Vol.52

Ist NIRS International Open Laboratory Workshop
on Innovation in the Radiation Therapy

Bl REN FHEEE— 7S RBERE ST — 2 vay T

[0S A 3 R U 5 VT % i iy 5

ISSN 0441-2540



06

08

32

36

43

47

54

59

63

Contents

PSS R B e

B1EHEM EEA—7 5 RRREBET—723y T TRERAEREICE T HIEMTEN]
1) NIRS Establishes International Open Laboratory, Aiming to Motivate Young Researchers

L TR OFEREZARLCIEEA =7 IR M) — ] O
Hirohiko Tsujii Executive Director National Institute of Radiological Sciences

BGRREEER AR SE T B LI

2) Potential developments of light ion therapy : The ultimate conformal treatment modality

WA T R O W 2 H AL : FERR D JE AR IR G
ANDERS BRAHME Medical Radiation Physics, Department of Oncology-Pathology, Sweden
ATz =TV FHA)CAHGEN EERBEE BRI SE L =y TV =R TF— R

3) Overview of the NIRS International Open Laboratory:Particle Therapy Model Research Unit

RIEWEE RS A — 7 TR T ™) — B TG R ET VI L=y OB E

Naruhiro Matsufu]l Anders Brahme Yoshiya Furusawa', Taku Inaniwa", Tatsuak1 Kanai', Yuki Kase,
Johanna Kempe?, Teruaki konishi’, Nakahiro Yasuda" and Takeshi Murakami”

1) National Institute of Radiological Sciences 2)Karolinska Institute

TSR ARRAWEZEIT AN A, FRIE 0. DN BERS. Sk WL 4 ORERE. R AR, Rl bR Mk
AV z—FV AAVZAINEF TYF—A TIF—=RA, ant rrs

4) Semi-analytical calculation of quality of clinical ion beam

BERIN T O IHHH I RO BRI B9 2 BT i T 5

Taku Inaniwa", Takuji Furukawa”, Naruhiro Matsufuji”, Toshiyuki Kohno? Shinji Sato”, Koji Noda" and Tatsuaki Kanai”

1) Medical Physics Research Group, Research Center for Charged Particle Therapy,National Institute of Radiological Sciences, Japan

2) Department of Energy Sciences, Tokyo Institute of Technology, Japan

B ARG IEZE BRFERY Yy — WA RRE 6. &)1 siE), AR EA, Mol N BRI BERL, Sk EW
R T ERPRER M I AWER i B2

5)Microdosimetric Approach to Measuring Clinically-relevant Effective Dose for Heavy-ion Beams at NIRS

TR R AR B FE I D BRI 5 = 4 71N Y AR — 12 X2 5 A 25 il it oo 0

Yuki Kase, Hiroshi Okabe, Yuji Tameshige, Kei Aoki, Naruhiro Matsufuji and Tatsuaki Kanai
Research Center of Charged Particle TherapyNational Institute of Radiological Sciences (NIRS), Japan
TR AR A ZERT FORFEER Ay — i R, B I SR RN, EOR B R RBA. STk EW

6) Biological Dose Estimation for Charged-Particle Therapy Using an Improved PHITS Code Coupled with a Microdosimetric Kinetic Model

PHITSE A 70 Y AN &ML A A R 7R T-HE R0 2 2 W07 10 e 3T T 14

Tatsuhiko Sato”, Yuki Kase?, Ritsuko Watanabe", Koji Niita® and Lembit Sihver”

1) Japan Atomic Energy Agency (JAEA)  2) National Institute of Radiological Sciences (NIRS)

3) Research Organization for Information Science and Technology (RIST)  4) Chalmers University of Technology (Sweden)
HAE W ZE BB 1ok 3202, 158 i UM REWIZE I g

FIETS R AR DR R A S AV =TV FxVe—ALFIKY LAEYE =N

7) OpenPET:a new geometry that enables diagnosis duringtherapy

DBAZWERHZRA T 5 “OpenPET” D%

Taiga Yamaya and Hideo Murayama
Imaging Physics Team, Biophysics Group, Molecular Imaging Center, National Institute of Radiological Sciences

BOHRRER BT B PAA—V Ty —  FesBREHEE T Vv —7" s BEL NIl Bk

8) Biological studies using Medium Energy Beam (MEXP) course at HIMAC and Single particle irradiation system to cell, SPICE

PZANF ==L (MEXP) 2= ABT HAEMIRG S AT DL A rue— AR R4 E (SPICE) DR L Z D FIH

Teruaki Konishi”, Kotaro Hieda”, Takahiro Ishikawa", Hiroyuki Iso",Nakahiro Yasuda”, Tsuyoshi Hamano", Masakazu Oikawa",

Kumiko Kodama", Yuichi Higuchi”, Hisashi Kitamura", Hitoshi Imaseki"

1) Dept. of Technical Support and Development, National Institute of Radiological Sciences Anagawa 4-9-1, Inage-ku, Chiba 263-8555, Japan
2) Dept. of Life science, Rikkyo University

TR AR AW Ry — DR A

JNDY BRI WIBA. BRI 2. AR, B B, RIS RE AR MO A, Jed WL 5B A

SEECR P AR R BRI

i 5 12 i




Radiological Sciences
JBUS B 472

Volume 52, Special Issue:
February 2009
H52% KRS 25 20094

Editional Board

Editor-in-Chief Hirohiko Tsujii*, M.D.,Ph.D.
LTESSE3 UL 3P4

Associate Editors Sadayuki Ban*, Ph.D.

i 4 B o
Narihiro Matsufuji*, Ph.D.
LN I
Takeshi Murakami*, Ph.D.
b g

Masanori Okamoto®*, Ph.D.
[ A< 1EHI

*National Institute of Radiological Science, Chiba, Japan
MEHREF & MR

4 eSS Vol.52 No.2 2009

HWEHREE Vol.52 No.2 2009

5



NIEZANTANAN R i 0 = v S e Bt S

—=7

L\ Ay — J SR B

B W&/ B1E RER BEREF—7 7R RREI7T—723y 7 [RERERICE I BRMTEN]

. 1)NIRS Establishes International Open Laboratory,
Aiming to Motivate Young Researchers
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Hirohiko Tsujii

Executive Director

National Institute of Radiological Sciences
AR AR AT WEZEH S B

$LI

A fZ (Hirohiko Tsujii)

It was big news that four Japanese scientists
won the 2008 Nobel Prize for their research on physics
and chemistry. It is indeed a brilliant achievement and
has proven that the ability of Japanese scientists is
quite high at the worldwide level. So far a total of 13
Japanese scientists won the Nobel Prizes. It is pointed
out that most of the Japanese Nobel winners had their
achievements through international collaboration or
while staying in oversea research institutes. This means
that the international collaboration is significantly
important for the advance of natural science, and this
should be the same for research activities of the National
Institute of Radiological Sciences (NIRS).

In bearing the above background in mind, the
NIRS has established an International Open Laboratory
to carry out advanced researches in the area of radiation
life science, for which young researchers from various
countries around the world will be invited. In this
scheme, we will appoint world-renowned researchers as
the distinguished visiting scientists to obtain their strong

support. It was decided that the laboratory would consist

WEFEIE, e A AOHARAP MR CTHRI MDD S/ —
NVEEZELE Lz, DAEORHSBAM ) 23 Rk
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of three units this year: Particle Radiation Molecular
Biology Unit, Particle Radiation Model Research Unit, and
Space Radiation Research Unit. Distinguished visiting
scientists will help invite young foreign researchers on
a medium- and long-term stay. Research subjects for
each unit have not been fixed yet but the distinguished
visiting scientists together with Japanese co-researchers
who are selected from related NIRS sections will soon
decide them. The purpose of the project is to achieve
outstanding outcomes within a relatively short period.
The laboratory will be operated until the end of March
2011, when we have to identify some research topics that
can be extended to the next medium-term plan.

To celebrate the establishment of the International
Open Laboratory, we held “ 1st NIRS International
Open Laboratory Workshop: Innovation in Radiation
Therapy” on November 17, The Workshop was focused
around the key words of “particle radiation science”
and accommodated three sessions. We invited Dr Brahme,
Professor of Kalorinska Institute, a renowned pioneer who
first developed IMRT. He is also interested in development
of advanced radiotherapeutic machine using molecular
imaging techniques. Dr Brahme gave a special lecture
related to the International Open Laboratory. Despite it
was only a half-day meeting, there were more than 90
participants with productive discussions. The detail of the
presentations at this WS is described in this report.

During Dr Brahme' s stay in NIRS, he had mutual
discussion with our young scientists and was very
impressed in their high quality achievements. By taking
this opportunity, we agreed to establish a collaboration
between the NIRS and Kalolinska Institute.

PO FTA. YHEIZ=Z2o0M L=y b Ol TG
SFEYFL=y M BRFHBBEET VIR Y T,
FHBHBIE L= ) THET 22 LU FE Lz, &0
ZEL =y MIFBBMEEREZRY . FTNAD O BEFH 35
FW7EH 2 0T, LB C EIBR W 2 574l %2 =21 &
NBEREEFRTLZEZHIELE T,

COEEE T ROMBE LS L, WEELL J. IMRT (3
ZEERRIETR) OEADBLE LS 9 X & Anders Brahme
Wl (Ao —F v - 0 ¥ X AW ERER Y BT
L=y FEMLER) 2R [HIEERES K- 7—2
Ta v T BEHRIEEIC B 2 HMRER ] 2B L F L,
Brahme #1:13 IMRT ¥ 2 I3 E L 7-Wi%es & LTl
R S N2 WHETHEETTH, 5T A4 A= v 7Bl
ZY AATZHEREEORMIE D FHITF T E T, BEAT
1%, Brahme 412 & 2 550G 12N 2 Ty BUEATASHE 5
BT TRIZE L7z OpenPET T 2 b H . DA
O T BRI O & ORI EAF 2 etk oo & 2 ¥ 7z
BEMoMAr»trbng Lz FHOADT—2 23 v 7T
L b BT, FIANALS 00X LEOSIMERD D . G5
GRS ENE Lize ARERE, AT—2 v a vy 7O
WEEEH2bDTY,

%GB, 7—2 v a vy FIZHi# LT Brahme s & R EBF
DEFMEZOB TR S 2 S E L7275 Brahme
WA ENITO [HHRZE ] B X0 TR GE] @
LAVHBIERICE W SIS 22T 20 HEN D v
EZATY, ITNEBICASHE. MEME 2T A %R
Fi TOWEWIIER 2T 22 Lo bh, 20
RODMEMERIBT A LIl kol %, HRLET,

Participants in 1% NIRS International Open Laboratory Workshop
on Innovation in the Radiation Therapy
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. 2) Potential developments of light ion therapy:
The ultimate conformal treatment modality
WEA F U RAIE R O W 72 HAEAL - FEHR D JEAR I 51

ANDERS BRAHME

Medical Radiation Physics, Department of Oncology-Pathology,
Karolinska Institutet, Box 260, SE 171 76 Stockholm, Sweden

e-mail:anders.brahme@ki.se
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Abstract

Background

The fast conceptual development of stereotactic
radiotherapy as well as energy, intensity and radiation
quality modulated radiation therapy during the last two
decades using photon, electron and light ion beams will
result in a considerable improvement of radiation therapy,
particularly when combined with radiobiologically based
treatment optimization techniques. This development and
the recent development of advanced tumor diagnostics
based on PET-CT imaging of the tumor clonogen density
opens the field for new powerful radiobiologically based

treatment optimization methods.

Methods & Results

By using biologically optimized scanned high energy
photon or ion beams it is possible to measure the
3-dimensional (3D) tumor response and dose delivery in
vivo using the same PET-CT camera that was used for
diagnosing the tumor spread. This opens up the door for
truly 3D biologically optimized adaptive radiation therapy
where the measured dose delivery to the true target
tissues can be used to fine adjust the incoming beams so
that possible errors in the integral therapy process are
eliminated. Interestingly, practically all major clinical
errors can be corrected for in this way, as demonstrated
here, including organ motions, treatment planning errors,
patient setup errors, and dose delivery problems due to

gantry, multileaf or scanning beam errors.

Conclusions

Biologically based treatment optimization can
improve the treatment outcome for advanced tumors by
as much 10-40%. The adaptive radiotherapy process

based on 3D tumor cell survival and dose delivery
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monitoring has the potential of high accuracy. The
future of radiation therapy is therefore very promising
and gradually more and more patients may not even
need advanced surgery but instead could be cured by
photon and electron IMRT and biologically optimized
light ion therapy, where the high LET and RBE Bragg
peak is accurately placed only in the gross tumor
volume. Ultimately maybe 10-15 years from now,
approximately one third of all cancer patients with small
radiation sensitive tumors will be cured by conventional
radiation therapy whereas almost equally large medium
and large radiation resistant hypoxic tumor groups will
require radiation biologically optimized photon IMRT
and light ion therapy respectively.

Potential developments of biologically
optimized light ion therapy: The ultimate
conformal treatment modality
Introduction

Multiple beam, stereotactic radiation therapy can
be seen as a specially simple case of radiobiologically
optimized Intensity Modulated Radiation Therapy
(IMRT) where the target volume is small (= 5 ¢m) and
convex and the required intensity modulation is not
too high at least from the point of view of the shape
and size of the target volume. In this degenerate case
biologically optimized IMRT will be more similar to
multiple uniform beam conformation therapy as first
developed by Trumph & Van de Graaf, Proimos and
Takahashi in the early 60’ s and largely resembles the
stereotactic method. When the target volume is so small
the otherwise generally applicable biologically optimized
few field techniques (2-5 beams) are no longer sufficient
for radioresistant tumors and many more beam portals
are possible from a clinical point of view since the beam
overlap regions around the tumor are less of a problem
for small tumors. However, even if intensity modulation
may not be necessary from the point of view of the shape
of the target volume and the shape of the radioresistant
core of the tumor may require it. It has long been
known that large hypoxic tumors may present as poorly
vascularized with an anaerobic- necrotic- core surrounded
by a more viable rim of better vascularized tumor cells
as was shown early on and recently by PET and PET-
CT imaging (cf. [1,45] and Figs. 6, 8, and 9). Today there
are many indications that this hypoxic core is caused
by a high interstitial tumor pressure [2], which reduces
the blood flow and makes it difficult even for small
molecules like ammonia and FDG to reach the core of

the tumor. Such tumors, when treated only by radiation,

O X ) I RIERRORIIZIERICHI B L IFRMICIE
JoF B L EF IMRT & EWFM RS iAo+~
MR EMWAZ LT, BLET. WRBEDT7 5 v 7 E¥—2
FRERIEGAREOARCIEMICH I3 25, S
LEMELELETLORELZHETE D7 — AWKEI
BT 5L PHREND, BEMICIEBZ 5 10 ~ 15 4%,
SERBEOR /3 TH725, DAL BEHRIESZEO WS
W2 L CRAESR O BEHRBR IS L - THEL, MLELH 1/3
WZH7zbmH - KA X ORI ORI 125w
T, BUSSR AW SIS REL S 76T IMRT &84 F
VBB EEAL T A LIRS ),

EMEHICRBILLEA F ARGEDEE
REORFEGE

V3 i

B O E — 2 & w7 g MR G E, B R A
PN de i b S NSRRI #iE# (IMRT) @9 b, B
AR/ E < (£ 5ecm)y ™MEITH - T BHARE O]
EHA ZOBIENS ST E[ELRBELEM L LEE L,
Ewvolz, HBGETICHMAEr —ATHLEER D, &
WM EBEALIMRT b EFCTHRES NS &, H—E¥ —
22 X B JEAKE R (Trumph & Van de Graaf, Proimos.
Takahashi 12 & > THRMIIHIE S N7z01E 60 FE48HT ) 12
E0EnwdboLi, Wik bRERL D B
PIEFIT/N S WIGA, WHEH S N5 EYF I H# kL
722 ~5MTOMRSIE. B HERBUEIE S 10 L Tid T4
TR B b, —HT/HSREE CIIEEEETOE — A
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ROBUED DI IRELERAARETH o T, HIHHIEPE
AR HELEOTRIRKE TRLERIGEN D L. DLl
o=, RERRBREEE TIIMEIHE D HELT
BT, LB OBGRY - B A, B OFE L
7S e B A5 PH A T B RG0S AT & 720 IR
WX PET R PETCTIC L B4 A=V 7% LETI O/
A E N T2 ([1.45] L M 6. 8. 9 A5 R) . BIETIL,
29 LB EOHFLEEAE L AR E LT, oM
M EES SV [2] 20 MEAET L, 7YE=T R
FDG @ & 9 2% T 3 2 EFHOBICHLE LIS o
TWAZEERRT DAMA L HBONT VD, TDLH
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2 JESS ORI LI A2 0 5 & & CHEBRME E % T,
M RO - BRHELEZMR L, REHICT T oEEH
Moz Brded 2 HkIE 2SR D b b, AEDHIICEEINTY
BH (3], D& D RIEBHIZIRIIIE U TRIKICAE — 2
WMESA LK TE S IMRT 2ROV E 2 b, H
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may require a higher central dose to the hypoxic core
to reduce the interstitial pressure, improve vasculature
and reoxygenation to finally eradicate all tumor cells. As
derived many years ago [3] such tumors may benefit from
IMRT and sometimes strongly non uniform dose delivery.
With the arrival of light ion therapy and kinaseinhibitors
these tumors can be very effectively treated as will be

discussed here in more detail.

Brief comparison of photon, electron and light ion dose delivery

The ultimate tool for external beam radiation
therapy planning is to use narrow pencil beams of each
radiation modality that can be applied using biologically
optimized intensity modulated irradiation techniques
to maximize the tumor cure while keeping the normal
tissue side effects acceptable or as low as possible (cf.
Fig. 1, [4-5, 22-32]).

With photons this is accomplished by planar or
obliquely 27 radian rotated pencil beams as illustrated
for different photon beam qualities in Figure 2. An even
better case for larger tumors is 47 steradian isotropic
rotation where the dose to surrounding normal tissues
can be reduced even further [6]. In broad uniform
beams the lateral profile of the beam is most commonly
described by the penumbra width (P, ,,

in Figure 3 for perfectly collimated (zero source size)

) as shown

photon, electron and light ion beams at various depths
and energies in water. It is seen that for shallow tumors
electrons and other charged particle beams have a
narrower penumbra than photons but at large depths
both electrons and protons are generally worse than
photons. However, light ions heavier than protons, such as
helium, lithium and carbon, have a much finer penumbra
and will be very useful for deep seated tumors with a
penumbra that is only one half to one third of that of
protons and about half of that of photons.

However, the lateral penumbra is only one side
of the dose distributional coin, the other being the
longitudinal depth dose. With photons the best depth
dose is approximately obtained by high energy photons
in parallel opposed beam configuration when the dose
is approximately constant at all depths except for in the
build-up region as presented elsewhere [4]. A parallel
opposed ®Co beam pair is a too low energy for deep
seated tumors as the shallow dose maximum will be
about 30% higher than the tumor dose whereas beyond
25 MV a 3-5 cm deep dose maximum is obtained and
almost uniform dose beyond it. For the parallel opposed
configuration electrons have an advantage since the

exit dose is almost negligible in high quality beams so

MEHREIZ Vol.52 No.2 2009
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Fig. 1: BioArt. lllustration how any combination of narrow pencil beams of photons, electrons, Brachy and light ions can be used to biologically optimize
the dose delivery. Clearly the narrow ion pencil beams are most ideal for stereotactic treatments due to their narrow penumbra and finite range [4]. The
lower right panels illustrate radiotherapeutic CT image of the thorax region, dose response curves for optimization of tumor and normal tissue responses,
PET-CT imaging during therapy (week O and 1), as well as in vivo dose delivery and a total 7 field IMRT plan that is useful in the BIOART process. The
equations show 3 different mathematical approaches that can be used in treatment planning for the mathematically minded reader.
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Fig. 2: Comparison of single pencil beam profiles with 2 and
4 rotated pencil beams and for comparison 1/r and 1/r? radial
dose variations as expected on theoretical grounds. Tomotherapy
has in principle a very high axial resolution equal to that of the
individual pencil beams whereas the radial resolution is much
lower, especially when the target volume is large. Unfortunately,
this advantage is not used in the present Tomo units with generally

O] quite wide (few cm) axial beam openings. In the pencil beams it is
seen that the secondary electron penumbra is narrower with low
energy photons (*°Co) whereas the photon scatter penumbra is
narrowest with high energy photons (50MV) [cf. 6].
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Fig. 3: Comparison of the zero source size penumbra width of photon electron and light ion beams at various depths in the patient up to about 30 cm.
It is seen that helium ions have half the penumbra of protons and the lithium to carbon penumbra is only about one third of that for protons [cf. 4]. The
resultant improvement of the dose delivery for a brain tumor is shown in the insert where the brain stem is fully saved with carbon but not with protons.

[ER] OFE@FE Met QERIXNF-EF.NFTT

H3: BEAEANIOCMETDRLZLRSICETE AFET A XE0ELI KT BFR BIAARDNF LT IRDEE NAVTLDONRF L TIRBFOES VFILDPSREET
DNRFLT TR F O /BICTE RV [4E 2R BEBEADOREERNS EORER LU EEEUER TR RFHEIMBETLISBFL VY BFIRIEREER

FLTLEL,

an entrance region dose distribution below some 60%
is obtained at around 40 MeV energy, making parallel
opposed or multiple high energy electron beams a very
interesting stereotactic modality for deep therapy even
though the penumbra is far from ideal, as seen in Fig. 3.

Fortunately, the light ions combine the most
advantageous properties of the electrons and photons
in one single modality having negligible exit dose and
penumbra (cf. Fig. 3 and [4:Fig. 5]). For protons a 5 mm
wide pencil beam often specified for scanning beam
treatments doesn’ t even possess broad beam properties
since the multiple scatter reduces the height of the
Bragg peak substantially and more than doubles the
beam width at the tumor depth. This phenomenon is
considerably reduced for helium and almost gone for
lithium and beyond. This effect is often disregarded by
proton therapy advocates claiming that most tumors are
larger than 5-10 mm. However, the pencil beam kernels
[4] are really the ultimate treatment tool and used when
doing biologically optimized treatment plans and they
clearly show that if you need to increase the dose to a

small part of the tumor with protons you have to add

MEHREIZ Vol.52 No.2 2009

BEORY Y VE—AIZIE, 78— FE— TS5 %0v, =
E, ZEHEUICE > TT I v V=27 O SHAKIEICET
L. EEOHLEETOE —=LIREE2HBU IR E7:0T
Hbo TOBKIZ, ANV T LATRELIETL, VF7 2L
FETIHIZLALHEIT D, BT HEROLFHE-HIE, 1T
EAEDEEDS ~10mm LY K&EwnwEw) FRICED X,
COMEMEBHBLTCWDZ 2SN, LiL, XYy VvE—
LA =NV 4113 F SWRBY R EROTATH Y, AW
S HEAL S N EHETI O FRFFIC B IFH S hTw b,
&5 D& % —FBr O A BN S ¢ 2 L ESH L E &, B
THTHhIE, EEOEFHRIIS T 2HME% 2 /51058
RERLTE RS RVD, UF T ARRETHIIIH LS
DDA THE L. FI2LEPELD 2D, HE~OMEIL 5
~7mm A ~FTHEBICHEINDL ZEPHL2I R 5
TWho TOO, ENOBEZFRMSELEIC, BT
T F 7 ARREAF VIR T ATV IEE O
IEFARRICER SN2 EICh D, L, EEOLBTIE
MEZHEMSELLERD L, o TEOMNIEIZY A 7
W d Y. L EKELO K & % B TR B~ O
O 3IFHEELICED (M3 EBH). SHICEELD
L BURIEITE OB RIET I BT F 7 A L RFEOM
WA S 2 L, fIVE — AT EEEF R -5

twice as much dose to superficial normal tissues, whereas
with lithium and carbon only about half the dose is
needed and the delivered tumor dose is really delivered
where it is supposed to go not 5-7 mm laterally due to
multiple scatter. Thus, for every dose increment in the
tumor almost 4 times that dose is deposited in shallow
normal tissues with protons as compared with lithium
and carbon ions. Furthermore, if the dose increment
is needed at the tumor edge near organs at risk the
protons will have nearly three times the spill over to
these adjacent tissues due to their large multiple scatter
(cf. Fig. 3). On top of this is the even more important fact
that for radioresistant and hypoxic tumors the lithium
and carbon dose addition has an oxygen gain factor in
narrow beams, which is about twice that for protons,
photons and electrons. These two latter facts and the
ideal stereotactic shape of the dose delivery kernels
are really the reasons why narrow scanned light ion
beams are the ultimate conformal radiation modality for

radiobiologically optimized radiation therapy in general.

Optimization of fractionation schedules

The classical dose time fractionation schedule
of 30 fractions of 2 Gy in 5 weeks was developed
during the latter half of the last century as a suitable
approach mainly with parallel opposed and four field
box techniques using rectangular beams. With such a
conventional dose delivery the dose to normal tissues
is generally of the same order of magnitude as that in
the tumor. The mean tumor dose of 2 Gy per fraction
is therefore largely determined by the tolerance of
surrounding healthy normal tissues to ensure that all
sub lethal normal tissue damage is fully repaired in the
24 hours commonly available before the next treatment.
Today it is well-known that higher doses per fraction
are likely to induce more severe normal tissue damage,
particularly in late responding organs as first described
by Withers 1988 [7] to be due to the slow cell turnover
and extensive shoulder region of the cell survival
curve of such tissues. Today we also know that it is not
unlikely that several normal tissues are also linked to
low dose hypersensitivity as first described by Joiner
et al 1994 [8] using a computer controlled microscopic
survival assay. Data from a lung epithelial cell line were
recently presented [15,20,23:Fig. 4] showing that both
low and high doses per fraction may be associated with
increased normal tissue damage per unit dose to the
tumor. It is therefore reasonable to assume that there is a
fractionation window in most normal tissues that causes

minimal damage at doses per daily fraction in the range

FTH BTSN TH2HIET L LI HETH S,
I TRBICRRIZ2ZODHEFE, 7 6 ITHRERE S — %
VO 2 B AR Z Z A5, A 4 VRV Vv
E— AL A% v = 0 ZIRGEAS, O RAE D F00 (DAL
SN BEHR I L7z, JE o FUKIREHE CTH % D2,
VIO TH D,

MBI B A V2 — VDAL

30 5 EITH 2Gy % 5 MM & D B O BT 258 A 4
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L 72 IHR DML Tl —BASIER HRR A O MR DS EE A~
O EF A —F—12ET S, W2, 2Gy &9 1
SPIEGE MR, T & L TR P o f R 72 0E LR 0 i 1
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HETDLEZDLOVPENTHL, % LM, HHElE
AR THREOEBAIEFIZZ WGER, SE#Ew T
RGO R Ed, IEFRRICAE L8 F 7213
WpgEREdAs, 30 3 HITH 2Gy &\ ) BRI 2 I D4 &
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1.5-2.5 Gy because generally very many small dose
fractions or a few very large doses produce more acute or
late damage to normal tissues than the standard 2 Gy in
30 fractions. One may think that small deviations in the

effective radioresistance D, .. may not be too important,

0,eff
but a small difference repeated 30 times gives a strong
exponential effect. For example will a 10% reduction in
D, results in an approximately 20 fold reduction in cell
survival when the dose is delivered in 30 fractions.

However, when the dose delivery in the tumor and
the normal tissues are no longer similar such as with
very many narrow beams on a small tumor or in more
general terms with intensity modulated radiation therapy
(IMRT) not only the total dose and the dose per fraction
but also the dose rate will vary considerably between
the tumor and normal tissues. This converts the historical
Double Trouble to a Double or even Triple advantage since
the total dose, the dose per fraction, and the dose rate in
the tumor can be increased at the same time as those
to the normal tissues are decreased. The most natural
approach would be to take out this clinical stereotactic
or IMRT advantage by a dose escalation in the tumor
keeping the dose per fraction to normal tissues constant
at around 1.5 to 2.5 Gy. With IMRT this would allow
very high tumor doses so many more of the hypoxic
tumors would become curable.

With well optimized electron and photon IMRT as
few fractions as 20 may be sufficient for many tumor
sites (cf. middle panels of Fig. 4) and even substantially
fewer fractions can be used for small tumors where the
incoming beams can be quite narrow so they don’ t need
to overlap much in normal tissues. Unfortunately, this
reduction of the number of beam portals has not yet been
used much except for in stereotactic treatments where an
additional advantage of the very high doses per fraction in
the tumor has been established. By single dose irradiation
in the dose range above some 20 Gy it has been shown
that many different and even quite radiation resistant
tumors are effectively eradicated [9-10] mainly due to the
very high dose per fraction but also due to the effect of
Reactive Oxygen Species (ROS) and the associated high
dose rate and short treatment time. So one interesting
development of radiation therapy is to develop methods
where such massive doses could be delivered to the tumor
without sacrificing surrounding normal tissues that as far
as possible should be kept intact for a high quality of life
after the treatment. A group of tumors that immediately
come to mind, is tumors in organs of very parallel
organization of their functional sub units like lung, liver

and kidney. In such organs a small tissue compartment
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associated with the internal margin and set up margin
may be sacrificed without severe loss of organ function
since surrounding parallel organized functional sub
units can take over a large part of the lost functionality
[22]. This is probably the main reason why stereotactic
irradiation of tumors in such organs has shown interesting
results in recent years both with photons and light ions.
When a higher dose protractions in the tumor, than can
be achieved by high energy photons and electrons in
small tumors, are needed also in large tumors, better
and more physically and biologically selective radiation
modalities are required. Fortunately, due to a very
ambitious light ion program in Japan, such radiation
modalities have already been developed for clinical use.
The recent attempts to better treat prostate cancer by
conformal photon therapy and photon IMRT at Memorial
Sloan Kettering Cancer Center in New York [46], by
protons at Loma Linda outside Los Angeles [47] and
by carbon ions at the National Institute of Radiological
Sciences (NIRS [48]) in Chiba near Tokyo are compared
in the Table 1. It is seen that for the more severe form
of the disease with PSA levels above 20 ng/ml before
treatment, the probability of biochemical relapse free
cure 5 years after treatment with these three treatment
techniques and radiation modalities are 21, 48, 45 and
87% respectively, as seen in the Table 1. This result
clearly indicates that the light ions heavier than protons
have an important role to play in the treatment not least
of radioresistant and hypoxic tumors, but they also have
significant advantages when it comes to reducing the
dose to normal tissue and therefore reducing the number
of fractions as seen in the lower panels of Fig. 4.

The importance of large dose fractions in the use of
high ionization density ions was already demonstrated by
Denekamp et al 1976 [11] where they showed for murin
zenografts that doses as high as 10 Gy/fraction of neutrons
had the highest RBE in the tumor relative to the value in
skin and other normal tissues. Similar results were more
recently demonstrated by Ando et al 2002, 2005 [12-13]
for the spread out Bragg peak of carbon ions. The whole
phenomenon is most likely linked to the large shoulder
of the cell survival curve for photons specially for late
responding normal tissues with slow cell turn over and
many G, and G, cells. These cells have long repair times
before they go into circulation and high survival with
photons but are largely Kkilled off by unrepairable light ion
damage due to their high LET. Therefore, the effective
RBE in normal tissues is very much lower at high doses
and low survival levels than at low doses as shown in Fig.

5. However, the tumor cells which generally are dividing

Table 1: Treatment results for advanced Prostate cancer (PSA>20)
=1 EITRILARE (PSA>20) DERERE

MSKCC

Clinic New York
[46]

Radiation

modality Conformal IMRT Proton Carbon

Number of

e 121 292 133 112

Biochemical
relapse

free survival 2 48 45 87

at 5 years / %

Treatment
related com- 17 4 3.5 1
plications / %

Cancer Center Tl 6T @ KRS & 6 IMRT [46],
a4 BV A LERRD Loma Linda TIZFs1-# [47]. HEiHE
BOTHN D 5 B E FREFZEHT (NIRS) TldRFEA
F v 48] A ENT WD, INLHZRIKRL2E]L 2RT,
HEIEHT O PSA fEAY 20ng/mL % 8 2 % EHRE O Rj . IRE Tl
NS 3FRE DGR & HU AR RIS BT, G5 EE
DOHEALFMIEE R TORBERIL. R1LIORT L) ICEhEh
21, 48, 45, 87% THh o720 = OREFIL, PRI
JESS AR SRS DR IS BT, B L ) OB A o
OBRBPEETHLILEHLNIRL TS, $72, X4
DTFEIRT L1, IEHMBE~OMELZEK T 3¢, Zhi
Lo THEEERLTEVI LD, BAFT VORVES
METH b,
BHEEORmVA T V2B EMEEZE LT 5
ZE OEEMIX, 9T Denekamp 12 X - T 1976 4E 12
FHERTVS [11]. #5id. ~ v 2o BB H
WV, GERE 10Gy &) S O TIRIC X o T R
% EOIEFHMEE s 2 &, JEEMNTO RBE 28k b 5 <
b lERLT, L TIE. Andofl [12, 13] & 2002 4F
& 2005 RIS, REA F VMOWKT T v FE=ZICH LT
FREORKRERL TS, ZOBLEEIE, LT RS T
DN A MR DI FBAS N T & B LT B iR AS
bV, Hlb, FUSOBWIEFHMGE T, Moy — >
F—=N=DRELEL DG ML GHIEZEATHLZ NS
THbo TNHDMILIZ LI A 7 VI A B T DB
AELL BTHRBHE CIIAEFRITVD, BA F VTl
LET AW &2 X D BEPIATRE AT I NS
EWB, EORFEDVIIRT B0 €D, K5 ITRT X912,
IR OB AR, B TOIEW MDA %) RBE 1313
L o EEES R Y. L LIESHHIIIEHEL T
GRDE L, T HROEAMBTD T TITRMBAIE VT
., ;O RBE 3%, KR L EREOVWTNTHEL
bhe TNITEYD, —HHINZ ) OEBEANOREIE W
SR BRI L 2 B,
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Fig. 4 (next page): Dose distributions and fraction schedules using different types of radiation. In the present example it is assumed that the target tissues
inside the red broken line (the target volume - the para aortal lymph nodes - has here been detected by PET-CT FDG uptake - upper left panel). The upper
right panel shows a treatment using the classical “cross fire technique” with photon beams; a rather large volume of normal tissues will be irradiated
outside the target volume. The middle panels are irradiations carried out using electrons and protons with a finite range; the irradiated normal tissue
volume is then clearly reduced. The lower panels show different possibilities using Carbon-ions. Higher biological effective dose is achieved to hypoxic
or radioresistant tumors (indicated in red), with rather limited effective dose to normal tissues. A reduction of the number of fractions and beam portals -
compared with photons, electrons, and protons - is an advantage and improves the local tumor control for many tumors.
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Fig. 5: The cell survival curves for different combinations of X-rays and neon ions (insert). It is seen that low doses per fraction result in a very high RBE
(" 6) whereas high doses beyond 5 Gy result in an RBE of 2.5 or less. A high dose per fraction will therefore be better tolerated by normal tissues whereas
the tumor is less protected since its cell survival has a less curvy shape (based on experimental data [14] and biological modeling [15]). At very low doses
per fraction this advantage disappears due to low dose hypersensitivity.

H5: X#REFXF ARDIK L2 LA EDEICLIMMITETFHIRE (FBAR) . D EHREBHEVEIFFEE ICHVRBE(~6) »B5N 20 5Gy.#BA SR8 CIERBEN 2.5 TIlk 3,
LA > THEREN BV E IS ERAKOMIE R RIFLN EFIC OV MIBEFHRIEYS BHODEVHERLTVWBIENS, BEALRBINTOLWL (RBRT -4

[14] EEMFMETV> T [15] ILED) R EHREP R ICEVE EIRBTOSRRIMEICLN). COFAIBHEKT 5,

more rapidly and thus are linked to a smaller shoulder
already in their photon survival curves so the RBE of the
tumor will generally be high at both low and high doses,
giving a strong clinical advantage by delivering high
doses per fraction to the tumor.

It is therefore interesting that many of the new
clinical advantages of the light ions are obtained with
as few as 1 -4 high dose treatment fractions during
one week, such as with lung and hepatocellular cancers,
where for example Non small cell lung tumors today
get close to 98 percent local control [16]. Similar but
not quite as pronounced improvements are seen with
stereotactic high photon irradiations, probably due to the
larger problem with these often very hypoxic tumors
using low LET radiations.

The problem of radiation therapy optimization is
thus best solved using biological optimization with light

ions between protons and carbon since they deliver the

L7253 Ty Wi iFfasE 22 &C0 TEBIZHh T2 1 ~
4 18] O F R B ASR A o VTR A B EBICERR
RSN TV D &) JIFHIREV, 72 & 2390
MR T, BUAE T 98% W IR AT BB =A% 5 T w
% [16]o BB X 2 EMEONLTRECH, ST LH
ZCRrvrAoREFRLONE, ZhiEdBZ5 L, FE
FWAAKEEZ OS2 LTI LET B2 Hwvwbs 2 & ic X
HIEPRKENWDTHEEEZOND,

B BRI O OB L O MEIZ, ZD X H I, B L RE
ORI HEEA F U BICAEFRELEITS 2 LI
Lo TRRT 2OV REDTHETH L. BRELOEAF Vi
. ESARREAOIE 2 —E & L72BA O IER Mk~ O1ER
PO LRI S THS [20-21]c LALESTIE, €I L
WY R S5 A & R B A O YIS X %R
BEE LTI 2 3L 2 B DT <« B LW 2f i in i
{LOMEL LTEZ DI LT, HREDHBHEIEOND Z
Wb oTEY [22-24], EBRZZD@BY D TH D, ¥
b, IEHHHRICK U TR LAS72 W EIE R B8 2 ml 1
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least effect in the normal tissues for a given effect in
the tumor volume [20-21]. However, rather than looking
at radiation therapy as a biologically inspired, inverse
problem where a desirable physical dose distribution

is produced, we know today that the best treatment

results are obtained by considering it as the true
biological optimization problem [22-24] it really is. This
means that we want to find the dose distribution that
maximizes the probability to cure the patient without
unacceptable or severe normal tissue side effects [22-25].
To this end, we need to quantitate the probability of
eradicating the tumor for a given dose delivery while
at the same time we need to know the risk for severe
normal tissue damage as briefly discussed below and in
more detail elsewhere [18,19,22,26-32].

Development of Blologically Optimized in
vivo predictive Assay based Radiation
Therapy (BIOART)

Functional tumor imaging
Today PET-CT imaging is bringing a 3" revolution
to cancer diagnostics after CT and MRI during the
80s and 90s, respectively. PET-CT imaging combined
with appropriate analytical and radiobiological models
is a method potentially capable of giving at least four
different kinds of information about the tumor:
1) Geometric information about the location of the tumor
on the background of normal tissue anatomy.
2) Information about the initial density of tumor cells.
3) Spatial radioresistance distribution of the tumor cells
(cf. Fig. 7).
4) Spatial variation of the rate of loss of tumor cell
functionality.
Of this information, 1) to 3) are of key importance for
radiation therapy optimization, whereas the rate of loss
of functionality 4) is needed to more accurately analyze
the tumor responsiveness to obtain 3). As was discussed
long ago and more recently [3, 18], this information (1)
and 3) above) can be used to calculate the optimal dose
distribution required to eradicate the tumor with any
desired degree of probability. This dose distribution is
clearly ideal for use as physical objective function for
radiation therapy optimization [3]. However, even more
importantly, this information can be used to estimate the
dose response relation of the tumor for the individual
patient, which opens up the door to truly patient
individual biologically based treatment optimization as
will be discussed below. The above methods 1)-4) thus

allow

WEHREIZ Vol.52 No.2 2009
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Fig. 6: A woman with a large non Hodgkin lymphoma on the right neck. The upper ammonia PET image of the tumors before treatment shows a more
active tumor just behind the primary tumor. The PET image after treatment indicates that the smaller more active posterior node at the time of treatment
is probably cured whereas the strongly hypoxic node will probably reoccur since the tumor cells were protected by the high internal pressure and therefore
the hypoxic tumor cells from the large node seem to survive the treatment [cf. 1].

[Be] OBEIMOEZEHDIEATF I INE @EEONH; PET @ ABE®BOPETER

H6: AEBICAZLIEARTF UL NEERF DL ARADESO T EZTPETER (L) TR REEZDTCEAIC. LUEREEEN RSN TS, AEZOPETER
ERBEGAEBEATII/NSVWENSHER TH R A DIEEIRBZSARL TVBY R IERR L >TVAEE CRRBZ5KBRT 2. Chid. SVWABEICL > TES
P RESNAIEICEN REWVEEICHBERFEDES MBI ABRERLEZLEVP TV BEASNZ O THE [1ESR].

5) Calculation of the optimal dose delivery to the tumor
from 2) and 3).

6) Determination of dose response relation of the
individual tumor in the patient using 2) nd 3).

7) Biologically base treatment optimization using
historical normal tissue response data and 6).

In addition to the above information, gained by direct
tumor imaging by FDG, or preferably by more specific
tumor tracers, a number of more specific methods are
available for tumor characterization:

8) The vasculature and diffusion of small molecules in
tumor and normal tissue can be studied, e.g. using H}
O". CH,and NH, (cf. Fig. 6).

9) The degree and extent of hypoxic regions in the
tumor can be imaged using fluoromisonidazole or
other hypoxia tracers. This information is invaluable
for more accurate treatment optimization for choice of
dose per fraction and radiation modality using higher
effective doses of electrons or photons or even high
linear energy transfer (LET) beams such as neutrons
or the heavier of the light ions in the case of severe
hypoxia (cf. Fig. 5 and [17]).

FREOEHRIE. FDG & 5\ & 0 Y 2 5 RAEE b L —

FIZXBIEFOEEN A XA =Y v 7 THLNED, ZhL

S ST ORI, DT O XD % % 5 455

HEPHESRTVWD,

8) M H5 & IE ML N o I % XA 53 T D ILFLAZ D W T,
HyO". CH, % NH; s %G § 5 2 L T TE % (X
6 % BH),

NINFBIVF— VA EORBHE L —FEiGHT S
2T SN RESORE L H D4 A=Y v 7
MHTEL, ThE, L WBELBERE(LOZDD, &b
HDTHERERCTH S, 9 Lo, 5EkEo R
e, HOAREEFINT2EIH, 74 MU, &5
WCIEBT AV E -5 (LET) OFWw ¥ — 24 (FEH I
FOMEBHNHR T 2 Pk TR LB I VR A F VR L)
Lo IR OBIICE A TH S (M5 & [17] %
Z) o

1002 Ty BHHHBIARITICB T 5 PET-CT D4 A= ¥ 712
E R R BB RO BFIIOWT, WA OB
JEBFIME R 2 WEALT 5 L) D H 5 (722,
2) L9 & 10) i LIFLIEHBICHEL TWwa, i,

X6 &7ICHhLNS L), KERIESTIE. EEHOEN

TOMGE & AHAE L AT T 5720, JESS MR 2L 2
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Fig. 7: The first PET in Vivo dose delivery image in the world showing in this case a four field box technique on a preoperative cancer recti patient. The cold

central region is due to a dose reduction caused by bowel gas [cf. 33].

7 : #FRNOPETICEBEFATOMBEEDER, ZDOFITIE, BRSROMATEEICAPIRITEEAV TV S, RREOI—IVREEEIE BAARCLZRERTICERLT

W3 [335 2],

10) A further possibility with PET-CT imaging in
radiation therapy is to visualize the integral dose
delivery and tumor vasculature in the patient during
or after the treatment (cf. Fig. 7).

Often 2), 9) and 10) are intertwined due to the high

interstitial pressure inside the Gross tumor [2] as seen

both in Figs. 6 and 7 since both the blood flow and the
metabolism are then significantly reduced in the tumor
core. The high pressure reduces the blood flow so the
diagnostic compounds don’ t even reach the tumor in
sufficient amounts. Here it may be useful to first give
a Platelet Derived Growth Factor (PDGF) antagonist
to open up the vasculature before the treatment is
started [2]. Otherwise it may take as long as one week
or more before the vascular circulation in the tumor
core is improved, due to the inefficient tumor cell kill
under hypoxia, slowly resulting in a more efficient tumor

reoxygenation (cf. Figs. 6 and 7).

Finally, the PET-CT camera is the ideal device for
advanced virtual CT simulation, allowing unprecedented
accuracy in the simulation of the planned dose delivery
and producing ideal fused images of the expected portal
verification views with the projected tumor cell density
from the PET images superimposed on the CT based

digitally reconstructed normal tissue background. This
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information is of prime importance when comparing the
alignment of intensity modulated photon dose delivery
with a highly heterogeneous tumor and/or a tumor
of complex shape with extensive microscopic spread.
PET will probably remain the most sensitive detection
method for small tumor cell masses even though MR and
more recently MRSI are rapidly allowing new improved
tumor metabolite imaging methods. In the future we
will therefore need very effective interfaces between
the three main types of radiation therapy activities
and equipments, namely those for diagnostic imaging,
therapy planning and dose delivery, in order to ensure
optimal communication and interaction between them.
A dedicated 3D image handling and display workstation
will therefore be needed where all these activities can be
monitored, controlled and reviewed for optimal assurance

of treatment quality during radiation therapy.

Mean dose delivery monitoring

For high energy photon and ion beams it is in
addition possible to image the dose delivery in vivo using
PET-CT imaging: 10). High-energy photons from some
20 MeV and above have sufficient energy to knock out
neutrons from carbon, nitrogen and oxygen nuclei in the
irradiated tissues of the patient. The remaining "C, BN,
and 0 nuclei are all PET emitters that can be imaged
in the patient during or immediately after treatment to
visualize the mean dose delivery (Fig. 7 and [33-34]).
Since this photonuclear activation depends on the amount
of C, N, and O atoms in various tissues and the half-life
of the associated PET nuclides are quite different (20
min, 10 min and 2 min, respectively), the induced tissue
activity will not be strictly proportional to the absorbed
dose even though both the activation and the absorbed
dose are proportional to the photon fluence. To be more
precise, the Activation is mainly produced in the energy
range of the gigantic photonuclear resonances between
20 and 30 MeV, whereas all photon energies contribute to
the absorbed dose.

Furthermore, the absorbed dose is really delivered
by the secondary electrons set in motion by the photons,
so dose build-up phenomena are not accurately imaged
by photonuclear PET activation, even though this might
seem to be the case, e.g. in the build-up region owing
to the positron diffusion and finite resolution of most
PET cameras. Taking all these factors into account, it is
possible by appropriate selection of the time of imaging
after therapy so the oxygen and carbon activities are
similar in soft tissues to obtain fairly accurate mean

dose delivery pictures (Fig. 7) except possibly in
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the build-up region when using high-resolution PET
cameras. It is interesting to notice that the photonuclear
reactions in vivo can also be used dynamically to image
tumor and tissue vasculature since the rapid loss of O
after treatment in well-vascularized regions will result
in an increased loss of activity beyond the normal 2
min half-life of O (cf. [35]). This type of imaging would
benefit from real-time PET between accelerator pulses
since the accelerator duty cycle is only 0.1%. However,
the y-ray bursts during the 5-us accelerator pulses may
totally saturate the sensitive electronics of a normal PET
camera.

In ion beams a much wider range of nuclear
reactions are possible making true dose delivery
imaging quite complex. However, when using a
therapeutic beam of a positron emitting radionuclei
such as ""C, BN, or "0, it will be possible to image
primarily the Bragg peaks of the ions that are of key
importance when using 3D biologically optimized Bragg
peak scanning (cf. [36-38]). Furthermore, for radioactive
beams, every ion will contribute to the imaging making
the process less dependent on the wide spectrum of
possible nuclear reactions between projectile and tissue
(cf. [18, 39-40]). In fact, the specificity to image the
Bragg peak with "'C is close to 50 times higher than that
with 2C. The possibility to do real-time PET imaging
with ions improves the treatment accuracy and allows
an accurate quality assurance of the dose delivery,
particularly when the ion beam stopping powers of the

tissues are uncertain [39]).

Adaptive BIOART planning

The availability of PET-CT tumor imaging with
FDG or more tumor-specific tracers opens up the
possibility for truly biologically optimized therapy.
However, at the onset of treatment, patient individual
tumor responsiveness data are not generally available
so the initial treatment plan will be based mainly on the
measured density distribution of tumor cells and historic
data on the radioresistance of the normal tissues and the
given tumor type and stage. Clearly, as our knowledge
about altered genes and their influence on the radiation
responsiveness of the tumor and the normal tissues
increases, it should be possible to use a genetic screening
assay to more accurately estimate the radiation response
rather than just using the tumor type and stage. This is
already considerably more information than is available
in classical radiotherapy and it will of course be useful
data for biologically optimized therapy where only the

clonogen density is estimated from the tumor type and
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Fig. 8: Dose responsiveness imaging applied on a large lung cancer. By taking the ratio of the tumor FDG uptake before therapy and after a week of
treatment and 18 Gy of tumor dose it is possible to quantify the change in activity and also the effective radiation resistance, D, or Dg . From Dg . and
the tumor cell density it is possible to estimate the optimal dose level required for tumor eradication (lower right panel) without considering the risk for
normal tissue damage which generally is low for light ion and photon IMRT treatments.

[Hs] OBEAMOPETER @B7HDOEMSILOEE O MR IEDEHIE

TEMELT 2 RERE D DT EIE

@102ETH18GYyE7HBRBHF(1HICDE2RE)LAEDOPETEIR ©FMz

H8: KELEISEASNIARBICEDAX—I2 T ARAICIESGIRE18Gy CO1BRDARERELLEL TEHDOFDGE)AADEEEKRDHBZEICL) EEDELX. BZD
THRIE D  F /2D (O EBAL T BIEN TEBo Do o BB MPEE S, ERMBREZTOVIVEHELEED EBERBSLIDICLREKERELANIVERETS
ZENTED (BT OMHE)  BA + AREXFROIMRTAR Cld, —MICEFHEBEEDUZTISE,

growth pattern. Fortunately, normal tissue data can be
taken from historic data more safely than can tumor
data, even though deviations may occur depending on the
genetic predisposition of the patient. In this context the
use of stochastically optimized therapy is a useful tool
when trying to make the treatment as robust as possible
taking into consideration a wider range of variability in
tumor and normal tissue sensitivities [41].

A more reliable treatment plan can thus be made
preferably using biologically optimized intensity-
modulated therapy planning and the patient is treated
for about 3 treatment fractions before a repeated PET-
CT image is recorded to obtain tumor responsiveness
data early on in the treatment. This image set should
be recorded preferably after a relaxed weekend in order
to reduce the effects of physical activity and radiation

damage on normal tissue as imaged by FDG. Beyond
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IS EDF— 7 #1552 LI12X ), —BEBEEOE W
BHEFTE 2 ERT 2 22D TE L, 29 Lz—HOM{§i,
HRIGE OB, FDG WMEOX G & 7 o T B IEH HLk
NORFREEDBEZ /NS TS L. KEBELZEREOE
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the first two weeks of therapy the functional tumor
cell compartment is rapidly reduced and normal tissue
response effects are accelerated [42] so meaningful
imaging is no longer feasible, unless a major part of
the tumor has been missed during the early part of the
treatment.

After the first week or two of therapy, we should
thus be able to have patient-specific data on the
responsiveness of the tumor. This data set should then be
used for a totally revised treatment plan taking not only
the new biological response data into account but also the
new information recorded on the tumor cell distribution
after the first weeks of therapy. Ideally, this should be
the final treatment plan where necessary corrections due
to factors such as possible beam tumor misalignments,
deviations in tumor sensitivity from historic data, and
the local tumor responsiveness due to hypoxia should
be taken into account. Preferably, if mean dose delivery
monitoring is performed, this information, too, should be
used for comparison with the initially planned delivery,
and corrections could be made for the average motion of
internal organs. In this way, an adaptive dose delivery
phase could start in week 3 which would be much more
reliable, with a high probability of achieving complication-
free cure and correcting for possible errors in the
execution of the initial treatment plan during the first
weeks of treatment. The new high contrast more tumor
specific imaging tracers based on fluorinated thymidine
analogs seem to be a good starting-point for this type of
development [43-44].

In Figs. 8-10 a first application of the new BIOART
procedure is illustrated showing a common situation
for large bulky tumors. These tumors are commonly
associated with large interstitial tumor pressures
resulting in a high degree of internal hypoxia and
significantly reduced vascularization except at the tumor
periphery as seen both in Figures 6 and 8. Fig. 6 is from
an early study by André de Schryver 1985 [1] illustrating
the response of a non Hodgkin lymphoma on the neck,
with one large largely hypoxic tumor with minimal
uptake in the core but with a better vascularized
periphery whereas the smaller more active one has a
more active central uptake of *NH, ammonia. After a
rather conventional treatment the smaller more active
tumor is largely controlled whereas the large hypoxic
tumor was debulked but most likely not controlled with
its high uptake after therapy due to tumor cell protection
by the high initial hypoxia.

A lung cancer with very similar properties as the

larger neck node in Fig. 6 with a large hypoxic tumor
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Fig. 9: The optimal dose distribution in b) can be used as objective for physical therapy optimization. Even more accurately the tumor cell density, n(r), and
estimated Dy .(r) can be used for biologically effective dose delivery optimization using the clinically observed tumor response and historically observed
dose response data for normal tissue side effects that are systematically much more similar between patients than the effective tumor response.
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core, probably due to too high interstitial tumor pressure
[2]. Based on the FDG PET images before therapy and
after the first week of treatment it was possible to
calculate the optimal dose distribution and the DO0,eff
variation across the tumor in the lower panel [18]. It is
clearly seen that the strongly hypoxic tumor core needs
substantially higher doses for eradiation if no farmaca
like PDGF antagonists are used to release the pressure
[2]. The DO,eff distribution, the optimal physical dose
distribution and a realistic physically optimized dose
delivery are shown by the right panels.

The large lung tumor in Fig. 8 is very similar in
appearance to the large neck node in Fig. 6 and was
treated in Maastricht in connection with the 6th
Framework Program of EU: BioCare [45]. For this tumor
the FDG uptake both before and after one week of
therapy was available as shown in the figure allowing

calculation of the spatial variation of the radioresistance
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HHO FDG Y AAZE RS & BRI & 2 HIIBEIZ & -
THEHBEHNOENPKET L. L 0% 0%, %35 FDG
DHLEBICEIE L, ZOBROEHOMEEFHOTVEL I LD
bbb, PloJide LTid, fido X I PDGF #hidk % H
WS O % T 7RI BRA R E IR 5 2 & b %
AONDe THUTE Y., JEEO BRI LT 2 Rfia & IE
HANOREITEHIZ TR E SN B, T2 LI,
HHOZ ETIEH 2 GIHEZTI SR S FICHETE S
r— 2 H FEEMICHINT 5, BIOART DR % [X] 8
R ZAUd, B O O G RRIERE & TR 5
i 2 HEE T 5 OIIE, BUFHGH O FHIB R 3BV TR
WPETCT DA A=Y Y ZHFGT DI ENED LI BIET
FIHTE %272 DTH D, SHICTONEHRIE. FiE
D 1IRT &5 WSS GEH A S OEREEF I
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Fig. 10 Interestingly, the derived final dose delivery in c¢) for both physical and biological optimization results in dose distributions where the increased
tumor cell survival in the lower part of the tumor near the diaphragm is compensated for by increased dose delivery during the last few weeks as seen in
this perpendicular slice through the tumor in c¢). Most likely the tumor border was partly outside the beam due to diaphragm motions causing increased
tumor cell survival at the lower boundary. This is thus a clear cut example how the BioArt approach can be used for biologically optimized adaptive
radiation therapy.

[H] OMEBWICRBLINAEETE QEMFNICHKBELSHIOAETE OEMFMICKRBELSNABICHSAIRAE @ #EICHEBIOART!

10 BRI MBHARE(LEENFHEREEOVTRICOVTH ¢) TEVWRENARERE,PSKROLFEANH TR BREIOEVES TH TERFTE
BN EML DY REOBBRB TREMELEML D ICEI>THKRSN TV S.0) DESFDEERMEICINY BRSNS KOS B VDI HMIBEDEEICL ST
EHEDORRD—AE—LDIN 728, TR TCOBSMBEFERNIEMLAEVWIZETHB, Lo T EMFMICRBLSN B S EBEIRARICHL. EDLIIC

Fig. 11: The biological optimization algorithm is here selecting a high neutron (or carbon ion) dose in the hypoxic tumor core whereas the well oxygenated
periphery is best treated with photons.

[Heh] OIMRT: MEZRBHRER QEERES (10%) OESEYIX OD NO# ®QMRT:REZRAMHIREHR

H11: ZOBE ENFHSECDOTIVITIX LG BEBEOESROBICHL CISHRBOREFIR (FLRRBIAAR) HBRT2—FH BRICEALBDBICET
REFERAL CRAETIDNRRDAEEL D,

BioArtiZZFI A T&E 20 % BB ICRLI-FHITH B,

of the tumor as illustrated in the lower panel according
to published equations, cf. [3] and [18]. This clearly shows
that these bulky tumors should be given a non uniform
dose delivery to allow a more uniform eradication also
of the more hypoxic tumor cell compartment. As seen
from the FDG uptake after the first week, the radiation
induced cell kill releases the pressure in the tumor so
that more oxygen, nutrients and FDG can reach the core
and make the rest of the treatment more effective. An
alternative approach would be to use a PDGF antagonist
as mentioned above to release the pressure in the tumor
before the radiation treatment is started. This would
considerably reduce the total dose needed for tumor
cure and would significantly reduce the normal tissue
side effects and of course simultaneously increase the
complication free cure substantially. The scientific
bases for the BIOART approach is presented in Figure 8
illustrating how repeated PET-CT imaging during the
early phase of radiation therapy can be used to estimate
the tumor radiation responsiveness and mean dose
delivery during the treatment. This information can then

be used for biologically based inverse treatment planning
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FHTHZENRTE, TARID I, LW / WIEK
% BREBIEOR NG LT BT BE 2 U R G J7 1 C O i
MmAAiE KDL LD TE D, K8~ 10 Tld. MATHHE
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Whe WRIZ, IBEOE LEIEZ. BEREORE O
BYWTE20T, HIFOMEE RS, ChEdLil, 20
BOBRELICEISN 2MIEDSTE 2, HHEOHE 1AEIC
M AETFR DRSS £ 5722 & T JER OB %75 PET-
CTOA A=V VI THRZIONIZEV) DIFEKZF], &
X D10 &, MEEERELRINT 5 & w9, L%
TN IR AL S 7 U BRI O E ) % BIOART 238 U
TRTODE R D, TOXH RAFEEHAS IS, EWHFN
W IEAL S M7 B U RRIB R O RTINS & o TR & 2 Alifl
RObDLE R D,

as shown in Fig 1 above and derive the optimal dose
delivery with available radiation modalities in Fig 9 using
biological or physical objective functions. This technique
is clearly illustrated in Fig 8-10 for photon therapy of
an advanced lung cancer, but could have been performed
equally well or even better with light ions.

Very interestingly, when we look at the optimal dose
delivery during the last part of the treatment in the lower
right corner of Fig. 8 in the sagittal plane (Fig. 10) we not
only see the increased dose to the tumor core but also a
significant boost to the lower part of the lung tumor close
to the diaphragm. This is a clear cut demonstration of
the adaptive power of the BIOART approach since the cell
survival was larger in the lower part of the tumor where
due to the diaphragm motion it moved into the penumbra
region of the beam. The first week of therapy is therefore
unique since then we can trace most dose delivery
anomalies for adaptive correction during the remainder
of the treatment. It is fascinating that the tumor motion
has been picked up by PET-CT imaging due to a higher
local cell survival after the first week of therapy. Fig. 10

therefore illustrates the power of biologically optimized

O LR EZT, RIEKE REE 2T % PDGF
FEPUIE & MR OBAER 2 X 0 EREICERIL T 5 2 &A%
LChbo KEREHOEE, BHBOATHKT L L LS
& RS F KBRS F iR L CIREE R 058 28 R0 1E ML
DOREEZ F/NRICT 57201213, BA F VB0 EE 4D S
%o S TORMORT A, KEEEOPOHEETONEE
DR~ IRIER, BEITEATVDZ L DL WIAMEIN 23
WA G T AT 2 B4R LET % RBE % 3# 2
THIET BT & DF DK ILISRT & 9 7SR 28 9 s
H# (QMRT) TOWHEEITI I ETH L, ZOWE. &£
WAL 7OV T X 2, KRS O REE OISR L
TIIEHREOPETR (F203REAF V8 28RS 5 —
iy BERICE ALZRBI BT A 0 L CHEBET % 0N
REONEE RS, M6E8ITRLALI T, QURT I2B
WC, B A A VR E SISO EMBHRRAEOFE L
D, LET#IELSHMAEGDBEI EIZL Y, EEH.OEE )
PH oD IE LRV 705 2 BIMER I 70 (R M GHI & R WIS A 2 &
WTEDNTF T LA~BEDA T VUK SIS # T
HARB L OBFRD B\ IEA ) 7 2RI BEMEE Y 7 12 5850
WICIETH B ZENW SN > T WD,
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adaptive radiation therapy to pick up dose delivery
anomalies through the BIOART approach. Obviously,
such an approach would be of great value for biologically
optimized stereotactic treatment planning.

In the future we therefore need to more accurately
quantify the combined effect of PDGF antagonists and
radiation on large tumors where radiation alone may
otherwise require light ions to maximize tumor cure,
minimize the effect of hypoxia and minimize the normal
tissue morbidity. The ultimate development here is when
the different state of the tumor in the hypoxic core and
the often better oxygenated microscopic invasive region
are treated with different LET s and RBE’ s using
radiation Quality Modulated Radiation Therapy (QMRT)
as shown in Fig 11. The biological optimization algorithm
is here selecting a high neutron (or carbon ion) dose in
the hypoxic tumor core whereas the well oxygenated
periphery is best treated with photons. The light ions
are really the ultimate stereotactic treatment modality
for QMRT as seen in Figs. 6 and 8 allowing the right
LET combination in the tumor core and the microscopic
invasive region into surrounding normal tissues. Clearly
lithium to oxygen ions are most suited in the hypoxic core
whereas photons, electrons and protons or helium ions are

best suited in the microscopically invasive region.

Conclusions

There is no doubt that with the introduction of PET-
CT imaging and the use of FDG and more tumor-specific
tracers there is a considerable potential to improve
radiation therapy. This is particularly true for radiation
biologically optimized therapy planning where the PET
images are really the missing link for accurate tumor
characterization and delineation, tumor responsiveness
determination and treatment response monitoring. This
last possibility is clearly demonstrated in Fig. 10 where
tumor motion in and out of the penumbra region is picked
up and corrected for by a local boost during the last part
of the treatment. The possibility to make real in vivo
predictive assay of tumor responsiveness is probably the
ultimate step in accurate radiation therapy. Even if this
new imaging technique is a quantum leap in gross tumor
imaging, it will still be very difficult to image the most
distant and radiation resistant tumor clonogens since
there are probably very few of them or they are probably
located in poorly vascularized areas and are therefore
unlikely to show up clearly on the images. Hypoxia
imaging will therefore be a very useful complement,
particularly for very resistant tumors, even though the

gross tumor response during the first weeks of therapy
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basically takes the initial level of hypoxia into account.
However, the specificity and sensitivity of hypoxia
imaging is often reduced due to the poor vasculature in
these tumor regions.

The possibility to image both the integral dose
delivery and the tumor response in vivo gives us the
opportunity to perform real adaptive therapy where
practically all types of clinical error sources can be
picked up as long as they influence the dose delivery or
the tumor response. To derive maximum therapeutic
benefit, it is essential to introduce these new methods
with biologically optimized therapy planning, the
ultimate tool for combining biomedical, molecular and
clinical knowledge with advanced radiation physics and
biomedical computing. In fact, the ultimate treatment
unit should combine advanced intensity modulated dose
delivery with PET-CT imaging in one integral device
to improve and simplify imaging in direct connection
with the treatment, and possibly also during treatment
between accelerator pulses as illustrated in Fig. 12. This
latter type of real-time PET-CT imaging is particularly
useful, with radiation modalities such as high-energy
photons and light ions, which both allow in vivo dose
delivery monitoring. If the repeated tumor imaging is
done just in connection to a radiation therapy session,
it will even be possible to image the tumor on the
background of the just delivered dose distribution allowing
the ultimate form of tumor dose delivery verification and

adaptive treatment on the true target tissues.

Fig.12:Illustration how an
excentric gantry can treat in
four different treatment rooms
with ability to do sub-mm auto
set up of the patient using a
3-4D Laser Camera, 3-4D
Cone beam CT imaging and 3
-4D PET-CT imaging covering
about 120° variability in
beam portal direction in every
treatment room.
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PURPOSE

Charged particle radiotherapy has been conducted
at HIMAC of NIRS since 1994. In order to make the
best use of clinical experiences with fast neutrons
accumulated preceded to the HIMAC project,
carbon was chosen (C-ion RT) because of similar
biological effectiveness to that of fast neutrons found
in biological experiments in-vivo and in-vitro. For
the past 14 years thereafter, accumulated clinical
evidences with C-ion indicate outstanding efficacy of
the C-ion against various types of tumour and the
simultaneous preservation of QOL. It was approved as
the “Advanced Medical Technology” by the Ministry
of Health, Labour and Welfare of Japan in 2003. To
date, more than 4,000 patients have been treated
under the same framework as that at the initiation in
1994 [1].

Those successful results, on the other hand,
promote the update of HIMAC. Development of active
beam delivery (scanning) together with a rotating
gantry has been investigated [2] in order to increase
the conformality of therapeutic to clinical target. In
Germany, HIT facility in Heidelberg that will succeed
the pilot project at GSI in Darmstadt within 2009
also plans to realize the similar techniques [3]. This
situation of the C-ion RT could be summarized as the
end of the first era; clinical outcomes are revealing the
efficacy of the C-ion RT. At the same time it is also the
dawn of the second era; improving the original models
and techniques related to the C-ion RT through the

investigation of the outcomes accumulated in the first
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era. Along this context, Prof. Brahme has achieved
distinguished results through prominent investigation
about the issue mostly by theoretical consideration
[4]. Collaboration with him and his laboratory will
accelerate and strengthen the research activity and
result in more fruitful achievements.

Taking this opportunity we hereby establish the
International Open Laboratory by taking Prof. Brahme
as the distinguished scientist to study the issue by
focusing to the investigation of physical, biological and

clinical model to be used in the C-ion RT.

RESEARCH TARGETS

Various factors affect the clinical effectiveness
caused by charged particles. An index, RBE (relative
biological effectiveness), is practically used when
expressing the extent of biological effect caused by
the charged particle beam in regard of photon dose
that causes the same endpoint. Due to its complexity,
however, the formalism of the RBE has not yet been
unified.

The difficulty also lies in the field of physics; high
energetic therapeutic beam causes nuclear reactions
which cause secondary particles of various species and

energies. The following issues will be investigated in

the framework.

g igqu‘ ........

AR R FER L. BEx RO RAEE LT
&72 [8]c LALAENE, INOHLETIVOMGEEZAT) 720
LB E SNDFEHRT—FI1EZ L HEIHICIEZ Ok
FEBEAI ASBLEE D IRAE & 72 5 T B, PHITS % GEANTY (2
foFEEND, LS AiEYIaL—YarThH0DEY
FANBFHE I - FLERLTWLH, GHEERN - BED
I THEIENOIR AL R B EN TIE RV, £ T HIMAC
% AW F IR CEBRD S EF VB MEE L, TR T
I T 2L DTELHE - EWHRETVOL R D5
Lz RABL I L E LT,

T EROE

Dbz#ai, RKFEr=y s TIZLLFOMEZ E/T 20

Fig. 1: Schematics of the current beam delivery technique (left) and the corresponding kernel (a) together with the kernel to be used in the scanning beam

delivery (b).

1 :BEHIMACTHWSN TV B AE - LRSHADBIES () EAVSNTVBE—LA—FIL (@), (b) BRERBEHDIXr= JRBEIERADE—LH—3IV [9],
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Beam Model

Establish and verify the dose (radiation quality)
distribution kernel of charged particle beam in matter
[5] (fig. 1). Both empirical and theoretical modeling
will be promoted associated with a comparison with
available Monte-Carlo calculations such as PHITS,
GEANT4, SHIELD-HIT, etc.

In order to achieve flatter energy deposition from
microscopic point of view, the benefit of mixed beam
irradiation will be investigated.

The simulated spatial distribution will be examined
by experimental verifications. To cope this, new
experiments will be conducted in terms of cross section
of nuclear reaction track structure, radiochemistry or

molecular dynamics [6, 7].

RBE Model

Current HIMAC RBE model [8] will be compared
[9] with the model proposed by Prof. Brahme and
others such as the local effect model used at GSI [10]
and microdosimetric kinetic model proposed by Dr.
Hawkins [11]. The biological efficacy of carbon ions and
the other ion species will be estimated and compared
with experimental data.

Biological effectiveness of C-ion and the other
species such as helium, lithium, boron, carbon and
oxygen or their mixture will be verified by conducting
biological experiments. The relationship between these
biological experiments and clinical outcomes will also
be investigated.

Biological optimization model will be investigated
as the application of the Inverse Treatment Planning
to the light ion RT together with the appropriate
simplification of physical / biological models in order
to hold the extent of calculation time under acceptable

duration.

Clinical target

Dose response for carbon ions will be
investigated in relation to the massive photon data
base collected by Prof. Brahme in order to clarify the
efficacy and characteristics of the C-ion RT. The oxic
condition will be included to interpret the clinical

outcomes.

EXPECTED RESULTS

This International Open Laboratory will

strengthen the scientific background of charged-
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particle radiotherapy from both physics and biology
through deepening our understanding to the
mechanism of charged particle radiotherapy. Refining
beam kernel, RBE model or treatment planning will
not only contribute to brush up the accuracy of the
ongoing daily C-ion RT at HIMAC but also to widen
the whole therapeutic window of the charged particle
radiotherapy. It has also a strong impact to the world
of charged-particle radiotherapy when looking at the
current growing interest to this modality.

As expected spin-offs, the information on spatial
distribution of the beam is considered to be essential
for developers to increase the precision of Monte-
Carlo simulations to be applicable for charged particle
radiotherapy. Microdosimetric study will also help in
improving radiation measurement technique. The study
will be conducted by collaborating with the other
International Open Laboratories as well as the other
research groups in NIRS such as PET group. These
achievements will in total lead the charged particle
radiotherapy to further less toxic and more effective

therapeutic modality.
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. 4) Semi-analytical calculation of quality of clinical ion beam
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INTRODUCTION

When incident heavy ions travel in a patient’
s body, various species of fragments are generated and
become widely distributed. The biological effectiveness
of heavy ions is affected not only by the deposited energy,
but also by the particle species [1]. Therefore, in three-
dimensional (3D) irradiation with pencil beam scanning of
heavy ions, precise calculation of the spatial distribution
of the radiation quality for narrow heavy-ion beams in
a patient’ s body plays a highly important role. The
aim of this work is to define a simplified semi-analytical
beam transportation code that can calculate the spatial
distribution of primary particles and projectile fragments
within the target material. In this code, we employed an
elemental pencil beam model where the spatial distribution
of the radiation quality for an elemental beam is calculated
and superposed according to the emittance ellipse of the
narrow heavy-ion beam determined at the entrance of
the target. The radiation quality for an elemental beam
was calculated using the Goldhaber’s model of fragment
distribution. The calculation results were compared with
the experimental observations for a mono-energetic narrow
2C beam measured at the secondary beam line in the
heavy-ion medical accelerator in Chiba (HIMAC). Despite
its simplicity, the developed code could satisfactorily

reproduce the experimental results.

CALCULATION METHOD

The 3D beam transportation code developed in this
study is based on the elemental pencil beam model [2].
In this model, at first, emittance ellipses in the x-x and

y-y phase spaces are determined for a narrow heavy-
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ion beam at the entrance of the target. Then, the spatial
distribution of radiation quality is calculated for each
elemental pencil beam with an infinitesimally small
elemental area within the phase space ellipse. Finally,
the derived distributions are superposed according to
the weights provided by the emittance and the Twiss
parameters of the narrow beam.

In this manuscript, we focused our discussion on
the second step since it includes the physical processes
of nuclear fragmentations, and it is the most important

step for achieving a precise distribution of particles.

Transportation of the primary beam

Incident ions lose their energies as they travel in
a target and stop around their mean range. Within the
range of therapeutic energies of several hundred MeV/
u, the process of energy loss per unit length, dE/ds, is
dominated by electron collisions between incident ions and
atomic electrons in a target and can be calculated with
the relativistic Bethe-Bloch formula. In our calculations,
the target material is divided into many thin layers in
the beam direction and the following quantities are
calculated in each layer until they come to rest by
losing their energies: @ the stopping power dE/ds, @ the
energy loss straggling, @ the attenuation of the primary
beam, and @ the extent of beam deflection due to multiple
scattering. With regard to the lateral deflection of the
primary particles, the particles undergo a deflection
characterized by the root-mean square (RMS) scattering

angle 6, .. when they pass through a thin target layer in

RMS
which energy loss is negligible. The total scattering angle
of the beam passing through n layers that correspond to
the depth s, is given as the sum of the RMS values of the

local scattering angles calculated for the layers:
0 2=p 2+ 0 Zpoo... +0 2 (1
rus(S) RMS(1) RMS(2) RMS(n)

In our calculation, the lateral distribution of the
particles is considered to be a Gaussian shape and its
(s) due to the
multiple scattering at the depth of s is given by

width, i.e. its standard deviation, @,

URMS(S)=6_1/2 Orms(S)-s (2]

according to Mustafa and Jackson [3]. The reliability
of the calculation method for lateral broadening of the

primary beam has been confirmed by Matsufuji et al [4].

Production and transportation of secondary and tertiary fragments

When incident heavy ions travel in a target medium,
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various species of projectile fragments are produced
through fragmentation reactions with target nuclei. In
our calculation, the production of secondary and tertiary
fragments is considered at each penetration layer, and
the abovementioned physical quantities @-@ are
calculated for these fragments as well as for the primary
particles henceforth. In our calculation, we assume that
a fragment undergoes a lateral momentum transfer
(momentum kick) at its production point, and that the

extent of this transfer 6. can be described as
O = arctan( Opeemi/ Pxu), (3]

where P, indicates the kinetic momentum of the

fragment particle along the beam axis. o represents

Fermi
a transfer of the intra-nucleus Fermi momentum of
a projectile to the fragment, and its extent obeys the

expectation derived from the Goldhaber model [5]:

O-Fermi2= 602 w [MeV/u], 9
(A,-1)

where o is the reduced width associated with
the Fermi motion, which is the intrinsic motion of the
constituent (nucleon) of the nucleus. By adding the term ©
to the multiple scattering formula @, we can describe the
scattering angle of the 7ith species of secondary fragments
at the depth of s, i.e., the nth layer can be given by

n,sf; k
HRMSI(S) Z{ N( )

ni

k-1 n
2 2 2
{IZI 0 RMS( I,primary)+ 0 k,kick+ 21(0 RMS(m, Sf)} .
= m=

Here, the fragment is assumed to be produced
at the kth layer. Upstream of the layer k (from 1 to
k-1;denoted by /), the lateral displacement of the beam
is characterized by the multiple scattering of primary
particles. Then, the produced secondary fragment
particle, on receiving a momentum kick 6. in the kth
layer, undergoes multiple scattering downstream of the
reaction layer (from k to n; denoted by m). Similarly, the
scattering angle of the 7’th-species tertiary fragments at
the depth s is calculated by

sf n-1 n
0122MS,1"(S)=Z [Z{ by {‘N"tft(kl’kZ)}

T | k=1 | =kt N,

ni’

ky-1
{ZQR\/IS(I prlmdry)+0k1 klck+ZeR\/[S(m1 sf;) +0[(2 klck+ZHRMS(mg tfl)} }‘|
ky my=ky
(6]
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Determination of o,

Multiple scattering alone can only partially
account for the spatial deflection of the fragment
particles. The large deflection of fragment particles
in a target can be compensated for in the multiple
scattering formulae by considering an additional term
0,., that represents a lateral “kick” at the production
point of the fragment. This additional term can be
explained as a transfer of the intra-nucleus Fermi
momentum of a projectile to the fragment particles, and
its extent can be represented using a free parameter
o, as shown in equation @. Therefore, we determined
the value of o,that gave the most appropriate fit to
the experimentally observed lateral beam broadening

O,y for each element reported by Matsufuji et al [4].
When the value of o, in our calculation is changed,
the optimum value was determined to be 52.4 MeV/c
as shown in Figure 1. According to the above analysis,
we apply the value of o,=52.4 MeV/c throughout this

manuscript.

RESULTS

The experimental data for mono-energetic *C
beams of 290MeV/u obtained in the secondary beam
line (SBL) in the HIMAC® were compared with the
results calculated using our semi-analytical model.

As a first step of the calculation, the spatial
distribution of radiation quality of the elemental beam
was calculated for *C beams of 290MeV/u according
to a method previously described. In the next step,
we determined the emittance and Twiss parameters,
i.e., the emittance ellipse in both the horizontal and
vertical phase spaces of the narrow '2C beam delivered
to the isocenter in the SBL. These values are used
to calculate the weight map for the elemental beams.
Finally, the elemental beam with an infinitesimally
small area in the phase space derived in the first step

was superposed according to the weight map given

oD
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Fig.1: The lateral beam width Ogysof each fragment reported by Matsufuji
et al[4]. The curves in the figure are the corresponding beam widths
calculated with the value of 0,=52.4MeV/c
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by the emittance and Twiss parameters derived in the
second step, and the spatial distributions of radiation
quality, i.e., the 3D dose-averaged linear energy transfer

(LET), and fluence distributions, were calculated for the

2C beams of 290MeV/u in water. As an example of this e
calculation, the total dose distribution on the horizontal %
plane is shown in figure 2(a). The dose contributions §
from particle species with different atomic numbers =
(ZJ.=1—6) to the total dose distribution are shown g
in figures 2(b)-(g), respectively. The dose levels are 2
identified with different colors in each distribution, and
the corresponding color scale is indicted at the right-hand
side of each figure
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Fig. 2. The spatial distribution of dose in water on the horizontal plane calculated for the mono-energetic narrow 'C beam of 290 MeV/u delivered to the
of (b) 1, (c) 2, (d) 3, (e) 4, (f) 5 and (g) 6

SBL in HIMAC. The total dose distribution (a), and the contribution from each element with the atomic number
to the total dose distribution.
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VERIFICATION OF THE CODE

Lateral dose distribution

The calculated lateral dose distributions along the
horizontal and vertical axes at depths of 50, 150, and 170
mm in water are compared with the ones measured in
figures 3(a)-(f). In figures 3(a)-(d), the dose contribution
from the particle species Z,=6 was dominant, while
those from lighter fragments with Z;=5 or 2 were
dominant in figures 3(e) and (f). In all the figures,
the developed code could satisfactorily reproduce the

measured distributions.
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Fig. 3. The lateral dose distributions along the horizontal and vertical axes at a depth of 50, 150 and 170 mm. The calculated distribution (bold black
line) is compared with the measured one (open circles) in each figure. The contributions from particle species with the atomic number Z; of 1-6 are

identified with the curves of different color.
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1D dose distribution along the beam axis

The calculated 1D dose distributions (solid curves)
are compared with the ones measured (open circles) in
figure 4 for 290MeV/u *C beams. A small discrepancy
was observed in the Bragg peak for both the energetic
beams; a possible reason could be the underestimation
of the range straggling. However, except for the
abovementioned point, the calculated distributions
agreed satisfactorily with the ones measured in the

entire region.

Fig. 4. The measured 1D dose distribution along beam axis for 290 MeV/
u '?C beam is plotted with open circles. The solid curve indicates the
calculated dose distribution with the developed calculation code.

X4:B—IxIL¥—290 MeV/uDRFIFIZDOWLT, 120mme DA BETELIEF OFIT
FRESEAETCAELE—LBABO—KRTHENH (O) LEHHEE (EiR) LD,

CONCLUSION

A useful semi-analytical calculation tool has been
developed for calculation of the dose, dose-averaged
LET, and fluence distributions for heavy-ion beams
depending on the species of the particle generated in the
absorber. Despite its simplicity, the developed code could
satisfactorily reproduce the experimental results. For
more detail, the manuscript by Inaniwa et al [7] should

be referred.
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INTRODUCTION

Carbon-ion radiotherapy (C-ion RT) is known to
treat cancer effectively because of its excellent dose
localization and high relative biological effectiveness
(RBE) in tumors. Prior to performing C-ion RT, it is
necessary to calculate the clinically-relevant effective
dose for the therapeutic beams. At the National
Institute of Radiological Sciences (NIRS), the “clinical
dose” of a unit of a Gy equivalent (GyE) was defined
as the clinically-relevant effective dose of the physical
absorbed dose (Gy) multiplied by the clinical RBE
[1]. The clinical RBE was assumed to be proportional
to the empirical RBE of in-vitro human salivary
gland (HSG) tumor cells. In the heavy-ion medical
accelerator in Chiba (HIMAC) irradiation system,
narrow mono-energetic carbon-ions accelerated by a
synchrotron were laterally broadened by a wobbler-
scatterer system in order to cover the target size.
Then, the carbon-ion beam was longitudinally
broadened in depth direction to create spread-out
Bragg peaks (SOBP) by using a ridge filter, which was
specifically designed to be a constant clinical dose
in the SOBP region. The application of the clinical
dose in GyE has been established for analyzing the
clinical results of tumor control and normal tissue
complication [2]. The purpose of this study was to
develop a clinical dose measurement system based
on microdosimetry that will enable the investigation
of clinical dose distributions for various irradiation
conditions of the actual treatment beams. Thus, this
system would be helpful in ensuring more accurate

irradiation for C-ion RT.
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Fig. 1: Schematic diagram of the concept of the domain in the MKM and the TEPC
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MATERIALS AND METHODS

The microdosimetric kinetic model (MKM) was
used in this study to calculate the RBE for high-LET
radiations from a microdosimetric spectrum [3]. The
MKM assumed that principal targets existed in the cell
nucleus that comprised many independent microscopic
domains, as shown in Fig. 1. This enabled the calculation
of the dose-surviving curve for any radiation field on
the basis of the patterns of energy imparted to the
domains in the nucleus and the biological information of
the nucleus size, domain size, and surviving curve for
low-LET radiation.

Figure 2 shows the tissue-equivalent proportional
counter (TEPC) used to measure the microdosimetric
spectrum of energy imparted to the domain. The active
sensitive volume of the TEPC was a sphere (diameter:12.7
mm), around which a spherical wall of A-150 tissue-
equivalent plastic was situated. The propane-based tissue-
equivalent gas (54.6% C,H,, 40.16% CO,, and 5.26% N, ;by
volume) was enclosed in the TEPC under low pressure to
simulate the microscopic domain (diameter:1.0 zm).

Lineal energy (y) is often used in microdosimetry to
indicate a single-event radiation quality and is defined as
the amount of energy imparted divided by the mean cord
length of the volume being considered. The absorbed dose
(D) is derived by the summation of the energies imparted
to the tissue-equivalent gas in the TEPC. The absolute
values of y and D of the TEPC were calibrated for the
field of %°Co gamma-rays using an ionization chamber
(model C-110 600 ml; Applied Engineering Inc., Japan),
which had been calibrated at the Japanese primary
standard dosimetry laboratory. An internal **Cm alpha
source with a gravity-controlled collimator was used to
ensure reproducibility. A dynamic range of the y spectra
was measured in the range between 30 eV/um and 3
MeV/um by using a pre-amplifier, 3 main-amplifiers with

different gains and multi-channel analyzers.
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The microdosimetric spectra were measured by the
TEPC at various depths for therapeutic C-ion beams in
a treatment room. From the microdosimetric spectrum,
the RBE of HSG cells, RBE .,
MKM modified with the saturation correction for the
overkill effect [4]. Then the clinical dose, D was

clinical’

was calculated using the

obtained as shown below:
D jicai =k * RBE 5 * Dy,

where D is the absorbed dose and k=143 is the
clinical factor, which was introduced to preserve the
equivalent dose scale of the historical fast neutron
radiotherapy at NIRS. The absorbed dose was obtained
by accumulating the energy imparted to the TEPC for
all events.

Fig. 3:Microdosimetric spectra yd(y) versus y on a logarithmic
scale measured by the TEPC at various depths for therapeutic
carbon-ion beam of the initial energy of 290MeV/u and the
6-cm SOBP size.

X3 :C290MeV/u. SOBPIE6cm®D&A#EE — LI LT . TEPCT
BA2BRETRAELEYAIOR D AN =DM,

Dose (Gy/MU or GyE/MU)

Fig. 4:Depth dose distributions of the absorbed dose and clinical
dose for the therapeutic carbon-ion beam. The circles indicate
the TEPC measurement. The squares represent the plane-parallel
ionization chamber. Solid lines denote the calculations made in
the treatment planning.

X4: RUNERE EERARIREDRE 2.

Z O TEPC & W TR IR EMRE — 2 OB 4 RIRED
MEARZ P VEIE L. A2 PV, F—/8N—F )b
BRI RN D VT R L7z MKM [4] T#MF L 720 HSG
MNB DA 85 X —% % HWT RBE iz 8l L, HE
B Do Z LT D X 9 1R D 72,

Dc]inica] =k 'RBEHSG 'DW!

Z 2Ty D, KRN, k = 143 1Z K RBE % i
PhEF-#LiE T 5 72K RBE = 3 I2HEALT 5 720 D%
BThHb, KWK EIZ TEPC D AXRY bV ORESED S

T\%" 72

1.2
omm C290MeV/u 6cmSOBP AVC
48
8 Entrance
1.0 93
98 .
103 Proximal
107
Center
0.8 125
127
- 134
i 143 Distal
< 0.6 149
185
0.4
Tail
0.2
0.0
1 10 100 1000
y[KeV/um]
i TEPC. Gy C290MeV/u 6cmSOBP AVC
' TEPC_GyE
PPIC_Gy
Calculation Clinical dose
1.5x10+
1.0x10
5.0x10°% Absorbed dose
00
0 50 100 150 200

Depth(mm)

MEHRRIZ Vol.52 No.2 2009

Adeiay] uoneipey ayl ui uozeAouu| uo doys)Jopn Adoleloge] uadQ [euolleUIBIU| SYIN IS : 84n}eaq

45



NIEZANTANAN R 0 = v S e e S

—=7

L\ Ay — JEp R B

46

RESULTS AND DISCUSSION

Figure 3 shows the microdosimetric distributions
yd(y) measured by the TEPC at various depths for the
therapeutic C290 MeV/u beam having an SOBP size of
6 cm. Figure 4 shows the absorbed dose distributions
and the clinical dose distributions. The absorbed doses
measured by the TEPC were in good agreement (within
3%) with those measured by the Markus parallel-plate
ionization chamber. The clinical doses derived from the
TEPC measurements were almost equivalent to those
derived from the one-dimensional calculations made in
the carbon-ion treatment planning at the NIRS.

The C-ion RT beam contains fragmentation
particles such as protons and helium-ions. The LET-
RBE curve is known to differ for different incident ion
types due to the ion dose track structure. However, the
microdosimetric y value is considered to be an effective
RBE indicator regardless of the ion type. This is because
the microdosimetric domain is spatially limited not only
in the traveling direction but also in the transverse
direction; moreover, LET does not have any spatial
restriction. Thus, the value of y is correctly reflected by
the microscopic dose distribution of the track structure.
Therefore, a microdosimetric approach to measuring the
clinical dose using the y value would be effective even
for mixed irradiation fields in which the present particles

have not been identified.

CONCLUSIONS

Microdosimetric spectra were measured using the
TEPC for the therapeutic C-ion beam. The RBE of HSG
cells was derived from the microdosimetric spectrum
on the basis of the modified MKM in order to obtain the
NIRS-defined clinical RBE. The clinical dose distributions
obtained from the TEPC were almost equivalent to those
obtained from treatment planning. Thus, the clinical dose
measurement system using the TEPC is expected to be

useful as a quality assurance tool for C-ion RT.
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INTRODUCTION

High-energy heavy ions (HZE particles) have
become widely used for radiotherapy of tumors
owing to their high biological effectiveness. In the
treatment planning of such charged-particle therapy,
it is necessary to estimate not only physical but also
biological dose, which is the product of physical dose
and relative biological effectiveness (RBE). In the
Heavy-ion Medical Accelerator in Chiba (HIMAC),
the biological dose is estimated by a method proposed
by Kanai et al. [1], which is based on the linear-
quadratic (LQ) model with its parameters a and S
determined by the dose distribution in terms of the
unrestricted linear energy transfer (LET). Thus, RBE
is simply expressed as a function of LET in their
model. However, RBE of HZE particles cannot be
uniquely determined from their LET because of their
large cross sections for high-energy o-ray production.
Hence, development of a biological dose estimation
model that can explicitly consider the track structure
of o0-rays around the trajectory of HZE particles is
urgently needed.

Microdosimetric quantities such as lineal

energy y are better indexes for representing RBE

7402.]
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site for calculating Y« _

Low-energy radiation
(e.g. Proton 3MeV)
lonization density: HIGH

S n? San? Yaw”

High-energy radiation
(e.g. Carbon 350 MeV/n)
lonization density : LOW

LET:Transferred energy within a certain distance == SAME
Y :Transferred energy within a certain volume wmsp DIFFRENT

Fig.1:The difference of the concept between LET and vy.

B1: LETEyDOBEZDE N

of HZE particles in comparison to LET, since they
can express the decrease of ionization densities
around their trajectories due to the production
of o-rays. The difference of the concept between
LET and y is illustrated in Figure 1. However, the
use of microdosimetric quantities in computational
dosimetry was severely limited because of the
difficulty in calculating their probability densities
(PDs) in macroscopic matter. We therefore improved
the 3-dimensional particle transport simulation
code PHITS [2,3], providing it with the capability of
estimating the microdosimetric PDs in a macroscopic
framework by incorporating a mathematical function
that can instantaneously calculate the PDs around the
trajectory of HZE particles with precision equivalent
to a microscopic track-structure simulation. A new
method for estimating biological dose from charged-
particle therapy was established using the improved
PHITS coupled with a microdosimetric kinetic (MK)
model [4-6].

The detailed procedures for improving the PHITS
code and establishing the biological-dose-estimation
method were presented elsewhere [7,8]. Hence, this
report focuses on describing their capabilities to
optimize the treatment planning of charged particle
therapy, thereby maximizing the therapeutic effect on
tumor while minimizing unintended harmful effects on

surrounding normal tissues.
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ZE LT, [T A)VF— (Lineal Energy.y)] &MiENh %
EMEHENTE7, LET & y OME&0EWEZX 1 I2RT,
M. [ U LET 252 2 DOREH (B 21X, 3MeV B T
& 350MeV/n iFEA F ) REFE L O BHER B O
AIZELTBY, ML), TOEVERFICERTE L0
X, BES YD oONE5 AV F— LET T34k <. BT
HRNU72) ORI AN —y THDZ W0 n5b, B,
vid, EHELET L T2 2 LS nizn, HAERERY
720 OG- ANV F—% ZOFHIRNO TR TH - /i &
EFREN, LET LML L (keV/um) OB TETZ LD
T&%, LET & y ICHT 2 EHO ML, ICRU Report 40
BB TV X0,

LT AV F — y RIS & L 722 W2 i R e 54 12k 2 A
T 5720121F, MED X9 ZEHRR 2 ARRNICBU M8
BRGZANF =55 (v 5f6) ZEtRT20ERH L, L
AU B T OB 72 Z2 02 B 0T 2 B0 R 28 B AT 3
Salb—Ya ryrERICTS 2 Lid. FHERBOBE 2 S,
k. RTETH o7z, £ Ty Txld, WL OhDFRT
PR E L O 6 MEEBH T MM BT FHAVE Y I 2
L—a VERERIC, 505 FR FHMRIELD y 45
fi & BRBE ICEH R R FE TV AMEL, TOET VR
B 7 WO RS B AT RT3 2 —  PHITS (2., 3] (THlAGA
HILIZEY ., RERATEETD - B R EHICBT 5y
DR R RN L, 2L C FOWRE L7 PHITS &
XAV RIA MY v Z7EHFETIV[4-6] (LLF, MK €
FNEWET) ZHMAGDE, y BIREE LoHi7: WA
MRl T 2 PSS L 720

FLARN 7 PHITS YR 5% B % L 72 A W 5 10 A
FHEOFMIL, STk [7.8] ICRKRSINTw5b, 22T, K
Wi TlE, O T2 HIMAC O FoRL 1 G# T 1281
L7261 &5 %,

Pencil I
Beam Wobbler Tantalum  Ridge
Carbon Magnet Scatterer Filter
t=0.4mm)
290 MeV/nucleon (
JoMe Heeo Plo Collimaton Voxel
5x5 cm?hole Phantom
t=20cm (JM)
| | | | |
1073 973 420 100 0

Distance from the center of human body in cm (Not to the scale)

Fig. 2:Simulation setup for the biological dose estimation in a human voxel phantom.
H2: AMERT VT 7o LR OEMZRIREETFM T 220D I2L—2a kR

SIMULATION FOR TREATMENT PLANNING

An advantage of applying our established method
to the treatment planning of charged-particle therapy
is that it enables us to estimate the biological doses not
only in a tumor but also in surrounding normal tissues,
considering the effects of secondary particles produced
in upstream apparatuses as well as inside the human
body. Furthermore, PHITS can model voxel phantoms
of a human body built from the CT-scanned data of
each patient. We therefore performed simulations for
estimating the biological doses in several tissues of a
Japanese male voxel phantom JM [9] irradiated by a
SOBP carbon 290 MeV/nucleon beam.

A schematic simulation setup is illustrated in
Figure 2. We assumed that the patient suffers from
a brain tumor. The pencil mono-energetic beam was
broadened by a wobbler magnet. The broadened beam
successively passed through a scatterer, a ridge filter,
and a lead collimator with a 5% 5 cm? hole, and struck
the head of the phantom from the lateral direction.
In the simulation, we calculated the physical doses,
dose equivalents using the Q(L) and Q(y) relationships
defined in ICRP60 and ICRU40, respectively, as well as
the biological dose based on the MK model. According
to ICRP92, one reason for introducing the LET-based
quality factor Q(L) instead of the y-based relation Q(y)
that had already been defined in ICRP40 was that
LET was more convenient in computations, although y
is definitely a better index for expressing the quality
factor. Hence, it is worthwhile to compare between the
Q(L) and Q(y)-based dose equivalents, where the latter
can be calculated only using the improved PHITS code.

HIMAC &R IZZ 8L /=2 MF iR 8

T2 DI U7z R MR SR R . EO 2 22 )
T2 I GHR B AT IS 3 kL' Y F A VBRI a— F
PHITS % FIH T 5720, ¥ — A4 Lo AMEN T
5 2 KBUFRRE D U5 % & & 72 W S0 O S A i T
Hbo F7z. PHITSIE, BEMADCT 77— 2o AEH L
TeRZENT 7V P AEMEN D AEERIAZ I 2L —T 3
RN HL AR D B 720, TSR O A4 P A B D A 2
LY. IEEHNORT Vi & HERNEEIHT L2 A 70
RIS L 7 B KSR oM LR %2, BEHEAOKRI ST
AT AL LWEETH D, TNHOREME A, L IR I,
HIMAC (2B F 2 G5 CTHE IR A 3 % & F% 290MeV/n
Spread-Out Bragg Peak (SOBP) ¥ — 24 & HAANB R 7
L7 7 b A ML SRS L7 & & o SR O LW F
M R OSSR A B L 72,

M2z, RiRMETFMosony I aL—y s Y kRE
Rt COYIal—varTid, BEE WEEZE-
Twd MR Lize IOAM & 0 AGHL 7253 290MeV/n
DOHARY I NVE—=AIF, U7 I—WAICLY Y ¥ 7IRIC
RFBN. FOH, BEUR Vv VT4 vy —, o) A—
Z LT 52 LI k) BB 5 X 5em®. SOBP @i 6cm
DEBME—2 L2, BEOFIRIH TN 5 AGT 5,
IOYIal—varT, L, Kb o O Pk,
@ MK € 7MW HED B I#E, @ ICRP Publication
60 ICEFE N2 Q(L) BItRZ WV /ziE Y& (LLF, QL)
ML), @ICRU Report 40 IZ58# S h 72 Q(y) MRk %E
w7zt S5 (LT, Q(y) M iw) o 4 HEHOBIX <
PR & 5145 L 72. ICRP Publication 9212 X AU, y & F 28
LET LHARTE ) WMEICEMBEELZRTILNTELITD
b 53, BEIC ICRU Report 40 TEHRENT W72 Q(y) @
RbVIZQL) ZEHRLLHMBEOVEDE LT, y i Zdh
BTl L SBBTFOLNTWE, L7zd-> T, FA
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RESULTS AND DISCUSSION

As an example of the simulation results, the
spatial distribution of physical doses on the x-z plane
around the patient is depicted in Figure 3. It is found
from this figure that a large number of secondary
particles are produced in the upstream apparatuses
such as the ridge filter, but they are almost perfectly
shielded by the Pb collimator. Hence, the physical
doses inside the patient are significantly concentrated
around the target region-the brain.

The calculated physical, biological doses as well
as the Q(L) and Q(y)-based dose equivalents for some
important organs or tissues are summarized in Table
1. The statistical errors in the values are generally
small -less than 2% in most cases. The data are
normalized to achieve a 10% surviving fraction of the
HSG tumor cells in the SOBP, i.e. the biological dose
in the region is set equal to D, (0.1). The dose in the
target organ, the brain, is much higher than for other
tissues and organs, indicating the high concentration
of dose in this heavy charged-particle therapy, as
expected from Figure 3. Among the non-target tissues,

the doses in tissues widely distributed in the human

Physical Dose Biological Dose Q(L)-based Dose Equivalent | Q(y)-based Dose Equivalent
(mGy) (mGy-Eq.) (mSv) (mSv)
2.25 3.13 10.8 9.61

AT o 72 PHITS ORI X ) BRI RMERNICBYT 2 y 45
AAEHRTRE L 2o 2B, QL) Q(y) T ENDHRIC
HO SR ZEE LIRS 2 2 L3, WD TEREY
EEZBND,

BRRUER

AR E LT, BAEMEIZBIT 5 xz P Lo Fs#k
WM 2 K 3IR T KX ) % O 2 KA E —
A EFRMTRAELTOWDEN, ZOIEFEALD, Y A —
FIZEDENCENTWE I ERGH Db, LEN-T, &
DOREEZ O A, BB ARNOWARRIL. ¥ —7 v M
WTHHMOMNITITHD THBP LTS,

Tablel |2, FHEIC X o> TR SN2V O DA T
BHYEL - A a R, BN QL) Q(y) M Y& &R
Fo EROTF— 5 ICH T 2METFREIL. ET2%UTTHY,
D T/hE v, F2, F— %1%, SOBP fHIRIZBT 5 EWY
SRR DS, X MRIBEHC X A o HSG I 55l i o £ 47
RA10%E % Bt (Dyy) & —HT B I IMKALL 720 2
., CORE CTHEEMO 90%E LM &5 L2 HE
LTw5,

KLY, EERMOD LMoL, MO OME L
HARTEHBLTREWZ EXGh D, Thid, ToOFERT
MEROBEOETEZRLTBY  H3LLLFNTE S,
IEFHAEOHRCIE, 1 KBEHRICHEEO — B2k IE < §
B E BRI T A MRS, oMK L L TRV, 1
KPR L 2 F 505 wEE - 8 - ARk L) o
MiERZFIEE L 2L 2oiE. BERY ) 25
OWFHEDTEL B B L2 h > TNEL B Do [l UBRER IS

*Effective
Bone-Marrow 16.8 23.4 81.3 71.9
Breast 0.084 0.17 0.716 0.766
Stomach 0.052 0.088 0.322 0.348
Gonads 0.00908 0.0204 0.0936 0.0969
Brain 707 1146 5254 4280
Skin 5.36 6.61 16.1 15.8
TABLE 1

Calculated physical and biological doses, and dose equivalents in several important organs or tissues in the JM phantom irradiated by a carbon 290 MeV/
nucleon SOBP beam. The simulation setup for this calculation is illustrated in Figure 2. The data are normalized to achieve a 10% surviving fraction of the HSG

tumor cell in the SOBP region.
* Sum of tissue doses weighted by wy, excluding the brain contribution

*1

H21SRULAS2 2L =23 R RICHUTPHITS TR EL - AMRERY LT 7 MLAROEEFERICH TR E EMPHNRERVREYE, 7413, SOBPFHEEICH T

HSGEESZMIEDEFERN10%ELEDLIRRRIEL 1=
*LANADE BRI EEWTE CEATITLTEETLAME
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body such as bone marrow and skin are relatively high
in comparison to the others, since some parts of them
are directly irradiated by the primary HZE particles.
The doses for the other tissues simply decrease with
increase of the distance from that tissue to the target
organ. The biological doses in each tissue are smaller
than the corresponding dose equivalents, since the
biological endpoints employed in the dose estimations
are different from each other. In general, the RBEs of
HZE particles for cell killing are smaller than those
for chromosome aberration. The former and latter
are correlated to the biological dose and the dose
equivalent, respectively.

The Q(L)-based dose equivalents are larger
than the corresponding Q(y)-based values for tissues
directly irradiated by the primary HZE particles,
while the relation is reversed for the other tissues.
For low-energy charged particles, one can assume the
relation between dose-mean lineal energy y, for site
diameter 1um and LET L to be [10]

yp = 9L/8+0.75 (keV/um). (1]

Under this assumption, the Q(y) defined in ICRU40 can
be simply converted to the LET-based quality factor,
and its numerical values are slightly larger than the
Q(L) defined in ICRP60 except for very high LET
region, as shown in Figure 4.1 of ICRP92. The doses
in tissues far from the target organ are predominantly
deposited by low-energy charged particles emitted
from neutron-induced reactions, and hence, it is
natural that the @Q(v)-based dose equivalents in those
tissues are slightly larger than the corresponding
Q(L)-based values. On the other hand, y is expected
to be much smaller than that calculated by Eq. (1) for
HZE particles because of their large production cross
sections of high-energy o -rays. Thus, the numerical
value of Q(L) is generally larger than the mean value
of Q(v) for HZE particles with LET or y below 100
keV/um. This is the reason why the Q(L)-based dose
equivalents are larger than the corresponding Q(y)-
based values for tissues directly irradiated by the
primary HZE particles. When the Q(L) and Q(y)-based
dose equivalents are apparently different from each
other, as is the case here, it is better to use Q(y)-based
dose equivalents in the relative risk estimation, since
Q(L) was introduced just to be mathematically in line
with the curve obtained from Q(y) coupled with Eq. @,
as described in ICRP92.

.50 10°

X[cm]

-100 10°

Heat[Mev/source]

-150

-100 -80 -60 -40 -20 0 20
Z[cm]

Fig. 3:Spatial distribution of physical doses on the x-z plane
around the patient irradiated by carbon 290 MeV/nucleon SOBP
beam; calculations are made by PHITS.

H3:H2ICRL Y Iab—Ya FRICHULTPHITS TR EL A BE R
ICHBIBX-ZFE L OYEREZE 2

THAEMRNHRELREYR KT L, REYEDO)
BEWI EDRTND, T, EYFNHRE L BRENET
& Bl A2 REEYFHT Y KRA VR ANEL, — RIS,
AW IR E ORI & 72 5 ISR SERR X9 5 RBE O A5,
M M OIRIE & 7 B iSO SB35 RBE

ERBLTNSWALTH D,

QL) Q(y) MELEA WIS S &, 1 RGHRIZL 2%
525% g W - B8 - L) Tl (L) Lo
HHEKREL, TR0 TIE. Q(y) M MR AR
LREV, XH10] 12X B L, O MOBED /NS VK
TRV F — 4 AL T IRB R L O y Al (yp) 1. W5
ETHMAEMOBEREE lum & T 5L

yp =9L/8+0.75 (keV/um). (1)

LERFTIENTEL, 22T LIE, ZOMER T8
T2 LET Thb, ZOEKEMVIE, ICRU40 TEHRS
N7z Q(y) BIRIIHAMIC QL) LKA TREE 2 ). £l
&, —fic, ICRP60 TEHZEI N QL) B LY HAEL
7% (ICRP92. Figure 4.1 ), 2 WHAHIE, —fic~
ANF =ML L K1) OBEBRPIELT 2HENL W20,
1 RSO F5- D 7 VIEEI LTiE, Q(y) Yo
T QL) MMk X D b REL Do — 7. 1 R,
Ty s =28 ERWTIRALE =L, FORYE
JALZHTANF = S MELSHER T 2720, 2Oy
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One purpose of evaluating doses in normal tissues
in the treatment planning is to estimate the risk of
inducing stochastic effects such as secondary cancer,
and the dose equivalents are better indexes for this
risk estimation than the other calculated values. We
therefore calculated the effective dose equivalents
from the obtained dose equivalents in each tissue
coupled with the tissue weighting factor w, defined
in ICRP103. In this calculation, we set the tissue
weighting factor for the brain to be 0, since the brain
is the target organ whose stochastic effect needs not
to be considered in our simulation. The result is also
given in Table 1, together with the effective physical
and biological doses obtained in the same manner
as described above. The Q(L)-based effective dose
equivalent is larger than the corresponding Q(y)-
based value, indicating the overestimation of the risk
of charged-particle therapy if one employs LET as an
index for expressing the quality factor. The calculated
effective dose equivalents are almost the same as the
effective dose from a whole-body CT scan, which is
expected to be 8 to 20 mSv under certain conditions
[11]. However, this coincidence is not evidence enough
to conclude that the secondary-cancer-induced risks
of charged-particle therapy and CT scans are almost
equivalent, since the effective dose equivalent from
charged-particle therapy significantly depends on the
irradiation conditions such as the charge and energy
of the incident particles, the structure of upstream
apparatuses, and the location of the target tumor.
Furthermore, the effect of non-uniform exposure must
be considered in the risk estimation, since the dose
from heavy charged-particle therapy is concentrated in
a small area around the target tumor. More systematic
studies estimating the secondary-cancer-induced risk

of charged-particle therapy are desired.

CONCLUSIONS

The macroscopic particle transport code PHITS
was improved in order to estimate the PDs of
microdosimetric quantities in complex radiation fields
by incorporating a mathematical function that can
instantaneously calculate the PDs around the trajectory
of all kinds of HZE particles. Utilizing the improved
PHITS, we have established a new method for estimating
biological dose from charged-particle therapy based on
the microdosimetric kinetic model.

An advantage of applying this method to the

treatment planning of charged-particle therapy is that

MWEHREIZ Vol.52 No.2 2009

fliid, A@TTFHINDMEE Y b/IMEL B D, QL) -Q(y)
BIFRIZ, 512 100keV/um LT TIE LET R y OB HE-
TREL 5720, LET 2 T 1 KGO % 5- D33 i
WM %) A7 2 3HMli L7234, BERICZED
VA2 B @KL TLE ) TRV D 5,

YT AR ) 2 7 0L LT, FElYIa
L= a viZX ) ROEMWERD Q(L) - Q(y) M 112
ICRP Publication 103 T #& S N7 MMM EARE wy 2 L
THEMME M RLER L7z, 2O, ¥—7 v ME#Th
B w0 & L7zo Table 112, ZDOfERZRT, £X D,
QL) ERMELRIL, Q(y) EHMELRLIY)RENI L
ok ThiE, FERMELUEOFEICB VT, 1 it
BUCEBER T T 2MEB0HFGPRE L, LET 2 lwTa
BT 2EMN L) A ZFHE L7256, 20OV A7 %&#
KEFMLTLEIWHRLELZRBLTWS, 72, B5Nh7
FRIME L EIL, 2HO CT A F v VI3 5 EwE (5
P D K& R 575 8~20mSy & i [11]) & A
BETHD, LoL. COFENS, BRTHIEFEEYCT
A% v VL BHERIEED ) X7 BFARETDH D LG
DFHZLIFTERV, BRELR S, TR FEERICBUT S
SRR SR, ¥ =7y MESRER O F L F—
&, TORPLEMBICHD TRELKETA2NHTH %,
BIZAE. & =7 Mg, Mz & we ik & ZIEe
PHF L TR HIBICH 2 %56, FERh#E YR IL, Table 1
WRL7MEE D DEMPICKREL D, Tz, ARITHEHR
Pin7zolc @k sz QL) Q(y) BRS wr # VT,
TADOY A7 %5452 EDOWHEICHET 2R D 1512
BENTVDBLIEFA RV, 510, B THIEGETIEY —
7y MEPEIZER L THREST S EINED, 20 X7
FHMICIE, AE—HIE IS I 2R DZLE T LLELD S
LEZLNS,

FEDH

AR 72 IO AR 2R B AT o — ¥ PHITS (AR 72 538012
B ANF L5 (yoofi) FHiituezaml, &
FLF-RUAFRIC B B B AED IR (RBE) % & 0 195§
B y ZIRE & U 723 72 70 A W 4 RO R o 3 T2 3
BRESE L 7o RESE L 7Tk 2 ok T-ROA ST I IS L 72
Bl & LT, HIMAC o MG % BidkE L 72 RIS B 1T 5 i lE
P ORI IR 2 WHEME., AR, QL) &
D Q(y) MEMEZFE L7220 ZORSE, TEEIA oML
HFHR10%ZERKT 220 0EMHRELREIZ, 25D CT A
Fy YFOERRE L IZIZFAETH D LG D, B
L 72 S BT 2 BR T RIGHOBELEPEI RSN

it enables us to lump calculations for all the required
tasks together into one simulation, such as the design
of upstream apparatuses, the estimation of biological
dose in a tumor and estimation of dose equivalents in

surrounding normal tissues. As an example, we calculated

Too AtRld. REEE L 7R a3k 2 v T, B H0E
2T Th L X B TG % Sk 4 7 B St i
TOLMBEFMZITH) 2 LX), BEHLLICR )OO
5 ST RGO 2 IR FZBFEBLY A 7 SFAM R 1T 56 7 9
T OREEZ HIG LR 2 ERiT 27 ETH S,

the Q(L) and Q(y)-based effective dose equivalents as
indexes for the risk of stochastic effects from charged-
particle therapy for a certain case, and obtained a value
comparable to the effective dose from a whole-body
CT scan. Further studies are desired for estimating
the normal tissue complications such as the secondary-

cancer-induced risk of charged-particle therapy.
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State-of-the-art positron emission tomography
(PET) scanners have axially extended multi-ring
detectors in order to have high sensitivity and a large
axial field-of-view (FOV) (figure 1 (a)). However, a
long and narrow patient port tends to exert stress on
patients, particularly on claustrophobic patients. It
also prevents doctors and technicians from providing
medical care to patients while scanning is in progress.
Therefore, we have proposed an “OpenPET” geometry
[1], which consists of two axially separated detector
rings (figure 1 (b)). A large and continuous FOV,
which includes a 360° open area between the two
detector rings, can be visualized by fully 3D image

reconstruction from all possible lines-of-response

Detector rings

e

Axial FOV
lUnabIe to
access

X

Detector rings

|

Area of max.
sensitivity

(a) Conventional PET

Fig. 1:Comparison of the proposed OpenPET geometry (b) with the conventional PET geometry (a). The central area of maximum sensitivity, which is
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72 PET M&E. &40 h v BiIcETH 5 L K& &iEH
DTS, PET X, 7 v HRKEL EDOFRMAKTH 5
W B T BUB AR A A L. BBELC X 5 T 180 BE KUKk 7 ML
ST o~ OB HR GHEBUTR) 289 %, HARIC
X, 2 D OB THBBUE RO Z e —J & FIIEZEHI
L7k &, 2003 % 4 S8 (FREEHEM) o Bifd
PHAET B LW h 5. BHUERTREICIZS 2 S 0t
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ENDBHHRE TR L CMIT 572012, Lo PET 26E
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(b) Proposed “OpenPET”

inaccessible with the conventional geometry, is accessible with our proposed geometry.
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AN RN
VPOPP

Fig. 2 : The principle behind the OpenPET geometry. Oblique lines-of-response (LORs) between two separated detector rings are expected to compensate

for the missing LORs in the gap.
H2:PETF—42 DT RMICEIRL 20penPET DERLFIE

(LORs). On the basis of redundant characteristics of
the 3D PET data, it is expected that oblique LORs
between two separated detector rings will compensate
for the missing LORs in the gap (figure 2).

One drawback of the OpenPET geometry is the
degraded axial resolution. This degradation occurs
because the detector response functions of oblique
LORs have broad profiles due to the large thickness
of the scintillators. Oblique LORs degrade the axial
resolution in the OpenPET geometry, while direct LORs
compensate for blurred oblique LORs in conventional

PET geometries. However, the axial resolution loss in

Detectors

Fig. 3 : Improved axial resolution achieved using
depth-of-interaction (DOI) detectors.

X3 : DOIEHERENMAEHEICL DI R, TEREH
B CRIRHRETFDEACL>THERREDBILEBLID,
DOl eV S EE P RRED HEFF SN B,

OpenPET with

conventional detectors

HRAZRHOTVDED, B b YA VIROBHER— M B
HEHOBEEDOLHMA P L AZED S LI, BE~DH
TOWEEIL o TEZ, THIHLTIERAIE, B1D) 12
AT LD EET I 258 LoMILgR) v EEEL T
Bt L. W3R B S - B S 2 A 9 5 IR 4 o B
I PET #1® [OpenPET] Z#% L T3 [11.

B Z2 1 20 © O M L, W NIRRT B Mg )
YZRALOREEICE D RHBTES (K 2), FREFHER
Wi A=y yZHobok, 845210y ZHLOb 0N
HBD, MHEZTHLSTHRIEEGEZRE L TWIFIE3 R
TEARY 2 — AV EGEFHERL TE L2 b, BEDFEEE
BTt R S & S Do HER O PET Wi {5 FHA T 58 T i,

OpenPET with
DOI detectors
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the OpenPET geometry can be suppressed by using
depth-of-interaction (DOI) detectors (figure 3).

Image reconstruction in the OpenPET geometry is
classified as an incomplete problem because projection
data do not satisfy Orlov’ s condition [2]. It has been
shown that low-frequency components are absent in
oblique LORs (LORs with large ring differences) [3].
The image quality in the gap between the two detector
rings would be degraded because of the absence of low-
frequency components since images in this gap, where
direct LORs (LORs in the same ring) do not exist, can
be obtained only from the oblique LORs. However, for
hot-spot objects, which are commonly imaged during
cancer diagnosis using fluorodeoxyglucose (FDG),
images without artifacts were obtained by using the
OpenPET geometry.

We also tested the OpenPET geometry using
experimental data obtained with the jPET-D4 [4],

(a)

(b)

BB OICEMS & Wi H O R EEHRNE T 2 o w
TEPAICHERD 2 SN TE72H, OpenPET Tld, 2o
TSRS D B2 & WHARAL % AT 9 H Ly W5 A 1 2§
ARLTWb, OpenPET OFHUT— % 1. 3 IG5 FHE B
DML LTHMS NS Orlov D5 [2] iz 8. KA
Wk D RIEE 2T B [3]e & o T, OpenPET O Wi {%
R, Br—BICEE SR WAEEMEICET %A%
P I 2L —v a3 YREBROMKR, BHALL TH BIF
WL TE B 2 L0 o 720 MIRKEOMEIZFES D
DO, FBHPIL O WAL IS X 2 BEMEIH TV
LZOTELZVWHALTFHELTEY., BHEFH LW 2 ED T
Wb,

—Ji T, kD PET Miige & 7256, MihE T o=
FHOREI L o THO KNG O BRI 5 53 RE 2% 1L
FT2WEDDH B 720, HBULICE SRS ST 5. &
MR L CTid, REM A ISR Lz, uBRiET %
ZRCHEE S 5 3 WOt BEHRALE (DO Mt#EHv5 2
LD, BRIEL COE MR MR CE A2 LIS

Fig. 4 : Experimental testing of the OpenPET geometry using
FDG-PET data acquired with the JPET-D4 (left). The images
obtained with and without the gap were very similar.

H4 R HSPETEEPET-D4 (a) £V -0penPETOXBR#E R (b)

Without gap OpenPET

Transaxial images of the slice denoted by A

«10cm—> «10cm—>

WEHREIZ Vol.52 No.2 2009

which is a prototype brain scanner that has five rings
of 24 DOI detector blocks. We simulated the OpenPET
geometry with a gap of 66 mm by eliminating
data corresponding to one ring of blocks from the
experimental data. Although some artifacts were
observed at both ends of the open gap, the images
obtained with and without the gap were very similar
(figure 4).

The gap between the detector rings can be put to
use in a wide range of applications. In-beam PET (or
referred as beam on-line PET) has been recognized
as a method for in situ and noninvasive monitoring
of tumor-conformed charged particle therapy [5].
Without the injection of any PET tracers, positron
emitters are produced through fragmentation reactions
between projectiles and the atomic nuclei of tissue
during patient irradiation. Although the number of
annihilation photons produced in these reactions is
limited to 1/1000*-1/100t" of that produced in clinical
PET [6], the activity concentration is generally higher
because only the irradiated volume is activated.
However, high-sensitivity scanners as well as a
detector arrangement that does not interfere with the
beam paths are still required for in-beam PET. A dual-
head PET geometry in which detectors are arranged
with two slits on each side has been studied for 2D
in-beam PET [7] [8]; however, image artifacts caused
by missing LORs cannot be avoided in 3D imaging
[9]. On the other hand, the OpenPET geometry is
expected to help realize artifact-free 3D in-beam PET
by allowing beams to pass through the gap (figure 5

(a)). The OpenPET geometry also enables simultaneous

-3

(a) In-beam PET (beam on-line PET)

Mol (143)s

B S ITBIER 2 A0l LTSS L 22 kA8 PET s fEH
[JPET®-D4][4] %\ T, OpenPET O Wi{§{LA 1 i T
5 ERFEAL (W 4), jPET-D4 13, FESFEEED S &I
BB THIZEICE T L 72 4 )8 DO Mt 23 2 #5658 L .
TR L R R O WL & FERE LB RMER T D B
BARRIZIE, JPET-D4 35 oMt > 72 bl s h
LN MERT VT4 TEBROFGFNT - oHRo 1Y
YUBICHNT A e RS, BRZERICBVW TR
TR WRD 5N D 2 & FR LT,

OpenPET (&, #Wi L GHEMAT 20 LnF =T34 2
W B Rtk E b Do EHR TR &I X 2R T-HATAGHE
W BMEEREDE V2D, IR~ oM E 2 MmN
THARBITK D BETE 2 BUEHIEHETH 505 BE
ERIZ BT, G ) ORI % 5 T b2 &Rk
PNCHERR T 2 FEMSWE SN TE L, ZhICLT, ¥—
AREHCHEET 2GS XL 5 T, BT CHET
B AER SN D HR P EH SN TS [5]l, 2hEFT
W2, wba A v A X 5o PET #iE2 W<, B2 2
WICH{E & LT LT 2 ka0 shT &7 [6][7]1(8],
L L, EBROVWAKEIEIRITHEETHLI LD, E—
LEMTRMEAE L. 0 3KICOMGILA W HEZ PET %
EPEEINTWS [9], OpenPET &, Btz 2 A L
TE— 2B ZMHRT A LD TE B 720, BWEHDO 3R
THERALZ R L L, WG O FICEHB T X % & HifF
ENs (K5 (a)e S HITHFR. KORGS5
W PET A28 S5 UL, B0 - B SRR R E
THR—PBEIITI) T D ETIE LV,

OpenPET ¥, &&% —EICIRE TEZEHELH LI
FEY) T AEEANOIBHOHFTES, BENICIE
NFEFYF4EEE LTCPET/CTEEIELLTVS
A, PEREEE 1L, HAC PET 258 & X CT 28 2 W~ 74

X-ray CT

e | PET FOV
' i\ CT FOV

(b) Real-time PET/CT

Fig. 5 : Expected applications of the OpenPET geometry: in-beam PET (a) and simultaneous PET/CT (b).
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PET/CT, and thus, the same PET FOV and CT FOV
can be obtained in the measurement (figure 5 (b)); this
is in contrast to conventional PET/CT, where the PET
FOV and CT FOV are separated by several tens of

ETHB0, W—HMEFREICRIET 2280 TER WV,
Z AU LT OpenPET ZHWAUE K5 (b) 1R & 912,
BRI XM CT il 2 R IE T 5 2 LI2 & o T, [[W—
fME)TNEALHETE2H LW 7TV 45 PET/CT

B HWE /B8 BER BRF—7 7 FRAREE7T—72av 7 [RARERICE T B FEMEN]

.. 8) Biological studies using Medium Energy Beam (MEXP) course at
HIMAC and Single particle irradiation system to cell, SPICE
HIZANF—E—2A (MEXP) 3—AIZBF LW G 2528

centimeters. FEPEHTEX S,

A, x4 A=V Y ZYEIEF — A Tl JPET 7
OV xs bR OpenPET D7 4 74 TI22WT, EKIEHEIC
D720 Brahme WL & BELBERLHREIT) L TE
FEs A+ —7 v S RMEiLeT— 27 v ay TICHEBET 5%
KERTAT72Z LK T 50 BBARMIZEIE. FIK 20 SEEFR
WPE &% F (B) B & OMERFAIT NS5 1% 4 CFK 19
AERE - P 20 AR R GRRIAEE) OB % 2 T T bz,
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Fig.1 : Photograph of the beam line and irradiation system in the MEXP course.
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Two irradiation systems developed for radiation
biological studies will be introduced here. One is
an irradiation system for biological studies of heavy
ions near the Bragg peak, which were developed in
Medium Energy Beam (MEXP) course at HIMAC.

Second is a microbeam irradiation system for
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Fig. 2 : Calculated LETs of ions available in the MEXP course using the SRIM 2008 code.
F2: hIxNF¥—E— LB E CRHEFTAEL LA A EEZDRIFIE—F5 (LET), LETIZSRIM2008a—KE#HWTEHE L,

mammalian cells developed at electrostatic accelerator
facility.

First, we have developed a new system for
irradiating biological samples in air with heavy ions
from H to Xe near their Bragg peaks (Figurel). [1]
Heavy ions show their peak of the energy loss, the
Bragg peak, near the end of their track. Around
the Bragg peak where energies of the secondary
electrons are relatively low and the radiation energy
concentrates most densely around the track center,
and the biological effects are interesting since we
expect most ion-specific effects. In addition, energy
of heavy ions are below 6 MeV/n, which can be
considered that the production of secondary lighter
ion by the fragmentation that are seen with Bragg
peak of highly accelerated heavy ions are negligible,
and enables irradiation with pure ion beam. For each
available heavy ion, the linear energy transfer is
selectable by changing the irradiation positions in air,
from the lowest at the surface of a vacuum window
to the highest at the Bragg peak. Figure 2 shows the
ion species and its Bragg curves available in MEXP
course. A wide range of fluence rates, 10—3-104 ions/
um2/sec, can be provided with this system, which
makes it possible to irradiate a variety of biological
samples with different target sizes, from small plasmid
DNA to living mammalian cells. Using this irradiation
system, we have investigated several biological effects
such as single- (ssbs) and double-strand breaks (dsbs)
of DNA, mammalian cell inactivation, and visualization
of DNA damage in cell nuclei. [2]

WEHREIZ Vol.52 No.2 2009
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¥ —f} 5. (linear energy transfer, LET) % #IRMIZZE 2 5
CENTEDL, W RER A F VAL BRI EZR LET @
HPHZI 2SR Lz &5, A F 7023 107°-101
ions/um?*/sec DL TR EDL TR THL I LD, &7
WY AP R DT T A I F DNA I H LT
Mo, AT VT v A MG TAT 9 P BRI 2 &S
WHETH D, CDEI BV ATLAENCT, T2 ZBEF
TIZ7 I A3 F DNA ICIRS L C DNA ESHIBFHETR RO
By MR OER MmO E. F 73RN A 4

by 7 OWHLE EDfTToTwb, [2]

Z“oH®E, ficxofilazHaBLETEEf s =L
WS E TH B, 4 7 0¥ — MBS E L, K
UIR LR/ 7 AN SO SN I S8 - 2 0/ AN S AR EE S
WACHN R GRS AR L LTEIZBT TS, MIE
W~ A 7ot —2Hilaigd%éiE (Single particle irradiation
system to cell, SPICE) (X, HENERPICH L5 v T A4
gz HWTWwWb, [3] CoEBEOEME LT, Mk
BEyb/hEw, EES um LT 34MeV 70 b < A

Another unique irradiation system is a
microbeam irradiation system, which we have
developed in NIRS.[3] Microbeam irradiation
systems have recently become an important tool for
radiation biology in studies of low dose effects. The
major characteristics of our microbeam irradiation
system, Single particle irradiation system to cells
(SPICE) is that it provides 3.4 MeV proton beam
with 5 um in diameters correspond to sub-cellular
dimensions, which enables specific targeting of cell
nuclei in biological experiments. Figure 3 shows an
image of targeted cell image irradiated with 500
protons, which proves that targeted nuclei can be
specifically irradiated. Cell image was obtained as
an embossment of cell relief on plastic track detector
(CR-39) and position of protons hits as etch pits using
a simultaneous detection method. [4] In addition,
SPICE can deliver exactly one to any preset number
of particles per cell, at a maximum rate of 400 cells/
min. [5] Moreover, microbeam techniques can be used
to address issues such as the effects of irradiation on
unirradiated neighboring cells, such as the bystander
effects, and the relative sensitivities of different parts
of the cell.
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Fig. 3: Simultaneous detection of cell image and position of irradiated
proton. An embossment image of HelLa cell irradiated with 500 protons
targeted to its nucleus. Bar size, 10 micron.
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