand V fixed beams)
Field position accuracy’ <+ 0.5 mm
Field dimensions step' 1 mm
Field size accuracy’ <+ 0.5 mm

! At isocentre or, for fixed beam, at normal treatment distance.

Table 1. Clinical performance specifications for the CNAO.

The clinical requirements have been defined by radiotherapists and medical physicists and have been di-
scussed in detail within the international medical community. The basic design of the CNAO accelerator and
lines has been hosted at CERN in the frame of the Proton-Ion Medical Machine Study (PIMMS), from 1996 to
1999 V.

In order to translate the clinical requirements into a machine design for high-precision scanning, several ac-
celerator design choices have been madé during the PIMMS design. Some are listed below: ‘

» application of emittance dilution at injection;

¢ use of a uniform, wide momentum, medium transverse emittance beam for extraction;
¢ use of the momentum-amplitude selection type of extraction with the Hardt Condition;
« use of a betatron core for acceleréting the beam into the resonance;

e use of an rf empty bucket to channel the beam into the resonance;

¢ use of the bar-like shape in phase space of the extracted beam.

This concept design has been fully engineered, first by TERA and then by CNAO/INFN (with the help of
GSI for the Linac, CERN for the special magnets - septa and kickers, University of Pave and LPSC/IN2P3 Lab-

oratory of Grenoble for the betatron core). The final design now appears as shown in Figure 2.
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Fig. 2. Layout of the CNAO accelerators and beam transport lines.

Other important features have been added to the original PIMMS design:

e adoption of a single injector linac, designed by GSI and identical to the one used for the Heidelberg facility;
the linac is suited for both protons and light ions acceleration;

e compact design of injection (inside the ring) and extraction beam transport lines (switching magnet con-
cept);

e adoption of the multi-turn injection scheme;

e possibility to add in a second phase other treatment rooms with gantries without disturbing the routine
medical activities.

A virtual tour of the beam lines and accelerator allows a brief presentation of the features of this optimised
medical machine system. It has to be preliminarily underlined that the choices done for each device have taken
into account the necessity to operate in a hospital based environment, the must of reaching an high operating
efficiency (above 95%) and the satisfaction of basic requirements such as safety, reliability and maintainability
have been the driving concepts of the CNAO design. CNAO will start activity with two identical ECR sources.

The sources are already installed and preliminary measurements have been performed in May 2007. Figure 3
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Fig. 3. First ion beam measured at the source exit with a Faraday cup.



shows the current of He3 measured with a Faraday cup.

The layout of the LEBT (Low Energy Beam Transfer) lines is designed in order to switch from one source
to the other on a pulse to pulse basis. A spectrometer (90 degree bending) is placed downstream each source
and a Faraday cup allows the routine setting up of the source and the related portion of LEBT before the beam
utilization. This arrangement is very compact and allows the insertion of the source, LEBT and linac inside the
synchrotron ring. The linac is composed of an RFQ and an IH-structure coupled together. It is identical to the
one built for the Heidelberg project and it is being built under the technical supervision of GSI. The RFQ ac-
celerates particles from 8 keV/u to 400 keV/u; the construction has been completed and it has been tested in
July 2006 with the final power amplifier. The IH has been completed, vacuum tested and RF characterised at
the beginning of 2007 at GSI. It accelerates the beams from 400 keV/u to 7 MeV/u.

The Medium Energy Beam Transfer line (MEBT) transports the beam from the stripping foil to the injection
point in the synchrotron. In MEBT a final selection of the ion specie is made to avoid beam contamination with
particles that before stripping have the same A/Q as the desired one. The CNAO synchrotron is made by two
" symmetric achromatic arcs joined by two dispersion free straight sections. The dispersion free sections host the
injection/extraction region, the resonance driving sextupole and the RF cavity. The total length of the ring is ap-
proximately 78 m and accelerates particles till a maximum energy of 400 MeV/u, with a repetition rate of 0.4
Hz. The total bending of 360° has been divided in 16 identical dipoles powered in series. The focusing action
is provided by 24 quadrupoles grouped in three families and the chromaticities are controlled by four sextupoles
grouped in two families. A fifth sextupole is used for the third integer resonance excitation. Orbit correction is
guaranteed by 20 steering magnets. The vacuum system, the beam diagnostics, the RF cavity, the special mag-
nets for injection and extraction and the fast magnets for bumps and abort of the beam, the ring quadrupoles,
sextupoles and correctors and the ancillary equipments (supports, cooling connections, alignment devices and
so on) are already in Pave and partially installed. The four HEBT (High Energy Beam Tranfer) lines transport
the extracted beam to the three treatment rooms. The HEBT dipole magnets are identical to the synchrotron
magnets and this increases flexibility and reliability, reducing costs. The compact design is based on a switching
magnet that is selecting the horizontal line to be used for treatment. An intrinsic safety aspect has been included
in the HEBT design: interlaced with the first three dipoles of the extraction lines, a beam chopper has been in-
stalled. The chopper is composed by four fast dipoles powered in series witha +1, -1, -1, +1 scheme. This crea-
tes an orbit bump that brings the beam out of a dump at the start of the irradiation. Because of symmetry the
beam stays on target also during the up and down ramps. The chopper intervention time is shorter than 260
microseconds to keep the dose delivered during intervention below 2.5% of the voxel dose. All the lines are
equipped at the end with a pair of scanning magnets which allow scanning over an area of 200 mm x 200 mm.

Before the end of HEBT monitoring system is inserted that makes the link between the machine operation
and the patient treatment. This device measures twice the intensity, the profile and the position of the pencil
beam during the active irradiation of the target. The monitoring is the master of the treatment: it steers the scan-
ning magnets and determine the completion of a treatment irradiation. The final version of the monitoring has
been successfully tested both with protons and carbon ions. Other key features necessary to take advantage of
the high spatial precision of hadrontherapy are an accurate individuation of the target and a precise and repro-
ducible patient set-up. Treatments will be performed with patients immobilized on a couch or on a chair that
will be docked to a state-of the art 6 degrees of freedom mobilization device. Set-up verification will be per-
formed with orthogonal KV images of diagnostic quality. Additionally optoelectronic systems with markers de-

tection and surface detection capability will be used. CNAO aims to have a high patients through-put. Design



has specifically addressed this issue and dedicated positioning rooms have been built (Computed Assisted Posi-
tioning in Hadrontherapy, CAPH rooms). Patients will be positioned on the couch (or on the chair) inside the
CAPH rooms and then carried in the treatment room on a trolley predisposed for docking with the mobilization

device, thus realizing a time optimization through a pipeline approach.

4. Clinical Activity

Protontherapy is considered the elective treatment for skull-base chordoma and chondrosarcoma, for uveal
and choroidal melanoma and for paraspinal tumors. It has been used with promising results in a wide range of
other diseases including bone and soft tissues sarcomas, HCC, NSCLC, CNS malignancies, head and neck tum-
ors, pediatric tumors, prostatic adenocarcinoma and rectal cancer recurrence >*®. Experiences with carbon ions
are still more preliminary, but results have been extremely encouraging in chordoma and chondrosarcoma, sa-
livary gland tumors, sarcomas, HCC, NSCLC, advanced head and neck cancers, mucosal melanoma, recurrent
rectal carcinoma, advanced uterine ceric carcinoma, bladder cancer, and prostate cancer >**. CNAO will be
able to use both protons and carbon ions ”. At regime it will devote 80% of the time to ions and the remaining
20% to protons. CNAO activity is designed to reach regime in three years with two eight hours shifts from Mon-
day to Friday. A workflow analysis has been performed and has shown that the facility will be able to deliver
about 20 thousands treatment sessions per year. Hadrontherapy, and especially CIRT (Carbon Ion Radio Ther-
apy), has shown a costant trend toward hypofractionation. At HIMAC (Japan) the mean number of fractions
per patient is at present 13 and is still decreasing. At CNAO treatments will be carried out not only as exclusive
therapy, but also as a boost after photons RT. It is estimated that about 3.400 patients per year will be treated at
CNAO at regime. This number of patients is clearly inferior to the number of potential indications. There is
therefore the need to define selection criteria to deliver hadrontherapy to patients that are more likely to benefit
from it. To achieve this goal CNAO foundation have individuated seven groups of diseases that are considered
at higher priority: lung tumours, liver tumours, sarcomas, head and neck tumours, eye tumours, central nervous
system lesions and paediatric tumours. A disease specific working group has been created for each of these di-
seases under the leadership of a physician with recognized expertise in the field. Each working group is com-
posed of radiation oncologists, medical oncologists, surgeons, diagnostic radiologists and organ specialists. The
working groups have analyzed the literature and have produced documents with recomandations on tentative
indications for trials to be conducted at CNAO. Special care has been taken to consider also alternative avail-
able treatments in the effort to propose hadrontherapy to those patients for whom it is reasonable to expect a
significant advantage. A central board has been established to review documents written by the working groups
and will eventually produce protocols for the trials that will start next year. Recently, two more working groups
are being set-up on gynecological malignacies and on digestive cancers (pancreatic and rectal tumors). Another
key issue for CNAQ is to ensure a correct patient referral. CNAO will be the only carbon ion facility in Italy
and therefore its basin will be the whole nation (besides foreign patients).

The clinical protocols will be submitted to the Ethical Committee and then presented to the Health Ministry
in order to obtain the clinical authorizations to treat patients.

To allow a rational use of the facility it is mandatory to establish a close network with other oncological cen-
ters. For the near future CNAO will make the treatment protocols widely available to health providers, and will
create specific tools for a quick patient referral (also employing approaches). A close cooperation with oncol-
ogical centers and primary care provider is needed also to coordinate staging, follow-up (to be done mostly at

the referring center) and treatment to be done at CNAO. An even closer cooperation will be necessary when



hadrontherapy is used within a multimodality treatment approach. An international cooperation has already
started with the three European carbon ions centers foreseen (HIT, MedAustron, ETOILE) within the frame-
work of the European project ULICE. This project aims at performing multicentric trials and at establishing a

shared database of all treated patients.
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1. Introduction

In Japan, more than 300,000 patients are killed by cancer every year, and the number is increasing rapidly
year by year. It is a top priority of the Japanese Government to protect the public against the spread of cancer.
Clinical trials were initiated with high energy carbon beams obtained from HIMAC1) at National Institute of
Radiological Sciences, NIRS, in 1994. Accumulating clinical results of more than 3,000 patients at HIMAC, it
has been made clear that carbon therapy is very much effective in curing human cancers®.

We have six working particle therapy facilities in Japan. Only one facility, however, can provide 400 MeV/
u carbon ions, whereas 4 facilities provide proton beam only and the last facility at Hyogo can accelerate both
protons and 320 MeV/u carbons.

In order to expand carbon therapy throughout the country, it is strongly desired to reduce construction and
operation costs of an accelerator system. NIRS has carried out design and R&D studies to respond these de-
mands. Gunma University has been collaborating on these studies since 2004. The new therapy facility at Gun-
ma University will be the first full scale model of the design and R&D studies.

2. New Facility at Gunma-University Heavy-lon Medical Center

Based on clinical statistics at HIMAC, a new carbon therapy facility is required to accelerate carbon ions up
to 400 MeV/u. The maximum energy ensures 25 cm residual range in water and permit to treat prostate cancers
through patient’ s pelvis. Another important requirement of the new facility is to have two orthogonal beam
lines directed toward the same isocenter. This beam line configuration is required in order to realize sequential
beam irradiation from different directions with single patient position. First beam course and energy switching
is also required to perform the sequential irradiation. Major specifications of the facility are summarized in table
1.

An accelerator of the facility consists of an all permanent magnet ECR type ion source, an RFQ linac, an IH
linac with alternating phase focusing structure and a synchrotron ring followed by a high energy beam transport
system. An averaged diameter of the synchrotron is about 20 m and will accelerate fully stripped carbon ions
to an energy range from 140 to 400 MeV per nucleon. The facility will have three treatment rooms equipped
with fixed beam ports and another irradiation room will be prepared for future developments. A wobbling tech-
nique will be adopted to obtain a uniform irradiation field of 15 cm square at maximum. The detailed design of
the facility is based on design and R&D studies performed at National Institute of Radiological Sciences, NIRS.
A layout of the new facility is given in Fig. 1.



lons Carbon ions only

Range 25 cm max. in water (400 MeV/u)

Field size 15 cm square

Dose Rate 5 GyE/min.  (1.2x10° pps)

Treatment Rooms 3 (H, V, H&V), No rotational gantries
Fourth Room Prepared for future developments

Irradiation Technique Single & Spiral Wobbling, Respiration gated

Table 1: Major Specification of Gunma University Carbon Therapy Facility

3. Design and R&D Studies at NIRS

An ion source is an ECR type and developed at NIRS®. Both ring and sextupole magnets are made of NdFeB
type permanent magnet. Magnetic filed is as high as 1.1 T at the surface of the magnets. Microwave frequency
is made variable and chosen at around 10 GHz. An ion intensity of more than 300 e?A is obtained stably for C**
ions with an extraction voltage and microwave power of 30 kV and 300 W, respectively.

An injector linac consists of a conventional four vane type RFQ linac followed by an interdigital H type linac
with an alternating phase focusing structure, APF-TH® 7. An operation frequency of injector linac is chosen at
200 MHz, and an inside diameter of the linac tanks are about 35 cm. The maximum surface field is chosen to
be 24 MV/m and 1.6 times larger than Kilpatrick’ s value. This rather low value is adopted to keep electric
breaking down risks to be extremely low level. During designing process of the APF-IH linac, we constructed
a low power model cavity in order to check reliability of a 3-D computer code for calculation of tf characteris-
tics of a cavity. A computer code Microwave Studio excellently reproduces experimental results.

A test stand which was designed to accelerate C** ions from an ECR source up to an energy of 4 MeV/u with
RFQ and APF-IH linacs was developed at NIRS and beam tests were successfully performed. A photograph of
the test stand is given in Fig. 2. Measured values of a beam energy, an energy spread, beam emittances very

well reproduced calculated values.

65m

45m

Fig. 1: A layout of the new facility.



Fig. 2: A photograph of a test stand for an IH-APF linac.

An 1f cavity loaded with Co based amorphous cores was developed for a synchrotron®. A shunt impedance
of the cavity exceeded 300 Q in a wide frequency range of 0.4 to 7 MHz without any tuning system. A new
technique was applied in a cooling system of the amorphous cores: a cooling plate was adhered to only one side
of the core to avoid making electric short paths across the core. The new cooling technique works very well
without reducing shunt impedance of the cavity.

In order to increase beam utilization efficiency, a spiral wobbling technique was developed”. It requires about
1 minuet to paint whole irradiation field uniformly with rather small beam spots comparing with conventional
single wobbling technique. The beam efficiency of around 45% is obtained with the spiral wobbling scheme,
whereas single wobbling scheme gives only 17%. The calculated results have been reproduced very well by

beam tests with high energy carbon beams from HIMAC.

4. Time Schedule of the Project

Based on the design and R&D studies described above, a new carbon therapy facility has been under con-
struction at Gunma-University Heavy-Ion Medical Center. The construction started in February 2007 and will
be completed in FY2008. Beam tests are scheduled in FY2009.
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1 Introduction

The relative biological effectiveness (RBE) of charged particle beams depends on several factors such as par-
ticle type and energy, dose level and the cell or tissue type under consideration'***. These systematic depen-
dencies of the RBE have to be considered when using charged particle beams for therapy. As a consequence,
RBE values are expected to be patient specific and can not be adequately represented by a single number for
conversion of physical/absorbed dose to the biologically isoeffective dose.

For treatment planning, RBE values have to be estimated as precisely as possible. The facilities treating can-
cer patients with carbon ion beams are using different strategies. At HIMAC/Chiba, an experimentally oriented
approach was developed. The shape of the isoeffective depth-dose profile is based on the precise measurements
of RBE in-vitro. The clinical RBE value is then determined by a link to the clinical experience with neutron be-
ams, which show similar radiobiological characteristics as carbon beams at the end of their penetration depth™®.

At GSI/Darmstadt, a modeling approach is used, which will be described in more detail below™'”.

2 Modelling the increased effectiveness of charged particles
2.1 The Local Effect Model (LEM)

The biological optimization within treatment planning for the pilot project at GSI is based on the Local Effect
Model (LEM). The principal assumption of the LEM is that the local biological effect, i.e. the biological dam-
age in a small subvolume of the cell nucleus is solely determined by the expectation value of the energy deposi-
tion in that subvolume and is independent on the particular radiation type leading to that energy deposition. This
is similar to the microdosimetric approach, but is applied to much smaller volumes compared to the pm-dimen-
sions of microdosimetry. For a given biological object, all the differences in the biological action of charged
particle beams should then be attributed to the different spatial energy deposition pattern of charged particles
compared to photon irradiation, i.e. on track structure. Furthermore, for a given radiation type, any difference
in RBE between different cell / tissue types should correspond to a difference also in the photon dose response
curve.

The energy deposition pattern of charged particles is determined essentially by the secondary electrons (8-
electrons) liberated by the primary particle when penetrating matter. The average energy deposition as a func-
tion of the distance r from the trajectory, the radial dose profile, follows a 1/r>-law. According to the kinematics
of the secondary electron emission, the maximum transversal range of the electrons is restricted and the corre-

sponding track radius can be described by a power law of the form':

R, =c-E" [1]



where c is a constant and E is the specific energy of the projectile. Details of the particular representation of

the track structure and the radial dose profile as used in the local effect model are reported by Scholz et al.™.

For the calculation of the biological effect of a given local dose deposition within the cell nucleus, the density

of lethal events v(d) can be defined as follows:

N, (d) _ —logS, (d)
V V

Nucleus Nucleus

(2]

v(d) =

where V... is the volume of the cell nucleus, d is the local dose, N x(d) represents the average number of
lethal events produced by photon radiation in the nucleus by a dose d and Sx(d) represents the photon dose re-

sponse curve.

Given the complete local dose distribution according to the impact parameters of a given set of impinging
ions, the average number of lethal events induced per cell by heavy ion irradiation can then be obtained by in-

tegration of the local event density v(d(x,3,2))

_logSX (d(xayaz)) d
V

Nucleus

Nl,]on = IV(d(x, y’ Z) dVNuc[eus = J Nucleus [3]

This formula clearly demonstrates the theoretical link between the biological effect of photon radiation and
ion radiation. The integrand is completely determined by the low-LET response of the object under investiga-
tion; the particle effect is ‘hidden’ in the inhomogenous local dose distribution d(x,y,z). For a given pattern of

particle traversals, the survival probability for a cell is then given by:

_N/,Ian [4]

S[on =€

Eq. [3] is the most general formulation of the local effect model; it does not rely on any particular represen-
tation of the photon dose response curve. It can be applied even if only numerical values of Sx(D) are available.
However, for practical reasons, we take the linear-quadratic approach for the description of the low-LET dose

response curve. The average number of lethal events can then be identified with:

N,y =logS,(D)=a,D+ B,D’ [5]

A modified version of the linear-quadratic approach is used, since for many biological objects a transition
from the shouldered to an exponential shape of the dose response curve is observed at high doses. This transi-
tion is described by a parameter Dt, representing the transition dose to the exponential shape with slope , Sp.

=a+2BD,, so that the dose response is finally given by:

o ~(@xD+pxD%) :D<D,

SX (D) B {e*(aXDr‘*'ﬂXDrz*'smax (D=L : D > Dt [6]

In general, the dose D, cannot be directly derived from experimental data, since survival curves can be me-
asured only down to 10 for most mammalian cell lines; D, represents thus a semi-free parameter of the model.

The value of D, can be estimated, however, based on the finding, that differences in sensitivity between different



cell lines are expressed in general in a variation of the initial slope (a-term), whereas the B-term and thus the fi-
nal slope S, are very similar. In general, values for S,., in the order of 2 Gy and the corresponding value for

D, - resulting from the particular a- and B-values - allow consistent descriptions of the experimental data.

In order to perform the numerical integration given in eq.[3] for a random distribution of particle traversals,
a small grid has to be used in order to cope with the rapid, position-dependent variation according to the 1/r>-
distribution of the radial dose profile. This leads to unacceptable computing times not compatible with the needs
of treatment planning. Therefore, approximation procedures have been developed. The approximations are re-
lated to the estimation of the B-parameter of the dose response curve; the a-parameter can be always calculated
exactly according to eq. [3], since the initial slope corresponds to the effect at very low doses and thus fluences.
In this case, the dose response is defined by single particle effects, and no overlap of contributions from differ-
ent particles has to be taken into account. A more detailed discussion would be beyond the scope of this report;

details of the approximations are reported by Scholz et al.'” and Kriamer and Scholz'.

2.2 Comparison with experimental data
Fig. 1 compares RBE(LET) relationships for 2 different cell lines calculated according to the original LEM
as reported by Scholz et al."” and the optimized LEM as described by Elsésser and Scholz"® with experimental

data for carbon ion irradiation.

W v79, Exp. l ’
10} ® CHO, Exp. L~ 4
o V79, original LEM ‘ \
L CHO, original LEM ,,’ .
== V79, mod. LEM RIS Eiaan BURY 1
8 [ =CHO, mod. LEM o N
m 3 4 J
o
it .
2t ]
7| P | 2. é I qc A 7‘ P . | 7‘ é rl 6. A 7| Aot l

LET (keV/um)

Fig. 1:The RBE is investigated for two different mammalian cell lines (V79 and CHO cells) after carbon-
ion irradiation. The modified local effect model (thick lines) agrees better with the experimental data® than
the classical local effect model (thin lines). The corresponding data for the X-ray survival curve of CHO
cells are a=0.228 Gy, B=0.02 Gy?, D=40 Gy (old) and D, =9.5 Gy (modified). Input parameters for V79
cells are 0=0.093 Gy, p=0.026 Gy, D=30 Gy (old) and D=7.5 Gy (modified), respectively.

A good agreement between model prediction and experimental data is observed in particular for the modified
LEM including cluster effects, and the higher RBE for V79 cells as compared to CHO cells is well reproduced.
The RBE apparently correlates with the repair capacity of the cell, as reflected by the increasing width of the
shoulder of the photon dose response curves.



2.3 Transfer to complex tissues in-vivo.

Fig. 1 demonstrates, that different cell types are characterized by different RBE values, and the same is ex-~
pected to hold true also in the in-vivo and clinical situation. Therefore, normal tissues and tumor tissues might
show different RBE values, but also within the groups of normal and tumor tissues a significant variation of
RBE can be expected. Therefore, the question arises how to transfer the RBE values determined in-vitro to the
in-vivo or clinical situation.

The local effect model as described above is based on the knowledge of the photon dose response curve.
However, representative photon survival curves are not available for all tissues under consideration, and even
if available, the correlation between cell survival and the clinically relevant tissue response remains unclear, at
least on a quantitative level. Therefore, we have to ask which characteristic of the photon dose response curve

is the most relevant for the determination of RBE.

According to egs. [3] and [5], the nonlinearity of the photon dose response curve is a prerequisite for the pre-
diction of RBE values greater than one. If the photon dose response curve is purely exponential, RBE is ex-
pected to be equal to one. In contrast, in the case of a shouldered x-ray dose response curve, a higher effecti-
veness is expected. According to that systematic, when comparing different biological systems with different

photon dose response curves, for a given particle type and energy the RBE should increase with the slope ratio

r=smax/a=1+2—’B—D, [7]
a

since the highest effectiveness of the very high local doses in the center of the charged particle track is de-
termined by the final slope of the photon dose response curve.

Fig. 2 demonstrates this dependence of RBE on the slope ratio of the photon dose response curve by means
of calculated RBE values as a function of dose for irradiation in an extended Bragg peak. In Fig. 2a, constant
values for a/p and Dt and thus also for r are assumed, but the absolute values of a and P are varied by a factor
of 50. Despite this large variation, the expected RBE values only show minor differences. In sharp contrast, for
a variation of the slope ratio r, expressed here through the corresponding variation of the o/B-ratio and simulta-
neous adjustment of Dt to achieve the same final slope of 2Gy™, an extreme variation of RBE is expected (Fig.

2b). In line with the qualitative description above, the RBE is highest in the case of a small o/B-ratio.
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Fig. 2:Comparison of predicted RBE values in the middle of a 4cm extended Bragg peak. (a): Constant o
/B-ratio, variation of absolute values of o and . (b): Constant B, variation of o and thus a/p.



These findings are in agreement with other reports, suggesting that radioresistant cell lines (characterized by

a small o/p ratio) in general show a more significant enhanced RBE than sensitive cell lines''".

The systematic mentioned above opens the application of the LEM also to complex normal tissue effects.
This is done by drawing an analogous conclusion: if two biological endpoints are characterized by the same o
/B-ratio of the photon dose response curve, they should also show the same RBE for a given type of radiation.
Since o/B-ratios are known for many normal tissues, these can be used to estimate the RBE. L.e., the model cal-
culation is performed using a photon survival curve, having the same o/p-ratio as the tissue endpoint under con-
sideration, and then assuming that both the survival curve and the tissue endpoint will show the same RBE at
a given dose level. Therefore, if no detailed information about the absolute values of o and B for the tissue under
consideration are available, RBE values for treatment planning are based on the o/f-ratio for the specific tissue

and endpoint under consideration.

3 Application in treatment planning

It has been shown, that the LEM is able to predict dose response curves for endpoints in vitro, in-vivo and
also for clinical data with good precision'®. It has been implemented in the biological optimization module of
the treatment planning procedure TRiP'*"™'® for the carbon ion therapy project at GSI. Due to the tissue depend-
ence of RBE, the biological characteristic of each tissue relevant for the therapeutic situation has to be specified.
According to the principles of the model as described above, the biological characteristic with respect to radi-
ation quality is essentially determined by the a/B-ratio for conventional photon radiation of the tissue under con-
sideration and the value of D..

Frequently, values of a/B=10Gy are quoted for early responding normal and tumor tissues and o/f=3 Gy for
late responding normal tissues. However, it is not appropriate to use these values for the purposes discussed
here. In particular the value of a/B=10Gy does not reflect the situation for the tumor entities, which are expected

to mostly benefit from the high-LET effect, and thus more realistic values should be used as described below.

In any case the photon parameters specific for the tissue and endpoint under consideration should be used for
the estimation of RBE. Consequently, different parameters have must be applied in general for different tissues,
and similarly different parameters have to be used when calculating the RBE for early and late effects in a given
normal tissue, respectively. Ideally, a/f derived from clinical data would be appropriate. If these are not avail-
able, the corresponding data from representative in-vivo studies should be used, and if those are not available,

in-vitro experiments might help to deduce the photon sensitivity parameters.

Up to now, mainly chordomas, chondrosarcomas and adenoid cystic carcinomas have been treated with car-
bon ions within the GSI pilot project. Since the a/p-values cannot be directly derived from clinical data for these
rare tumors, the corresponding values have to be estimated based on other data. A very useful set of clinical
data in that respect is the investigation of the growth characteristic of tumor metastasis in the lung as reported
by Battermann et al.””, showing a clear correlation of the photon sensitivity of the metastasis with the tumor
volume doubling time. When this set of data is reanalyzed using the linear-quadratic model, it can be demon-
strated that the corresponding o/p-values decrease as a function of the tumor volume doubling time. Obviously,
not only the sensitivity in general, but also the o/B-ratio depends on the tumor volume doubling time. According

to this analysis, the a/B-ratio of slow growing tumors is consistent with values as low as 2 Gy, and is thus con-



siderably lower than the value assumed in general for tumor tissues and early responding tissues (0/f=10 Gy)
For the treatments of chordomas and chondrosarcomas, the a/p-value for the tumor tissue is thus expected to
be at least very similar to that of the surrounding normal tissue. For the brain tissue, an o/B-value of 2 Gy has
been chosen in accordance with the knowledge from in-vivo irradiations e.g. of the spinal cord. Consequently,
although the tissues are completely different in general, a similar characteristic has been assumed with respect

to their response to photon radiation in terms of their o/f-ratio.
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Fig. 3:Comparison of biological effective dose distribution (a) and absorbed dose distribution (b) for a
typical treatment plan. The corresponding RBE-distribution in comparison to the absorbed dose distribu-

tion is shown in (c¢) and (d).




Fig. 3 shows an example for the distribution of RBE values for a typical treatment plan of a chordoma patient;
the position dependent variation of RBE becomes clearly visible. In the TRiP treatment planning procedure also
the dose dependence of RBE is fully reflected, and RBE values are always calculated exactly for the dose,
which is actually applied at a given point in the treatment field. As a consequence, this dose dependence of RBE
also contributes to the spatial variation of RBE: Since RBE increases with decreasing dose, comparably high
RBE values are also expected at the boarder of the treatment field and beyond the distal end of the extended
Bragg peak. Explicitly considering also the dose dependence of RBE represents an important difference to other
approaches as they are applied e.g. at the HIMAC, where RBE values are usually considered at a fixed effect

level, i.e. 10% survival.

The influence of the tissue composition is demonstrated in Fig. 4. The upper full line represents the isoeffec-
tive depth dose distribution for a homogenous biological characteristic with a/p=2 Gy throughout the whole ir-
radiated volume. The arrow on the left side depicts the isoeffective dose for the induction of acute effects in the
skin at the entrance port, based an a/p= 5.9 Gy; this value was derived from a reanalysis of the data reported by
Hopewell™. According to the general systematic discussed already above, the isoeffective dose for skin reac-

tion is significantly lower than the value for chordoma or late CNS tissue effects because of the higher o/B-ratio.
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Fig. 4:Depth dose profiles (in a water-equivalent system) for a typical chordoma treatment. The full line

\

-

indicates the isoeffective dose distribution based on 0/B=2Gy; the arrow at the left side indicates the iso-
ffective dose level for acute skin reactions based on o/p=5.9 Gy. '

More precise information with respect to a/p-ratios is available for other tumor entities like e.g. prostate tum-
or. Although the debate about the precise a/B-value for prostate cancer is ongoing and the details are still under
discussion, there is general agreement that the value is below 3 Gy and thus definitely lower than 10 Gy as typi-
cally assumed for other tumors. This low value makes prostate cancer a good candidate for ion beam treatment,

because according to the systematic shown in Fig. 2 the RBE is expected to be high in this case.

In order to allow for a comparison with other treatment modalities like proton or advanced photon techniques

like IMRT, which are mainly performed using a 2 Gy/fraction scheme, the differences in the fractionation



schedule have to be taken into account as well. So far, typical full carbon ion treatments at GSI have been per-
formed using a 20 fraction schedule on 20 consecutive days without breaks at the weekend and an isoeffective
fraction dose of 3 Gy, resulting in a total isoeffective dose of 60 Gy. (RBE values are in the order of 3 for these
cases, so that the total absorbed dose is in the order of 20 Gy). The estimation of the fractionation effects requi-
res the same o/B-values which are taken for the estimation of RBE values. For example, based on an o/B-value
of 2 Gy, the isoeffective dose of 60 Gy in 20 fractions corresponds to a dose of approximately 75 Gy when given
with a dose of 2 Gy per fraction.

4 Conclusions

The complex dependence of RBE on parameters such as particle type and energy, dose level and cell or tissue
type require careful consideration in treatment planning for applications of charged particle beams in tumor
therapy. For the precise quantitative description of these dependencies, models are required. An example of
such a model, the local effect model (LEM) is described in this report. It has been tested by comparison with a
wide variety of biological endpoints from in-vitro cell survival to tumor control probabilities from clinical stu-
dies.

An important feature of the approach presented here is, that it allows prediction of the response of a biolog-
ical object to high-LET radiation from its response to low-LET radiation: for a given treatment field, the RBE
is essentially determined by the photon sensitivity parameters o, B and Dt. Therefore, the experience with con-

ventional photon treatment represents an important source for estimation of clinical RBE values.
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1. Introduction

Many studies in the field of radiobiology have revealed that the clinical or biological effectiveness of heavy
charged particles is a variable quantity. It results in that a physical dose is still a primary quantity to be control-
led in carbon ion radiotherapy like as other conventional radiations, however, a kind of modification is indis-
pensable for therapeutic purpose. Here, RBE is introduced as a tool to account for the modification. However,
RBE depends on various physical parameters, as mentioned above. Primarily, RBE of a heavy ion beam grad-
ually increases as the LET by the beam increases, reaches its maximum and then decreases. In addition, the
RBE curve is known to show a different behavior for different ion species, fractionation schedules, or even dose
levels. Even if these physical conditions are identical, RBE also varies as a function of biological parameters
such as the type of tissue or cell, oxygenic conditions, endpoint of interest, and so on. The enormous complexity
of the RBE determination hinders itself from being fully understood even at this moment. At HIMAC, unproven
behaviors of factors such as dose dependency or tissue-specific response to carbon ions are kept constant in or-

der to ascertain them from clinical outcomes.

2. Materials and Methods

At first, fragmentation of monoenergetic carbon ions in a patient’ s body is estimated with a simulation code
HIBRAC . Dose-averaged LET value is deduced at each depth from the calculated LET spectra. HSG, cell line
from human salivary grand tumor, was chosen as a representative of various cell lines due to its moderate radi-
osensitivity. Dose-survival relationships of the HSG to carbon ions of various incident energies are character-
ized with 2 parameters, a and B, by the LQ model. SOBP is designed to achieve flat survival probability (10%)
on HSG entire SOBP region. Here, dose-averaging coefficients o and B are used for survival calculation at each
depth regarding composition of the beam.

It is assumed that carbon beam is clinically equivalent to fast neutrons at the point where dose-averaged LET
values is 80 keV/pum. Our enormous neutron therapy experience tells that neutron has clinical RBE of 3.0. Then,
clinical RBE of carbon is also normalized to 3.0 at the point. Clinical SOBP shape is finally deduced by equally
multiplying a fixed factor, the ratio between clinical- and biological RBE value at the point where dose-aver-
aged LET is 80 keV/um, to entire biological SOBP._~

This scheme for the designing of clinical dose results in applying universal depth-dose distributions to all pa-
tients, independent of tumor type or dose level. The universal depth dose distributions are considered to be
beneficial to clarify the clinical effectiveness of carbon ion radiotherapy through clinical trials when dose de-
pendency or the difference of radiosensitivity among tumor type is not yet proven from the viewpoint that it
contributes to reduce the number of free parameters. Fig. 1 schematically shows the method for determining the
RBE at the center of the SOBP for clinical situations.
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Fig. 1 Schematic method used to determine the RBE at the center of the SOBP for the clinical situation.

3. Results and Discussion
Verification of clinical RBE

We present here tumour control probability (TCP) analysis for non-small cell lung cancer (NSCLC) as an
example of clinical results in terms of above-mentioned clinical RBE prescription scheme. Miyamoto et al.
analyzed the clinical results of NSCLC treated by HIMAC beams *. They depict very conspicuous dose depend-
ency of local control rate. The dose escalation study was performed with a treatment schedule of 18 fractions
in 6 weeks. As to photon, Hayakawa el al. reported local control rate for NSCLC. In order to compare both re-

sults, the dose dependency of the TCP with the photon beam was fitted by the following formula ¥;

TCP = Z «/%0' {— (a"_aj) } ~exp{— Nexp{— na’d(l + ﬁ)+ 0—693@}} (1

20 »

a and B are coefficients of LQ model of cell survival curve. In the analysis, a and  values of HSG cells were
used. o is a standard deviation of the coefficient a, which reflects patient-to-patient variation of radiosensitivity.
N is the number of clonogen in tumor (fixed value of 10° was used). n and d are total fraction number and frac-
tionated dose, respectively. T (42 days), T (0 day) and T, (60 days) are overall time for treatment, kick off time
and average doubling time of tumor cells, respectively. Values used in the analysis are shown in brackets. The

result is shown in fig. 2.
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Fig. 2 TCP of NSCLC with photon (dashed, red line) and carbon (black line) beams. Circles show clinical
result at HIMAC. For carbon TCP, width of SOBP and LET there were fixed as 60mm and 50 keV/um, re-
spectively.

Same analysis was carried out on the TCP with the carbon beam. Here, width of SOBP and dose-averaged
LET in the SOBP region were both fixed as 60mm and 50 keV/um, respectively for simplicity. The result is
also shown in the figure. It is clear from the figure that the TCP curve of carbon beam is much steeper than that
with photon beam. Values of s in eq. (1) is 0.18 for photon beam while for carbon beam, the value is reduced
to 0.11. The result suggests that carbon beam provides equally excellent local tumor control irrelevant to indi-
vidual radiosensitivity.

The difference of TCP slope shown in fig. 6 suggests that, when TCP is regarded as an endpoint, RBE value
is dependent on the level of the TCP. It is found that our clinical RBE value corresponds to that at 80% TCP.

Application to hypofractionation

At HIMAC, hypofractionation study with carbon ions has been tried for some kind of tumors. Next to
NSCLC, clinical trials on hepatomas will proceed into a single irradiation in no time. Before initiating a new
protocol, it is desirable to estimate clinical results that correspond to prescribed dose level. The TCP analysis
mentioned in the previous section is applied for this purpose. By applying ¢ value deduced from actual clinical
result into eq. (1), it is possible to estimate TCP of different treatment schedule on NSCLC. This approach is
adopted in the determination of the clinical dose to be prescribed for the single irradiation of hepatomas.

Comparison with GSI model

Different from our approach, GSI establishes and makes use of different approach named as Local Effect
Model *. Resultant prescribed dose is apparently indicated in an identical unit GyE in both facilities; however,
the value itself may differ due to the difference of the model. The difference of GyE at NIRS (GyEwxs) and GSI
(GyEgs) is shown by converting GyEgs into GyExgs in order to clarify required information on dose reporting.

An example of actual clinical dose distribution planned at GSI was converted into those by our scheme by
the following steps.

(1) GSI clinical dose distribution (3.3GyEgs to chordoma with parallel opposing irradiation)

(2) Calculate three-dimensional dose-averaged LET and physical dose distribution with TRiP, an engine of

treatment planning used at GSI.

(3) Calculate GyEwrs based on the physical information from (2).



The result is shown in fig. 3. It is found that GyEugs is about 20% smaller than GyEgg for a typical 3.3GyE

s treatment planning case.

Fig. 3 Clinical dose distribution of GSI (red mesh) and NIRS (shade). The distribution was originally plan-
ned for the treatment of chordoma at GSI with parallel opposing field. At the target region, clinical GyE
shows about 20% difference.

The difference is considered to be mainly due to the difference of biological system used in both model. The
relationship will be affected by changing dose level, SOBP width, tumor site and so on. Hence it is too early to
draw a conclusion from only one example, however, if we multiply a single factor 120% to the GSI s physical
dose distribution, the distribution agrees to ours in good precision at tumor region. Local control ratio of chor-
doma supports this assumption. It suggests the potential feasibility of converting GyE from one to another by
multiplying single factor.

However, it is strongly required therefore to extend the comparison for various conditions and tabulate the con-
version factor to make both clinical results totally comparable.

Estimation of clinical effectiveness

Currently a method has been developed in order to estimate the clinical dose from physical measurements.
In this study, the microdosimetric spectra were measured with a spherical-walled proportional counter. The sen-
sitive volume was filled with the propane-based tissue-equivalent gas from 0.5 to 6.0 micron in tissue-equival-
ent diameter in order to estimate the RBE value by the microdosimetric kinetic model (MKM) ?. Actual RBE
values of human tumor cells were obtained by colony assay, and compared with the model-estimated results.
MKM is found to be capable of reproducing our clinical RBE values by introducing a correction that accounts

for the overkill effect at high LET region .

4. Conclusion

Since 1994, more than 3,500 patients have been treated at HIMAC with the model explained in this paper.
The design is found to be appropriate in contrast to the actual clinical indications.

The experience on the RBE intercomparison and the TCP analysis suggests that if the clinical results such as
TCP or NTCP are expressed in terms of physical dose, it will provide good prospects to the clinical results such

as the prospective estimation or the comparability among different facilities. From this point of view, it is pre-



ferable to report physical information (dose, LET and so on) together with the prescribed clinical dose. If ap-

propriate simplifications can be introduced, the extent of physical information could be reduced.
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INTRODUCTION

The relative biologic effectiveness (RBE) of ionizing radiation in causing the reproductive death of mamma-
lian cells increases with increase in the linear energy transfer (LET) quality of the radiation. This property is an
important consideration in determination of the schedule and dose when patients are treated with heavy charged
particle radiation such as carbon ions. The microdosimetric-kinetic (MK) model (1,2) provides a relation be-
tween RBE in the limit of zero dose (RBE;) and LET or, alternatively, between RBE, and a microdosimetric
parameter equal to the dose average of the lineal energy spectrum (35) of the radiation (3). This relation is pre-
sented and its derivation frbm the MK model outlined. Experimental studies of the dependence of RBE, on radi-
ation quality for several mammalian cell types (4-9) are examined in the context of the MK model. Some gen-
eral relationships between cell killing by low and high LET radiation are suggested that may be useful in the
selection of patients for treatment with high LET radiation and in the choice of dose and fractionation for such

treatment.

SUMMARY OF THE MK MODEL

The cell nucleus is conceived of as divided into p compartments called domains. All domains have the same
mass m but may have various shapes so that, as sketched in figure 1, they fill up the space of the nucleus like
pieces in a three dimensional jigsaw puzzle. The energy deposited by exposure of a population of cells to

ionizing radiation of macroscopically measured average dose D is actually concentrated along the paths of high
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Figure 1: Nucleus of a cell spread on the surface of a culture dish and divided into compartments repres-
enting domains. On the left is sketched the track of a heavy charged particle of high LET. On the right is
represented the track of a Compton electron produced by low LET X- or gamma rays.



energy charged particles of the radiation field, as depicted. As aresult, the dose absorbed by individual domains
varies from domain to domain and may be represented by a random variable called z. Note that (z) =D where
the brackets indicate an average over all domains in the irradiated cell population.

It is further postulated that radiation induces potentially lethal lesions (PLL) in the DNA of the cell. The num-
ber of PLL in a domain is a random variable called x. The mass of DNA in a domain may also vary from domain
to domain. It is a random variable called g. The value of x averaged over the subset of domains that absorb ex-

actly z Gy and contain exactly g gm of DNA is assumed to be given by:

O (x|zg)=kzg

Where the brackets with bar indicate a conditional average and %, is a proportionality constant. A PLL is a
focus of chemical injury to the double stranded DNA where the strands may separate to form a double strand
break. The value of %, is estimated from measurements of the number of double strand breaks per cell per Gy,
which is called &, where k,=k/p. The value of £ is about 30 to 40 per Gy per diploid human cell and is essentially
the same for all mammalian cells and all values of LET up to at least about 100 keV um(10).

Figure 2 shows a single domain deformed to be a sphere of unit density, containing strands of DNA and with
the path of a charged particle passing through it along a cord of the sphere. A number of PLL are shown marked
on the DNA. The PLL are assumed to be confined to the domain in which they were created. They may wander
about within the domain in a random flight, driven by thermal energy in a manner equivalent to Brownian mo-
tion. A pair of PLL may occasionally meet and interact to exchange strands to form what becomes a lethal ex-
change type of chromosome aberration. Only PLL formed in the same domain can do this. The concept of a do-
main incorporates in the MK model, in a simplified way, the notion that the chance of interaction between two
PLL is greater the closer they are to one another. The domain acts as a surrogate for any of a number of possible
restrictions on PLL travel. For instance, there may be membrane bound compartments in the nucleus or the
DNA may be affixed to the nuclear membrane at multiple sites. Or, more likely, the distance a PLL on a DNA

molecule can travel may be limited in a statistical sense by its half life before it disappears due to repair (11).

Figure 2: Sketch of a domain deformed into an equivalent sphere of the same mass and density of one gm
per cm’ and with the straight line path of a charged particle intersecting the domain along one of its cords.
Also shown are parts of DNA strands from one or more chromosomes bearing marks representing radiation

induced potentially lethal lesions.



The diameter of the sphere equivalent to a domain is called d. As demonstrated below, the value of d'is in prin-
ciple measurable and is a property of the cell. Its value has been found to be of the order of 0.5 to 1.0 micrometer
for several cell types (table 1). The number of domains per nucleus is of the order of several hundred to a few
thousand.

Let z, be arandom variable equal to the dose imparted to a domain by passage of a single high energy particle
through or near it. The distribution of z, is determined by the LET quality of the radiation and the size of the do-
main. Unlike z it does not depend on the dose D. An important quantity that contains the explicit dependence
of survival on radiation quality is y= (z.*) /(z,) . It is estimated as the average length of a cord that intersects a
spherical domain times the LET (1,2):

_3d 0.229
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Where d is the diameter of the domain equivalent sphere and L is the LET. Alternatively, it is given by:

4 0.203
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where the value of y, is the dose weighted average of the distribution of the energy deposition events record-
ed in a spherical tissue equivalent proportional counter divided by the average length of a cord that intersects
the counter. The effective counter diameter should be equal to or near that of a domain (3). The constants make
the units be such that y is in Gy if d is in um and L and y,, are in keVum.

It is assumed that a PLL may undergo one of three processes. 1. It may be converted to a lethal unrepairable
lesion via a first order monomolecular like process with rate constant a. For instance, this may be by separation
of the DNA strand at the PLL to form two chromosome fragments that become a terminal deletion aberration
and an acentric fragment. 2. As described above, it may combine with another PLL in the same domain to form
a lethal unrepairable lesion with second order (bimolecular) rate constant b,. 3. It may be repaired by a mono-
molecular-like process with rate constant ¢ to restore the native chromosome continuity. Finally, if a PLL un-
dergoes none of these three processes and instead persists for a time £, , it converts to a lethal unrepairable lesion.
Let the number of lethal lesions that form in a domain be a random variable called w,. These specifications give

rise to the mass action kinetic equations:

d 2
" E(x z,8)=—-a(x|z,g)—c(x|z g)-2b,(x|2.g)
~—(a+c)(x|z.g)

d 2
Q) E(wd z,g):a(xlz,g>+bd <x z,g)

Where the truncate approximation of equation 4 holds for dose DL 150Gy. The non linear term can be

dropped because repair is by far the dominant process that eliminates PLL at doses low enough that ¢ (x | z,
g) >b.(x | z, g)*(12). Solution of the pair of equations 4 and 5 for (w, | z, g) using the truncate form of equa-
tion 4, then averaging over domains with all values of z and g and multiplying by the number of domains per
cell gives a linear quadratic relation for the number of lethal lesions per cell (a random variable called w) aver-

aged over all cells in a population instantaneously exposed to dose D(1,2).
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The relations of the survival parameters to the kinetic constants are:

__ak e ok (&)
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The value of o, is the average number of lethal lesions per Gy per cell originating from a single PLL. The

@)

product SD is the average number of lethal lesions per Gy per cell originating from two PLL, each from a dif-
ferent particle track, when the dose is D. The product yf is the average number of lethal lesions per Gy per cell
that originate from pair wise combination of PLL created by passage of a single charged particle though a cell.

If the lethal lesions are Poisson distributed among the cells of the population than equation 6 becomes the

familiar linear quadratic relation for the fraction of cells § that survive dose D:
®) ~InS=aD+ pD?

An expression for RBE,=o/a in which the subscript R indicates the value of a for the reference low LET

radiation, usually 200 to 250 kVp X-rays or cobalt-60 radiation, can be written as:

a, ay+yp o, pF 0229 o p 0.203
— == = —
apg g a, o, d a, o d

9) RBE,, = Yp

The subscript p is added to indicate the requirement for Poisson distribution of lethal lesions. Note that if a,,
B and d are independent of L and y,, than RBE,, is a straight line with slope proportional to S0, and d°, and
with intercept at zero LET or y, equal to ay/ax. The ratio a,/o is the fraction of lethal lesions originating from
a single PLL for the reference radiation.

Particle tracks are Poisson distributed among the nuclei of the irradiated population. If passage of a single
charged particle through a cell almost always causes zero or one lethal lesion and never, or hardly ever, causes
two or more lethal lesions, the lethal lesions will also be Poisson distributed. As LET increases, the probability
of two or more lethal lesions from a single particle passage increases. This causes grouping of lethal lesions in
some cells to the exclusion and survival of others and causes RBE, to deviate downward from the RBE,, line.

With the introduction of a parameter representing the cross sectional area the nucleus presents to the radiation
beam, called o, and assuming lethal lesion production continues to increase as indicated by equation 6 and im-
plied by the line of equation 9, the MK model provides expressions that estimate o and RBE, corrected for non

Poisson distribution of lethal lesions (2). These are:
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The values of RBE,, and a, are those that would be observed if, after lethal lesions are created per equation
6 they were to be magically redistributed individually and at random among the population of cells, ie, with Po-

isson distribution. The limiting forms of equation 11 are of interest:

o} l_ o L
0.16a, L 0.14cx, y,

(12) lmRBE =RBE, and limRBE =
L0 Lo

EXPERIMENTAL STUDIES OF RBE

Figures 3, 4 and 5 are some experiments that demonstrate the linear dependence of RBE, represented in equa-
tion 9 as well as the deviation from the line to form a maximum in RBE, as LET approaches about 100 keVyum'.
Linearity implies constancy of § and the several model parameters on which it depends per equation 7. With
the assumption that the production of lethal lesions continues to increase linearly as LET increases to values
greater than those of the linear range and with a reasonable choice for the nuclear cross section, equation 11
may be made to fit experimental measurements of RBE, as it reaches and passes through the maximum that is
found as LET increases to values greater than 100 keVum™ (2). This implies the deviation from linearity that
produces the maximum in RBE, is predominantly, if not entirely, due to the non Poisson distribution of lethal
lesions and that production of lethal lesions actually does continue to increase linearly even though RBE, does
not. Further, this implies the value of § and the constants on which it depends likely also do not change signifi-
cantly as LET reaches and exceeds that of the maximum in RBE,. Note that for LET low enough that lethal les-

ions are Poisson distributed, RBE; has no dependence on o.
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Figure 3: RBE, dependence on LET for unsynchronized human kidney cells. From data of reference 4 as
plotted in reference 2. Reference radiation is 200 kVp X-rays. The straight line is equation 9, the parame-

ters of which are listed in table 1. Curve I is equation 11 with 6=100um’ and Curve II with 6=>50pum’".
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Figure 4: RBE, dependence on LET for V79 cells synchronized at G1/S transition. Data from reference 6,
as plotted in reference 2. Reference radiation is 250 kVp X-rays. The straight line is equation 9, the para-
meters of which are listed in table 1. Curve I is equation 11 with c=32um?’ and curve II with 6=24.6pm’.
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Figure 5: RBE, dependence on LET for unsynchronized HF-19 human diploid lung fibroblasts. Data from
reference 5, as plotted in reference 2. Reference radiation is 250 kVp X-rays. The straight line is equation
9, the parameters of which are listed in table 1. Curve I is equation 11 with 6=320um’, curve Il with 6=
160um?, curve III with 6=106.6pm’, curve IV with c=_80pum’.

Figure 6 summarizes experimental determinations of the linear relation between RBE, and LET of equation
9 for the three cell types represented in figures 3,4 and 5 and additionally for fibroblasts obtained from patients
who have the recessively inherited disease ataxia telangiectasia. All four lines are from least squares fit to data
felt to be within the linear range of LET. There is uncertainty in their determination because the appropriate
value of LET above which the data should be excluded because of deviation due to non Poisson distribution of
lethal lesions is uncertain. This uncertainty affects the zero LET intercept more than it does the slope. By defi-
nition each line must pass through the RBE, equal one line at the LET of the reference low LET radiation, which
is either 200 or 250 kVp X-rays. The appropriate value for the reference LET is uncertain. Accordingly the



RBE, equal one point was not included in the data used to determine the lines. The intersection of the lines with

the RBE, equal one line suggests the reference radiation LET is in the range of about 3 to 10 keVum.
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Figure 6: Composite for comparison of linear dependence of RBE, on LET per equation 9. Curve I is V79
cells from figure 4, 11 is human kidney cells from figure 3, I1I is HF-19 cells from figure 5, with data points
shown. Line IV is fit to data for skin fibroblasts explanted from two patients with ataxia telangiectasia re-
plotted from references 7 and 8. The reference radiation is 250 kVp X-rays.

Figure 7 shows a plot of data from Kase et al at NIRS (9) for two cell types using y, as the measure of radi-
ation quality. The value of y;, for the 200 kVp X-ray reference radiation has been measured with a tissue equiv-

alent proportional counter with effective diameter of 0.76 and 0.97 micrometer. Its value is 4.3 keVum™(9, 13)
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Figure 7: RBE; dependence on y,. Plotted from data of reference 9. The steeper line is least squares fit to
data for y,<100keVum’ for human salivary gland cell line HSG and the less steep line similarly fit for nor-
mal human fibroblast strain GM05389. The lines represent equation 9, the parameters of which are listed
in table 1.



and the RBE, equal one point is included in the data used to determine the lines in figure 7. Also included for
the HSG cells is a point for cobalt 60 radiation for which y, is 1.81 keVum(9). Measurements of RBE, for the
lower end of the range of y, are valuable as they particularly improve the accuracy of the determination of ay/

ox. There is significant advantage in characterizing radiation quality by measurement of y, rather than by LET.

DISCUSSION:

Table 1 summarizes parameters obtained from the linear relations shown in figures 6 and 7. The cells sort
into three groups by the value of oz HSG, T-1 and V79 cells are immortalized cell lines able to be propagated
indefinitely in culture. They form a relatively radioresistant group. HF-19 and GM05389 have been through a
relatively low number of subculture passages and are expected to be able to undergo a limited number of future
passages before senescence or death. They are diploid cells. They form a group of relatively radiosensitive cells
with a, about four times that of the established cell lines. The AT cells form an ultra-radiosensitive group with

o about ten times that of the established cell lines.

Cell type AT HF- | GM05389 | HSG | T-1 V79,G1/S

references 19

Charged ‘He |%He |'"C 2c 'H 'H,*H

particle ‘He 3 He

a, (Gy-l) 2.5 0.80 |0.70 0.19 0.19 0.234

B, (GJ;Z) - e 0.05 0.038 |0.042

limRBE,, =a, [, |0.99 0.59 |0.81 0.44 0.64 0.018

-0

dRBE,, 0.0102 ] 0.037 | 0.0251 0.0685 | 0.082 |0.11
dL

a, (GJ;I) 2.4 047 |0.57 0.084 |0.12 0.0

d( ,um) (0.62) | (0.58) | (0.76) 0.89 0.75 0.61

RBE, (max) 2 4 3 7 8 6

o, (Gy-l) 5.0 32 2.1 1.33 1.52 1.40

B _dRBE, «, 0.111 ]0.129 | 0.0865 0.0641 | 0.0680 | 0.112

4’ dL  0.229

Table 1: Summary of parameters of survival and of the line representing equation 9 for the various cell
lines referred to in the figures.

Since the experimental measurement of RBE, versus LET or y, indicates linear dependence, it is implied that
B is constant and equal to Bz The value of S is shown for the three established cell lines. There is not much
variation in f; among the three. It is not possible to reliably measure fx for the more sensitive cell types and no
value is listed for them. The survival relation for the sensitive cells, even for X-rays or cobalt-60 radiation, ap-

pears to be exponential, or nearly so. This is because the dominant effect of a large value of a; for the dose range



accessible for colony survival measurements makes f; appear to equal zero. However, it can not be zero be-
cause, if it were, there would be no increase in RBE with increasing LET.

Since there is little variation in 8, among cells for which it can be measured, the average of the three may ser-
ve as an estimate of 3 for the other cells. The average value of f: for the three cell lines is 0.043 Gy?. Compu-
tation of the domain diameter d from the slope of the line of equation 9 requires a value for a; and S, or at least
their ratio. Computed values of d are listed in table 1. Those in parenthesis were computed with S, set equal to
the average value of 0.043 Gy?. The computed domain diameter values show little variation suggesting that a
value of d equal to that of the average of those in table 1, which is 0.7 micrometers, may approximate that of
many mammalian cells.

When sensitivity is expressed by the value of @, the cells sort into the same sensitivity groups as for az. Vul-
nerability to formation of a lethal lesion from a single PLL is apparently a major determinant of the magnitude
of 0. By increasing the value of o, a relatively large value of o, tends to make the ratio fx/az low. Per equation
9, this leads to less increase in RBE,, with increasing LET. This is confirmed by the entries for dRBE,/dL in
table 1.

The lower value of dRBE,,/dL leads to a lower maximum value of RBE,, which is listed in table 1 as RBE,
(max). This trend is not enough to reverse the order of sensitivity of the cell groups as judged by the maximum
value attained by a, which is listed in table 1 as a.... However, note that whereas oy of the radiosensitive diploid
human fibroblasts is about 4 times that of the established cell lines, o is only about 1.5 to 2 times that of the
established cell lines. This suggests the generalization that as LET increases to approach that of the maximum
in RBE,, the ratio of a of more sensitive cell types to a of more resistant cell types becomes closer to one than

it is for cobalt-60 or X-rays.

CONCLUSION:

Since the value of Sz shows relatively little variation among cells, the ratio Sx/ax is largely determined by vari-
ation in the value of a,, which in turn is largely determined by the vulnerability of the cells to formation of lethal
lesions from single PLL, as expressed in the value of a,. Since the rate of increase in RBE with LET is propor-
tional to Sx/ax, a relatively large value of o, and the radiosensitivity it represents, implies a lower maximum
value of RBE for the more radiosensitive cells. This tends to reduce the differential in sensitivity between any
pair of cell types as LET increases toward that of the maximum in RBE, as compared with the differential in
sensitivity to high energy X-rays or cobalt 60. This may be particularly advantageous in treating cancers that
are relatively radioresistant and in eradicating radioresistant subpopulations present in many tumors. Note for
instance that the relative resistance of hypoxic cells expressed as the oxygen enhancement ratio tends to disap-
pear as the LET approaches that of the maximum in RBE (' 14-16). This can be explained by the loss of Poisson
distribution of lethal lesions (2). |

Since a increases by several fold as LET increases up to the maximum in RBE, while §f remains essentially
unchanged, the o/f ratio also increases several fold. Because of this, unlike for high energy X-rays, there is es-
sentially no sparing of cells of normal tissues by decreasing the fractional dose in a course of radiation treatment
with high LET radiation. This is particularly important to recognize in treatment that must include the brain,
spinal cord or other tissues for which the o/f ratio appropriate to low LET radiation is small (2 to 5) and which
are relatively spared by small fractions of the high energy X-ray radiation used to treat patients in nearly all

radiation oncology clinics.
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Abstract

Patients and Methods: Between November 1998 and July 2005, 96 patients with chordomas of the skull
base have been treated with carbon ion RT using the raster scan technique at the Gesellschaft fiir Schwerione-
nforschung (GSI) in Darmstadt, Germany. All patients had gross residual tumors. Median total dose was 60
CGE (range 60 - 70 CGE) delivered in 20 fractions within 3 weeks. 44 Patients were treated within a clinical
phase I/II trial between 1998 and 2001, and 52 further patients were treated thereafter as routine patients accord-
ing to the same treatment protocol.

Results: Mean follow-up was 31 months (range 3 to 91 months). The actuarial local control rate was 70.0%
at 5 years. Overall survival was 88.5% at 5 years. Late toxicity consisted of optic nerve neuropathy RTOG/
EORTC grade 3 in 4.1% of the patients and necrosis of a fat plomb in one patient. Minor temporal lobe injury
(RTOG/EORTC grade 1-2) occured in 7 patients (7.2%). Target doses in excess of 60 CGE and primary tumor
status were associated with higher local control rates. A clear dose-reponse-relationship was observed when re-
sults were compared to other available data in the literature.

Conclusion: Carbon ion RT is an effective treatment option for skull base chordomas and is associated with
acceptable toxicity. Doses in excess of 75 CGE with daily fractions of 2 CGE are likely to increase local control
probability. A prospective phase III trial is needed to test the hypothesis that carbon ion RT is superior to proton

RT with respect to toxicity at equieffective doses.

Introduction

Chordomas are rare tumors which are characterized by low radioresponsiveness. About 35% of all chordo-
mas arise in the skull base region. Complete removal of skull base chordomas is challenging due to the close
vicinity to sensitive normal brain structures. After incomplete tumor resection, postoperative RT is generally
recommended. Since effective tumor doses in excess of 70 Gy can hardly be reached with photons, particle ther-
apy with protons and carbon ions has been investigated in the past for these patients ">>*?,

At GSI, patient treatments have been carried out within a cooperative project by medical doctors of the Uni-
versity of Heidelberg and scientists of the GSI, the German Cancer Research Center and the Research Center
Rossendorf since 1997.

Here we report our experience with carbon ion RT in patients with skull base tumors. The focus of this article
is on target definition and dose prescription using active beam delivery for carbon ion RT in skull base chordo-

mas.



Material and Methods
Patients

First patients with skull base chordomas were treated with carbon ion RT at GSI in 1998. Since then, more
than 150 patients with skull base chordomas have been treated with carbon ion RT at GSI. The first 44 chor-
doma patients were treated within a clinical phase I/1I trial, the following patients were treated as routine pati-
ents according to the same protocol. The most recent analysis of treatment results in skull base chordomas treat-
ed at GSI has been performed in 2006 and included 96 patients with macroscopic chordomas of the skull base.
There were 54 male and 42 female patients. The median age was 47 years (range 11-80 years). Fifty-nine pati-
ents (61%) were treated for primary tumors and 37 patients had recurrent tumors. All patients had macroscopic
tumors when carbon ion RT was initiated. The average follow-up period at the timepoint of the last analysis

was 31 months (range 3-91 months). For detailed information on patient characteristics see Schulz-Ertner et al.

4)

Target definition and treatment planning

Patients with skull base chordomas treated with carbon ion RT at GSI were positioned within a precision head
mask and target localization was performed using stereotactic methods. The used immobilization device guar-
antees an accuracy of 1-2 mm ®. The initial planning target volume (PTV1) included the gross tumor volume
(GTV) plus a safety margin of 1-5mm to account for suspected subclinical disease based on clinical risk esti-
mation. Surgical and histological reports, MRI findings and normal tissue constraints were taken into account.
Even for very small tumors the entire clivus and the prevertebral muscles down to the basis of the second cer-
vical spine were included into PTV1. Implantation metastases of skull base chordomas are reported in the lit-
erature, but the incidence of implantation metastases within the surgical pathway is reported to be as low as 5
to 10% "¥. Therefore, no efforts were made to completely cover the surgical pathway, thus avoiding unaccep-
table toxicity.

The PTV2 was defined to include the gross tumor volume (GTV) visible on the treatment planning MRI. A
safety margin of 1-2mm was added to account for any movements and uncertainties in the set-up throughout
the treatment course. The needed safety margin depends on the used immobilization device and was determined
to be 1-2mm for the skull base region when rigid precision head masks were used. The delineation of target vo-
lumes and organs at risk was done on treatment planning CT images and coregistered MRI images according
to the ICRU 50 and ICRU 62 recommendations for conformal RT. T2 weighted fat saturated and post gadolin-
ium T1 weighted MRI sequences were found most adequate to separate the tumor accurately from normal tis-
sues in the skull base region.

Carbon ion beams were delivered actively to the tumor using the raster scan technique ®. Plan optimization
included biologic plan optimization taking into account the local RBE (relative biological effectiveness) values.
Plan optimization aimed at achieving a homogenous biologically effective dose throughout the target volume.
The mean RBE for our patients was about 3 within the target volume. The local effect model (LEM), which is
integrated in the TRiP software to calculate the RBE at each point, has been described in detail by Scholz et al.

10)

Dose prescription
Target dose was prescribed to each voxel of the target volume necessitating optimization of the absorbed dose

in such a way that the product of the absorbed dose and the calculated local RBE value at each voxel was the



biologically effective prescription dose. The biologically effective dose was prescribed to every scan spot
throughout the dose distribution. The allowed deviances between measured and prescribed doses were kept be-
low 5% of the prescribed dose at each point. Treatment planning aimed at covering target volumes by the 90%-
isodose line and underdosage was avoided within the target volume. Dose-volume-histogram data was gener-
ated for the physical and the biologically effective dose distributions for the planning target volumes and organs
at risk. PTV1 was treated to target doses between 45 and 52.5 CGE within 15 fractions. A boost dose of 15 to
17.5 CGE was delivered to the PTV2, the total target dose reached within PTV2 was therefore 60 to 70 CGE.
Eighty-four patients received a target dose of 60 CGE, higher doses up to 70 CGE were delivered in 12 patients.

Late toxicity to normal brain tissue such as necrosis is assumed to be the dose limiting toxicity for radiation
therapy of skull base chordomas. An o/ value of 2-3 Gy can be estimated for the biological endpoint brain nec-
rosis. An o/P value of 2 Gy was chosen for biological plan optimization. The o/ ratio for chordoma cells is not
known, but from their biological behaviour with slow tumor progression and low radioresponsiveness it can be
concluded that it is also in the range of 2 Gy.

A fractionation of 7 x 3.0 to 3.5 CGE per week was applied. Using a conventional fractionation scheme of 2
CGE per day and conservatively assuming an o/p of 2 Gy for late toxicity to the brain tissue and chordoma cells,
biologically equivalent doses (BED) between 75 and 96.25 CGE were reached in PTV2. The doses to optic
nerves and optic chiasm were restricted to 54 CGE. The accepted maximum dose to the brainstem was 50 CGE
at the center, while very small volumes of less than 1mL at the surface of the brainstem were allowed to receive
up to 60 CGE. The dose to the spinal cord was constrained to 45 CGE. Taking into account the accelerated frac-
tionation pattern used for carbon ion RT at GSI, biologically equivalent dose constraints were 63.45 CGE for
optic nerves and chiasm, and 75/56.25 CGE for the surface / center of the brain stem, respectively. These dose
constraints were similar to the dose constraints adhered to in most of the proton centers. Therefore, similar tox-

icity rates can be expected.

Results

Twenty-one patients (21.8%) showed partial remission of their tumors on follow-up MRI scans after carbon
ion radiation therapy. The local control rate was 70% at 5 years. Most recurrences were located inside the for-
mer RT field. Delivery of target doses exceeding 60 CGE improved local control significantly as well as pri-
mary tumor status, while gender did not influence outcome. Three percent of the patients developed implanta-
tion metastases within the surgical pathway outside the former carbon ion RT portals. Two patients (2%) devel-
oped distant metastases. The 5-year overall survival rate was 88.5%.

Carbon ion RT was well tolerated by most of the patients. Optic nerve neuropathy RTOG/EORTC grade 3
occured in 4 patients (4.1%). Circumscribed white matter changes in the temporal lobe occurred in 7 patients
(7.2%) and were much more common in patients who received target doses in excess of 60 CGE (biologically
equivalent doses between 75 and 96.25 CGE). In patients who received a total dose of 60 CGE (biologically
equivalent dose of 75 CGE) the temporal lobe injury rate was 3.5%. A rate of 33% was observed in patients
who received doses in excess of 60 CGE. The temporal lobe lesions were associated with a perifocal edema and
neurologic sequelae necessitating steroid medication (RTOG/EORTC grade 2) in 2 patients, only. The remain-
ing 5 patients were asymptomatic and the white matter changes were reversible (RTOG/EORTC grade 1) in the-
se patients. Soft tissue necrosis of a fat plomb ihserted into the surgical pathway during surgery was observed
in one patient (RTOG/EORTC grade 3).

More detailed data on outcome and toxicity can be found in Schulz-Ertner et al. ®.



Discussion

The oncological problem in skull base chordomas is mainly a local problem. In our carbon ion RT patient
series, 11 out of 15 locoregional recurrences occured inside the former RT fields, only 4 patients developed mar-
ginal failures. No patient developed an out of field recurrence. This supports the adequateness of the target vol-
ume concept.

Distant metastases are uncommon. Incidence rates between 0 and 14% have been reported >”'”. This is in line
with the distant metastases rate of 2% found in our series.

There is no doubt that local control is dependent on the delivery of high local doses in skull base chordomas.
Particles such as protons and carbon ions offer advantages in escalating doses to circumscribed tumors while
avoiding dose to critical organ structures nearby. Based on these facts, high dose proton RT has been investi-
gated in chordomas of the skull base in the past.

Munzenrider et al. achieved a 5-year local control rate of 73% in 375 patients treated with proton RT at the
Massachusetts General Hospital in Boston, USA ?.

Hug et al. report a local control rate of 59% for chordoma patients treated with protons at Loma Linda Uni-
versity Medical Center, USA ?.

At the Centre de Protontherapie d’ Orsay, France, patients with skull base chordomas have been treated with
combined photon and proton RT to doses between 67 and 71 CGE. The 4-year local control rate was 53.8% .

The 5-year local control rate of 70% obtained with carbon ions at GSI is somewhat higher ¥, but compares
favourably with the data obtained in some of the proton series with prescription doses of at least 74 CGE. The
data collected at GSI as well as the data available in the literature clearly supports the assumption that particle
therapy is beneficial for patients with skull base chordomas, since much lower local control rates are reported
for photon RT. After conventional photon RT local control rates between 17 and 23% at S years have been re-
ported >, A clear dose-response-relationship has been described for skull base chordomas taking into account
all these data . In congruence with this finding, prescription dose has been identified as most important prog-
nostic factor "'¥. Higher doses are likely to achieve higher local control rates. Strategies of combining photons
and particles can therefore be considered less favourable. Highest tumor doses are reached with protons or car-
bon ion RT alone, because the achieved dose gradients are much steeper than with photons due to the physical
properties of proton beams. Biological equivalent target doses of at least 75 CGE are recommended. Using car-
bon ion RT, escalation of the biological equivalent target dose to doses in excess of 75 CGE seems to be feasible
in patients with small tumors in uncritical location. However, one has to be aware that the risk for temporal lobe
injury will increase with higher target doses as well.

After carbon ion RT, a higher local control rate was achieved in patients with primary tumor status as com-
pared with patients treated for recurrent tumors. Primary tumor status has been considered to be an important
prognostic factor as well by others ',

Female gender was found to be an unfavourable prognostic factor after proton RT in skull base chordomas
19 In our series, local control and overall survival rates did not significantly differ with respect to gender.

As compared to protons, carbon ions offer the possibility to reduce overall treatment time. The overall treat-
ment time can be reduced to 3 weeks without increasing acute and late toxicity. Acute toxicity is very mild and
severe late toxicity to optic nerves and chiasm occured in 4.1% of all patients treated with carbon ion RT at GSI,

only. This rate compares to the best proton series.



Conclusions

Carbon ion RT has been proven to be an effective treatment option for skull base chordomas with respect to
local control and overall survival. Carbon ion RT minimizes severe side effects to neighboring normal tissue
structures. A prospective phase III trial is needed to test the hypothesis that carbon ion RT is superior to proton

RT with respect to toxicity at equieffective doses.
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Introduction
It is clear that the charged particle therapy is more appropriate radiotherapy for the skull base tumor than con-

ventional XRT because of excellent dose distribution'?

. Clinical evidence of proton therapy, alone or combined
with photon therapy, showed excellent tumor control and minimized normal tissue morbidity>”. There are only
few reports from GSI/Heidelberg of carbon ion radiotherapy for skull base tumor®”. This paper describes the

NIRS experience of carbon ion radiotherapy for skull base tumors.

Result of Pilot study

Pilot study for skull base tumor was started on May 1995. Till the April of 1997, a total of 8 patients were
enrolled into this study. They consisted of 4 cases of chordoma, 3 cases of memingioma and one case of meta-
static adenocarcinoma. Their age ranged from 38 to 69 years with median age of 52 years. There were 4 male
and 4 female patients. All of 8 cases were treated by 48 GyE through 16 fractions for 4 weeks.
Observed acute reactions were mild. There were only 2 patients with grade 1 acute reaction of the mucosa.
There were no other acute reactions of the skin, the brain and the spinal cord. Also observed late reactions were
mild. There were one patient with grade 2 late reaction of the brain and one patient with grade 1 late reaction
of the spinal cord. There was no other observed late reaction of the skin and the mucosa.
One patient with chordoma showed PR and other seven patients showed SD (Fig. 1). Except one meningioma

patient showed local recurrence at 6 months, other seven patients showed no evidence of re-growth till now.

Chordoma

Pre RT 48 GyE/16 fr/4 wks 117 months

Fig. 1: Chordoma patient treated by 48 GyE/16fractions/4 weeks. The tumor shows no change in size 117
months after therapy.
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Fig. 2: Local control and survival curves of 8 patients in pilot study.

The 5 years and 10 years local control rate was 87.5% (S.E.: 11.7%) and 87.5% (S.E.: 11.7%)(Fig. 2). One
meningioma patient died of local relapse at 11.1 month, one chordoma patient died of multiple lung metastases
at 18.6 month, one metastatic adenocarcinoma patient died of multiple lung metastases at 39.5 month and one

chordoma patient died of skip lesion of cervical bone at 83.9 months. The 5 year and 10 year survival rate was
62.5% (S.E.: 17.1%) and 41.7% (S.E.: 20.5%)(Fig. 2).

Result of Phase I/II Dose Escalation Study

The phase I/II dose escalation study for skull base tumor was started on April 1997. Till the August of 2003,
a total of 29 patients were entered into the study. They were consisted of 16 cases with chordoma, 6 cases of
meningioma, 5 cases of chondrosarcoma, one case of olfactory neuroblastoma and one case of giant cell car-
. cinoma. Their age ranged from 21 to 68 years with median of 47 years. There were 11 male and 18 female pa-
tients. All patients were treated by 16 fractions for 4 weeks and total dose was 48.8 GyE for 4 patients, 52.8
GyeE for 6 patients, 57.6 GyE for 10 patients and 60.8 GyE for 9 patients. Used number of ports was 2 ports for
11 patients, 3 ports for 16 patients and 4 ports for 2 patients (Table 1).

In acute skin reaction, one patient, who had 492.6 cm3 CTV and was treated by 48.0 GyE, showed grade 3

Phase I/l Study (Skull Base)

Number of Port
Dose total 1 2 3 4
480GyE 4 o 1 3
52.8 6 0 2 4
576 10 0O 6 4
60.8 9 o0 2 5§ 2
TOTAL 29 0O 11 16 2

Table 1: The number of ports in carbon ion radiotherapy for skull base tumor (phase I/II study).



reaction (Fig. 3). There was no other grade 3 or higher acute skin reaction (Table 2). In acute mucosal reaction,
one patient, who had 345.6 cm3 CTV and was treated by 57.6 GyE, showed grade 3 reaction. There was no
other grade 3 or higher acute mucosal reaction (Table 3). There was no observation of acute brain and spinal
cord. In late reactions, observed maximum reactions were 1) grade 1 skin reaction in 4 patients, 2) grade 1 mu-
cosal reaction in 2 patients, 3) grade 2 brain reaction in 2 patients, and 4) no reaction in the spinal cord.

Five year local control showed 79% in 16 chordoma patients, 80% in 6 meningioma patients and 100% in 5
chondrosarcoma patients (Fig.4). Five year over all survival showed 87% in chordoma, 83% in meningioma

and 60% in chondrosarcoma (Fig. 5).

Meningioma (48.0 GyE)

Before RT 122 months

Isodose level:red = 96%; orange = 90%; green = 50%; cyan = 30%; purple = 10%
Contour: yellow = clinical target volume (CTV)

Fig. 3: Meningioma patient treated by 48 GyE/16fractions/4 weeks. The patient had 492.6 cm3 CTV and
showed grade 3 skin reaction.

Phase /Il Study (Skull Base) Phase /Il Study (Skull Base)
Acute Reaction (Skin) Acute Reaction (Mucosa)
Grade Grade
Dose total 0 1 2 3 4 Dose total 0 1 2 3 4
480GyE 4 1 2 0 1 480GyE 4 4 0 O
52.8 6 2 2 2 52.8 6 4 0 2
57.6 10 4 6 576 10 4 5 0 1
60.8 9 1 7 1 60.8 9 4 5
TOTAL 29 2 1F -3 1 @9 TOTAL 29 1818 2 - 1. -0
Table 2: Acute skin reaction in phase I/II Table 3: Acute mucosal reaction in phase I/
study for skull base tumor. II study for skull base tumor.
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Fig. 4: Local control curves of 16 chordoma, 6 meningioma and 5 chondrosarcoma patients (Phase I/11 stu-
dy).
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Fig. 5: Survival curves of 16 chordoma, 6 meningioma and 5 chondrosarcoma patients (Phase I/II study).

Preliminary Results of Phase II Study

From the April of 2004, a phase II study has been started for the skull base tumor. Till the July of 2007, a
total of 18 patients were treated by a fractionation method of 60.8 GyE (3.8 GyE fraction dose) through 16 frac-
tions for 4 weeks. Adding the patients who were treated by 60.8 GyE in the phase I/II study between the Sep-
tember of 2002 and the August of 2003, a total 27 patients were analyzed in this sesstion There were 19cases
of chordoma, 5 cases of chondrosarcoma and 2 cases of olfactory neuroblastoma. Their age ranged from 16 to
78 years with median age of 52 years. There were 13 male and 14 female patients. Twenty out of 27 patients
were treated by shrinkage field after 38 GyE through 10 fractions. CTV1 for initial 10 fractions ranged from 4
to 247 cm3 with median volume of 73 cm3 and CTV2 for followed 6 fractions ranged from 4 to 187 cm3 with



median volume of 53 cm3.

In the acute reactions, observed maximum reactions were one patient with grade 2 skin reaction and 3 pati-
ents with grade 2 mucosal reaction. There were no reactions of the brain and the spinal cord. In the late reac-
tion, only one patient showed grade 1 brain reaction and there were no other grade 1 or higher normal tissue re-
actions.

Follow up periods of 27 patients ranged from 7 to 63 months with median of 38 months and there was no
local relapse till the time of analysis (Fig. 6). One out of 19 chordoma patients died of liver dysfunction at 8.7
month. Three out of 5 chondrosarcoma patients died of 1) metastasis of the distant cervical vertebrae at 4.2
month, 2) bleeding from tumor bed at 5.4 month and 3) pneumonia at 48.4 month. All of these 4 patients were

confirmed as having no local relapse at the expired time. Overall survival curves are shown in Figure 7.

Chordoma

PreRT 60.8 GyE/16fr./4 weeks 60 months

Isodose level: red = 96%; orange = 90%; pink = 60%;
green = 50%; cyan = 30%; purple = 10%
Contour: yellow = clinical target volume

Fig. 6: Chordoma patient treated by 60.8 GyE/16 fractions/4 weeks. There is no re-growth of the tumor 60
months after therapy.
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Fig. 7: Survival curves of 19 chordoma, 5 chondrosarcoma, 2 neuroblastoma and one meningioma patients
(treated by 60.8 GyE in phase I/IT + II study).



Discussion

Observed normal tissue reaction of phase I study is acceptable. Therefore, there will be some possibility of
higher total dose than 60.8 GyE in NIRS study. Even if local control rate is 100% at present time and follow

up periods is short, there will need careful and reliable follow up study of skull base patients for future total

dose alternation.

Conclusion

Dose escalation study for skull base tumor concluded that 60.8 GyE/16 fractions/4 weeks is recommended

dose for skull base tumor because of good local control rate.

With multi portal irradiation, normal tissues showed mild reaction and there is no severe morbidity of im-

portant organs.
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INTRODUCTION

A phase I/II clinical study on carbon ion radiotherapy started at National Institute of Radiological Sciences
(NIRS), Chiba, Japan in 1994. A total of nearly 3000 patients have been treated with HIMAC synchrotron by
Year 2006, and are analyzed for toxicity and local tumor response (1). Clinical studies of carbon ion radio-
therapy using SIS synchrotron also started at Gesellschaft fiir Schwerionenforschung (GSI), Darmstadt, Ger-
many in 1997, and large effort has been paid to treat chordoma of the skull base (2). Clinical outcome of these
two institutions has been well recognized and attract a lot of attention from worldwide. Therapeutic effectiven-
ess of carbon ion beams depends on factors including physics and biology. Different from photon beams, car-
bon ion beams are biologically heterogeneous along with the beam path, due to change of linear energy transfer
or LET. This heterogeneity is most prominent at Spread-Out Bragg peak or SOBP that targets deep-seated tum-
ors in the patient body. As the SOBP of Chiba/HIMAC therapy is provided by use of a scatterer (3), projectile
particles should be more fragmented within the SOBP than that of GSI/SIS which is made by changing beam
energy and do not use any scatterer (4). It is therefore important to compare biological effectiveness of carbon
ion beams between NIRS/HIMAC and GSI/SIS. We here have intercompared between the two beams using gut
crypt survivals, and reported that the two beams are biologically identical to each other after single and daily-

fractionated irradiation as well.

MATERIALS and METHODS
Animals:
C3H/He female mice 10 to 12 weeks old were used. Mice were produced in specific pathogen free facilities

at NIRS, and moved 2-3 days before start of irradiation to conventional environment in either NIRS or GSI.
Anesthesia with ketamine and xyladine was used during irradiation. Mice were kept in a Lucite jig especially
designed for gut irradiation, and they received horizontal beams. For each dose, either 3 or 4 mice were used.
Irradiation:

Carbon ions were accelerated to 290 MeV/u by HIMAC and SIS synchrotrons, and spread out to 6-cm width.
The SOBP profile for the SIS synchrotron used in the experiment was adjusted to be the same as the SOBP
profile being used for therapy at Chiba (3), and was different from that being used for therapy at Darmstadt.
Using different thickness of tissue-equivalent absorbers, mouse jejunum was placed at 3 different positions
within the 6-CM SOBP, i.e., middle position, 2-cm upstream form the middle position and 2-cm downstream

form the middle position. Dose rates for HIMAC and SIS beams depended on irradiation position, and were



approximately 3 Gy/min and 1 Gy/min, respectively. Mice received either single dose irradiation or 3 fraction-
ated doses with a fixed interval of 24 hr for 3 days.
Endpoint:

Crypt survivals were histologically measured. Jejunum was removed and fixed in formalin 3.5 days after ir-
radiation. Histology preparations were made, and H&E staining was used to count microscopically the number
of crypts surviving and regenerating. For non-irradiated control, the number of crypts per circumference sec-
tion was between 120 and 145. Experiments were repeated 2 or 3 times for each synchrotron facilities, and the
data obtained from each were combined for use. Obtained on survival curves were two iso-effect doses of D30,
and D10, the doses required to reduce survivals to 30 and 10 crypts, respectively. Isoeffect doses were used

to compare biological effectiveness between the two facilities.

RESULTS
Figure 1 shows physical depth dose distribution of carbon ion beams used in the present study. Jejunum was
irradiated at 3 positions indicated by arrows. Jejunum located 7 mm depth from abdominal skin surface, which

was measured by a range absorber method. As shown in figure 2, mice were placed in a Lucite jig and received
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Figure 1 Depth dose distribution of Carbon-ion beams with a 6-cm SOBP
Arrows indicate three positions of gut irradiated with carbon ions.

Figure 2 Mice immobilized in a jig.

Left panel: Receiving an IP injection of ketamine and xylazine, mice were placed in a Lucite jig. Hands
and feet were picked by clothespins with strings. Right panel: Horizontal beams passed through a Lucite
plate (4 mm thick) and abdominal wall before reaching to jejunum.



horizontal beams. Carbon ions pass through a 4-mm thick Lucite plate and abdominal wall before reaching to
jejunum. First, physical doses of carbon 6-CM SOBP at various positions were measured (figure 3 A). Chan-
ging thickness of binary filters, doses sharply drop at the distal fall-of of the SOBP. ‘Within 2 mm from the in-
itial drop, doses decreased to nearly 1/10. The middle position of this drop was made by a use of 129 mm thick
of binary filter. Second, jejunum crypt survivals were measured at various positions within the same 6-Cm
SOBP. After a fixed dose of 10 Gy at a position made by 109 mm thick of binary filter, number of crypt survived
this dose was 1.0 (figure 3B). Number of crypts gradually increased when thickness of binary filter increased
from 114 mm, and reached to 130, almost an unirradiated level , at 123 mm thick. This increase is due to de-
crease of physical doses at the distal fall-off. What was different from physical fall-off was that the range of
crypts increase was 9 mm and wider than the range of dose decrease. This indicates that jejunum was not flat
to the horizontal beam, and partly bending back and forth in body. The middle position of the crypt drop was
made by a use of 118 mm thick of binary filter. Subtracted 118 mm form 129, resulting 11 mm includes
thickness of both the 4mm thick Lucite and abdominal wall, thickness of which could easily be calculated as 7
mm ( the water equivalent thickness of 4 mm Lucite is 4.64 mm) .

Figure 4 shows crypt survivals after single and fractionated dose of carbon-ion irradiation. The left panel is
for proximal positions at NIRS and GSI, and indicates very similar dose response relationship between the two

facilities. This similarity is also observed fort the middle (middle panel) and the distal (right panel) positions.
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Figure 3 A method used to determine depth of jejunum in body.
290 MeV/u Carbon-ion beams with 6-cm SOBP were used. Left panel: Physical dose fall-off, right panel:
Crypt survivals at the fall-of.
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Figure 4 Crypt survivals after irradiation with carbon ions

Single doses for GSI were shown as red, closed circles, while single doses for NIRS as orange, open circ-
les. For 3 fractions, GSI data were shown as blue, closed triangles, while NIRS data as open black tri-
angles. Bar is standard deviation.



DISCUSSION and CONCLUSION
We here presented and compared between GSI and NIRS for gut crypt survivals after irradiation with 6-cm
carbon-ion SOBP profiles. Comparing isoeffect doses for single irradiation, a ratio of GSI to NIRS (GSI/NIRS)
of carbon ions at D;, were 1.02, 1.05 and 1.01 for proximal , middle and distal position, respectively. , while the
ratio of GSI/NIRS at Dy, were 1.02, 1.03 and 1.00 for proximal , middle and distal position, respectively. Com-
paring isoeffect doses for fractionated carbon ions, the ratio at D5, were 1.02, 1.00 and 0.99 for proximal , mid-
dle and distal position, respectively, while the ratio at D,, were 0.98, 0.98 and 0.99 for proximal , middle and
distal position, respectively. When we averaged these values, difference between GSI and NIRS beams is 1 %.
We conclude that no difference between the two synchrotron facilities of carbon-ion beams was detected by

the gut crypt survivals method, an in vivo dosimetry.
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Introduction

Higher precision and an improved biological effectiveness were the main driving forces in experimental ra-
diotherapy for the past 100 years. Particle radiotherapy using protons and carbon ions closely meet these de-
mands, because ion beams have millimeter precision and an inverse depth-dose profile with an increase of the
dose with depth. In addition to these physical advantages, heavy charged particles such as carbon ions exhibit
an increased relative biological effectiveness (RBE) in the Bragg peak relative to the plateau region. While sev-
eral medical facilities exploit energetic protons to treat deep-seated tumors, the use of carbon ions is limited to
two hospital based facilities in Japan and a pilot project in Germany at GSI. The first dedicated European cli-
nical heavy-ion therapy (HIT) facility in Heidelberg (Germany) will soon be open for patient treatment. In
Europe, an active beam scanning technique is used for dose delivery. Compared with passive beam delivery
techniques favored in Japan, beam scanning allows for dose conformation not only at the distal but also at the
proximal edge of the tumor for each field '. An important consequence of the beam scanning technique with
heavy ions is the necessity to calculate tumor and normal tissue RBEs separately for each point within the com-
plete treatment field. Yet, one has to keep in mind that although ion beams exhibit a previously unattained pre-
cision in dose delivery, there will always be small volumes of normal tissue in the high-dose volume. These mi-
ght be normal tissue in the beam entrance channels, especially those close to the target volume, as well as nor-
mal tissue in the target volume itself which cannot be spared for various reasons.

The determination of biological effective doses is done by use of the local effect model (LEM). Such bio-
physical models are required, because the RBE of ion beams exhibits a complex dependence on many physical
and biological parameters such as beam energy and LET, penetration depth, dose level and the repair capacity
of the tissue as well as on the selected biologic endpoint >. The LEM is implemented in the treatment planning
system and enables the assignment of “individual” RBEs to each of the millions of voxels in a patient CT °.
Pilot studies at GSI focused on radioresistant skull-base tumors, locally advanced adenoid cystic carcinomas
and paraspinal tumors, which are difficult to treat, because a sufficient high dose often cannot safely be deliv-
ered in general with conventional radiation, due to the tolerance doses of neighboring radiosensitive normal tis-
sues. Unfortunately, in most cases the radiation tolerance of these critical normal structures are not known pre-
cisely, because of uncertainties in the RBE of the carbon ions (*C). To exploit the role of carbon ions for late
complications in the normal central nervous system (CNS), normal rat brain as well as the rat spinal cord was

used as a late effect model to determine the radiotolerance of photon and carbon ion irradiations.



Response of the normal rat brain.

In 1997 we have started our investigations with a study applying single doses of carbon ions and photons to
the right frontal lobe of the normal rat brain. Animals were irradiated stereotactically at the right frontal lobe
using an extended Bragg-peak with maximum doses between 15.2 and 29.2 Gy. Late changes in the normal bra-
in, detected by T1- and T2-weighted magnetic resonance imaging (MRT) were taken as basis to calculate dose-
response curves. For follow up, two biological end points were selected at 12, 14, 16 and 20 months: (A) any
contrast enhancement in the brain after injection Gd-DTPA in T1-weighted MRI, and (B) any hyperintense sig-
nal in the brain in T2-weighted MR1L

Radiation-induced tissue alterations of the normal rat brain monitored by MRI exhibited a time-dependent
progression up to 17 month post irradiation and remained stationary after that time. At 20 months the tolerance
doses at the 50% effect probability level were 20.3 + 2.0 Gy and 22.6 £ 2.0 Gy for changes in T1- and T2-
weighted MRI, respectively *. The RBE, as calculated on the basis of a previous identical animal study with
photons was 1.95 + 0.2 and 1.88 + 0.18 for T1- and T2-weighted MRI °.

This study represented the first published quantitative analysis of carbon ion-induced late effects in the nor-
mal brain. Remarkable was the differential behavior of the selected biological endpoint: Beyond 17 months the
MRI changes remained in a progressive state for photons, whereas the tolerance dose for carbon ions was al-
ready stationary. This situation lead to decreasing tolerance doses for photons and hence to some extend time-
dependent RBE-values. No significant difference in RBE was found for the two MRI end points. Although the
tolerance doses for the two MRI techniques were quite different, the RBE-values are nearly the same. More-
over, the comparison of our results with a parallel performed single dose study on carbon ion-induced myelitis
of the rat spinal cord yielded a rather good agreement with respect to RBE. This holds in spite of the different
tissue architecture and the different biological endpoints. The labor intensive treatment procedures with indi-
vidually positioned animals in a stereotactic frame, the elaborative follow-up by MRI and the suboptimal bio-
logical endpoint supported the decision that for systematic measurements of normal-CNS complications the

spinal cord might represent the more suitable model.

Tolerance of the rat spinal cord.

The cranial part of the spinal cord of the rat was irradiated with 1, 2, 6 or 18 fractions of photons or *C-ions,
respectively. Plateau irradiations were performed in the entrance region of a 270 MeV/u Bragg-peak, while for
the peak irradiations a 10 mm spread-out-Bragg-Peak of 140 MeV/u. was used. Animals were followed up for
300 days after irradiation for the onset of paresis grade II. Dose response curves were calculated for each irra-

diation experiment and Ds-values (dose at 50% complication probability) were determined. Based on these Ds,-
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values, the RBE and the related o/B-parameters were calculated. The measured RBE-values were compared
with predictions of the local effect model (LEM).

The experimentally determined RBE-values for 1, 2, 6 and 18 fractions were 1.44+0.08, 1.37+0.05,
1.33+0.02 and 1.42+0.02 for the plateau- and 1.77+0.06, 2.17+0.06, 2.97+0.05, and 5.04+0.08 for the peak-ir-
radiations. The respective predictions by the LEM were 1.14, 1.19, 1.37, and 1.72 for the plateau- and 1.28,
1.61,2.35, and 3.80 for the peak irradiations. The a/s-values derived by logistic regression were 2.8+0.4 Gy for
photons, 2.1+0.4 Gy for the plateau and 37.0+5.3 Gy for the peak-irradiations, respectively *’.
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Fig. 2. Radiation-induced myelitis in the rat spinal cord: Dependence of the relative biological effectiven-
ess (RBE) on fraction number (a) and dose (b). (reprinted from [7] with permission from Elsevier).

Carbon ion irradiations of the spinal cord are significantly more effective in the peak than in the plateau re-
gion. A significant fractionation effect was only found for the plateau-irradiations. For the peak irradiations, the
LEM correctly describes the dose dependence of the RBE, although it generally underestimates the RBE by
25%. In the plateau region, overestimations of up to 20% were found for the clinically applied low doses per

fraction. The experimental data contribute to the validation of the LEM and quantify the involved uncertainties

Discussion and Conclusion

As a complementation to experiments performed at NIRS focusing on early reacting normal tissues, we have
directed our interest to late complications in the normal tissue of the CNS. In our hands, the spinal cord tissue
model turned out to be a reliable system to exploit different radiation qualities, especially with respect to their
role in late radiation effects. Up to now, only few experimental data on the RBE of carbon ions were available
for the CNS. Morphological parameters were in the focus of normal brain studies. The effects of carbon-ion ir-
radiation and X-irradiation on the development of rat brain were compared on the histological level showing
that the effects of both carbon-ion irradiation and X-irradiation on the development of rat brain are similar in
character. The effect of 1.5 Gy carbon-ion irradiation compares to that of 2.0 or 2.5 Gy X-irradiation ®. Impact
of heavy ions on postnatal mouse cerebella development have been described ® showing in vivo evidence of
more pronounced apoptotic cell death after carbon ion treatment. The pathogenesis of delayed encephalopathy
in cats induced by carbon ions was characterized by a long-standing edema of the white matter due to vascular
hyperpermeability, and the vascular dilatation seemed to be caused by a reduction in the vascular bed and/or
hemoconcentration due to hyperpermeability .

The latency interval for the development of limb paralysis after the irradiation of the rat spinal cord with frac-

tionated doses of charged particles in the plateau and Bragg-peak regions was first examined by Leith et al. and



Rodriguez et al. "'". Their results showed a distinct decreased tissue tolerance in the high-LET Bragg-peak re-
gion. The RBE of high-LET beams of charged particles, for spinal cord injury, is known to be in the range of
1.2 to 3.0 " with the RBE being lower for single compared to fractionated doses . This database is signifi-
cantly extended by the present study, especially in the clinically relevant region of low doses per fraction. More-
over, the results clearly demonstrate that in vivo studies with well characterized biological endpoints are helpful
contributions to better define the tolerance doses needed for normal tissues. The experimental data contributed
to the validation of the LEM and helped to quantify the involved uncertainties.

In the course of the clinical pilot studies at GSI only a few tumor types have been treated, mostly brain, head-
and-neck, and spinal cord cancers. One of the challenges for the upcoming new medical facilities, will be to
verify if the rasterscan-based treatment can be successfully extended to a number of other tumor sites. As nor-
mal-tissue tolerance remains the limiting factor for a general extension to new tumor sites, it is for these sites
that more information on normal-tissue response is urgently needed to minimize the risk associated with the
treatment. Likewise, as a consequence of the physical and biological enhanced effectiveness, hypofractionation
(large fraction sizes) is taken in consideration and in a number of cases patients have been treated with better
tumor control than conventional therapy '*. Systematic in vivo measurement combined with an radiobiology
modeling of fractionation effects should help to answer the question to what extent a fractionation scheme re-
mains its advantage in reducing the risk to normal tissue. Last but not least, studying the molecular mechanisms
underlying carbon ion irradiation on normal tissues effects might not only help to understand clinical response
but also might open new avenues for the development of interventional strategies for patients undergoing car-

bon ion therapy.
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Table 1 Equipments for external radiotherapy

equipment number
Linac 765
with dual energy (498)
with 3D-CRT function (462)
with IMRT function (170)
Microtron 24
Telecobalt (actual use) 11
GammakKnife 48
CyberKnife 12
Tomotherapy 1
Synchrotron 6
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Fig. 8 Ratio of water proof to non-water proof cylindrical ionization chambers (2006)
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Table 3 Uncertainties of absorbed dose to water for photon using Farmer type

components of uncertain Tby ARNIR]
P ty TRS-398 (situation in 2007)
Npyw calibration factor in terms of 0.6 (1.5)
"~ absorbed does to water
N, calibration factor in terms of - 0.74
exposure
kpx  conversion factor in terms of - 1.3
| Nc to IV D,w
ko beam quality correction 1.0 1.0
factor
M measurement at calibration 0.9 0.9
point
combined standard uncertainty [%] %5 2.0
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Introduction

In recent years, there has been an increased interest in the medical community throughout the world to es-
tablish dedicated hospital-based facilities employing proton and light-ion beams for radiotherapy. However, at
present there are no recognized uniform standards for dose prescription, dosimetry and treatment techniques for
these beams. Such standards are essential for the design of new facilities, for the evaluation of clinical data from
the various facilities, and for assessing the efficacy of proton and light-ion beam radiation therapy relative to
photons or other modalities. To fill this gap the ICRU and IAEA prepared a common Report 78" where the con-
cepts and recommendations of ICRU reports concerning radiation therapy are extended to proton therapy and
the necessary information is given on techniques, procedures and harmonization the clinical descriptions of pro-
ton treatments. The planning of proton therapy requires accurate dosimetry and beam calibration in order to en-
sure the exact delivery of the prescribed dose. On the other hand, the extensive exchange of clinical experience
and medical treatment protocols needs to be based on consistent and harmonized dosimetry procedures. This
paper reviews the recommendations given in new ICRU report 78 for standardization dosimetry and QA pro-

cedures of therapeutic proton beams.

2. Materials and methods
2.1. Reference dosimetry

The lack of national and international dosimetry standards for proton beams, and the lack of understanding
of details of the relevant physics, historically made calorimeters and Faraday cups (FC) become the dosimetry
instruments of choice for the reference calibration of these beams. ICRU 78 provided thoughtful review of the
current status of application of these instruments in proton beam calibration. It was recognized that the major
difficulties with both water and graphite calorimetry are currently understood and have largely been solved.
ICRU 78 recommended when available, calorimeters should be used as primary standards or, alternatively, to
confirm the proton calibration coefficient of the reference ionization chamber. Due to the large differences fre-
quently observed between FC-dosimetry and calorimeters or ionization chamber dosimetry, but not sufficiently
understood, it was not recommended the sole use of fluence-based techniques for calibration of clinical proton
beams.

Currently, air-filled thimble ionization chambers with “Co calibration factors are recognized as the most prac-
tical and reliable reference instrument for proton dosimetry. The publication of the ICRU Report 59” represen-
ted the first attempt to harmonize clinical proton dosimetry worldwide and included both “Co air-kerma and
absorbed-dose-to-water based formalisms for ionization chamber dosimetry. Upon the adoption of ICRU 59 in
multiple proton centres, international dosimetry using ionization chambers with “Co calibration showed a con-

siderable improvement in homogeneity, and a comparison among various institutions described in ref” resulted



in agreements within 1% for all participants in the calibration of a common beam using their own instrumenta-
tion.

The International Code of Practice IAEA TRS-398%, based on standards of absorbed dose to water for ex-
ternal radiotherapy beams, was published in 2000. For protons, TRS-398 differed substantially from ICRU 59.
A detailed comparison of the two recommendations has been done in ref ¥, providing a discussion of the source
of the differences. As it was indicated above, ICRU 78 minimized the role FC and calorimeters in proton dos-
imetry, favouring the use of ionization chambers and adopting IAEA TRS-398 as a Code of practice for prac-
tical beam calibrations. The adoption of TRS-398 was supported with the careful analysis of the basic physics
data and provided recommendations were given for passively modulated and scanned proton beams. A com-
parison of recent recommendations for dosimetry in reference conditions of proton and ion beams is given in
Table 1.

ICRU 59” IAEA TRS-398" ICRU/IAEA 78"
Particle type protons Protons, ions Protons
. . Passive Passive modulation
Beam type Passive modulation modulation and scanned beams
Reference phantom
. water water water
material
Reference Ion chamber: Ton .chamber: Ton chamber: thimble
dosimeter thimbl, thimble or or parallel plate
more parallel plate
Calibration quality “Co 8co co
ic calibration factor Ny, Ni, Np.y Npw Npw

ic wall material

No restriction

No restriction

No restriction

Beam (.luahty Effective energy Residual range Residual range
specifier
Stopping powers ref (7] ref [8] ref [8]
34.2+0.4% 34.240.4%
Wair 34.8i’2% .
34.5+1.5%- ions
Use of chamber
specific factors yes yes yes
Protons:
2.0% - thimble
2.3% - parallel Protons:
D). 16 2.8% plate 2.0% - thimble
Uel S ’ Ions: )

2.3% - parallel plat
3.0% - thimble o - paratiet prate

3.4% - parallel
plate

Table 1. Main features of the Codes of Practice and protocols for dosimetry in reference conditions of pro-

ton and ion beams

Knowledge of (w./e) - fhe mean energy to form an ion pair in the ionization chamber gas for protons - is re-
quired for conversion of the charge collected in an ionization chamber to deposited energy. As seen from Table
1 the values recommended in the two most recent protocols, ICRU 59 and IAEA TRS-398 differ by more than
2%. A re-analysis of available data should be performed in order to explain any differences and correct in new
ICRU report any inadvertent errors in the (w./e) -values used in the two most recent protocols. The analysis
published by Jones® and included into ICRU 78 report showed that only (w./e) -values deduced from the com-
parison of all available calorimetry and ionometry data should be evaluated to determine the appropriate w-
value to use for ionization chamber dosimetry. The value thus determined is 34.2 J C"' £ 0.4 %, which is con-
sistent with the TRS-398 recommended value. As it is given in Table 1, ICRU 59 and TRS-398 use proton



stopping powers given in ICRU Report 49” but TRS-398 includes secondary electron transport and nuclear in-
teractions ¥. The stopping power data from TRS-398 are recommended by ICRU 78 and a table of beam quality
correction factors from TRS-398 is reproduced in ICRU 78 Report. Plastic phantoms should not be used for ref-
erence dosimetry in proton beams since the fluence correction factors, for scaling absorbed dose to water in
plastic to absorbed dose to water in water at the same water equivalent depth are not very well known. Never-
theless, when accurate chamber positioning in water is not possible or when no waterproof chamber is avail-
able, their use is feasible for the measurement of depth dose distributions for low energy proton beams®. The
recommendations of ICRU 78 for reference dosimetry in scanned beams are based on the experience at the Paul
Scherrer Institute (PSI)”.

2.2. Measurements in non-reference conditions

Relative dose measurements or measurements in non-reference conditions are performed for routine daily
clinical physics activities, beam line commissioning, and collecting data for treatment planning systems (TPS),
quality assurance (QA) and for research and development. ICRU 78 provided detailed analysis of the appro-
priate sensitivity, energy independence, response linearity and spatial resolution for different detectors and
summarized that depending upon the clinical task, ionization chambers, silicon diodes, radiographic films, dia-
mond detectors, gels, scintillators, thermoluminescence dosimeters (TLDs), and radiochromic films can be em-
ployed for relative measurements. Nevertheless, all measurements with different detectors should be verified
through the comparison with an ionization chamber.

The measurements used for controlling the dose and the shape of the dose distribution delivered with scanned
beams differ from those with passive-beam scattering only from the point of view of the longer time needed for
the measurements. The simultaneous use of several dosimeters distributed either at discreet positions in a vol-
ume or aligned along arrays (for measuring dose profiles) was recommended. Alternatively, 2-D dosimeters,

such as radiochromic films, scintillating screens or gel dosimeters can be employed.

2.3. Quality Assuarnce

A comprehensive QA program for a proton-beam therapy facility includes the procedures that ensure a con-
sistent and safe fulfilment of the dose prescription as well as minimal radiation exposure to the personnel and
the public. Practical implementation of a QA program depends on the details of the proton accelerator and the
selected beam-delivery technique. The QA measurements described in ICRU 78 follow the steps of the proton-
therapy and focus on dose delivery and treatment planning. Commissioning and validation of proton-beam de-
livery and treatment-planning systems include machine-specific beam-data acquisition, data entry into the
treatment planning system, validation of the calculations, development of operational procedures and constancy
checks, as well as training of all staff concerned with the operation of the system. New types of proton-beam

delivery systems might also require biological assessment as a part of commissioning'®

whereas preclinical tes-
ting of commercially available facilities is usually limited to physics and dosimetry acceptance checks'. The
data obtained during the commissioning and validation process are used later as benchmarks and thresholds for
periodic QA checks.

Periodic QA checks for wobbling and scanning delivery techniques are similar to those for the passive-beam
scattering technique. However, because these delivery systems are dynamic and also because the accurate de-
livery of the planned dose depends on the accurate deposition of individually weighted pencil beams, additional v

QA methods are required for scanned-beam systems. An important part of QA procedures is related to beam



monitoring with multiple-wire and multiple-segment ionization chambers that control deviations in beam posi-
tion, check the beam size and its uniformity, and control the dose delivered to the patient during the treatment.
The stability of the monitors with gantry angle and reproducibility of the beam from the accelerator should be
verified as a part of periodic QA checks™.

Accurate positioning of the patient in the proton beam requires location of the patient on the support system
and precise operation and correct interaction of two systems: one that performs and controls the movements re-
quired to place the patient in the prescribed position, and another that verifies the position of the patient relative
to the beam axis. The periodic QA checks of positioning systems and digital x-ray imaging systems should be
deal with the calibration of CCD cameras and verification of the alignment of the axial x-ray imaging system'.
Patient positioners can also include high-precision robotic systems' ' that are capable, in combination with
gantry angulations, of locating the treatment isocenter at any point within the patient and direct the beam from
any angle through that point. The accuracy of robotic patient positioning depends mainly on the capability of
the robot control and safety software rather than on the mechanical accuracy of the couch, therefore periodic
quality control involves a substantial amount of software and safety checks'.

The TPSs used at proton centers with a passive scattering beam delivery system are mostly based on scatter-

convolution algorithms'™

. This method employs as input data the measured depth-dose tables, off-axis profiles
and output factors for each energy and modulator combination. During commissioning, the dosimetric charac-
teristics of the proton beams, such as depth doses, off-axis profiles, field-size factors, modulation factors for
different field sizes, penumbra sizes, and beam ranges, should be measured and recorded for validation of the
TPS and also stored in a database to be referenced in future periodic QA checks''™. Again, for scanning sys-
tems, the beam data-acquisition procedure is somewhat different, and requires the measurement of depth-dose
curves and lateral profiles of pencil beams, requiring small-field dosimetry equipment with a good spatial res-
olution', Given the importance of the accuracy of the CT HU values, ICRU 78 strongly recommends that regu-
lar checks of the consistency of the CT HU values be performed.

Patient-specific periodic QA checks for passive-scattering techniques include portal calibrations and verific-
ation of beam-shaping devices (apertures and compensators/boluses)'?'?. Precision in manufacturing the bolus
directly affects the distal part of the depth-dose distribution, while the errors in the patient aperture impinge on
the lateral-dose distribution. Although milling machines provide high manufacturing precision, the manufac-
tured beam- shaping devices for each patient should be checked against TPS data files by comparing aperture
shapes and bolus thicknesses at pre-selected points'. Improvement in quality control of dose delivery can be
achieved through the use of proton radiography that provides verification of the relative range of protons in vivo
in the patient’®. The use of PET monitoring to check proton range, dose localization, and stability of the treat-
ment during different fractions could be considered a potentially useful tool for QA in proton therapy'™'®.

Patient-specific QA checks for TPS used for scanned-beam system' include manual calculations of the MU,
range checks and, most importantly, independent dose calculations based on the control file itself, which is di-
rectly compared to that calculated by the treatment planning system. If respiratory-synchronized irradiation is
employed, CT images used for treatment planning must also be taken in respiratory-gating mode. The same
specifications for irradiation gating, synchronizing timing and thresholds, should be applied for acquisition of

treatment-planning CT images'.

3. Conclusion

The implementation of recommendations of ICRU 78 will help to harmonize the clinical descriptions of pro-



ton treatments and provide standardization for the design of new facilities, for the evaluation of clinical data,

and for assessing the efficacy of proton beam radiation therapy relative to photons or other modalities.
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EHRREE R TFHRIEED) 13RAICERL T ZEPHEEN 5D,

.2 HHY

BER TS ICIIYE ZBEHMET 28215 D R FHRIEERIC X > THREEENS K TEERE
WIZHEEYE S ER S NBREOIRE T 5. TOORTHIGRICREE I S Eh - 2RI
FRECET - BA, R OBEITN SR D KIREFEATRB B RED 5 OBEERIC K D@ BE I n
%, B, RIT#GHR & BT OBEREF ILE R CERIEICHED 2 LIk > TroRrek
MHAHEREINTNDEEXATYS, HL, RALRIZRET-IREhold, BETS
6 D DR FHRIBEIERDH I L. B TP R ORERIC K o T U IREBETRED b OISR E
EHIET DI EERoT,

Jitk

1 BER SR

HATITON TV DB TFHRR R FRZ VR FREE TIE 70— RE— MEN— I T
H 5, Fig. I 70— RE—LEORIFRRIBEICH WS N2 AR 2R, REBHEICEK

Patient

TTTTT T TNeIn

Multi-leaf collimator Range compensator Patient collimator

Fig.1: Beam modifying devices for the broad beam delivery system, the collimators and the range com-
pensator. Either the multi-leaf collimator or the patient collimator is used for the treatment. The radiation

from the radioactivity remaining in the devices was measured.
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BER—FA, BEIVA—F, Thbd, BEFRENOFELZFMT 50, BHFERY T
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Objects Materials Size Distance
Patient collimator Brass Aperture 3X 3 cm? Surface
30 cm away
Range compensator Polyethylene/ 10cm water equivalent Surface
Chemical wood thickness 30 cm away
Multi-leaf collimator Iron Aperture 5X5 cm?2 Surface

50 cm away
Patient Tuff water 30X 30X 30 cm3 Surface
30 cm away

Table 1: Specifications of the measuring objects and the measuring distance from the object.

Protons Carbon-ions
Beam energy in residual range (cm) ~25 ~15(25)
Field size in diameter (cm) 15 15
SOBP width (cm) 6 6
Physical dose at the mid-peak (Gy) 5 5
Dose rate (Gy/min) Equivalent to Equivalent to

treatments treatments

Measuring interval Every 30 sec Every 30 sec

Table 2: Protocol of the radiation measurements for the proton and carbon-ion beams. The higher beam

energy of the carbon-ion beam was optional.

2.2 JIERS

BHERE AT — A A—F (Fig. 2) ZRWTHED S OMAREE 230D T LICHE L7z, &
BT v 723 TT LD BBICKIDREHEROHEIE BITo /2. Sk OHIEEIE
FEELERNL—HEY T —DOHIEHERITBNT 1 EUNICREFEATH o /=,

Fig.2: Photo of the Ionization survey meter used for the radiation measurements.
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Fig.3: Dose rate (uSv/h) as a function of time, from the radioactivity remaining in the beam devices, the
patient collimator [(a), (b)], range compensator [(c), (d)], the multi-leaf collimator [(e), ()], and the tuff-

water phantom [(g), (h)], after the irradiation of proton/carbon-ion beams. Lines are the double attenuation
curves fitted to the data.

3.2 T < B
BEREEEEOHII<HEIT. 1) XOEMEMEE2IEERFFTHES LEEINZ. $51D0
TEENRHEK THE., HOARFAMINSUETIIET S L, TOERICLIHMIEMND.
H= J’z Hdt
! )
=DPD [exp(_tl / p)—exp(-t,/ p, )]+ P3Py [exp(_tl / p3)—exp(-t,/ p, )]
TROHEND, OIS THHEEMEDD 2 & B 2 2EBEHREEIHICOWTHE L /=,
TBEITPED BRER DI D AL L7 E DIEZEIT— N DERINT S LAE LTz, —EIOREHIEET 5 1E
SRR, B S OIERER & OZMFITTable 3ICRINT NS, ZHUIEE 1L AD 1L EOREIZ
BT AMETHD. — NDREHREANIITable 3O/EXE% 1 H20[E., 260017 E{KE L 7.
BRER DT — I MOHE S NERELEDK R EFig. 4TRT, EOMHOT—FZ2HNT
B, R AT ORI E L EIXFEH TI0mSVAR TH o /2. 72 KR E L EIZEM TI00mSv
K THo/ze THTNTNOEERFILEICK S FIRME (EEELE20mSv/E, KEHRREY
B500mSv/4E) 21+ 27U 7 L TWk, BEFRBEAOHEILI1Z0. mSvEE EHEI N, Zh
IE—BRNROBMERETHS 1 mSv/EELEL THMEWETH > 7=,

Action of the worker Start time of the | Time for the | Distance between the source to the worker

action after the | action Effective dose estimation Skin dose estimation

treatment MLC PC RC MLC PC RC
Detaching the immobilization devices Omin 25sec 30sec 50cm 30cm 30cm 50cm 30cm 30cm
Dismounting the patient collimator Omin 55sec 10sec 50cm 30cm 30cm 1.5cm Ocm Ocm
Dismounting the range compensator 1min O5sec 10sec 50cm 30cm 30cm 1.5cm 30cm Ocm
Putting away the range compensator 1min 15sec 15sec e = 30cm s = Ocm
Putting away the patient collimator 1min 30sec 10sec = 30cm e — Ocm

Table 3: Assumptions of the actions of the worker (radiological technologist) after the irradiation of the
proton/carbon-ion beam, the start time of the action, the time for the action, and the distance of the worker
from the radiation sources (MLC, PC (patient collimator), RC (range compensator)), to estimate the effec-
tive and skin doses.
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Fig.4: Effective doses estimated from the attenuation curves with four facilities' data. All of the doses are

much lower than the annual limits by the Japanese regulations.
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1. 13U®IZ

BRI E-TIEINZEA 0BT AN FEEEL. [ER0X (1) BOBETER
FAWEBEERRBRD, BEOARSTREARDEEIIHHEL., PHTOREBEETH S, M
AR D FIZ DWW T BRI ER LRV R OBENWREFICEI L TRE LRl Z L T a5,
B EBEFEDOHEHME. BEOFEFHIZISZBIOVTIRENDES TIIEZERIN TV, KT
BEOZ2ICEAL T, FHBRHNKETH S0 2R L TE,

BEOPFETFHIZIS. BBOBMEICK 5EEREEOHIIITDONT, ENOR TG MR
WBWTERIICHHM LU Z#HRIZEO 2 DOWMETHLMIINT NS, I I TIEH#ENEOEER
L, BEOHEHMEIZED2FKROHIIK BLUREANOFEEFML ZHERICODVWTHRET 5,

BB ZOHEONFIT. BEFBREHAEMIE WFRHEES  ERTHRIBESH M OER
ISR RD AR E D H 0 HICBT 5019, BEMFEE  EHEE) 22T TERITEENS 3
EROEE TITON TELMEOREDHEN TH S, o THREMFEILT N TELTREE. W5y
HE, WEBHZBCE> TEBEINEZHDTH DY,

2. NEOREHE .

AR ORE ORI ZE, BEICBENORRZEBL THH AV, TAUR, AVz—FT2,
77U, A ABIEEREL TORBEWAIMESRIC DWW TRER EETH S 1 > RIZTDWTHE
Uize R1ICHABZTOEE LR, BRCHAVWTODRFORBBEEERT RN F 2R,

country code organization p;; itli:rzzid (;Z:éiz)

Germany DE GSI, Darmstadt 12C 430
HIT/DKFZ, Heidelberg 12C 430
Loma Linda U., CA P 250
USA Us MD Anderson, TX p 250
; Florida U., FL p 235
Sweden SE Upsala TSL p 180
S. Africa ZA | iThemba LABS, Cape Town p 200
Switzerland | CH PSI, Aargau p 214

India IN VECC, Kolkata Therapy is not conducted.

R1 RERBEF#THo--ELER.

BLTRER R O R EE2HLTHHEIYRICEL T AT 2 —F VI3 HAR & REER ORER
REEBFEIIOVWTIERRER S -HENEY L TSN, MEEZ2EEDT-DOMBENHFL TS
ENZNED TH 5, KETIIMNITEK > THRENERR S,

BHEXIRL E QBN NDINTFHREBREEICONTIE. R VIZAA LD B EHKEICICRPENIS %
WO ANTWSRE, EEBEEICII> THRDAER - TWS, MY 77U EA 2 RTIIREHICH
HLTWB, 1 > ROBRBHEITSHED EITELWEDITEZ S,
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NHIRTH %,
RIFHRIBRICBI L T EERIEEE O #E S BE O IRAHMLITH T 2RI 78 ER AT DWW TR E BLD
Zllz, BERTRIIIAXTICZ2, 30ETHILENS, MO TEFEMOKFERIZHEL TL

F5720, HEBIFEAEHAENTE ST, WTNOMER S EEREEZICHT 2502551
FEEEZZTWE, EEEFORELICONTH LXINIMEWNZD, TR TOmEFRICTH W TR
EEEIZESNTWERN DTz, R—ZAA—NRLEREZEEL ZBRFEORFITOVWTIIGSIZT TR
Bid 0, EAMICIIEEZEEZRE LR IUIHBEITREEZEZA SN TN,

3. BAEBEHE O
3.1 ¥ 7% —%DRHFFER

RIFARBRSHC K - THEE O BHNEAIIMISITHAT 5, ZHITK > TREIAMEER D FKEIH
X< TN D D, X BEOPRMYICHHEYEN G TS, INSOXEZTET 5720
WVEEEERTS Ty O bAELTHY 7T 5 —F Al (FLE RS TRIEZRAMEE > 5 —,
BRENTNAY Y — BEERSRTREEYL Y — RHREZR SR ERL TER%E >
&—) TBNT, RAURTOEEOB T EZIIRFBHRE—LZHWTERHNL

AT, 1 (A) IKRTEBVEII0cnDY 77 +—F1250en® HEEET10cn*10cniZik - 7z
E—ZA (SOBPIZ 6 cnn BREFDKFRIEIIGT T25em. &KFETloemEZ1E25cm) %, SOBPH R
Bl 248 THGyRH L 7=,

tough water phantom

tough water  ionization chamber survey meter
phantom with plastic cap for y ray only,
without plastic cap for p+y rays.

10cm*10cm collimator

beam

50cm i < %}i

/30cm
cm (B)

(A) étivated part
T (A Bo70+—sREOEKHE. B) FEHBROMNESRG

BFBI 7T+ —5 2N 7T 5> BORWRBFZENCHEGHL, K1 B) KRTXDIZ, &
BERAY — XA A—F TEREBIVCERN S30cn (BEEFHEOERF.LETORER) TBT % rRE
£ (Fr v MTHE) BRUEB+ rBEE (F+v L THE) Z2BXE30MHEBETHEIEL .

T4 —4% DR ERIITRT, HBOZDITRL 2 MBSO L (ICRU soft tissue) 1T
e, BENDIR RENEZN,

HEFRROHIE L T, BEK TS5 MBROBEREZRER 2 ITRT. BT HEEHN TIXREFITHRL T
BENS TEREFRERPEN ENGN 5, REHORE TIIZRIVF—NE0NERERIIT RV
F—OHUEICERL TS, REEDOFRUKREFOEETIIHIC IRV F—NETEWREED
ESRERIT/NI WV, FRIZARHTH 3,

FERFIDORIEMEZ. KD 2 o DIREEEIE TEML =R Z2XN 2 127R7,
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dose rate (uSv/h) B+ emitter
facility beam at surface at 30cm concentration®
(Bq/g)
B+y Y By ¥
S 200MeV p 298 136 19 1 387
F i) 220MeV p 286 134 18 9.8 353
210MeV p 230 116 13 8.9 323
L
320MeV/u 12C 10 i | 1.1 1.3 45
290MeV/u 12C 21 15 3.1 % 76
T E
400MeV/u 12C 35 22 4.9 3.9 142

* Weight of patient is assumed to be 50kg.

%2 Tough WaterDRBEIZ#1To /5%, AWV E—A LD EDBEERS KXU30ecmDALE Tl

EUIViRBRMSHETROL. BEFHRERIED BEERNOLEMETEE

TER

H C N O Cl Ca
Tough Water 8.2 66.2 2.2 20.7 0.4 2.3
ICRU soft tissue 10.1 11.1 2.6 76.2 0 0

%3 Tough Water (ZBEE1.018g/cm’) & ICRUBKIBEED RS . HEFZEENSE Wt%).

_ =Myt -2t
H=Hye ™ +Hye

HREHT BT 2290MeVORIEMEIZITS DENREL, IRG TUNEMTER >k, ¥ T T+ —
F OIS, B TERAEIL0 CEREH2. 03770) £"C CFHEi#I20.397)) Tha I EHERISN
%, ERAEMKISIE YO (p, pn) O, *C (p, pn) "C PIIBFFELIRFEAF 2] THd, 7
T % —F AR L U TR BN L B FBNDIEWzD, EEOBETIEN 2 L0 b RNHER

BHRELS, BORBERDDNS <123 ENTHIENS,

2 704 —FOREADNSODAEBICEITAIREZEDREHER. SED=OICHKINELR
EEVWREETE0 (FiFHA2. 0379) &'C (HiRiHA20. 399) DE=E EMEIIEE) HRLUE.

dose rate (uSv/h)

3.2 BEFROBNI < il

BENRMKT 2 90RBICHBREENS Hi2% FERN2EERMNEHROZBEOREEREZ KD, &
I T+ —F DEREMNSI0cnDALEICBIT S v BBOBEREZ 71w FLXZ, 200512000
FTHESLEMETH D, RiTHIBEETIZ. BEICHL20~30ERE DS ERENfTHN D, FREMH

= Hyogo 2

e Tsukuba 200MeV p
= Shizuoka 220MeV p

mmmmmnnan H%oFo 320MeV C
-------- Chiba 290MeV C
------ Chiba 400MeV C
—0-15(2. 037min)
——C-11(20. 39min)

time (min)
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ZOMEERY 7+ —FRFOHEOETHD., EBEOBETOHII ZHET 2D, RODE
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ks 2 BB OB, BFWEHIR S 2 RFBOBELERE L. TNENRST DEND S KR OH
EE2L., BENSOBREREL -,

76.2 —ll 11.1 -*ﬂ,f
H'=H, x xe M+ H., % xe ™ 2
%207 2662 "¢ @)

(2) RZFERIC27051200 X THES L. 0B LZMEIR BFHETIE33N5T3uSv, REMTIES
N5WBUSVTH oz, TINS5 DEIFNTNS —RADEMBIT < RETH 2 1mSvITHE L T4 D
LUTTHB, ZOXDITHMODTBARERONSFHMEEIT> TH, BEFEOHI T HHENE
Thb,

3.3 HBENS QPR OB VR SR

MRS 5 D BICEENRFAENSBELZEEOD M L TOHZHE L =B S 0Hkdh Ok
BEZME L 7.

HFEBFOEHZEFHIVOETEHETHEGUATOY S LAY 2HAWT, BEEER (10cnx10
cmx25enD7K EARE) HOEREOALE THBEBFRD L EFEL ZBRIC, REH» 5 30cnifEn 7z 50
TOREBEZFET D&, EHL1¥10"SVTH o /2. RFMICHEZ T 5720, MEICE > TERL
TR EE N BE O B R LRI HET 5 LRE L ZHEORN 2B OBE ((RESke L RE) DK
SHEEFIE LR 2E 2 OBREARITRT.

RS HEIS 4571 5 390Bq/g TdH % . AN LB E < BBRIEIE W COHE/K B EEFR 1340 Bq/
' THh 2, BRENTHHEEIZTRT!ICTH S LREL Th, REHF TITEEOLBEEEIIHEAK
BERED1INS 4%, BTRTHSNSIETHD. KERXZHFREEZEETSE. b LOHE
KEFICIEBLUEBATHREEREZTHEHS, I5IKROMOIKICEIZFREZEZEZLSE, £o
BB ELTREFETIERNI ENG0 5,

4. bV

EAEICBBFAE T, WTNOMERICBVW T HA THRIGEREOREHRFIITONTB ST,
BEEDFEREIN TNk, FEEFOBSMEEFMEL & 25, BEHMEOREZEHOD TR
<. FH/REEOKLERIZFED 5NN o, Mo TR FRBEOZ2ICEL. REEN RN 51X
B ITHEI 2RI 2 BEILR N EHETTE 5,

51 F Tk

1) THEE B TRIEESHENOERIGH IR BEHREED D 0 HICEET 2%, B4
FER LI EMENE. B - oHEFEREE Q007464 A).

2) W. R. Nelson, etal.: The EGS4 code system, SLAC-245 (1985).
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