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Hirohiko Tsujii, Executive Director

LIS RS LS

st Wiz (Hirohiko Tsujii)

International collaboration is 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 order
to promote the most advanced research in the field
of Radiological Sciences, the International Open
Laboratory was established at NIRS in November
2008. At the end of this fiscal year, the second
5-year plan of NIRS will end, and the first stage
project of International Open Laboratory will also be
completed.

In many big research institutes in the
world, such as US-NIH, protocols, progress and
outcomes of each research project are regularly
reviewed by outside experts. Successfully
incorporating the reviewers' recommendations
into studies has produced top class and highly
reliable outcomes worldwide.

Previously, NIRS hosted Advisory
Committee comprised of experts several times,
but has rarely received the reviews of well-known
foreign experts by "Review Committee”. As an
attempt to receive serious reviews from prominent
domestic and foreign experts (International
Review Committee), NIRS held an International
Symposium on June 11th and 12th to assess the
outcomes obtained by 3 units of International Open
Laboratory and 2 programs of President Grant’
s Creative Researches. The final review reports
will be released soon. The “assessment” and
“recommendation” should be very important and
useful for the development of the above-mentioned
5 research programs. We are convinced that there

would be a need to hold similar International
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Review Committees in the future regarding key
topics at NIRS. It is expected that the high-level
reviews received will raise the rationality, quality,
and sense of direction of research.

Also, this International Symposium has
provided us the opportunity to hear lectures
from the distinguished scientists invited.
Lectures included a wide range of fields from
“Space Radiation,” “Radiation Physics,” “Cellular
Responses,” and “Molecular Responses” to “DSB
and its Repair.” I encourage you to read this
Special Issue as it contains lecture abstracts
permitted by 10 of 11 members of the Committee.
As one of the organizers of the symposium, it
would be my pleasure if this issue provides an
opportunity for you to see the profundity of

“Radiation Life Sciences.”
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[l Radiation dose assessment in space missions

The MATROSHKA Experiment

FHi BAFEARAT T O i 5 il
MATROSHKA 5

Guenther Reitz on behalf of the MATROSHKA Team

German Aerospace Center, Aerospace Medicine, Radiation Biology, Koeln, Germany
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(guenther.reitz@dlr.de)

Favs— VY (Guenther Reitz)

Since January 2004, the International
Space Station (ISS) is hosting a permanent guest
- a human phantom which is the key part of the
ESA MATROSHKA Facility. The phantom is
equipped with thousands of radiation sensors
helping the scientists to understand more precisely
the dose and particle distribution in a human body
for an improved radiation risk assessment. Having
already three successful measurement campaigns,
MATROSHKA has moved to Japan - passing the
borders from Russia via USA to Japan onboard
ISS.

Introduction

Even after nearly five decades human
spaceflight remains an endeavor with inherent and
significant risks. The exploration of space exposes
the human being to a hostile environment which
would if not mitigated coercively lead to deleterious
consequences.

The radiation environment in the space
station orbit is determined by three primary sources:
the galactic cosmic radiation (GCR), the solar particle
radiation (SPR) and the charged particles trapped
in the Earth’'s magnetic field (Van Allen Belts). The
first source comprises protons and heavier particles
and electrons of all energies which impinge from
all directions on the solar system. Regarding SPR,
only particles in energetic solar particle events

(SPEs), such as coronal mass ejections (CMEs) have
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sufficient energies to contribute directly to radiation
exposures. These particles are mainly protons and
electrons and varying, but usually small amounts
of heavier ions. The third source is composed of
protons and electrons which are mainly produced by
interactions of the first two sources with the Earth's
atmosphere and are trapped by its magnetic field. In
addition to its variation with location, the intensity
and composition of the total radiation environment
is subject to slow temporal variations due to
oscillations of the solar activity in an approximately
11-year cycle and to impulsive disturbances caused
by SPEs which may last for several days. While
passing through this complex and variable external
radiation field, the field inside the spacecraft and an
astronaut’s body becomes even more complex by
the interactions of the primary particles with the
atoms of the structural materials and finally with
those of the body itself.

The radiation exposure in space by cosmic
radiation can be reduced through careful mission
planning and constructive measures as example
the provision of a radiation shelter, but it cannot
be completely avoided. The reason for that are the
extreme high energies of particles in this field and
the herewith connected high penetration depth in
matter. MATROSHKA is designed to illustrate the
radiation distribution in the human body under
different shielding conditions inside and outside
the ISS and serves thereby for a more accurate
radiation assessment radiation of humans under
space conditions

The exact determination of dose in space
is a demanding and challenging task, and is fulfilled
in a close cooperation of all the partners working
on the International Space Station. The daily dose
rates — up to a few hundreds of uSv in Low Earth
Orbit (LEO) - are the highest reached for humans
working in a natural radiation environment. Various
research activities - including the current biggest
radiation experiment MATROSHKA - aim for a
better understanding of the interactions of the space
radiation environment within the human body,
and for a better future radiation risk estimation for

explorative missions — as going to Moon or Mars.
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Fig. 1: European Astronauts Christer Fuglesang, Thomas Reiter (left) and Frank de Winne (right) with the EuCPDs (blue belts).
1: M EMERBEAREST (FUOANIN) 2EB LB OFERITL Christer Fuglesang. Thomas Reiter (7). LU Frank De Winne (5).

Research Objectives

With extended mission duration and the
shortage in launcher capabilities, the radiation
safety of the astronauts has become one of the
most important problems of the biomedical
maintenance during manned space flights. At the
same time there is a requirement to provide a high
safety level for crews that ensures their capacity to
work. Conservative approaches as used in the past
cannot be continued, instead the effective dose (E)
as recommended by the International Commission
on Radiological Protection (ICRP) needs to be
determined as accurate as possible. Effective dose
is the appropriate quantity to assess radiation
cancer risk.

Effective dose — as a risk related quantity
- is based on the determination of the doses in
various organs of the human body. The current
system of radiation protection in space provides for
each astronaut its personal radiation dosemeter.
With this detector it is only possible to determine
the dose at the skin surface, but not inside the
body of the astronaut. Figure 1 shows European
Astronauts Christer Fuglesang, Thomas Reiter
and Frank De Winne wearing the European Crew
Personal Dosemeter (EuCPD).

To solve the problem of dose determination
inside organs the MATROSHKA project
investigates the depth dose distribution inside an
anthropomorphous phantom inside and outside
the International Space Station and considers in

its scientific program physical and biomedical
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aspects. It applies a human body model generally
accepted for space experiments, which is designed
to measure the dose distributions in critical organs
taking into account mass distribution anisotropy
of both the phantom itself and its shielding, and
thereby allowing to determine the effective dose.
The main objective of the MATROSHKA
experiment is to determine the empirical relations
between measurable absorbed doses and the
required tissue absorbed doses in a realistic human
phantom exposed to the radiation enivronment in-
and outside the ISS. Once the ratios for the tissue
absorbed doses and surface absorbed doses are
known for a given radiation field around the human
body, these values may be used in future exposures
to determine the required tissue absorbed doses
from measurements of surface absorbed doses, only.
Using these results it will also be possible to derive
the effective dose values for astronauts by using

the readings of their personal dosemeter systems.

History of Phantom Experiments

An essential parameter for the assessment
of radiation risk on humans in space is the
determination of the organ dose. Measurements
inside tissue-equivalent phantoms are therefore
essential in order to solve this complex task
and to obtain a better knowledge of the dose
distribution inside the human body. Only three
space experiments dealt with the determination
of the depth dose profile inside tissue-equivalent
phantoms. They contained measurements inside
a phantom head, and an Alderson phantom upper
torso, applying a combination of various active
and passive radiation detectors systems. These
experiments were performed on space shuttle
flights, resulting in an exposure time limited by
the timeframe of the space shuttle. In late 2001
during ISS expedition 2 an Alderson phantom
torso (Nickname “FRED”) was also flown inside
the US Lab module Human Research Facility
(HRF) onboard the International Space Station. In
addition Russian scientists simplified the phantom
to a spherical water filled phantom, which was

first exposed still on Space Station MIR and its
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wEB X OCRHENE O 72D DKL g%
MAGDET Y AT A TR EITbIE L.
INSDERIZIANR=Z T v MIVORITHIZE N X
N7zDT, BROZ LR LPWERFIIEAR—ZA T ¥
FVOFRATREBIN & VI fHlBRAS ) £ L7z, 2001 45
KO ISS 4 2 kEMWHAETIR, EBTEHAT—Y 3
ITEE S NIKEERE Y 2 — v O NERFFE iRk
(HRF) 12 Alderson 7 7 ~ + Afifk (Z#: “FRED”)
DHEWMENT Lz, a0y 7oR%ESIET 7~
FAEHMALT S EERA KEWMALZZTD
K7 7 FAEMED, FHAT—3 3 ¥ MIR IZH)
DTHEBL E L7z, TOBRMTD 2 MRS MERE 7 7
v aE, BUE. 1SS N T 3 7 K I8 C s a2
ZRTTWET (K1 22H),
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Table 1: Phantom experiments in space

R1UFHEETOT 7P LEER
Experiment References

Phantom Head Konradi 1992; Benton 1990

Date Location

1989 - 1990 Space Shuttle

Spherical Phantom Berger 2001

1997 - 1999 | MIR

Anthropomorphic Phantom

Yasuda 2000. 2002; 2009; Badhwar 2002; Cucinotta 2008 1998

Space Shuttle

Anthropomorphic Phantom

Semones 2002; Yasuda 2009, Cucinotta 2008 2001 ISS

Spherical Phantom
MATROSHKA-R

Shurshakov 2008; Machrafi 2009; Jadrnickova 2009;
Sihver 2009; Semkova 2010; Hallil 2010

2004 - ISS

Anthropomorphic Phantom

MATROSHKA Reitz 2006, 2009; Zhou 2010

2004 - ISS

successor — a tissue equivalent spherical phantom
- is currently measuring the radiation load in the
Russian segment of the ISS (see Table 1).
MATROSHKA is used for the first time for
measurements of the radiation distribution inside
a human phantom under EVA conditions and
thereafter - including the just started exposure
in the Japanese Experiment Module (JEM) - for

another three inside measurements.

The ESA-MATROSHKA Facility
MATROSHKA is an ESA-Multi-User facility
developed for studies of the depth dose distribution
occurring in astronauts exposed to cosmic radiation
during an EVA (Extra Vehicular Activity). The
MATROSHKA facility basically hosts a human
upper phantom torso. At the site of the organs of
interest, spaces are provided at the surface and in
different depths inside the phantom in which active
and passive dosimeter packages are accommodated.
Thermoluminescence detectors (TLDs), plastic
nuclear track detectors (PNTD) with and without
converter foils, a silicon detector telescope, plastic
scintillators and a tissue equivalent proportional
counter build up the instrument suite. The
phantom is mounted to an aluminum structure (Base
Structure), which provides space for experiment
and facility electronics and is enveloped by a carbon
fiber structure (Container). Container and Base
Structure form a closed, pressurized volume of 1.05
atm for the phantom and therefore also protect the
phantom material against the space environment

factors like ultraviolet radiation and vacuum. The
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MATROSHKA (&, f#/HEEISMFIZ BT 2 Bt
SATOWEIZ MO THEH S, ToRLHTED HAD
EBREY 22— (JEM) NTOMlEZ&ZO T, 3HD
SELARN B E IS ST T §,

BRM=FEE1ERES (ESA) H5%EtL/=MATROSHK AR &
MATROSHKA &, #/MGEE) I FHBICHT S h
2 FHARAT L O T OB E A 2 LT 5720
@ ESA- <V F 2 — i T3, MATROSHKA &%
foERIE ANOERYEHEEBE L7 7 v b AT
o WEN AR O IE, hEE 7 7 ¥ b ANER
Dk A LRSI AR—=ADEIT O, BIGES L
HEGTME 2 2§ B Fk 4 a0 78y 7 — DD
LNTWET, HllZF—HivONEIE, BEOtHES
(TLD)\ I ¥ N—=% 7 % 4 VIR - RO 75 A
F v 7 AR 2 (PNTD), YV aryFLAa—
THHE, TIAF vy FL—%, B X ORI
i BRI L o TV E T, 77 ¥ b AZILY fF
J 57V = A B R (GERAEE) (X, SR &
M OBEF IR 2D B ANR— A ZHL, R)h
T S D BEWICHASIN T T T, & i
B, 77 v bADOEbHDIT1.05KEONE
ZEMZED . BRI R B2 % E ORI BRBEE A A
577 bADOEMERET ZHRFIH o TVET,
B FAAE A2 O MRUE S 13 EVA HIFHiIR & M50
05g/cm? o TVET, HMOELIZ68kgdH V.
HiEo K& SIZE£ 600 mm, X 1100 mm & % -
TWVWEFTMATROSHKAR . B TH—EAEY 22—

<A> <B>

<C> <D>

Fig. 2: The MATROSHKA phantom from left to right: <A> anthrophomorphic upper torso equipped with and active detector systems,
<B> torso with poncho and hood equipped with passive detector systems for skin dose measurements, <C > carbon fibre container to
simulate the astronauts space suit, <D > facility close to launch equipped with multi layer insulation (MLI) for thermal protection

H2:MATROSHKATZ 7> b Lo ERSAN<ASREHIREBRHB L AT LEBAL LFHANPER (T720 L) <B>KEREETE A ICIRITIR
BREBIATLERALR S FaET—REeRBLAELFXFT7 Mo, <C>RFMM TCHRAT7ANLBFER. <D>EEPSRETI-DDE

EETEEI (ML) TEON . T LT ERI O AGFER,

carbon fiber container provides shielding thickness
of ~0.5 g/cm? which is comparable to the EVA
suit. The facility has a mass of 68 kg and occupies
a cylindrical volume of 600 mm in diameter and a
height of 1100 mm. MATROSHKA is designed to
allow disassembly/assembly operations to exchange
experiments inside the Russian Service Module (RSM).

Besides providing room for passive and active
experiment packages (detectors), MATROSHKA
has the capability for housekeeping (H/K) data
acquisition (experiment / facility status, temperature
and pressure) and experiment data acquisition. H/K
and experiment data are temporarily stored and then
transferred to the Russian onboard data management
system. Temperature, pressure and the main status
data are delivered as service telemetry continuously
to the Payload Data Control Server (for facility status
monitoring from the Mission Control Center- Moscow).

The phantom inside MATROSHKA is
an anthropomorphic upper torso made of tissue
equivalent polyurethane which comprises a human
skeleton (RANDO®, The Phantom Laboratory,
Salem, NY, USA)(see Figure 2 A-D). It is cut into 33

slices, each 25 mm in thickness.

v (RSM) NTEEEZY N2 572005 F - AL
THEENRTEL X HICDEFTENTVET,

MATROSHKA &, WIUHtE 3 & OV HLG #i& %
ET HIZODOMMERN Y r— Y 2 WET 5725 Th
AN AF =¥ 7 (H/K) (SRR / fiiIREE. e,
JET)) 7= &7 WL & F2Br 7 — & WEE O BRE b fif 2 T v
¥4, /K BLUOERTFT— 51X, —HRICERSK
th YT OMNT—FERY AT LICIERINE
To (BEAZTDI v v a vEFllty s —00 ikl
REEHOZ-®) RE, EHFEOFRRELNSES
7= Z IR R R e & LRI XA T —
K7 — & §illfH4— 3 (PDCS) ~NEE SR T T,

MATROSHKAN® 7 7 ¥ b 2 Z A E 512
PEETHT, ML SMoRY) L F TSR,
ANDOFH %M Z TwF 3 (RANDO®, The Phantom
Laboratory, K E = 2 — 3 — 7 M Salem) (¥ 2A-D
M)
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Fig. 3A: View of the head (left) and lower part of the torso (right) of MATROSHKA with the integrated passive and active radiation
detectors. Passive detectors are integrated in polyethylene tubes and in the “organ dose” packages. The sensor for the active Silicon-
Scintillator Device (SSD) is shown with the blue cable connecting to the base structure. The white cable connects to a temperature
sensor in the head of the phantom. The pictures were taken during detector integration at DLR prior to the launch of the facility.

H3A MEHEDRIVIE ERH B SIUBHIRER BB EHAAEN/MATROSHKADTEER (£) EIRETEB(A). BRIVGEESHIRIIFL >
Fa—TARICHEMATI, [EHRRE] /07— ICMDSh T3, BFHFEBRIEDADDI)IAL YL FL—2FNAZX (SSD) ¥ -k, EWr—7
IWTEBBERICHEAIN TV, AV =TI 77 LB OBE L YICERINTWS, BEIE. EHEOI5EFIC%IE. DLRTOKRE

A AIAHDEICHERT SN

The phantom torso (see Figures 3A and
3B) is equipped with 4,800 TLDs distributed in
354 polyethylene tubes in the 33 slices, enabling
determination of the absorbed dose and depth-dose
distribution at over 1600 measurement points in a 2.5
cm x/y/z grid.

Combinations of TLDs and plastic nuclear
track detectors assembled in polyethylene boxes (60
X 40 X 25mm) are placed at selected organ locations
(eye, lung, stomach, kidney and intestine) as well
as in a NOMEX® travel jacket (“Poncho”). For the
determination of the skin dose, detectors are sewn
into polyethylene strips directly on the surface;
measuring thereby average dose at a depth of 0.6
mm. Seven active radiation detectors monitored the
instantaneous dose rate. Five scintillation detectors
(SSD) were installed at the positions of the above
mentioned organs to monitor the interior heavy
ion and neutron component. A silicon telescope
(DOSTEL) on top of the phantom head and a tissue
equivalent proportional counter (TEPC) in front of
the torso monitored its ambient exposure rate. For
comparison with dose rates inside the ISS, additional
detector packages were stored at several reference
locations. The MATROSHKA facility was launched
in January 2004 with a Russian Progress cargo
supply spacecraft from the spaceport of Baikonur
and mounted in a fixed orientation outside the

Zvezda module on February 26" 2004 (see Figure 4).
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77 v b A (3A, 3B #&H) 12i%, 354 &K
DR TF VL VEITA-724,800 o TLD 7% 33 £
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FM 72 TLD & PNTD O#AARA T 2 (HRBK, i,
H. Bk B ofriE, % 50N NOMEX® b 9~
xRy Fal) MIZEPNTHWET, BEF
MEOWEIIZ, R ZF L oI E#EY
AAPZLDERFIZUPICRERE L. CNICEDERZ0.6
mm TOFHHELME L T3 7O REHREBRT
Wmaflio THRMBEREE=Z Y —LE L. NHOE
A4 v BLOHETHRS 2 €= —F 572012, Eid
DLW 5Dy v FL— 3 UKt (SSD) %
REBLTHVIT, 77 b2HEBE oYYy T
L A2 —7 (DOSTEL) & IARRT )7 ORI M55
¥ (TEPC) Ik by, MOgBEREsE=s—-LFL
720 ISS WO L T 5 720, By Fr ok HEE
WASBI OB R Sy r =IO TSN E Lz,
MATROSHKA fi§id. 200441 Hi2, ay 707
O 7L AR E o TN 3 X— Vi 537
L RSN, 2004 4E 2 H 26 HIZ Zvezda €Y 2 — )
HLER (R - Wikipedia (2 & % &, Zvezda (X =
AF)Fa v THETREEERT 5, 1SS 2 KT 5 E
V2= VD12 T, BT XKIBOMER - B b
Do TnJCmMEEEE L CEESNE LA
4 % ZR),

Selected Results of the MATROSHKA
Outside Exposure (MTR 1)

For the determination of the radiation
exposure — and thereby the assessment of the
effective dose - of an astronaut the sum of all organ
dose equivalents is needed. One way to determine
organ doses is the use of a combination of TLDs and
plastic nuclear track detector- in this case polyallyl
diglycol carbonate with trade name CR-39. From
the TLDs the absorbed dose of sparsely ionizing
particles up to an energy deposit of 10 keV/um is
calculated, whereas the contribution of the densely
ionizing component (above 10 keV/um) is obtained
from energy deposit (LET) spectra measured in the
CR39 detectors.

Different groups contribute to the overall
results, but due to the intense calibration activities
the received results agree well among each other.
The depth dose distribution measured with TLDs
is shown in Figure 5A. Compared to the first
measurement point at 8 mm depth in the phantom
the dose rate decreases by a factor of about 2 at the

innermost organs. The significantly higher rates

Fig. 3B: DOSTEL sensor head which is mounted on the
head of the phantom (left). Phantom Poncho which is
equipped with TLDs sewn in plastic stripes and neutron
dosemeters (right). The pictures were taken during
detector integration at DLR prior to the launch of the
facility.

M3B: 77> b LDFEEICHEHINBDOSTEL > Y —A R
(). BRI T IRV SN ATLDE R FIREST
ERAZZTPoNLRFa(hB). BRI FEBDOITHLTICE
5. DLRTOEHEHEMAADEICIRE SN/,

Fig. 4: The MATROSHKA facility mounted outside the
Zvezda Module on the ISS. The facility (encircled)
was mounted outside the Zvezda Module on February
26, 2004 by Expedition 8 crew Alexander Kaleri and
Michael Foale. It stayed outside for 539 days till August
18, 2005 and was brought back by Expedition 11 crew
Sergei Krikalev and John Phillips. (Picture courtesy of
NASA)

X4 :1SS Zvezda®E v 22—/ O 4l (CEV fF ¥/
MATROSHKA £%fif - MATROSHKA 5% 1 (FRFIA) 3. 2004
F2H26BICE8 KRR HAH £ D F #H & Alexander Kaleri&
Michael FoalelZ&t). Zvezda®y 2 —IL D AHEIIZERY) 15135
Nn7-c 2005 FE8H18HET539RIChA=>THAIICEFV) ., F
11k & #A7% 7€ O & #8 B Sergei Krikalev&John Phillipsic
£oTENEN Tz, (NASAREEEH)

MATROSHKAMR4&#E (MTR1) D

FRER
FHARATLOBEHRBIE C /REWEL, 2RI -
TEMBEZFMT 27201213, TRTOEEHRE
VEDOEEI 2RO D ENLETT, e
€T BHEND—213, TLD & PNTD O#lAEbE%
i3T5 2L TYe AMNE, Efh% CR-39 L) R
UT7IUNIT)a—Vh—KRA— b EMHHLE LS
TLD T, T ALVF—£1510 keV/ u m LT DK%
BERHER T OWIGREA G SN F 3. BEERS
(10 keV/um & D K) ®%513, CR39 Hetidgs Tl
ENBTAVF—fH (LET) ARZ MAh6ELR
E3

BROWMIET V— T ORERPEENT-DT, Zh
LOFERERKMWICKRIETHZ LX), £V —F
PHELNTHERIIEVICELL —HLTWE T &R
b F L7z, TLD THlE & N7z iR E 754 % X
SAWRLET, 77 ¥ FANDORERE 8 mm IZi&T 7
85 1 JIE RS HART, e b IRV ORI 1/2
WIKF LT E Lz, BEB. FHE. HoHEBcof=
EAHBIZED» o 7201E, BERO HCERR RIS

HEHEEI%  Radiological Sciences/G. Reitz,Vol.53 N0.8:9(8-27)2010

$80UBI0S 8417 UOIIBIPEY UO WNISOJWAS [BUOIBUISIU| SHIN : 84njeaq

15



DO R E S S OVt B Tk 2 B HE

16

<A> <B>

<C>

Fig. 5: <A> depth dose distribution of absorbed doses measured with TLDs inside the human phantom; <B> Inclusion of the

absorbed doses measured with the Poncho detectors; <C> Location of organs based on the Zubal phantom.

5:<A> A7 7 M LARBTTLDICENBIES W2 RIIRE DREBIRE DT o
<B>HKRIFIITHEVF FSNIARHEFIC L > TRIESNRIIRE S o <C>Zubal 77 b ATOERDAE -
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Fig. 6: Calculated Organ absorbed doses (left) and organ dose equivalents (right)

6: S EPSRDOLERMINGE (&) LB RELE, (F)

in the head, neck and shoulder region reflects the
smaller self shielding of the body. The minimum at
the bottom of the torso is also due to the shielding of
the ISS.

The depth dose distribution of dose rates
including the skin measurement highlight the very
steep decline within the first 8 mm by a factor of
about ten shown in Figure 5B. From this depth-
dose distribution, an average organ dose rate was
determined for each critical organ as the average of
the dose rates in those volume elements which were

assigned to it in a Voxel model. Figure 5C shows
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W EERBLLTWS E b, IERELEA RN
THo72DlE. ISS 75 DEREI TN & 5 S DTT,

KR TOWEZZORTMER M 2B L, K
S5BIZ/RT L9112, MERITHEES mm TH 1/10
FCIKAMIKETLE T, COWEBHREDAD O,
Voxel & 7V T4 EENAZE D 4 T2 T H
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I ¥ a— S (CT) A54 FrbfEshs:
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Fig. 7: MTR 1 exposure outside the Service Module (2004-2005); MTR2A exposure inside the PIRS Module (2006) and MTR2B

exposure inside the Service Module (2007 - 2009)

H7:H—EXET21—ILABTOMTR 1 DFERETE (2004 ~2005F) . PIRSEY 21— IVAE COMTR2ADFEHARERESE (2006 F) . LU H—

EXEY 21— I)VRZHTOMTR2BOFEEERSE (2007 ~ 2009 %),

Fig. 8: Removal of the Poncho in 2005 by Sergei Krikalev and John Philips (left) and removal of the detectors from inside the
phantom by lifting up the MATROSHKA slices by Yuri Lonchakov in March 2009. (right)

¥ 8:2005 F(Z Sergei Krikalev&John Philips# R Faz WAL TWHEZA(E) & 2009 F 3BIZ Yuri Lonchakovh*MATROSHKA X541 X

EES T 77 b ARE SR EERERAL TNBESS, (F)

the organs of the Zubal phantom mapped and scaled
into the Voxel representation of MATROSHKA
obtained from the computer tomography (CT)
slides. The calculated skin dose rate represents an
average of the outermost 3 mm. With about 1 mGy/
d it is by far the highest, followed by the dose rate
in the eye. With the exception of the breast and the
salivary glands, the dose rates for the other organs
are in the range from 0.2 to 0.3 mGy/d (see Figure 6).

The daily dose equivalent rate Hrp,, based
on the combination of TLD measurements and CR

39 data is given in Figure 6. The values for the

HENTBEMERIE, RIVE 3 mm OFIg2 LKL T
WET, NI TOREMEIZH 1 mGy/d TH Y., ]
KTOMBEESZNIIRNT W F T, HHB & MER IR %
oL LT, fholidzofiEaid, 0.2~ 0.3 mGy/d
DHFPANT L (X6 Z2H),

TLD llZEfE & CR39 7 — % O AEHLEIZH DL
1 HfRE Y 5= Hyg 2 X6 128 T B2JH TOfE L,
FHEDEEE 3 mm & LTEEINLREYF a3l
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Fig. 9: Integration of the MTR detector set for the fourth MTR exposure phase in the Japanese Experiment Module (left: Alexander
Skvortsov and Mikhail Kornienko, right Alexander Skvortsov and Soichi Noguchi

KO HAEXEBREY 21—/ TOFEAAMTREEZTE ICFH (F/-MTR4# H 2 vk D # 434 & (% :Alexander Skvortsov&Mikhail Kornienko.

% :Alexander SkvortsovE B OIE—),

skin represent measurements for the Poncho which
is calculated for a skin depth of 3 mm. Relative
precisions for organ dose values range between 4
and 8 % and for <Qr> between 9 and 12 %.

The effective dose as sum of all organ doses
weighted with tissue weighting factors defined by
ICRP approaches the value of 0.59 = 0.04 mSv/d.
Comparing the MATROSHKA “personal” dosemeters
result with this value, a personal dosemeter of an
astronaut would show a factor of 2.1 of this exposure,
which is a quite strong overestimate. For more
results see Reitz, 2006, 2009; Zhou, 2010.
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Fig. 10: MATROSHKA mounted
in the rack position inside JEM
(04. May 2010)
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Fig. 11:<Left> Thermoluminescence detector response to ions and energies encountered in the space radiation environment (Data
from Berger, 2008) <Right> Calibration function for ions and energies encountered in the space radiation environment for CR 39

nuclear track detector material (Data from Zhou, 2008).

11 <E>FEBSFRRECOIF L EIRNF—IOWHT 2RI IRt IR HZE D RIT (Berger, 2008 5N 7T —4)
<#A&>CR I9FEFRMIAREEDMEICETS. FEBIHRRETOAA L EIXUX DR IEBE (Zhou, 2008 5DT—45),

MATROSHKA -
Operations onboard the ISS

Up to now three experiment phases have
been performed with the MATROSHKA facility
out - and inside the ISS (Figure 7). The fourth
exposure phase - inside KIBO - just started on the
04. May 2010 and will last until April 2011.

Inside the module the container of
MATROSHKA Facility needs to be removed, an
extension rod on top of the phantom needs to be
mounted to allow the lifting of the phantom slices
in order to remove the passive detector packages.
This is illustrated in Figure 8.

Figure 9 shows the integration of the
passive detectors inside the MATROSHKA torso
for the fourth exposure phase in the Japanese KIBO
module. The integration was performed on the
04™ May 2010. Figure 10 shows the final exposure
location for the MATROSHKA facility inside KIBO.

Ground Segment

Calibration and of TLDs and CR-39
detectors as well as for the active radiation detectors
applied within the MATROSHKA experiment
were performed at several proton and heavy
ion accelerators like Loma Linda, NASA Space
Radiation Laboratory (NSRL) at the Brookhaven
National Laboratory (BNL), Brookaven, USA and
the Heavy Ion Medical Accelerator, HIMAC, at

MATROSHKA -ISST®:E&H

MATROSHKA FEBr X, ISS fpst & A< 3 i
blhERIhFT LA (7). [HEINTOE 4
DFEBIZ, 20104E5 H 4 HICHB S 7z idH» 0 <,
2011 4F4 H TRk S E 35

EY 2= VNTIZ. MATROSHKA %1 D7 85 %
WL, 77 F2DATA A% EIZT S LTI
MEMR SR Sy F— T2 g7z, 77 v MA L
BICEEDT Yy FERD AT 208 S T3, TOk
T2 IR LT,

BOIZ, HED[HE] Y 2— L TOH 4 WIBEHE
FEERIZIT T MATROSHKA il £k o P9 EB 12 WA
BRI EZHAAATWEET 2R LT T, HAIAA
X 20104E5 HA HIZHER SN E L7z, K10 [AE ]
T ORI 7 MATROSHKA i fiii 0 W A7 1 %
RLET,

Hh E1ESR

MATROSHKA B CTHWHN %5 TLD B L O
CR-39 1 25 7 © UM TR0 it BRSSO AR K
X, HARD MG RE R A WZ7EFT (NIRS) % A #lih
L5 M E NIRS A 4 vt & o iR
B (ICCHIBAN) a5 4] o—3E LT, Loma
Linda, KE7 NV v 7 ~7 Y EAF%EH (BNL) I2d
% NASA FHHBAHFZERT (NSRL) . T-2E D RBGHHR
K ATRZERT (NIRS) 123 5 BB -4 AS A TE s 18
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Fig.12:<Left> Phantom head equipped with TLDs in the Biology Room at NIRS;
<right> TLD and CR-39 detectors in “Eye organ dose box” in Slice #3 of the phantom

12:<AE>HEM - £MBHE CTLDERII =77 M AFEER . <B>T7 o oD X T X#3 [ IREREZFAFE ARV 7 X ] ADTLDE CR-39 1% 5 -

the National Institute for Radiological Sciences
(NIRS), Chiba Japan as part of the Intercomparison
for Cosmic-rays with Heavy Ion Beams At NIRS
(ICCHIBAN) Program which has its home base at
the National Institute for Radiological Sciences (NIRS)
in Japan (Uchihori, 2004; 2008 ).

The establishment of the TLD response
functions x (L) for the different TLD materials
employed and the determination of the LET
calibration functions for the CR-39 plastic detectors
were an essential part of this joint international
inter-calibration campaigns.

For one of the most frequently used TLD
materials, (LiF:Mg,Ti, Harshaw TLD 700) the
dependence of the efficiency # (L) on the ions’ LET
is shown in figure 11. As is known theoretically
(Waligorski, 1980; Horowitz, 1980) and reflected
in these data, (L) is no unique function of the
LET. For practical purposes, however, a single fit
function can be established which yields the TLD
response in an acceptable approximation. More
experimental and theoretical details can be found
in (Yasuda, 2006; Uchihori, 2004; 2008, Bilski,
2006; Berger, 2008).

The calibration function for the CR-39 plastic
detectors has been established for representative
ions and energies in the same accelerators
exposures. Figure 11 (right part) displays the
dependence of the reduced etch rate ratio, s-1,

on the charged particles’ restricted linear energy
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DEELREFRETLI,

BB S Twb TLD Mk o—f (LiF :
Mg, Ti, Harshaw TLD 700) i22WT®d A % » LET
ERFE (L) EOBBEKIIICRL T3, B
FRERIZEEI E N TH Wb L (Waligorski, 1980 :
Horowitz, 1980). 1112 RENTWAB LI, 7
(L) WLET DA T—RMICET 2K TEH) ¢
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RS 27200MERMBEEDDL LN TEET,
FEEB X OHHOFMIZOWTIX, Yasuda, 2006 :
Uchihori, 2004 : 2008 ; Bilski, 2006 ; Berger, 2008 %
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Fig.13:<left>2D dose distribution (TLD 700 150 MeV/n Helium) (Nominal dose at incidence : 120 mGy);
<right>2D dose distribution calculated with GEANT4 (white rectangles show the TL- detector position).

K13:<E>2RTHES T (TLD 700 150 MeV/nAUT L) (EHRALIRE 120 mGy).
<AE>GEANT4 TEHEINZ2 RTRENH (AVWRABR TLEHBEDNEERT ).

transfer LET, (which also is denoted as restricted
energy loss, REL,). As for the thermoluminescence
efficiency, # (L), the dependence of the reduced etch
rate ratio is not a unique function of LET. If instead
of the unrestricted linear energy transfer LET.
(A =o0) only the linear energy is taken into account,
which is transferred by secondary electrons with
a kinetic energy ¢ = A, the dependence of s-1 on
this restricted linear energy transfer approaches a
single function if A is chosen appropriately. A value
of A =200 eV has turned out to be such a suitable
value for the CR 39 material. Further details,
including the conversion of LET 5 into LET o can
be found in (Zhou, 2007: Zhou, 2008).

In the frame of the FP7 HAMLET project
a dedicated HIMAC Research Project “Space
Radiation Dosimetry-Ground Based Verification of
the MATROSHKA Facility (20P- 240)” is devoted
to the Ground Based Studies using the “twin” of the
anthrophomorphic phantom applied onboard the
ISS. Figure 12 shows the phantom head equipped
with thermoluminescence and nuclear track etch
detectors positioned in the Biology Room at HIMAC,
NIRS, Japan. First results of the measured 2D depth
dose distribution after irradiation with 150 MeV/n
Helium ions at NIRS are given in Figure 13 (left part).
The right part of Figure 14 shows the GEANT 4

n (L) ICELTIE, KT LAy F3ERIZLET ©
FROEBEIEIR) A ERERT AV F—1F
5 LETw (A=00) IZfLA T, EHZALF— <A
DZKEFIZE o THEINEHBMIANTF—DAE
EZZICANTSA, AZEYICESE, ZORER
I AN F—fFGAD s-1 DERAFBIRIZH— O BB
D& F¥, CR39DMEIZOWTIE, A=200eV &
WHEAS, ZD XD H#YMHETH LT LAV L
¥ L720 LETy 25 LET o "L 2 & T,
EHIZEEL L& Zhou, 2007 : Zhou, 2008 % ZWa L T
LRy,

FP7 HAMLET a2 ¥ = 7 s OHHIANTIZ, ISS
LFONEH T 7 VA EFR—DORF 77 b AR
Wo i EFgE o 2o, HIMAC#ZE 7o ¥ = 7 b
[ H AR € - MATROSHKA #fii o 1To
BEGE (20P-240) ] AAEBE N TV E 3, K12 1R
9T, Bov I Ak v 2B X OB H 25 & A5
L7277 ¥ b ABHEA. HAD NIRS ® HIMAC 4
WS EIZE 2N TV E $, NIRS T 150 MeV/n @
AN AAF Y ERE L2 BICIE S 2 RIGHE
BRSOV THE O N RO B2 X 13 (fED
W) R LET, K14 0ADEFICIE, HETH
MATROSHKA 7 7 ~ b 2 ® Voxel EF WIS,
COMWE D GEANT4 Y32l —yary&RLET,
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Fig. 14: Simulated geometry of the phantom, container and foundation (a) and the simplify ISS geometry with MTR facility.
14:MTREE (77 b A, BER B8) OELHWTRK () BLUMTREFEERFIHZISSOF K

simulation of this irradiation based on the Voxel
Model of the MATROSHKA ground based phantom.

The MATROSHKA project uses the
phantom also for depth dose studies using detector
and kidney cells in the frame of the ESA IBER
(Investigations into Biological Effects of Radiation)
program (Durante, 2007). The IBER program is
an European effort to contribute to an improved
understanding of the radiation risk of cancer and
also non-cancer effects. It recognizes that radiation
is besides physiology and microgravity one of the
limiting factors for explorative missions. An ESA
topical team was build up chaired by Marco Durante,
GSI, Germany, to advice ESA in this topic. It should
be stressed that the problem of radiation exposure
in interplanetary missions, which represents a major
operational risk for acute radiation syndrome and
limitation in mission duration, can only be solved
with a large accelerator-based research program.
In a second MATROSHKA phantom exposure
the impact of a solar particle event simulated at
the NSRL in Brookhaven is investigated. In this
experiment blood cells were exposed together with
detector systems to visualize the depth dose effect in
a human body and benchmark in addition radiation
transport calculations. Ground experiments are an
essential part of the MATROSHKA program and

will be continued in the future.
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L) BLEIT 2720 DM TOMERFEH TS, 22
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YavEFIRTAERO—DL L TR#IN TV E
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F— AV RREINE L7z, BRE BIRIT T ORGSR
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B L 72w e BwF 9, 8452 H o MATROSHKA 7 7
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TOYIalb—Yaryaflio TRER THLOEEL
WFELE Lce COFERTIE, MIBGT AT A E—H
(LA % e S 2. ARN ORI EEH % {5
b3 5L L b BEBMBERIHORY F~v—2 &t
L F L7z M kBRI MATROSHKA 70 27 5 A
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Fig .15: The dose distribution along the tubes M-L located in slices 30-37 of the phantom torso. The Y direction of the tubes is

shown for tube 30M.
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Computer simulations

Computer simulations present a strong
corner stone in the MATROSHKA program. Since
it is not possible to perform measurements for
all potential projectile-target-energy-geometry
combinations, computer simulations using particle
and heavy ion transport codes are the only way
to provide the necessary information estimation
of the radiation risks for humans on board a
spacecraft, but they suffer on the complexity of the
space radiation field and need therefore carefully
benchmarked. As one example recent calculations
using the PHITS code are chosen.

In the simulation the phantom, together

arvE1—&ICEKBIalb—3>

I 2—FIEBYIal—YarilloT,
MATROSHKA 7u 7 5 LMZHE N RBA&PEONE
Fo MAAE - B - TALF— - RMTFRROD S W
HURERMABEDLEICOVWTHEZERTHZ &1
AUFETT, ZNT, WTLEASFT Y OED T~
FEHWTaYEa—% - -3Y3Ial—var%T5h
Clid FHMEREORSRY A7 2H#EET 57
DICUERERESLIME—OTFELR)ET, Ly
L. 8 OGRS 3 THMETH 2 720127 E
ARV F =V ZEOLULENDY) T3, —Fl&
LC. PHITS 2= F2xHW/REDOFHEZRL T,
YIal—varTE, 77V MALFORGEIES
1 g/cm*O7 V3= 2Bk, EigoW
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with the container, was placed on the aluminum
foundation of 1 g/cm? thickness. The inside of the
foundation as well as the inside of the container
were filled with air. The container together with
the foundation, were located on the simplified ISS
geometry chosen as an aluminum cylinder shape
with a thickness of 15 g/cm? (Figure 14). Although
calculations still differ from measurements, the

first results are very promising (Figure 15).

Summary

The exact determination of dose in space is
a demanding and challenging task, and is fulfilled
in a close cooperation of all the partners working
on the International Space Station. MATROSHKA
is the only human phantom experiment were
organ doses are calculated based on depth dose
measurements. The effective dose could be
determined and demonstrated that personal
dosemeter overestimate the dose during an EVA
by more than a factor of two. The MATROSHKA
results serve to benchmark models and have
therefore a large impact on the extrapolation of
models to outer space. It presents source data for
experimental assessment of the station shielding
efficiency in different compartments not only in the
units of dose but in the units of radiation risk and
defines the requirements of equipment needed for
fundamental and application studies on radiation
safety in the framework of the National program of

the ISS space researches.

Perspectives and outlook

Three MATROSHKA exposures have
been performed outside (MTR1) in the PIRS (MTR
2A in 2006) and in the Zvezda module (MTR 2B
from 2007 - 2009). The fourth exposure (MTR
2 KIBO) for measurements inside the Japanese
Experimental Module (JEM) started in May 2010.
A potential second outside exposure is considered.
MATROSHKA is now operating since 6 years
onboard the space station and is the biggest
collaboration in space dosimetry so far. The data
gathered are immense and will be populated within
the HAMLET (Human Model MATROSHKA
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SEORE

ZhF TITMms (MTR1). PIRS W (2006 4E @
MTR2A). B & OF Zvezda E Y = — VA (2007 ~
2009 4£» MTR2B) T® 3 [ilo> MATROSHK A %5
VEBINE L7z, HAEBREY 2— (JEM) AT
WsE 2479 45 4 B H o %k (MTR2 KIBO) 1. 2010
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For Radiation Exposure Determination of
Astronauts) data base which could be used as
reference for radiation risk estimate calculations
(http://www.fp7-hamlet.eu). This activities are
funded from the European Community's Seventh
Framework Programme FP7 within the HAMLET
project under grant agreement no 218817.

These results could be only achieved in
an international cooperation with 20 institutions
located in US, Japan, Russia, Japan and Europe
which are listed below and the help of Jan
Dettmann, ESA, who act as ESA MATROSHKA

Project Manager.

MATROSHKA Science Team Members
Guenther Reitz (PI), -« - oo
Vladislav Petrov (Co-PI) - -+ ovoemeeee e

Thomas Berger - - - -« -« rrrrea
Soenke Burmeister, Bernd Heber - - - - - -+ -+ --
Peter Beck -« -
Pavel Bilski, Pavel Olko -~ - ovooeeeee
Sandor Deme, Istvan Apathy,

Jozsef Palfalvi -« -+ - - - r
MAarco DUFANEE « -« -« o oo
Marco Casolino =« -« - s
Luke Hager, Rick Tanner -« - oo e
Michael Hajek - - - - - v v oo
Cesare LODaSCio - -« c oo
Lembit SIRVETr -« -« -« c o oo
Denis O'Sullivan, = rroorree e
Aiko Nagamatsu - - - - oo
TatsUhiko Sato « -« - v v oo
Yukio Uchihori, Nakahiro Yasuda, ~----------- -

Francis Cucinotta, Edward Semones,

Neal Zapp, Dazhuang Zhou - -+ -+« v e e

Eric Benton, Stephan McKeever,
Eduarda Yukihara ...........................

Jack Mlller .................................

S SR A7 HEEREOZE L LTHHITE
5 X912 % 0 9 (http : //www.fp7-hamlet.eu)o
C OIEE I, BRIIEFARGE 7 AL A G FP7 O
Bh 4%y No. 218817 ® HAMLET Yu> =7 b & L
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INOLORIE, ITICHIZET 5 KkE, HA, 1
7 W @ 20 sk o BB 1. 7% 5 UNIZ ESA
MATROSHKA 70y =27 b3 =YX —%2 B0 5
ESA @ Jan Dettmann 7* & D HIEIC L o THO TiE
WENZDDTY,

DLR, Cologne, Germany (K4 )
IBMP, Moskow, Russia (&7 ¥ 7)

DLR, Cologne, Germany ( KA )
Universitit Kiel, Germany (K4 )

AIT, Seibersdorf, Austria (A —A M1 7)
INP, Krakow, Poland (F—7 ¥ F)

KFKI, Budapest, Hungary (N> %1 —)
GSI, Darmstadt, Germany ( K4 )
INFN, Rome, Italy (£ # V) 7)
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ATI, Vienna, Austria (4 —A MY 7)
Alena Spazio, Italy (£ # ) 7)
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JAXA, Japan (HA)

JAERI, Tokai, Japan (H#%)

NIRS, Chiba, Japan (H#4)

NASA JSC, Houston, USA CK[H)

OSU, Stillwater, USA CKE)
LBL, Berkeley, USA CK[H)
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Introduction

Unmanned lunar explorations are currently
being conducted as an extension of human activity
in Low Earth Orbit around the Earth. The first
long term human exploration mission will be the
Moon because of the nearest celestial body with
a relatively easy access and communication. The
radiation environment on the Moon, however, is
quite different from that on the Earth’'s surface.
Since the Moon has an extremely tenuous
atmosphere and very small magnetic field which
work as a barrier preventing for charged particles
and micrometeorites to enter the lunar surface,
they directly arrive at the lunar surface. Under
the hostile environment, habitats or worker at the
future lunar base will have to stay for a long period.
Consideration of radiation and micrometeorite
exposures and their protection must be taken into
account. The study of the environmental effects on
human habitats is an important concern of manned
lunar exploration in the future [1-3]. In this paper
we will review the lunar environment and present
an assessment of radiation exposure and shielding

for human activity on the Moon.

Micrometeorite and Dust
on the Lunar Surface

The tenuous lunar atmosphere allows even
the smallest micrometeorites to impact with
comic velocity with 10-30 km/s, though some
arrive at >50 km/s [4]. On the average, large
micrometeorites (meteoroids) with a mass of 1 g
or greater hit about once every 10 years/km?. But

small micrometeorites frequently arrive at the

=492.] s
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lunar surface, sometimes in clusters or showers.
The rain of even minute grain particles poses a
hazard to all surface materials. It is desirable to
make shield against such collisions. The space
radiation shield would also protect against these
micrometeorites.

The lunar surface is covered with lunar
regolith which is produced from underlying
bedrock by meteorite impacts. It contains rock,
mineral fragments and glasses formed by melting
of soil, rock and minerals. Its average grain size
ranges 40 to 270 um and varies with depths [5].
The lunar surface is dry and dusty, and all the
surface materials are exposed to them. Therefore,
they must be protected from contamination and

subsequent damage by dust particles.

Charged Particle Radiation on the Moon

There are four important sources of
particle radiation with different energies and
fluxes which affect the lunar surface, instrumental
components and habitats : (1) high-energy galactic
cosmic rays (GCRs) with fluxes of about 1/cm?/
sec (0.1-10 GeV/n) and penetration depths up to
a few meters, (2) solar energetic particles (SEPs)
with energies mostly less than 100 MeV/n, fluxes
up to 100/cm?/sec, and a penetration depths of
about 1 cm, (3) anomalous cosmic rays (ACRs) with
the least energetic part of GCR energies (a few 10
MeV/n) mostly consisting of H, He, O, N, Ne and
Ar ions, and a penetration depths of about 1 ¢cm or
less, and (4) solar wind (SW) particles with much
lower energies (about 1 keV), smaller penetration
depths, but high fluxes of about 10%/cm?/sec. The
penetration depths described above are for the
primary particles only. SW with high flux might
make damaging materials on the lunar surface,
although SW particles have low energies. The
more energetic particles could damage spacecraft
elements, electronics, and biological structures.
The radiation environment relating to the radiation
dose on the Moon, mainly consists of highly
penetrative GCRs and SPEs [1-3, 6-9]. The impact
of high energy protons and heavy ions in the GCRs

and SPEs on the lunar surface produces a cascade
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of secondary particles through nuclear reactions
of primary particles with lunar material. Some of
these secondaries such as neutrons and gamma
rays are directed upwards, and hence contribute
to the dose deposited on a material located at the
lunar surface, a spacecraft, its component and/or a
habitat. The flux of the secondary neutrons under
lunar surface is higher than that on the surface.
Then the neutron dose underground is higher than
that on the surface. Therefore, here we consider
the GCRs, SEPs and their secondary particles here,
because GCRs and SPEs are penetrative on the

surface of the Moon.

Radiation Dose due to
Galactic Cosmic Rays

The estimation of radiation dose from
primary GCRs and their secondary particles on the
lunar surface and the underground are essential
for safety human activities. The annual effective
dose equivalent on the lunar surface was calculated
by using the energy spectra and abundance of the
GCRs newly observed by the BESS[10] and ACE/
CRIS[11]. Average compositions of lunar materials
as for target materials found at Apollo 16 landing
site for a highland region and at Apollo 11 landing
site for a mare one were used in the calculation.
In the worst case, the value is estimated to be
about 420 mSv/yr in the mare during the solar
minimum period of solar activity [12]. The lunar
dose is thus by about 176 times larger than natural
dose of about 2.4 mSv/yr on the Earth (UNSCEAR,
1988[13]). Radiation environment on the Moon is
found to be quite different from that on the Earth,
because the Moon effectively has no atmosphere
and also no magnetic field. On the lunar surface,
the dose of GCR primary particles represents by
about 90 % of the total value [3,12]. In contrast, the
doses from gamma-rays and neutrons are less than
1% and 10% of the total, respectively. However,
the dose from secondary particles should not be
ignored. Generally, the dose contributed from GCR
proton tends to be emphasized because of high
proton abundance in the GCR composition. The

effective dose equivalent of GCR iron, for example,

BRI D EV, 2O XL HIZ, GCR & SEPIZHDF*
McEBU2F>72D, &2 Tld. GCR. SEP. B X
NGCR DAL FIZDNWTEZ 5,

FAIFHERICKDHSHRE
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& KEGE N OISR EZ R L L Rt SNz
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(UNSCEAR, 1988[13]). F 7z, H ®Z i Tix GCR
— PR T DA, DI 90 % % HH T3 [3,12],
PREBRT2LLOMEIER. TREBEED1%B
JUI0%RIETH D, LoT. ZKET25DME
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TR TV S 720, —#12 GCR O F12Hik
T AHMEIED ) BRI S N B EAH > 72 LA L.
GCRHDOHEA + v 1d GCRH OB T- X D x5 0247
WIZH b 5T, 728 21F GCR o ko E R
Wi, BT OERRE L EICILRT 5 ISR 5,
DEHIZ, HZE KT D LET BKE Wz, FA F ¥
OMEFGIZR LTINS CIE R,
HEETOMEIIHRDRKESHFLG LTS DI,
GRS.SEP % & — WA &8R- FTdh %o SEP Offa i,
#1010 g¢/ecm? D7V I = AR 2 RE T IR
SIZBHIET& %, L2L. GCR o4 1d, 10 g/cm?
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becomes comparable to that of proton, in spite that
the abundances of GCR heavy ions are much fewer
than GCR proton. However, the dose values from
heavy ions are not small because of the large LETs
from HZE particles.

On the surface, the most dominant
contributions for the dose are primary charged
particles such as GRSs and SEPs. The SEP dose
could be blocked off easily if about 10 g/cm?
aluminum shield is applied. However, in the case
of GCRs, the aluminum shield of 10 g/cm? have
been hardly effective. In the underground of the
Moon, secondary neutrons produced by GCRs are
the most dominant factor for the dose estimation.
Neutron flux becomes maximal at 120 g/cm? in
depth of lunar soil[12], while the effective dose
equivalent from neutron becomes maximal around
80 g/cm?[14]. The dose from GCR proton was
twice higher than the neutron dose on the lunar
surface. However, in the underground, the neutron
dose becomes dominant and so the effective dose
equivalent of GCR proton tends to decrease in an
exponential manner. At depth of 80 g/cm?, the
neutron dose was 3 times larger than the dose
on the surface. This distribution is similar to that
of fast neutron flux under the lunar surface. It
seems to come from the fact that the fast neutrons
have large conversion coefficients. For the sake of
safety, the lunar base should be constructed under
the ground which is deeper than about 500 g/cm?

from the lunar surface.

Radiation Dose due to
Solar Energetic Particles

SEPs can occasionally and transiently give
rise to great enhancements of particle radiation and
so radiation environment entirely changes on the
Moon. Individual SEP events greatly vary in their
fluxes and nuclear compositions from event to event.
Most of energy spectra for SEPs are very steep
in comparison with that for GCR. Then radiation
shielding is very effective for small SEPs. However,
there are some anomalously large SEP events as
to dominate over particle radiation environments

around the Moon. During a long period for lunar
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Table 1. The Annual Effective Dose Equivalent on the lunar
surface calculated on the basis of the energy spectra and
chemical abundance observed by the BESS [10] and ACE/
CRIS [11].

#*1:BESS [10]£ACE/CRIS [11]0OFHMRER 7 —2ICEDNT
FESNADRE TOFREMIRELE

Annual Effective Dose Equivalent Hg [mSv/yr]

Solar Min. Solar Max.
Mare Highland Mare Highland
GCR 376.7 175.3
Neutron 40.8 37.7 151 14.0
Gamma-rays 3.9 3.7 1.7 1.7
Total Dose 421.4 418.1 192.1 190.9
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habitants to stay, they may encounter large SEP
events such as Ground Level Enhancement (GLE)
events observed in the Earth’s surface. The study
of space radiation effect on space workers or
habitants is important for the exploration of the
Moon [7,15,16]. The doses of SPEs are sometimes
greater than the annual dose of GCRs. Therefore,
we estimated SPE doses which are very important
for habitats who carry out the lunar mission.
Recent six SEP events are selected and
analyzed for the dose. The intensity of low energy
particles (<10MeV/n) is very high. However, those
particles are so easily absorbed by about 10 g/cm?
aluminum shield. Therefore, most SEPs do not
give a large effect to dose by the shield with about
10 g/cm? thick material (see Table 2). Since the
dominant particles in SEPs, moreover, are not of
heavy elements but proton, the doses due to heavy
elements are relatively small when compared with
that due to proton, which is quite different from
the GCR case. However, some extremely large
SEPs such as GLE events, among which particles
are accelerated to the energy above 1 GeV and
easily penetrate such a thin shielding material,
and give a large radiation dose to people working

on the Moon. Then lunar facilities with massive

Fig.1 Distributions of fast (E > 1 MeV), epithermal
(1 eV < E <1 MeV), and thermal (E < 1 eV)
neutron fluxes in the lunar subsurface calculated
by PHITS. Data of lunar composition obtained
by Apollo 17 were used. JAM and JQMD nuclear
interaction models were used for proton and alpha
particles, respectively.

K1. PHITSIC&>TE BN TICH T2 E&E
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shield by which high energy particles are totally
absorbed, are indispensable from the viewpoint of
radiation protection and safety.

According to the GLE statistics, there are
few largest GLE events during the 2-3 year period
around the solar minimum of the solar cycle [17,18],
we should start the large-scaled construction
such as a lunar-base at the initial phase of the
construction, because these is no place and facility
to protect human beings from radiation. To be
able to safely perform activities on the Moon and
to establish a lunar base, it is of high importance
that the start of the construction of the lunar base
will be at solar minimum to minimize the risk for

extremely large SEP events.
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ABSTRACT

Heavy ions have been used in radiation
therapy since the first clinical trials of heavy ion
radiotherapy were carried out at LBL (Lawrence
Berkeley Laboratory, USA). Major biophysical
characteristics of heavy ions were clarified at LBL
through intensive studies of RBE (Relative Biological
Effectiveness) and its dependency on dose, OER (Oxygen
Enhancement Ratio), and cell-cycle dependence of
radiation sensitivity of various kinds of cells.

Based on this background knowledge, full-scale
radiotherapies using carbon ions have begun to be utilized
at National Institute of Radiological Sciences using HIMAC
(Heavy Ion Medical Accelerator in Chiba) accelerator?.

At NIRS, a beam wobbling method have been
adopted for lateral spreading the beam, and ridge filters
have been used for making spread out Bragg peaks
(SOBPs). This passive irradiation method is simple
and easy to realize the carbon treatments. Under this
passive method for irradiating the targets in patients,
over 5000 patients were treated by carbon beam at
NIRS. The results of the clinical trials showed that
the carbon radiotherapy is a promising treatment.

For the next step, NIRS are now constructing
a fast scanning system for the carbon beam. Using this
system, the better dose conformation will be realized.

Despite the success in clinical applications of
the carbon beams, our biophysical understanding is
incomplete and scientific and technical studies should
be continued in order to achieve the most suitable
applications of carbon beams in radiotherapy.

In this symposium, I would like to discuss
how to get more reasonable irradiation can be

obtained by the passive or scanning system.
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Abstract

The light ions have a unique role in the
development of modern radiation therapy where
Biological Optimized Radiation Quality and
Intensity Modulated Radiation Therapy (QMRT
and IMRT) are increasingly coming to clinical
use, not least through a systems biology approach
to therapy optimization. The traditional dose
distributional qualities of light ions like penumbra
and depth dose are ideally suited for high quality
radiation therapy, and their radiation biological
properties are also ideal for eradicating large
complex generally hypoxic tumor volumes with
minimal damage to surrounding normal tissues.
The remaining challenge to a more wide spread
clinical use of light ions are to improve the
sensitivity and specificity of Molecular Tumor
Imaging to more accurately localize the tumor
tissues and to develop fast scanning systems that
preserve the fundamental biological and physical
advantages of the light ions. For optimal application
it is essential to modulate the ion beams and select
the best possible ion species depending on the
molecular and anatomic properties of the tumor
and that is where systems biology will play a key
role. For small hypoxic tumors the high apoptotic
induction at the Bragg peak of lithium ions is ideal
whereas large tumor masses may require carbon
and oxygen ions and microscopically invasive
tumors may be best treated by photons, electrons,

protons and helium ions.
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Fig. 1 Comparison of the biologically effective dose distributions when irradiating a deep seated tumor using parallel opposed photon,
electron, and light ion beams. It is clearly seen that the normal tissues surrounding the tumor are considerably less damaged with the
lightest ions around lithium (cf Fig. 12). For hypoxic radiation resistant tumors the clinical advantage is even larger for the light ions
beyond helium. For well oxygenated tumors the difference is less significant and protons and electrons can be used with rather small
differences in clinical response since both generally deliver doses that are below the threshold for severe normal tissue damage as shown
by the schematic dose response curves in the left panel. In both panels a vertical effective dose scale is used in GyE and % respectively.
In addition to the longitudinal dose distribution shown here also the lateral penumbra the oxygen enhancement ratio and the biological
effectiveness should be considered when selecting the optimal treatment energy and modality.

1:55F. BF . ERFIRONE 2FIRH CHRRIBDEZ BB LFROENFHIENRE N DS UFILERDLETEIHROENF 1, EE
BEEOEZHEBADEZENESA LD LV (K128 H) o (BERFEOBSHRERIEES ICHL T AUTLASNEVWESF > ORRRIFIRIE5ICAZ
Vo BRICEALES CREN /NS ERORXMRERICHIRICT LIS BFEBEFICLAMSRBR—RICERBBESE5IZEIITRES
BV BRREIRICICAZ G ZEE LS LU B FEBFEFERTHIEN TES, ZAELSDORTH. MEIENIRBERL. TOEMIEIThEN
GYEE% THB, RBEAABIXINF —EBRELRIRTIRICIE CSRUAMA RO A T BRFIE R PEMFH B ECET 2R

DHEFZHLEERTNETHD,

Introduction

Biologically optimized intensity modulated
photons, electrons and light ions represent the
ultimate development of radiation therapy where
the absorbed dose and biological effect to normal
tissues can be adjusted to be as low as possible
from a physically point of view at the same time as
the therapeutic effect on radiation resistant tumor
cells is as high as possible from a biological point
of view. With light ions the border region between
the clinical target volume and surrounding healthy
normal tissues can be set as narrow as physically
possible, the required number of treatment

fractions can be substantially reduced and the
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curative gain factor for hypoxic tumor cells can
often be more than doubled compared to photons,
electrons and protons (cf Fig. 1). Taking all this
information into account, the cost effectiveness
for light ions per patient cured is similar to that
of advanced conventional radiation therapy, and
about 2 to 3 times higher than that for proton
therapy. The only problem with the light ions is the
large capital cost requiring an initial investment
in the order of 100-150 M €. Beside the increased
therapeutic efficiency with 1 - 16 fractions, the
major clinical advantages of light ion therapy
are an increased therapeutic outcome in terms of
improved local tumor control and quality of life,
and a substantially increased patient survival as
well as a significantly reduced risk for adverse
normal tissue reactions.

As our knowledge about the molecular
biology of cancer is rapidly improving, we
continuously need better tools for diagnostic
molecular imaging to match the improved
treatment accuracy and therapeutic efficiency with
light ion therapy. Malignant tumors are our major
life threatening disease at least up to the age of
about 65 years and as many as 50 % of the young
generation today may be diagnosed with cancer
sometime during their life. A Comprehensive
Cancer Center and a Center of Excellence for
Advanced Radiation Therapy should therefore
be focused on two unique developments that will
considerably improve our ability to cure cancer
patients and maximize their quality of life.

First, the sensitivity, resolution and field
of view of modern PET-CT cameras should be
improved as far as possible so they really become a
unique, sensitive and fast tool in the early detection
of tumor spread. Furthermore they should also
be used to evaluate the radiation resistance of
the tumor in vivo by repeated PET-CT imaging
during the first week of therapy [1]. This was one
of the key goals of the 6™ framework program,
BroCagrg, coordinated from Karolinska Institutet.
Magnetic Resonance Spectroscopic Imaging (MRSI),
even if the sensitivity is lower should be used for

screening purposes since the radiation dose to
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normal tissues is really minimal. A third potential
diagnostic development should be mentioned here
namely Stereoscopic Phase Contrast (SP) X-ray
imaging since it has a very interesting potential
in tumor diagnostics due to improved resolution
and contrast at significantly lower doses compared
to diagnostic CT. It has also the potential to allow
advanced molecular imaging of tumor properties
and treatment responses [2]. With any of these
diagnostic approaches the initial image of tumor
spread should be used as the base for treatment
response monitoring during the early phase of
therapy and allow accurate in vivo predictive
assay of radiation responsiveness and consequently
biologically based therapy optimization [1, 3, 4].
Secondly, to maximize the therapeutic
response of the tumor and minimize eventual adverse
normal tissue reactions biologically optimized
photons, electrons and light ions are the ultimate
therapeutic modalities delivering high densities
of DNA lesions in genetically unstable tumor cells
and largely only induce a low density of repairable
lesions in normal tissues (Fig. 1 and [5]). To maximize
the therapeutic outcome it is important to be able to
accurately quantify the therapeutic properties of the
beams in terms of LET (Linear Energy Transfer),
RBE (Relative Biological Effectiveness), OER (Oxygen
Enhancement Ratio), OGF (Oxygen Gain Factor), Ap,
(Apoptotic fraction) and the DRR (Dose Response
Relation) for the tumor and affected normal tissues.
Since both the diagnostic and therapeutic methods
have mm resolution a comprehensive cancer center
with light ion therapy will represent a quantum leap
in our ability to accurately treat malignant tumors.
It is very important that such centers will be
realized as soon as possible to make full use of the
clinical advantages and fast developments of light
ion therapy as well as of molecular genomics and
proteomics of cancer and to make them clinically
available to the benefit of our cancer patients. It is one
of the few areas where a substantial investment
in new diagnostic and therapeutic methods is cost
effective and rapidly bringing improved treatment
results and quality of life into the health and cancer

care system.
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Improved Molecular Tumor
Diagnostics By PET-CT Imasging

In the early days of the development of
Inverse Radiation Therapy Planning (IRTP) and
Intensity Modulated Radiation Therapy (IMRT)
the goal was to shape arbitrary physical dose
distributions by dynamic scanning of narrow pencil
beams of photons, electrons and light ions or by
dynamic multileaf collimation [6-16]. However, it
was very soon realized that a true optimization
of radiation therapy required that the optimal
dose delivery should produce the best possible
clinical combination of a high tumor cure and
minimal adverse normal tissue side effects. Thus,
a radiation biological optimization of the treatment
outcome is really the key goal of radiation therapy

optimization. This could be done in terms of the
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Fig. 2) lllustration of the development from classical forward therapy planning to inverse therapy planning using physical
dose (upper right panel) and biological (tumor and normal tissue response) treatment objectives. The ultimate step in therapy
development is to do biologically optimized light ion therapy where the optimal weights of different light ion species are selected
to maximize the complication free cure (cf lower right panel and Fig 5).
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Fig. 3) lllustration how PET-CT information can be used to verify and biologically optimize radiation therapy using in vivo Predictive Assay
(BioARrT). By measuring the tumor cell kill early on in the treatment 3-dimensional in vivo predictive assay information about radiation
responsiveness is obtained for accurate prediction of the optimal dose delivery. Both with light ions and scanned high energy photon
beams 3D in vivo PET-CT dose delivery monitoring is possible to further optimize the treatment based on observed mean dose delivery
which may differ from the planned dose delivery without considering organ and patient motion (cf Figs. 4 and 15). Both these data sets
when used together will allow a high degree of therapy optimization where practically all major sources of treatment error can be picked
up as long as they influence tumor cell survival and can thus be corrected for using biologically optimized adaptive treatments [1, 4].

3 AT EIT v (BioArT) £V M FHIC KB LS MSHRABREARFL § 5720 ICPET-CTIEHMEERA T2 H % ABREHICHKESH
RMREBMETHIECL)  RBERICECETIZRTNEEFATFAT v BRI BN RELREFXEEERICTRTEIEN TES, XL
FIREBIRNF—DRAF T Z T XERDELSTH, FIHHREA MO RICE DV TARESSICRBE(L TS ZRTEFANPET-CTIHREAHE=2)
CUDFIRETHY), FHAMERETBEISWHRE N NORIR T 21560550 MBECEEDHEEEERLTICEBTEE(HM4L15288). ChomAD
TREHATNE SELAERSE(EFIRICHY . BERROEFICHEBERETEMEREREDREEE LINTHRV LT EMFHICREL
ShBISAHRAED/-OICHIETEIEN TESB[1,4]0

effective quality of life for the patient during and
after therapy or more simply and specifically by
maximizing tumor cure and minimizing treatment
related side effects. For many years this was
effectively achieved by maximizing the probability
of achieving complication free tumor cure (P, [17-22])
but can today probably best be achieved by first
maximizing P, and thereafter minimizing the
probability of treatment related injury requiring P,
to stay high during this process as seen in Figs. 2,
3 and 5-9 below.

These treatment objectives are much

more advanced than what is commonly mentioned
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as biologically optimized ion therapy where just
a quasi-uniform cell kill is produced in the target
volume disregarding a possible hypoxic Gross tumor
and normal tissue side effects. In fact, most of the
time the treatment outcome is in reality limited by
the unavoidable radiation effects in healthy normal
tissues surrounding the tumor and it is important
to take this into account in a true biologically
optimized treatment approach since we never know
the true radiation sensitivity of the tumor and it is
often heterogeneous. The ultimate development of
radiation therapy is to try to measure the radiation
response of the tumor during the initial phase
of therapy and then try to biologically adopt the
treatment to the observed radiation responsiveness.
For this purpose a new approach called BioArT - “the
art of life” - is being developed using Biologically
Optimized 3dimensional in vivo predictive Assay
based Radiation Therapy as illustrated in Fig. 3.
This is a truly biologically adaptive approach where
the early tumor response is picked up by repeated
3D PET-CT imaging, patient position imaging
and PET-CT dose delivery imaging and after
the first week of therapy the dose and biological
effect delivery is modified to adopt the treatment
to the observed response to really maximize the
treatment outcome (Fig 3).

One of the advantages of this treatment
method is therefore that it will be highly
individualized, taking the responsiveness of the
tumor in vivo in 3-dimensions into account [1, 4].
The scientific bases for the BioArt approach as
presented in Fig. 3, illustrating how repeated PET-
CT imaging during the early phase of radiation
therapy can be used to estimate the tumor
radiation responsiveness at the same time as the
mean dose delivery during the treatment can be
measured.

This information can then be used for
biologically based inverse treatment planning
as shown in Figs. 2 and 3 to derive the optimal
dose delivery with available radiation modalities.
Therefore Figs 2 and 3 really show how different
radiation modalities such as photons, electrons

and light ions can be optimally combined to give
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Fig. 4) Cross section through a dedicated high-resolution open PET-CT tumor camera where the central opening is introduced to allow
a high resolution in the central CT-region. The PET detectors will also detect peripheral CT photons but at a lower resolution sufficient
for optimal PET reconstruction using CT alternation data. Ultimately a PET resolution in the order of 2 - 3 mm should be possible by
correcting for positron diffusion and annihilation in flight. It is planned to integrate a 3D laser camera with the system for accurate
auto set up and real time correction of patient motions such as breathing to improve reconstruction accuracy with a dynamic patient.
The central high resolution X-ray imaging section could ideally use PS-Phase contrast Stereoscopic X-ray imaging to maximize
resolution and contrast in the gross tumor volume.

M4 RCTHBDFEELESDHD-HOFRICHAONEF I - EHOSHERES -7 PET-CTIEE XS OMER . PETHHERIE. BDET
CTHOXRORET 21 RELPETHEBROLOICE+AHEVRKRETSHE, BB AEPICHEEFOLEBMEBEREMETHILICLN,
2~3 mmFA—L—DPETHRENFIREICLBEE N3, EREAES t Ty TEBEDFIEER LEANDT IV I LFHIEDEDHIC, =Rl —
Y—HAZEVRT LICHHHAH FERECEETCOBEBRBELEDIIENFEINTVS, FROSHEEXFEG LI 3> Tl NIRMES
FHEOBEEEINFIANERKIET B0, PS (MHEZEXTLA) XIREGERVWSZENVERTHS,

a high therapeutic tumor effect, at the same time S5 ka2 RLTWwW5h,
as normal tissue side effects are kept as low as

physically and biologically possible.

Advanced tumor imaging is therefore
urgently needed for accurate target volume
determination. Based on accurate PET-CT imaging
(cf Figs. 3 and 4) the effectiveness of light ion
therapy can be increased, because the number
of beam portals can be about 10 times lower
than for low LET photons, electrons and protons.
New diagnostic modalities such as PET-CT and
MRSI, will also give a measure on the tumor

cell density and hopefully in addition the tumor
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responsiveness [1]. The advantage of some light
ions is that positron emitters are created along
the ion track and not least at the end of the range
and could be detected by PET imaging. It has
been shown that the delivered dose from high
energy photons and carbon ions can be registered
with a PET camera used at the light ion facility.
Fig. 4 shows how an opened whole body PET-CT
camera could be designed to get a large field of
view and at the same time a high resolution CT in
the central tumor section and equal CT and PET
resolution elsewhere. This latter effect is achieved
by combining the same detector for both CT and
PET imaging for example using avalanche photo
diodes with different operation mood during the
CT and PET operation. The central high resolution
CT detection could even use the phase contrast
mechanism to increase resolution and contrast in
the central gross tumor region [2]. This method
could be further refined to compare diagnostic
and therapeutic information at different times
during the treatment schedule to determine the
radiation resistance of the tumor. The treatments
could therefore be highly individualized, taking
the responsiveness of the tumor in 3-dimensions
into account using Biologically Optimized in vivo
predictive Assay based Radiation Therapy (BIoART,
[1]). The scientific bases for the BIoArT approach is
presented in Fig. 3 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 as
shown in Figs. 2 and 3 and derive the optimal dose
delivery with available radiation modalities. Fig.
2 really shows how different radiation modalities
such as photons, electrons and light ions can be
combined to give a high therapeutic tumor effect
at the same time as normal tissue side effects are
kept as low as possible. The BIOART technique
was recently described in more detail for photon
therapy of an advanced lung cancer, but it could
equally well or even better have been done with

light ions such as ''C [4].

WKLo THRINTELZ2ETHD, BHTALTF—DX
MBLOREA A OGS NEE BT
MRZRCTHHENBLPET A A FICE > Tl TE 5
CEIRENT VD, HAWRTHETEHF—T V%
LY PETCT A AT &ikET5I LD, JKWH
PFEMELAEDPS, hRolifts v a v THWCT
fRAGE % MR L. o3¢ CT & PET OE§E %
HILLTHIENTEDL, ZOBBEOMPIR, CT &
PET BifRiEICH Ui 2 MlAGHLEL T EI2L -
TEREIND, 722 IETNT 2T+ M A F—
F#%.CT & PET THRZ A21EH)E— FIZLTHHT %,
RO EMEECO CT Mk, fiAZEx 7 = X A
H, PR O WIRMES FIROMEE L 2~ 5
ALEEDLZELEDWRETDHA I [2l, TOHEE S
SICTEHE L, AT V2 — VDR DTSN B
X OHE G LR L S o BURHR I &
FTHILEHWHETHS I ZHOLHIITLT, ZKT
TOEBEOKISEEZEZR L. AWFENICRE1LI N
T EARN T T v £ A 128D R gHRiAERE (BloArr,
[1]D) ZHW T R EZ S E IS5 2 L TE %,
312 BIOART FEDOFHERIRI 2 7R3 X2, gt
M6 5 O I BB (2 S ) 72 PET-CT Wik % i H
L. 5 O MO SR B 4 & iR h o SR A &
HesZ 3 B HEPHANTWS, WIZ, ZOEHRE N 2
& 3D X DAY T I E R R G
L. FIFH TR 2 B RG IR K 2 d5cali 20 i i 0 A &
BEXMTIEPTED, K21 EEHAKE~ORIE
HEWREZRBR VARSI 225, EE~OEREDREE
EOLNL LI, X, BT BRTRE Vo724
DGR G % ol A A DR TR %k
2R L TWh, BloArT i, . ETHIED X
MBI L CRBic i s hcw s s, "Co k)
RERNTHICBVWTD, TR EFSU ORI D
LEEbhs[4]

MEHERIZ  Radiological Sciences/A. Brahme,Vol.53 No0.8-9(35-61)2010

$80UBI0S 8417 UOIIBIPEY UO WNISOJWAS [BUOIBUISIU| SHIN : 84njead

43



DS \CSRE S

44

Fig. 5) lllustration of the numerical techniques used in iterative procedures for biologically optimized therapy planning and inverse
therapy planning using physical (dose) and biological (quality of life or tumor and normal tissue response cf Fig. 2) treatment

objectives.
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Development Of Advanced Biologically
Optimized Light lon Therapy

The fast development of energy and
intensity modulated radiation therapy during the
last two decades using photon and electron beams
has resulted in a considerable improvement of
radiation therapy, particularly when combined with
systems biologically and radiobiologically based
treatment optimization techniques as seen in Figs. 2,
3, 5 and 6 [23]. This has made intensity modulated
electron and photon beams practically as powerful
as conventional uniform beam proton therapy. To
be able to cure also the most advanced hypoxic and
radiation resistant tumors of complex local spread,
intensity modulated light ion beams are really
the ultimate tool and in clinical practice even 2-3
times more cost effective than just proton therapy.

This development and the recent development
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Fig. 6) lllustration of the advanced 3-dimensional dose delivery possible by low LET photon beams using biologically intensity and
angle of incidence based radiation therapy (BIO-IMRT). The red to pink region is the high dose tumor volume accurately enclosing

a prostate tumor enlarged by tumor growth.
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of advanced tumor diagnostics based on PET-CT
imaging (cf Fig. 3) of the tumor clonogen density
opens the field for new powerful radiobiologically
based treatment optimization methods. The
ultimate step is to use the unique radiobiological
and dose distributional advantages of light ion
beams for truly optimized bio-effect planning
where the integral 3-dimensional dose delivery
(cf Figs. 5 and 6) and tumor cell survival can be
monitored by PET-CT imaging and corrected by
adaptive therapy optimization methods. Beside the
“classical” approach using low ionization density
photons, electrons and hydrogen ions (protons,
but also possibly deuterons and tritium nuclei) the
intermediate lithium, beryllium or boron ions, and
high ionization density carbon ions induce the least
detrimental biological effect to normal tissues for

a given biological effect in a small volume of the

V% K & B HROE L S 7R R EHINSIE L
O TR =RTHES A (M5 & 6 25M) L
WMl E47 % PET-CT W{RCTHEAL L, BISH 2R
BERGEALEIC L o THIE ST 2 2 &L TH b, BEEHED
v X #t EF KFEAA Y B 2LELER TR
MU F T DEFE S WREED D B) D [ LY |
77 —=FLUATE REEEDY F T A XY ) T L
RUFAF v, BEEELOEVEREA F 3, EEO
PO FIRN TOAW AR & e LT, IR R AR
DAEREWANEP RS PR\ ZD20, Th
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Fig. 7) (right) Overview of the multifaceted array of tumor diagnostics, therapy planning and treatment verification approaches
available for biologically optimized radiation therapy today. Beside the standard tomo-graphic and projective techniques such as X-ray
CT, MRI, MRSI, PET and conventional and therapeutic X-rays multiple molecular approaches are available for imaging hypoxic tumors
and vasculature. In addition diagnostic and therapeutic x-rays may be used for treatment set up verification and so may PET-CT be
used for in vivo dose delivery verification and tumor responsiveness monitoring. For advanced tumors as many as possible of these
advanced diagnostic techniques should be used to ensure an optimal treatment considering the multifaceted clinical background.
Equally important is to have an accurate protocol for treatment follow up to ensure that the clinical response information gained during
each treatment is accurately fed back to historical dose response data (lower row).

M7 (A)EMFHICRBLSNABSREETCREFNA TS, SENEESZH. ARETE. ARRIHEDLEK XECT. MRIL MRS,
PETEWSARERM LT B AP IR E. ERBE S LVRBNEXIRACMAT. BL4DA FHT7TO—FICLZERRESCMEROEREIFAHT
&5, S50, BT S LURBIIXIRELRB b7 v T OIREICER TE, PET-CTICL 3 EFRIRE S HIRICESRICEEZ2Y JHRIEET
B3, ETEBICHL T SZEANECERNEREERBL DD INSOSE LB EME TE31L ZEAL. ZBLABREEERICERTNETHB,
ZRBDREICHESNRIRBRICDIERDY  REDIRERICT —2ICERICT—R/N\y U8B LD BB 740—7 v 7T DO DIEHLE 7OV EE
BT2IED. RLKEETHS (T

tumor. They may therefore be key particles for
curative therapy in the future.

In a more cost efficient approach, referred T ORFEW L HEE LCiE, BEsh2BHIZ 1
patients will first be given a high dose high BN DT TRBZFTHIIMBEAF VL EERED
precision “boost” treatment with carbon or oxygen [ 7— A M EHEZZ T 7% BEITOWETHRD

Fig. 8) lllustration of how different light ion dose distribution kernels are advantageous in different regions of the target volume (here a cervix
cancer with locally involved lymph nodes). Helium and protons may be most useful in the periphery of the clinical target volume due to
their lower LET in a region where the tumor cell density is low. Lithium ions may be best in the distal Gross Tumor region where rectum is
downstream of the target volume and may otherwise receive the more toxic fragmentation tail of carbon ions. Finally the bulk of the gross
tumor should preferably receive Bragg peak carbon ions so a uniform medium LET (=40 eV/nm) could be reached throughout the tumor. b)
In order to get a more uniform biological effect distribution in the target region (10-15 cm depth) it is better to start with a lower distal LET
such as lithium or helium ions and increase the Bragg peak LET towards the anterior part of the tumor using carbon ions. In this way a more
uniform LET distribution with a smaller variation in the microscopic standard deviation of the energy deposition is obtained.

M 8: ¥4 L ER FIIGE A T H— XD EBHATE (CZTRBIRUL NSEHEBEEIFEEE) DEBTENLIICEN THZ I ERIRLEDHD, BEKRIE
FETEDELLER Tl . BEMIREEDRVEE CLETO/RL. AUTLEBFPROEBATHIEEDNS, BRUDKNRMEZE OB TIE. UF I LA
TN RETHZEB DN, COBETIE. BB ENFEBOTRICALBEL. OB ETREEDBVRFEAALDTSTANT—ILIZBEINZ BN
NHd, B NIRMNEZOREICIE. REITDTIvIE—IVEREL. BESETH—LHBLET ($40 eV/nm)EZERTHIENEELLY, b)
ERISESE (RE10~15 cm) AT, KW — G EMFRER D HEBBEDICIE UFILREEAVY LS AL DESREVERLETHS5E3AL . BED
HABANBDP>TREAALEBWTTTvIE—TLETAREMEEZDN B, ZOHET. IRNF— T SDMBHLIBEREICHTBLTEID/INEW,
SUBH—LLETAHP BN,

resistant and hypoxic tumors. Blologically TSR ERR 2 EiT A 72O DD HETH Y,
Optimized predictive Assay based light ion T2, ZOBEHICHED T, HEISHE E TN 2 G
Radiation Therapy (BioArT, cf Fig. 3) is really the DB B ORIEZIT) T & TE B, &
ultimate way to perform high precision radiation P REILEN B ANVF—AFr =07 X
therapy using checkpoints of the integral dose WMELZRBAT MBS EICE ST, EEERED

ions during one week preceding the final treatment
with conventional radiations in the referring
hospital. The rationale behind these approaches
is to reduce the high ionization density dose to
the normal tissue stroma inside the tumor and
to ensure a more microscopically uniform dose

delivery with a strong early effect on radiation
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delivery and the tumor responsiveness, and based
on this information, performing compensating
corrections of the dose delivery during the last of
the treatment so called Adaptive therapy. By using
biologically optimized scanned high energy photon
or ion beams it is possible to measure in vivo the

3-dimensional (3D) dose delivery using the same

ZWICH WM EF U PET-CT % 25 T, EARN=
KTt (3D) MEmEEZMET LI ENTE D, TDK
Pid AL ORI~ ORE A & Z 5 DFIR K
IBEWELDOD, EHET O ALK THE U-mEE R
BT ETIBIETE S L) ICAH Y — 20 x
19 w9, BEOBEKRTZRICOE I iEL X
N7 BB REHR ICEZ B DO TH %o FIRHEW
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Fig. 9) The generation of a quasi uniform absorbed dose and cell kill distribution between about 21 and 26 cm of depth by combining
lithium and carbon ions in suitable ratios to make the cell kill and survival quasi uniform. The small local variations in absorbed dose
are due to a somewhat too large longitudinal range modulation ("3 mm) used to clearly illustrate the applied mechanism combining
lithium and carbon ion Bragg peaks at each depth. The different panels show the total dose and carbon dose and the lithium dose in
the upper row, whereas the cell survival and mean LET distribution is shown below. Interestingly, by combining lithium and carbon ions
a uniform biological effect, survival, mean LET and absorbed dose can be obtained for a uniform tumor. The survival was calculated
for simultaneous irradiation whereas the mean LET is more difficult to interpret as it is based both on lithium and carbon ions but the
LET variation is low and in a single beam it peaks just downstream from the tumor where the dose is low.

XO: %M FREMIRAEFEEIZIZHA—ICTIDICBEUAERT VFILERFAFEGEATIZEICL) . FREIH21 ~ 26 cmOE TIZIFH—%&
IR EEFAMIER DRI ER T 3. WIIGEOOTHLEBAZEEIE. BADFRITVFILERFRATLTIvIE—VE BT EEAEIEZY)
EHEHT 0. MABOEREE (K93 mm) P PPBKRICESTVWREDTHD, LEORITHREELVFILDIRE. TEROXIZMIEEFEFH
LETAHERLTWS, BERRWCEIC VFITLERRAIALEHRATIE H—GESTRE—LEMFENER. £, FHLET. RIURENSF5N
%, £1FI3. FBBHEICOVWTETEINAZDD THD, —H. FHULETR  UFVLERFRAA L OEEFICEDINTVSEY LETOEEIZ/NE B—E—
LTREBEODLTRICHDIREDRVIGFT CRAMEEIND/125 ., BRIV HLL,

PET-CT camera that was used for diagnosing Z LI BEROE & BRI ORE, BE Ly Ty
the tumor spread. This method thus opens up TOERE, A PVIGERT SR EEOME, <L
the door for truly 3D biologically optimized FY—7FIERY—20MEL VST, FITTR

Fig. 10) A common technique to reduce the quality variation is to use parallel opposed beams. This is even more efficient when
using two different ion species as seen on the RBE variation which is now almost negligible and the large peak in Fig. 9 has
disappeared because of the dose contribution from the posterior beam. It is also seen that the mean RBE is increased even if about
half the dose is delivered by lithium ions.

10:BDEEEHSTOND—HIEREND— 2. HE2FNE—LEAWVBIETHZ, Chid, BL22BEOI A 2FB TV -T2 R
THd, ZZTIRBHE—LDSDIFEICL . RBEZE N IFEALER TEXBIFENE HINKEIHE—TILHBL TV, £ IREBORESIUF
YLAFANCESTHEEINTVWBICH PP H ST, FHRBEIFEAL TS,

for in this way such as organ motions, treatment AT OIE, IEMEREERITEIC X 5. R YBI2HHS
planning errors, patient setup errors, and dose ENTAEFENCBM S 5720 [4], /DS itELH
delivery problems due to gantry, multileaf or RonZnwiaid, REORMROGEELZRET 57200
scanning beam errors. As long as it is possible T+ Thb, PETCTOREEXCE=%Y) > 7%
to quantify the surviving tumor colognes after W76, BB QLW 20 OGS O AFEF M % #li
the first week or two of therapy, this information ETAHIEEZWRETH D, OWTIISHRIG R % ik
can be used to also account for uncertainties in  BZARFHAICHEALZ S, VTV A ZAEEKNTHT v &

adaptive radiation therapy where the measured
dose delivery to the true target tissue and their
therapeutic response, can be used to fine adjust
the incoming beams so that possible errors in the
integral therapy process are eliminated towards
the end of the treatment. Interestingly enough,

practically all major error sources can be corrected
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biological response data and really cover all clinical
uncertainties at the same time as more accurate
dose response data can be derived during follow
up (Fig. 7). The response of the PET-CT camera
is related to the truly delivered integral dose [4]
with correct temporal averaging, thus if only small

errors are seen, it is sufficient to adjust the last few
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Fig 11) (right) The DNA damage in the cell is recognized by proteins that signal their results by phosphorylation on the Ps3 gene product.
Low ionization density damage generally phosphorylates the serine 15 and 20 sites on Psz; which leads to a cell cycle block and initiation
of DNA repair by P,; and GADD45. With lithium ions this mechanism dominates in normal tissues in front of and behind the tumor. At
the Bragg peak the ionization density is high which leads to more severe unrepairable DNA damage which commonly phosphorylates the
serine 46 site on Psz and thereby triggers an apoptotic response, eliminating tumor cells with severe DNA damage [26]. With lithium ions
a high LET is only present in the Bragg peak where tumor cells are effectively eliminated by apoptosis whereas in all normal tissues the
low ionization density triggers a cell cycle block and DNA damage repair. With protons and helium ions a too low ionization density is
reached at the Bragg peak whereas carbon ions have a high LET almost 5 cm in front of the Bragg peak and also in the fragmentation
tail behind it, so a too little or too wide apoptotic region is obtained with these ions as seen in Fig. 12.

11:(A)MRADDNABBEEABI RHEL. P8R FENOULERILICE T BEMRICIBLAESTFVER) BT REBEE COIBIEIL.
—fRICPssD15FE20FEN YL HULEEL. ZhICL>THIEEEDSIEE . Py 8L U GADD4A5IC LB DNABEDRBAYFIZEIIND, UF I L
1A DIBE BEORBOESHEGBTE. COXNZXLPTRWTH D, 779y 7E—ITRERBEN S0, LUEEDEERAEELDNAEE
PHBZDo CNIE—MRICPss DA FED LY EUUEEEL . 7R ZARICEFIIASE R 2 EICELY) . EEDDNABEEF /- BE Mzt Hf&T5[26],
DFILAFL T TIvITE—IDHCELETHERL, Z2IHIEHMIIE T Rh—> LRI BIICRRESNEY IR TOEEBB TIHERER
Er RV, MEAROEEEDNABIBOEENSIZEB IS, BTFENIILIA LG, TIvIE—V TERINIBHBENRTE. —H. KE
1FN3. TS TE— I DEIHHIS cmTHLETH EL B HICHTTTANT—IVETHR T 5720, ThEDAAL Tld, B12ICRULAESIC, PREA—V X
TEIEN KT ED D, HBVMILTE D,

treatment fractions. When using PET-CT tumor
response monitoring, it is even possible to account
for the uncertainty in biological response of the
patient and it may even be possible to convert
radiation therapy to an exact science and use real
time in vivo predictive assay to perform truly
biologically optimized radiation therapy with the
B1oARrT approach [1, 4]. Thus, using the recently
available biologically based treatment optimization

algorithms it is possible to improve the treatment
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outcome for advanced tumors by as much 10 -
40 % [18]. The adaptive radiotherapy process based
both on 3D tumor cell survival and dose delivery
monitoring has the potential of percent accuracy in
tumor response and dose delivery, not least with
3D geometric Bragg peak scanning and intensity
modulated ion beam dose delivery.

There is no doubt that the future of
radiation therapy is 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 ultimately
biologically optimized light ion therapy, where the
high LET - high RBE Bragg peak is solely placed
in the gross tumor volume. PET-CT is still a few
orders of magnitude more sensitive than other
diagnostic modalities and probably the ultimate
tool for accurate tumor imaging and 3-dimensional
in vivo predictive assay of radiation sensitivity.
By imaging the tumor twice during the early
course of therapy it is possible to quantify both
the tumor responsiveness to therapy and the rate
of loss of functional tumor cells. MRSI may also
become important in this respect even though the

molecular sensitivity is higher with PET.

Medium LET Mixed Modality Light lon
Therapy Result In Fewer Microscopic Cold
Spots and Higher Microscopic Uniformity
The standard deviation of the microscopic
energy deposition density is very high in high-
LET beams since the dose along the ion cores is
very high. In Fig. 1 (and 12 below) it is seen that
around lithium and beryllium the highest portion
of the effective dose at the Bragg peak is delivered
at intermediate energy deposition densities. The
shallower normalized dose response gradient at
high-LETs [19-21] is caused by the microscopic
heterogeneity which increases the risk that
some tumor cells are missed due to microscopic
coldspots even at high average normally curative
doses. The increased randomness may also cause
increased cell kill along the tracks at low doses
due to random high dose events [21, 22]. Based

on the different dose distributional and biological
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Fig. 12) The high LET component increases rapidly from only a few percent for protons and about 50% for helium, 80% for lithium.
For carbon the high LET region extends several cm in front of the Bragg peak and also behind it. Beryllium and boron ions are located
between lithium and carbon and are of interest for intermediate tumor sites whereas carbon is most ideal for large tumors.

12:FLETHR 2. BFTND2 ~ 3% D5V TLTDHI50%. VFILTDE0%ETRMICEINT S, kFTDHE. SLETHEEIE. TI7vIE—-Y
DETHBCMETEN Y BRICBEDF 2TV NXUUTLERTIRAFT AL VFILERFOFEICMBET 2720, PENGES M OEEICE LY

FEoNIHY | AELBBICERFAA LI ROBBENTHS,

properties of light ions discussed above it is clear
that their optimal usage require some careful
considerations as briefly discussed in Fig. 8. For
example should the Bragg peak dose delivery
mainly be located in the gross tumor so that
negligible high-LET dose falls on sensitive normal
tissues outside the tumor. Furthermore, it is better
from a microdosimetric point of view to generate
a rather uniform microscopic energy deposition
density on the cellular scale as shown in Figs. 9
and 10.

Therefore it is better to use a slightly lower
LET at the distal tumor edge then obtained by
simply depositing high-LET carbon Bragg peaks
as indicated in Figs. 8 and 9. This could basically
be done in two different ways either by starting

with a lower LET Bragg peak at the distal tumor
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edge such as lithium and gradually increase the
absorbed dose and the atomic number and thus also
the Bragg peak LET of the ions or alternatively
by just mixing two different ions species so the
dose biological effect and survival and mean LET
stays approximately constant as seen in Figs. 9
and 10. This latter approach requires that most
of the Bragg peak dose is of very high LET, such
as carbon ions, in the anterior part of the tumor
whereas the distal part mainly requires a lower
LET such as helium or lithium ions. In fact, mixing
lithium and carbon ions may be a very good
way to achieve close to ideal microscopic energy
deposition density distribution for medium to large
size tumors (cf Figs. 9 and 10), whereas small oligo
metastasis are best treated by narrow lithium ions
alone (cf Figs. 11 and 12).

High Apoptotic Cell Kill In The Tumor
But Not In Normal Tissue

The maximum apoptotic cell Kkill is obtained
at medium LETs [24, 25]. This is advantageous
from a clinical point of view since apoptotic tumor
cell kill does not cause an inflammatory response in
normal tissue. Similar to the RBE the apoptosis has
a peak at around 20 - 80 eV/nm that is at lower
LET values than that of the RBE peak at 100 - 200
eV/nm. This is due to the fact that the number
of high-LET events that are needed to induce
apoptosis at a given dose level decreases rapidly
with increasing LET [25]. This effect is due to the
decreasing number of apoptotic events per unit
dose at high LET values. Medium LET light ions
like lithium and beryllium therefore have the very
interesting property to induce a local apoptotic
response (programmed cell death) only in the
Bragg peak region where the LET is sufficiently
high. Therefore they eliminate more tumor cells
with natures preferred method characterized by
highest possible local efficiency and minimal side
effects. At the same time the DNA-damage in the
plateau region and the fragmentation tail beyond
the Bragg peak is instead triggering cell cycle
arrest and DNA-repair. Thus normal tissue will

generally recover well between treatment fractions
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whereas the tumor cells are directly eradicated by
apoptosis.

In tumors with a mutant Ps; pathway the
apoptotic fraction is lower [25]. However, with light
ions there still is a significant apoptotic fraction due
to other apoptotic pathways normally not active
with low LET radiations. In Ps; proficient tumor
cells the lithium and beryllium ions will induce local
apoptosis mainly at the Bragg peaks as seen in Fig.
11. Lighter ions do not produce much, whereas
carbon and heavier ions produce a significant
level of apoptosis both in front of and behind the
Bragg peak as seen in Fig. 12. The lithium - boron
ions thus possess a unique, geometrical precision
in their apoptotic potential. Due to the saturation
effect of the apoptosis at high doses this advantage

may be highest at low doses.

Optimal lonization Density

Both the biological and dose distributional
properties of different radiation modalities from
low energy photons through high energy electrons
and photons to neutrons and light to heavier ions
are summarized in Fig. 13 indicating that the
intermediate LET light ions are most advantageous
in most respects. The quite complex Fig. 13
summarizes the LET (upper horizontal scale) or
high-LET dose faction (lower scale) dependence of a
number of biological parameters showing that most
of the high-LET advantages are obtained already
at around 30-50 eV/nm or with as little as about
one third of the dose in the form of very high-LET
neon ions or about half the dose is carbon ions. This
1s so with the Oxygen Gain Factor (OGF), the OER,
RBE and Apoptotic Fraction (Agp;) but also with
the physical quantities like ¢, the microscopic
standard deviation in absorbed dose delivery [19-22],
the D5, dose causing 50 % probability of tumor cure
and the maximum clinically observed normalized
steepness of the dose response relation y ¢y, 1S
still high. The clinically most useful LET-range is
thus in this intermediate region and not at very
high or low LET values. Within an extended Bragg
peak region the LET is reduced as by necessity

large parts of the target volume will receive low-
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Fig. 13) Selection of the Optimal Radiation Quality Range for the Oxygen Enhancement Ratio (OER), RBE, Apoptotic Fraction and the
Dose causing 50% tumor cure as a function of the ionization density (LET, upper scale) or densely ionizing dose fraction (lower scale).
Lithium to carbon ions are the most interesting and useful light ions for radiation therapy Interestingly, most of the biological effectiveness
and oxygen gain as well as the apoptotic cell kill are obtained at around 40 eV/nm or about 1/4 to 1/3 of the dose as high-LET neon
jons or about 1/2 as carbon ions. It is seen that like the RBE the peak apoptotic fraction occurs at increasing LET as the atomic number
of the ions increases. Also cell lines with a mutant Ps; pathway have a lower level of induced apoptosis. Ps; independent pathways

induce about half the apoptotic fraction of the cell kill.

13:EEFRIE R LL (OER) . RBE, 7 Rh—Y Xt 50%BE ARG ICHIIRBEIREHEDRRE, BHEE (LET. LORE) $A3BICE#E
BITREOEE (TORE) ICHTEIEBELTRT UFILDPSRBETDIF I, MFHFARICE>TROERE FALERN FIRTHD, EiK
RNZEIS EMFNEDMEERIFDR. 45TICT RV AL BEMABEADKFIL. 40 eV/nmETE. HEVELET XA A F L ELTOIRED
#91/4 ~1/3. RRELTDIFEDFI1/2DFITHESN TS, RBEER#E, T RN ALEOE—THE e (A DEFESHAENEE, HVLET
ICHIRT B, F7z, Po RIRICRREREF DM RIS, TRM—I ZFFRLNILHEL, Pog ITRTFLAVRIRIE . SRR IEA TO 7 Rb—2 IR DH)

FREFREL TS,

LET plateau ion dose. With a rather uniform
tumor with regard to cell density and sensitivity
it is thus desirable to produce a uniform LET
distribution with a mean LET value around 40 eV/
nm. Interestingly, this intermediate LET-region
also maximizes the apoptotic cell kill so tumor cells
are more effectively eliminated without too much
inflammatory response in normal tissues as shown
by the thick dotted ("*B) and shaded (**C) curves
in Fig. 13. The lower LET at the Bragg peak with
boron ions as compared to carbon ions indicate
the importance of the fluence density of ions with

sufficiently high LET for inducing apoptosis.

fiF & oh# (2C) TR L7z & 9 1a, IEFMKRICHEA LR
FIERIS 2T &R T2 &% M%) H K
WCBEENL, FTEAFVRREAFT VIV T T
Y= TOLET MEwZ s, TRF—TV A%
FlER T 201+ ICEWLET 2824+ v o
TNVE Y AEENHETH DL I LD 5,
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Fig. 14) (right) Building and equipment locations in the proposed outline for an expansion of the existing radiotherapy department of
Karolinska University Hospital is shown in the left part of the figure. The light ion treatment rooms at two levels are equipped with two
excentric gantries allowing treatments from practically any direction (cf Fig. 14) via a 120° wide range of variability in each of the four
rooms. PET-CT and MRSI based tumor diagnostics as well as compact high energy scanned photon therapy allowing PET-CT in vivo
dose delivery verification is also available. Furthermore, Carbon-11 can be produced in the range shifter to produce positron emitting ion
beams to allow more accurate in vivo Bragg peak density monitoring (cf [27]).

14: () HR) 2 ZAKRZREDEEF OBSHRARIMBIIEHIRT2EDOBE B ERMOMBERH D LRI 2MEDER FIR
BEEICR AEZTh TR TI200D LW ERERES, BETANTOARPSEBENSEETES (K14258)  2EDOIX Ny H NN ERESH
%, PET-CTEMRSIC L BEZ M. PET-CTICL 2 FRIREXERAN FIREL I NUMES I XN X —EEXIRABOFI A TES, &5(2. &)
EREERAT SV TE—VREEZL)JERREICT 20 . BEFEME I3 RF N1 2LV TL2RTRETES ([27128R),

Fig. 15) Cross section through the Superconducting Cyclotron with the Particle & Energy Selecting Excentric lon Gantry capable of
treating patients in 4 surrounding rooms as shown in the lower left panel. The four treatment rooms with protons to carbon ions allow a
10-12 min set up time, and a 2-3 min treatment time/room. In this way a total 12-16 pat/hour, 100-120 pat/day and 2 500 pat/year (at
10-12 fractions/pat) can conveniently be treated. The decelerating graphite range shifter is indicated where carbon 11 can be produced
in therapeutic quantities allowing 50 fold accuracy in Bragg peak imaging. b) The lower right panel shows a close up of the stereotactic
treatment couch used to dock the patient both to the PET-CT camera (see Fig. 4) and the therapy unit (cf Figs. 13-16).

15 R FHLUIRNF—BIRKIF NI H N EBA-BEEY /7O OMER . Z TRISRT LI, BBENDAE TCEELZABTE
. B FPORFBAFETERVIADNBEZTI. By 7y TERB10~ 1291 BY/ABERE2 ~ 39V REETH D, DA ETI RN/
12 ~1641.1H100 ~ 1201, F£E 250040 (BE 11472010 ~ 125 EN) HFRISEBTED, RUSRULAZBERBADERL VY72 T AE
ENRFIEHETE, Ty JE—VERDIEE LS50 ICEHDHO5NS, b) ETHICIE, PET-CTAXZ(H4%288) LABLI=vMNE13 ~ 16%%

Treatment Rooms, Excentric Gantries,
Patient Setup and Beam Delivery

Since both light ions and high energy
photons activate the tissues in the patient they all
benefit from the possibility to use PET-CT based
dose delivery verification. A light ion center will
therefore benefit considerably by being equipped
with PET-CT cameras close to the light ion and
photon beam treatment rooms so patients can
be rapidly scanned for the dose delivery using
both the 'C and O activity directly after the
treatment. Two excentric light ion beam gantries
each of which is covering four treatment rooms (cf
Figs. 4-7, cf [5, 24]) with a wide range of possible
beam angular intervals of their beam directions
covering angles of incidence of = 60 or about 120° in
each room (See Figs. 15-16) because the couch can
be rotated more than 180°. These figures clearly

illustrate the great flexibility in treatment set up
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with excentric gantries on a number of common
treatment techniques such as those currently used
at NIRS in Chiba, Japan (cf Fig. 17). Interestingly,
the requirement of very specific beam angles
is generally not needed with 3D Bragg peak
scanning for shaping of biologically optimized
dose distributions. Once the right angular interval
is available, as shown in these figures, the exact
angle of incidence is not too critical provided the
angle between two different beam portals can be
changed more than about 30° (cf Figs. 15 and 17).
The stereotactic treatment couch (cf Figs. 4, 14-17)
allows high-accuracy patient set up, not least in
combination with the laser scanner (cf Figs. 3, 4,
7, 14 and 16) both for patient auto set up in the
treatment rooms and for PET-CT dose delivery
monitoring inside (Fig. 16) or just outside the
treatment rooms (Fig. 14) to minimize O activity

loss (t1,2= 2 min) by short transport distance and

TGy =2 A% ¥ = I TIE EWITHERE — A
I RICBEEENE WV, TRHORIET LD
12, Vo ZZAE LWAEMBAR LN 6, 200
Y= AMOMOMEZER30° DL Eo#H TS &
L cER, EMHRAEAEH T Y EETEY
(K15 & 17 #BM) . EMiiE#ES 7 F (K4, 14-17
) 13, SHEEOREYY hT v IAHRTH Y,
L—H—2AF v FLOPHbTES (K3, 4. 7. 14
16 %), IWEENTOREOHELY b7 v 7L,
EHEN (K 16) F 72 3EEO=ES (1K 14) TO PET-
CTHESAME=FY) Y 7OWMGITHEHTE, BxH
BEAE W= v b & PET-CT # % 5 OFHiHim
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Stereotactic Couch &
L C Auto Set Up

Cone Beam CT &

Beam Of PET &

& LC

All Availabel in the 4 Rooms

Fig. 16) Patient set up using both laser cameras with green, red or infrared scanned laser beams for auto set up of the treatment based
on the 3D shape of the patient surface. A cone beam CT facility for set up on internal reference points is included in the gantry for fast
check that the patient’s internal structures are accurately positioned. The cone beam CT device as well as the 4 PET detector arrays
can be used in all 4 rooms and be retracted into the excentric gantry when not needed as indicated in the figure.

16: BERROEZRTHRICEDVWTREDBE LNy 72T G KRl FERFAEBRL -V —E-LICLBZL—H—DXFEAVNTEYNT Y
TENFBE AN, BEFADOEEY ERICEMINAZEETIERLF v I T30, AEEES4ERT2I-—E-—LCTEBIEFh TV
%, - E-LCTERELAEDPETHREB LI AFTNTHERATE FEBFICERIDOISICIF N v IHANRICE I ZAEZEN TED,

fast docking to both the treatment unit and the

Fig. 17) Treatment of a prostate cancer with a three-field technique. The treatment takes place in the lower left treatment room of Fig. 14
to allow the final vertical beam. The rotation of the treatment couch is done automatically by supervision from the treatment room using
an ordinary video camera and by the 4-Dimensional laser camera with 0.1 mm resolution.

17:374—=IWREICELBRIIREDEE . REDEBEE—LZABEICTZ0. AEE. R14DETORBEETITObNS, AEHVFOEIERIL.
BEODEFANATICEDBBRENSDEMREMRIEE 0.1 mMOERTL—HF—hAFI2LY), BEWICTHN S,

when fast longitudinal scanning is used whereas LELETHERT220% D AT 5 [24], FA Y

PET-CT camera (cf Figs. 4 and 16).

The clinically advantageous synergistic
effect between the low-LET plateau regions
and the high-LET Bragg peaks when delivered
simultaneously should be used clinically when
designing the 4D scanning pattern of the ion beam
from the treatment unit [24]. It is highly desirable
to deliver the majority of the local low- and high-
LET dose fractions as closely in time as possible to
minimize cellular repair in the tumor and maximize
the therapeutic response. This is automatically
done by the ridge filters used in Chiba. The ridge
filter continuously and instantaneously shifts the
Bragg peak over the entire range of Bragg peak
modulation, achieving maximum synergism. With

3D Bragg peak scanning this is achieved only
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lateral scanning starting at the most distal point
of the tumor may deliver the last anterior Bragg
peaks 1-3 minutes later reducing the effective
therapeutic high-LET dose fraction by as much
as 20% [24]. This may explain the somewhat
lower therapeutic outcome seen in Darmstadt
for cordomas treating tumors by fast lateral
and slow longitudinal electromagnetic scanning
compared to the result from Chiba using ridge
filters. Unfortunately it is slightly more difficult
to rapidly vary the extraction energy and range
using longitudinal scanning with a synchrotron of
slow pulse repetition rate. A fast material range
shifter at the end of the dose delivery system may
then be desirable or even needed to achieve fast

longitudinal scanning of the Bragg peak.
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Interestingly, the slightly steeper response
seen with the cordomas using longitudinally
scanning ridge filters is consistent with a higher
effective high LET dose fraction. This indicates
the clinical desirability to treat the high and
low LET regions locally as closely in time as
possible, preferably within 15-30 seconds to
avolid undesirable fast low-LET repair before
the high-LET component is also delivered. A
slight improvement with slow longitudinal pencil
beam scanning may be achieved by starting the
treatment on the anterior side of the tumor and
finishing it at the most distal part of the tumor. In
this way most of the low-LET plateau part of the
local dose delivery will arrive earlier in the part
of the tumor where the low-LET dose fraction is
considerably higher than in the distal tumor with
almost only high-LET Bragg peaks. From this
point of view it would be desirable to scan the
tumor at least twice and from different directions
for example starting anteriorly treating towards
the most distal tumor region and then back to
minimize the time interval between low- and high-
LET dose delivery.

Conclusion

Even if biologically optimized radiation
therapy has proven difficult to introduce in most
conventional radiation therapy departments
it will be urgently needed with light ions in
order to make full clinical use of the significant
biological advantages of light ions. There is no
doubt that QMRT and BIoART are very important
developments for light ion therapy and they are
procedures that are very important to introduce
already in the first generation of clinically
dedicated light ion installations. The largest
benefits are expected for hypoxic and generally
radiation resistant tumors for conventional low-
LET beams, where we can expect the most
important treatment improvements as clearly
shown by the clinical results of Prof Tsujii and his
team at NIRS in Chiba, Japan.
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The radiobiological effects of low doses
of lonizing radiation are subjected to modulations
by various parameters including bystander
effects, adaptive response, genomic instability and
genetic susceptibility of the exposed individuals.
To ascertain the genomic stability of the progeny
of non-targeted mammalian cells presented in
the vicinity of hit cells or receiving medium from
them, several experimental approaches were used;
utilizing both the Columbia University microbeam
and the Heavy Ion Medical Accelerator in
Chiba (HIMAC). Among the progeny of non-hit
bystander cells exposed to either alpha particles
or Siions (490 MeV/nucleon), there was clear
evidence of delayed mutations and chromosomal
aberrations after 50 population doublings post-
exposure. Furthermore, in the presence of
inhibitors of gap junctions and cyclooxygenase-2,
the induced genomic instability was significantly
suppressed. These data indicate that genomic
instability can be induced in both directly
irradiated as well as in bystander cells generations
after the original radiation exposure, at similar
levels, independently of initial cell-cell contact.
Since genomic instability is commonly linked to
cancer, our results suggest that non-targeted cells
among irradiated population poises a potential
concern among radiotherapy patients and patients

undergoing radiological procedures.
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The traditional paradigm in radiation
biology has been that radiation-induced effects
result from cells being traversed by ionizing
photons or particles, causing damage to cellular
DNA either via direct ionization or indirectly via
water-derived free radicals. However, there is
increasing acceptance, based on both in vitro and
in vivo studies, that “non-targeted” effects can
also result from radiation exposure, particularly
at low radiation doses (e.g., < 0.2 Gy). These
effects include bystander responses, genomic
instability, low dose hypersensitivity, and
adaptive responses, as well as /n vivo abscopal or

“out of field” effects.

The radiation-induced bystander response is the
occurrence of biological changes in unirradiated cells
that are in proximity to or sharing medium with
cells that have been traversed by ionizing radiation.
Bystander responses have been demonstrated using
low fluences of a-particles, particle microbeams,
media transfer and media sharing approaches, and
a wide variety of endpoints, such as chromosome
aberrations, changes in gene expression, mutagenesis,
increased reactive oxygen species (ROS), cell killing
and malignant transformation, have been shown
[reviewed in (1,2)] The effects have been documented
after exposures to both high and low LET radiations

[reviewed in (3)]. An important characteristic of

M 29 R ERICB LT, S FTlic=oo
AW LEZPBEINRTVWEST, 121F, 74 b F
7 ATRLF 5 O EHEBU RN % &85 5 & R
MREA L7 MIDNA ICEMIEHZ RIZL, 2O/
flie DIBGEBIEEIT LS9  BEROBEHEIER "
T3 ZOHIE, BHBIKGFEHELTTY) —F
VANEEEL, TNOHED7) =5 A IVHHIA
DNA 245595 L EI) E X T, TOFE T HAH
OMFAER " EMFEN TV E T, RETIE LR i
AR BN DAk, & QI E (1 213
<0.2 Gy) OBUSHIEENC X o T TR MRICD
i e OVEFDTI & S b T & BT N LR
OWIETILMHERINS L) I ->TEFE L, Th
SOMEHICIE, N A Y ¥ F—=FUb 7/ AAEEE.
AR R Ak, BINROG. % O NICAEARNT 7 A3
2V (EE) RIRD B IE [ 7 4 — v PO EH 2SS £
nFEJ,

BRI X BN 2% 07— g, B EERCETRR
A3 7z o 22N OB AT B S B IS, B %
WIS M O R IR B L 72 & & R & B o FE IR 5
MRS 2 7239560, B HRG B 2 i in & 7zl ie
WU B EWENEARTT, N RAY ¥ F— IS,
BINZ Y ZAD a kit WF~<A 7B —A4, Fiihse
BB XORMILE L EOFEIC K> TREH S, P
R E, BETRBOE, RRERFER. Gk
348 (ROS) O, M5t B E 2 & v o 72,
LI b7 AHRETHE SN T3 [ (1,2) ]
INA A E 7 — R LET BUE#H &K LET st
MOELLTHHEEINTOET [ (3) ] N1 R
57— RO IHERRE (<5 cGy) TR 0. HEgn
ARV ABICHER L, % 10 ~ 30 ¢Gy T7F b—
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bystander effects is that the responses occur at
low radiation doses (< 5 cGy), increase rapidly
with dose, then reach a plateau, usually by 10-30
cGy [reviewed in (3)].

In space, astronauts are exposed to a
complex and unique radiation environment including
galactic cosmic rays (GCR; energetic protons
and heavy charged ions (HZE)) and solar particle
events (SPEs), primarily protons. Although these
radiations can result in significant cumulative
doses to astronauts during long-duration space
flights, most exposures occur at low fluences and
fluence rates, so that particle traversals through
an astronaut’s body are well separated in tissue
location and time. Under such conditions, non-
targeted effects, including bystander effects, have
increased significance (3,4). To date, much of the
NASA-funded research by our group has focused
on quantification of biological changes in both
irradiated and bystander cells after exposure to
particles of several different LET (linear energy
transfer) values, compared to photons, using a
transwell insert cell culture system (5-7). We
have shown that when normal human fibroblasts,
AGO01522 cells, are irradiated with 0.1 to 5 Gy
X-rays, bystander cells exhibit increased DNA
damage in the form of y H2AX foci or micronuclei
and increased ROS generation (6). More recently,
in work at the National Space Radiation Laboratory
at Brookhaven National Laboratory, we have
shown similar results in bystander AG01522 cells
when “hit” cells are exposed to 1 GeV/n iron ions (5)

or protons (unpublished).

We have now extended investigations to very

low particle fluences, using the DNA damage
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ZHET D L0 BB RHRE - RIS ZRLET
[#F (3) 1o

FHRAT L ANG 9 2 F 22 M, TSR
(GCR; B ANV F =BT L HCMEA 4~ (HZE))
RFLLTH T2 55 KGR 71 (SPE) =&t #
ME TRV 5 BRI AL T 5 2 L b Ao T
Fo INLOREHRIE. B2 2 = RATHIH
CFEHRAT LI ORFEREE DO LET, L
Ly BEHROREIZ TN A E T VI v ARPK
W7z, FHERAT L ORN % 8 B RIS HLER N T 22
RIICDEFRIANICD XD ICaMLTwb b E
o ZDL I BRBEHEBIEL KT TR N 2T ¥
5 — e 7% & OIRERIRA~OERAEEZ e - TE
¥ (3.4). TRETIINASADESIZ X > THENM
L7242 OM%ED%L<1E, by ATz VA v —
MR 2R % FHWT, fix ® LET (B AV F—ft
) &R T2 RE SR N4t 25 v 57—
MBI BT 2 WA LT 7 + b v RO £ S
Z L ERMICHBE L TEF L7 (5-7). FxI1XIE
e MEMESEMIILTH 5 AG01522 Ml 0.1 ~ 5 Gy
DX #aBE T 5 EBRET W, N A8 57—l
WZBWThH y H2AX 74 —H A B[ REFE ) V8
fba&h7ze 2 b YEHEH2AX (y -H2AX) 2554
LT b a2 £ TICRE L o283ty v Befb
H2AX PUATREL L Tt g5 & p -H2AX H%a
JCEEMEE T O RIS SN E T, CokE T+ —H
AL TS, PihEZEZHZLICXD, Bl Uik
fbEAEORERE MM T A L hkET, ] T2
/ME (MN) BHEE GREVE © Befafhd 2 ik getafk
Wi ASRII 24 B NIC I A S N WS, Zh
5 IR O ML & TR LT MN & LTBigE S
NE3. FFICHETHIZ DSB 28R micHER T L
MO, BEHRIRE 2 1 0l 555 % 7 [ M s
AR EARAEYE SIS A MN S HBLL £ 37.) o3
$72bH DNABESHEMT 22 & 72 GloFEER
T)ROS AW WIMT A2 2 MELE LR (6) B
3t Brookhaven E . HFZERT O B H G ZERT ©
1T o 729 Tid, TR & LCo AGO1522 Al 1
GeV/n DA F ¥ (5) F 72 13B T8 % HEF L 72BRic b
WNARY v F—HRICBIT % y H2AX 7 4+ —H 1
F 7SN T AR A E L7 CREER) .
a2 ZBUE, FEEITMRN 7 VI 2 2 DR TR &
FF IR L, MRETE 72 BRI H T MN B & R4t

endpoints of micronuclei (MN) formation 72 h
after irradiation and formation of foci of the DNA
repair-related protein 53BP1 5 h after irradiation.
Our new data with 1 GeV/n iron ions (LET of 151
keV/um) show no significant increase in DNA
damage in irradiated or bystander cells at fluences
where 1% or less of the cells are traversed by a
particle, but at fluences where 2% or more of the
cells are traversed (~2e3 Fe ions/cm?), there is
a statistically significant 1.5-2-fold increase in
DNA damage in both bystander and irradiated
cells; the level of damage remains constant at that
magnitude to a fluence where ~50% of cells are
traversed by an ion, above which the percentage
of cells with damage increases sharply with dose in
irradiated cells, but does not increase in bystander
cells. Similarly-shaped dose response curves occur
with cells exposed to 1 GeV protons (LET of 0.24
keV/um), with the magnitude of DNA damage
being the same, but the plateau in the responses
for irradiated and bystander cells shifts to higher
fluences; the lowest fluence at which increased
damage is seen is 2e5 protons/cm? (about 2
protons per cell) and the plateau continues to about
2e7 protons/cm? (200 protons per cell).. Together,
the data show that bystander signaling is elicited
by very low radiation doses, independent of LET,
and suggest that the increase in damage in the
irradiated population at low fluences is a result of
bystander signaling rather than a direct effect of
radiation on traversed cells.

Cells in a person’s body do not grow in
monolayer or in isolation. Tissue homeostasis is
dynamically maintained by reciprocal interactions
between epithelium and stroma, but the role of
those interactions in radiation response is only just
beginning to be evaluated [see (8) and references
therein]. As a prelude to studies with mixed
cell types in 3D matrices, we initiated studies of
radiation-induced intercellular signaling, using the
transwell insert system, between human fibroblasts
(AGO01522 cells) and hTERT-immortalized human
keratinocytes. The data show that there is a
1.5-2.0-fold increase in MN formation in bystander

fibroblasts or keratinocytes after proton irradiation

% 5 K¢ H © DNA B1E B & F1VE 53BP1 O 7 + —
F A E DNA B OIEELE LTNA 28 ¥ ¥ —1E
HANREZ0E)DETRTET, 1 GeV/n Dk
4% ¥ (LET 151 keV/ um) % AW 725 OIFFEIC &
BE, KW Y o MO EEH 1%L & 7 B
TNVE Y AT E N4 2y v 7 — il
DI DNA O A BEOHMIR O EFRHATL
72o L22L. 2%V LoOMIIZ S 725 K H 27 vy
A% K&LTHE (~2e3 Fe ions/cm?), Nf A%
¥ & — i & B RS O Wi T DNA 6525 1.5 ~
2R COEIMIMEICAERE T L. #50%
OIS SN L FTHRA LT V7V v 2R WIS
FCHHEOLNVIET T F—ICHED F Lz T
IV A%ED - LEL T 5 LRI CIdE 0B
o THEMBO RS ZBIHML 325 N1 2
Uy — M TRARZEMIBIEINIEATL
720 1 GeV ®F3¥- (LET 0.24 keV/um) % BEL 72
MM T & [ UL oM OGS E L7z, Mgt
Mg & N4 25 5 —HilglZ BT 5 DNA 5 O FEpE
FIZIEEFR T2, RSO 77 =& 7 vz v A4
BB L ¥ 9, 4L 2¢ protons/cm? GHIIE 1 124
OB 2 vy 258 mL,. 7T h—I
#1 2e7 protons/cm?® L 1 1824 72 0 By 1~ 200 f#) F
THEFEg, INLOTF—Fa2kE3T5E&, LET &
TR AR TR ARV BT RE TN Ry v =2 7
FVREDPFEINL G0 ) T, INOH D
RiE 7 v > 2R G L 7o/l SR T T 4R
B OB A L 7 AR C o R o
BEH TR, N AT V¥ =3 7 FIVREDRER
ThorZ eramLET,

NN DM Hifg 2 HUEEIRE TR L T 5 b1
TlxdH ) A MEEOER M LML & MR
MOBREN AR XL > THER ST ETHN
X9 AL & BUHR L OMBELEHIZOWTHl
NBWRIER > EUET 572135 ) T [k (8) &%
DOLHICHFIH EN TV B Lk E SR o = RICIZHigH
ERAL AN R AV I A A Tt - N
HLIFFRIEEETT, TAxld, T VAT A Vi —
FREHWT, b MR (AG01522 i) &
hTERT A% bt b EE ML & O THREFFRIZE 5T
FHHR SN MBI > 7 F M BEER TS84 1y M
xR LE Lz, E5E000MBBICETFZ Y35
&L HRE SN o ZoES I £ 723 Rl o &
HHI2H MNIEKAT1.5 ~ 2 /58IN3 2% & wvw) g
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of either cell type. However, no significant
increase in MN is seen in bystander fibroblasts in
co-culture with irradiated keratinocytes. Data also
indicate that a 1.5-2-fold increase in the fraction of
cells expressing 53BP1 foci occurred in both cell
types when either cell type was irradiated. Thus,
these data support the idea that the occurrence
of bystander responses depends on cell type,
radiation quality and endpoint.

Importantly, studies of cell type interactions
need to be extended to 3D tissue models for
assessing radiation damage and mechanisms of
carcinogenesis development. 3D skin construct
models have been widely used in dermatology to
study carcinogenesis processes [e.g., (9-11)]. We
have undertaken studies using a 3D skin construct
model because it allows us to use the same cells as
in our 2D studies, with the fibroblasts growing in
a collagen gel and keratinocytes forming epithelial
layers on top at the air-liquid interface. X-ray
dose response data show that the % fibroblasts
(AGO) or keratinocytes positive for 53BP1 foci in
the 3D constructs increases with dose, although
more foci are seen in keratinocytes than in the
fibroblasts. With either cell type, the fraction of
cells with DNA damage in the 3D constructs is
considerably less than in cells irradiated in 2D
monolayers (e.g., 1 h after 0.1 and 2 Gy of X-rays
to AG01522 monolayers about 35 and 95 % of cells,
respectively, are positive for 53BP1 foci, while in
3D the damaged fraction is only 6 and 21 % at 0.1
and 2 Gy, respectively). Hence, the data support
the hypothesis that radiation response depends on

cell organization in 2D versus 3D.

Several years ago, the team at Columbia
University showed in very elegant experiments
using their particle beam to irradiate MatTek skin
constructs, that micronuclei and apoptosis occur in
unirradiated (bystander) cells at distances up to 1
mm from the irradiated cells (12). We have used
the alternative approach of cutting a construct into
two pieces, irradiating half of it, then immediately

adding back the unirradiated (bystander) half into
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O WHITAH BRI R T LA [ gk
K72 AGOIS22 MNEIZ 0.1 B X U2 Gy @ X # 2
FE1IEME CIZENZNR35% B X095 % DML
A353BP1 7 + —H A Bk (DSB % #:0/fa) T L 7275,
SWRICHEEE T VAINIIC 0.1 BX U2 Gy @ X #% R
L7234 0 53BP1 7 4+ — % A Bz = hZh
6%BLV21%ICTEFHATLEL ThHEDF—
ik, BFRATHIRE I RT3 O R & SIE2R0TIC
PEH L T A = RICIZs L Cw A2 & v
IR DE N L > TREL RS L W) IRFE
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AER, a2 v v €7 KR¥DOF — 41, MatTek B
JEREE 7OVIZRL 2 B3 2 L v ) FFFICT L7
Y M REBREITV, BAME2 5 RK 1 mm £ THE
N7z ON4 2% v & —) HC MN & 7R b —
VAWERSINDL I LRI LE L2 (12), FKA L,
BT V& 200280 BRI L 7=k & JE
W ONM 28 v 5 —) o5 %F CERIIRT LW
IBOTEE T L, IEHERRRIIC, WY > 7

the insert containing the irradiated construct half.
Subsequently, both halves were fixed, sectioned
and analyzed for effects. Preliminary data show
that 53BP1 foci could be quantified in fibroblasts
of both the irradiated and bystander 3D construct
halves at varying times after irradiation with
0.1 Gy of 1 GeV protons. In the irradiated half,
substantial DNA damage was seen 1 h after
irradiation, then decreased with time. In contrast,
the level of damage in the bystander half was low
at 1 h, but increased out to 48 h. The data show
that bystander signals can travel considerable
distances (on the order of mm), consistent with the

work of Belykov et al. (12).
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Charged particle tracks leave a legacy
of molecular changes that can have wide-spread
consequences on molecular pathways. With the
simultaneous rapid advances in gene expression
technologies, and the rapid developments in
the clinical radiobiology of particle beams, new
information is emerging regarding LET-dependent
molecular pathways. This presentation will briefly
review some of the intriguing conclusions that can
be drawn from our own cellular and tissue work
in vitro and in vivo, and the published work of
others. Despite the range of biological models and
tissues of origin, radiation types and doses, and
time-course of study after exposure, important
characteristic gene expression profiles have been
revealed that should guide much needed future
study.
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A?e A?e A?e A?e A?e A?e
1’ 2
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Poly(ADP-ribose)
glycohydrolase
(PARG)

Fig. 1. PolyADP-ribosylation reaction. Ade, adenine; R, ribose; P, phosphate; Nm, nicotinamide.
B 1:KYADP-URIIMERIG . Ade=7 7= R=UKR—-Z:P=U> B Nm=20F > 73k,

Poly(ADP-ribose) polymerase (PARP) A1) (ADP-V K — A ) &K E % (PARP) &,
catalyzes the poly(ADP-ribosylation) reaction B -NAD" ##8 & LTAHRY ADP- ) R Y M Le %
using f-NAD"as a substrate (Figs. 1 and 2).  fili#5 2% (K1, 2)o PARP 7 7 3 V) — O &AL,
Sixteen members of PARP family proteins are now HAE 16 fEMSM SN T WA, Parp-17 ESHlilL & <
known. Parp-17" ES cells and mice show increased v Z0E, y MRS & 7OV FOVALFALE I L T A
lethality against y-irradiation and alkylating A& 0 BIEIKZHEAIITTHEL TV 5, y BB FEE T
agents. After y-irradiation, Parp-17 mice &, Parp-17 <% A&, Parp-17" =97 212l L T
showed more severe villous atrophy of the small HEO/NGBREEGE R L. g ToisbEiio
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A. Auto-modification
DNA bindind domain domain

BRCT

Fl FIl_ NLS motif

Catalytic domain

984-
993

EN\ NN NN\

1 21-53 125-162 207-226 372
385

Regulatory domain
NLS NES

523 795 859 908 1014

476

Catalytic domain

126-134 421-446 734 838- 890 976

PARG  A/77//7X27/27227722/ZE\ N

844 871-
876

Fig. 2. Domain structure of human PARP-1 and PARG. A, PARP-1; B, PARG. The numbers indicate amino acid residues.
K 2:ERPARP-1 XU PARGOR X1 481, A, PARP-1;B, PARG, &3 73/ BEFREFER T,

intestine compared to Parp-1""" mice. A defect
in extramedullary hematopoiesis in the spleen
was observed, accompanying hemorrhage in the
tissues, such as glandular stomach and testes (Fig.
3). Parp-1""" mice show increased frequencies of
point-mutation and deletion-type mutation after
y -irradiation. In contrast, Parp-1~" mice showed
no increase in the frequency of deletion-type
mutation, whereas the frequency of point-mutation

+/+

was increased as in Parp-1 mice. Deletion-type
mutations are mainly caused by inaccurate repair
through non-homologous end-joining (NHE]). The
result thus suggests that Parp-1 deficiency blocks
NHE] repair after y-irradiation, which leads to
deletion mutation.

Poly(ADP-ribose) is mainly degraded
by poly(ADP-ribose) glycohydrolase (PARG) into
ADP-ribose (Figs.1 and 2). Parg™ mouse ES cells
showed increased lethality against treatment with
an alkylating agent and cisplatin. Sensitization to
y -irradiation was observed in Parg” mouse ES
cells. Therefore, inhibition of PARG may be useful

for sensitization to radiation therapy.
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KA S, B E R R & oMk T o M % -
TWw7z (M3)o Parp-177" <7 AT,y MBS
FURRAEF L RV GERB R OBEED E A L7z &
WARYIZ Parp-17 < A TlE, RERZEREROHE
3 R, HERE R OMEEX Parp-177 < A
ETBRIZHI L 720 RRTZEMRAETIL, FL LTI
M KR A (NHE]) IS X AAREMARBHEICE > T
FlE&lRZ 8N b, RIFFEOMFEIE. y MBHEEZ, K
PRI Z2IRAE % 3383 5 NHE] 15189 Parp-1 % K48
THIEIWCXYHESIND 220, RERIZEIRAE T
FRENGZVWZ EZRERL TV A,

A1) (ADP-VKR—=RZ) &, F£&LTKY (ADP-Y
A=) 7Y)ae Fas—+ (PARG) IZX > THfHEX
N, ADP-V R—R12% 5% (K1, 2)o Parg” <7 A
ESAHMIaIE, 7IVvF LAl & v A 75 F VLB R
% FACREZEDSHIIN U 720 Parg”™ = 7 A ES Mg T,
y BRI N OBICRERZ DTG SNz, Lizdso
T. PARG O EIZBHBBROMEICHHTH %
LEZEzbhs,

v -Irradiation

v
Myelosuppression

v _—
Lack of extramedullary

hematopoiesis
pi : Under Parp-1 deficiency

Hemorrhage in tissues

Fig. 3. A model for hemorrhage in tissues of Parp-17" mice after y-irradiation.
X 3: v EDParp-17" v I ZAH T3 BHREMDET I,
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In cells, DNA constantly suffers from
lesions due to exposure to reactive metabolites
and environmental agents. DNA lesions, if left
unrepaired, lead to adverse biological consequences
such as cell death and mutations. However, cells are
equipped with repair and tolerance mechanisms
to mitigate the genotoxic effect of DNA damage.
In the repair mechanism, damage is removed from
the DNA strand by nucleotide excision repair (NER)
or base excision repair (BER). When DNA damage
remains unrepaired, the replication fork is often
arrested when it runs into the site of damage.
Under these circumstances, damage tolerance
mechanisms such as translesion synthesis (TLS)
and homologous recombination (HR) play pivotal
roles in the restart of the stalled replication fork.
DNA-protein crosslinks (DPCs) are ubiquitous
DNA lesions. They are produced by physical
agents such as ionizing radiation and UV light
and by chemical agents such as aldehydes, heavy
metal ions, and a certain class of anticancer
drugs. Since crosslinked proteins (CLPs) are
extremely bulky, steric hindrance imposed by
CLPs would impede the progression of replication
and transcription machineries. Furthermore,
the steric hindrance of CLPs could hamper the
DNA-binding or assembly of repair proteins.
However, it has not been fully elucidated how
cells deal with DPCs and mitigate the genotoxic
effect. Here we analyzed the formation, genotoxic

effects, and repair of DPCs.
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ML O DNA 1k, OB E &RHEY L BB A
TRBESINTVD20, 77 232 7% < 85
AELTWD, RMEBO DNA 551, MFLIER 225k
EREVST-HEREYEEEZTIEREI T, Ll
M2 1E, DNA 8150 @ {nmtE 2 BT 5 720 0%
TEBERE B X OFFE RS D - TV 5 51 <1t
27 LA F FBRFEH (NER) 2R E1BHE (BER)
I2& ). $HEADNA 82 5HUY B b, DNA A
BHERBEOT IERL &, £ DA, BT+ —2
DHEFTH G TEILT 5, ZD LX) RRWTIX
D B2 A% (TLS) MMz (HR) Lvo
7oA A ) X Rk L 2B T+ — 7 O
LICEE %8 %137:F, DNA-Z V827 a R
v 7 (DPC) . EwH % DNAHEETH Y. EEEK
BHRRP SRR EOWMIIK TR, TV Tk R, EHE
BA A V. B 2HOYHEH % EALFIE T X ) FER
ENb, 7ax) oy Lizg v328 (CLP) 39EH
CEEWD, CLPIC & Rk EX, HRB IO
G REOMEATZ W 5. & 512, CLP ORI
%@9/n7§®DNA«®%a%ﬁ&LT%@%?
LR DH B, Ll Ml n k) rh=X
2 C DPC O#IE#HEZ BT 5 2oV TiEH471C
RIS TV, REFZETIZ. DPC DI, #ix
FlE, BXOBHEHIZOWTHE L7,

We assessed the formation of DPCs by
aldehydes and ionizing radiation. With aldehydes,
HeLa cells were incubated with formaldehyde
(FA), trans-2-pentenal (PEN), crotonaldehyde
(CRA), glutaraldehyde (GA), acrolein (ACR), and
chloroacetaldehdye (CAA), and cell survival was
analyzed by colony formation assays. The lethal
dose that gave 10% cell survival (LD;,) increased
in the order of CAA < ACR < GA < CRA <PEN <
FA. DNA was isolated from cells after treatment
with LD, concentrations. CLPs were labeled with
FITC and quantified by Western blotting using
anti-FITC antibodies. The results showed that
GA, PEN, and FA, but not CAA, ACR, and CRA,
induced significant amounts of chromosomal DPCs,
suggesting that cell killing by GA, PEN, and FA
is directly related to DPCs, whereas that by CAA,
ACR, and CRA likely involves DNA damage other
than DPCs. With ionizing radiation, transplanted
SCCVII tumors in the legs of C3H/He mice
were irradiated with X-rays under normoxic and
hypoxic conditions. DNA was isolated from tumor
cells, treated with FITC, and directly analyzed on
a fluorometer. Alternatively DNA was analyzed
by Western blotting using anti-FITC antibodies.
Both fluorescence and Western signals increased
with increasing doses. The signals were greater
with hypoxic tumors than with normoxic ones,
indicating the preferential formation of DPCs in
hypoxic tumor cells.

We have previously shown that both
NER and HR contribute to the repair of DPCs,
but differentially, in bacterial cells. NER removes
DPCs with CLPs smaller than 12-14 kDa, whereas
oversized DPCs are processed exclusively by
RecBCD-dependent HR. The study has rigorously
defined the size limit of bulky DNA lesions
amenable to bacterial NER, and provided insight
into how NER and HR are coordinated when cells
deal with unusually bulky DNA lesions. In the
present study, we asked whether NER and HR
were also involved in the repair and tolerance
of DPCs in mammalian cells. Chromosomal
DPCs were induced by FA that induces DPCs

in a relatively nonspecific manner or 5-aza-2’

T3, 7T LAY & BRI RICL S
DPC OB Bt L7z TV T FMEAWIZDO W T
%, HeLaflifgZ AV 27 V5 K (FA). trans-2-
~XY5F =)V (PEN), 7ua k7 L5t K (CRA).
FVENVTVTE R (GA), 77uL 4 ¥ (ACR),
BXozourt b7V Fe F (CAA) THRELL, 2
O = — IS X0 MR AR AR A R, MR A A
K 10% WA S8 5 HIHE (LDy) & CAA
< ACR < GA < CRA < PEN < FA ®JEIZH L
720 LD IEE CHEAMLEE L 7= Mfie 2> 5 7/ & DNA
Z 3 L, FITC T CLP % &% #%. Pt -FITC Hifk
FHW/IY 2 Ay v 7ay METCLP 2z E& L7,
GA. PEN., FA ZHELR7 / 15 DPC #F% L 72 H%
CAA.ACR.CRA TiZ DPC K IZED SN dh o720
ZOMFEN S, GA. PEN, FA OFERF1: DPC &
BB LTV SA, CAA. ACR. CRA O EIER)
F 121k, DPC LAk DNA $EE A5 L Tw % il i
PEASRIE S 7z, BEERUHRIC X 5 DPC I & Gt
T 57:%, C3H/He ¥~ ZADMIZHH L 72 SCCVII
JES % WIRE ST B X OMREE ST < X Mg
L7z MESHMAE S DNA % #ih#, FITC TR L,
HOLEERT TSI Lze X 512, BU-FITC Hifk
Wiz Ay 7ay N TH DNA 2450 L7z,
HOEBIUP Y Ay 7uy boY 7L, DI
M OB VIR U7z KERSR T CHAS L 72 fE 55
. CEBRETCHRE LG LT 7T udkE
v B ESM T OMES AL C DPC AR E R §
WZ EATRE N,

Trizoh gz, MEICHBIT S DPC LA
NER & HR 2B 5§ % 25, W& OB EIIEE WA
HbHZEEMRLM. NERIZ12-14 kDa & D /M & w
CLPZ2&tLDPCx#KEL., Thibh kX% DPCIiX
RecBCD ##F7& HRICX W MIL X %, = DA%
k. MIEICB W T NER 2961 T & % DNA 5o &
R A X2 R & & DHIT, EFITES W DNA
ABICH L. NER & HR2SED X 9 IZH# LT <
PRSI Lz, AR TR IRLEAIZ B W
T3 DPCALELIC NER & HR 21 0912 8 < 2 #ead
L7z JEMFRM % DPCHEEFTH 5 FA, B LU
DNA ¥ ¥ ¥ XA F VIR 2 B ICHi T 2 4
BEUEOEWDPCHERATH L 5-TH-2-TFF ¥
¥ F ¥V (azadC) THilEZ LI L 7/ & DPC % #5558
L72c NER ZIEMIBIE D% FA EKZE L AR S
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Fig. 1 Repair and damage tolerance mechanisms of DPCs in bacterial and mammalian cells.
1 AECHABMBEODPCIEE S IVBIEH TS

-deoxycytidine (azadC) that specifically traps DNA
cytosine methyltransfrerases. Although NER-
deficient cells were slightly sensitive to FA but
not azadC, SDS-PAGE analysis of CLPs revealed
that DPCs were not removed by NER. This was
consistent with the upper size limit of CLPs (<8-10
kDa) amenable to mammalian NER in vitro. Also,
chromosomal DPCs were not polyubiquitinated,
ruling out the possibility of NER coupled with the
proteasomal degradation of CLPs. Conversely,
HR-deficient cells were hypersensitive to both
FA and azadC. FA and azadC treatment induced
nuclear RAD5land y-H2AX foci, confirming the
role of HR in the tolerance of DPCs. Interestingly,
following FA and azadC treatments, HR-deficient
but not HR-proficient cells accumulated DSBs,
suggesting that replication forks stalled at DPCs
undergo breakage, initiating HR. These results
highlight the differential involvement of NER in the
repair of DPCs in bacterial and mammalian cells,
and demonstrate the versatile and conserved role

of HR in the tolerance of DPCs among species (Fig. 1).
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kDa) 2/hs8wZ bbb IFshiz, £/, ¥/ 4
DPCiERY) 2 FF b ENn$. NER2SCLP 7
077V — L0 HE L CWAWRERIITESh
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Bz ME R L72e FABXWazadC i3, RADS1 B &
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5, DPC HFAKMICBIT 2 HR OGP R I
720 BRIV Z LIZ.FA B X WM azadC WHIZB W T,
HR K4EMIN Tik DSB 25% 8 L7225, BpAE AL g ©
ZERE T, DPCEMCTEILEL72EE 7 + — 27 DY)
Wi & A L 72 HR BAGAHHE S /RIE S 7z, DL E o3,
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Examination of DNA double strand break induction and

repair following exposure to X-rays and heavy ions;

the influence of heterochromatin and damage complexity.
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DNA double strand breaks (DSBs) induced
by different forms of radiation can encompass
a range of complexities. Further, compaction of
DNA can range from less compacted euchromatic
DNA to highly compacted DNA found in
heterochromatin (HC DNA). Studies using pulse
field gel electrophoresis and other techniques have
shown that whilst approximately 80 % of the DSBs
induced by X or y-rays are rejoined with faster
kinetics, an approximately 20 % subset of DSBs
are rejoined more slowly. We have recently used
y -H2AX foci analysis as a highly sensitive method
to monitor DSB rejoining in GO/G1 phase cells and
observed similar fast and slow components of DSB
rejoining[1]. Importantly, we have shown that
the slow component of DSB repair has additional
genetic requirements the more rapidly repaired
DSBs and, most significantly, requires the signaling
kinase, ATM and the nuclease, Artemis. Initially,
we considered that the slow component of DSB
repair might represent a subset of more complex
DSBs generated by X or y-rays. However, an

analysis of damage complexity did not support that

FZHROBEHRIZ L - THIEE N A DNA ZARHY)
Wr (DSB) ICWXIEHICE R CHMLAL TG INZ
Fo DNA OBHEIRFED . FLEAYRE R 2 B4 L 72 5
IER B 0 DNA 205 BRI B L 7- SR et B
@ DNA (HC DNA) FTHATY, SVAT 4 —)b
R VESKE) 7% EOREE e » 5. X
Ry M X o THE L2 DSB OF 80 % 13 7 %2 7> 12 F
ALETA RO 20% 13w - < 0 LA
LT EbhroTwET, FAlTRKE, GO/G1 W
faTo DSB FifiG & MIKETE=Y —3 5 ke L
Ty -H2AX 7+ —% A4 [RFF:DSBELEOL A T
VEHEH2AX B F—FIlXoTY VB{LERT
) UBIEH2AX (p -H2AX) 1240 9, y -H2AX
MEHE LTSNS T TICREL o 283
U YERAC H2AX HUR TR L THef§ 2 & (A
Mgtk SvE ).y H2AX WO EOGHMEE T
TR ECBEINET, Zok%E 7+ =91 LIF)
9, y -H2AX 74 —H A ZELTHILI2LD,
DSB OfiE - HFAEZMD Z EMKT T, Hihkzr %
ZCOREMBIBEICLY, NOEAEOHFEE
Mg 2 e tikEd.] 2 E LTI L72Y
ATH, BAFHHATADSB LWL ) LS
5DSBO®HLH I EEMHRLELA (1], woL K h L
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model. Most importantly, we observed similar fast
and slow kinetics for the repair of DSBs induced
by neocarzinostatin, which are highly homogenous
DSBs. More recent findings have shown that the
DSBs repaired with slow kinetics represent those
located within regions of HC DNA. Collectively,
the findings suggest that HC poses a barrier to
DSB repair, which is relieved by ATM signaling.
Furthermore, our findings provide strong evidence
that ATM is dispensable for the repair of X-ray
induced DSBs located within euchromatic DNA in
G0/G1 phase.

ATM signaling involves an orchestrated
assembly of proteins at the DSB site. The Mrell-
Rad50-NBS1 (MRN) complex represents the
initial damage sensor and recruits ATM via its
interaction with the C-terminus of NBS1. H2ZAX
is an early substrate of ATM and phosphorylated
H2AX (y-H2AX) recruits the mediator protein,
MDC1, to the DSB site. An interaction between
MDC1 and MRN provides a second process that
enhances MRN levels at the DSB. Subsequently,
two ubiquitin ligases, RNF 8 and RNF 168, which
primarily ubiquitylate H2 A in the DSB vicinity, are
recruited. This in turn facilitates the recruitment
of 53BP1[2]. Recent studies have shown that
the BRCT domains of 53BP1 interact with MRN,
providing a further process that enhances MRN
levels at the DSB[3]. Since MRN interacts with
ATM, these waves of recruiting MRN serve to
enhance the level of activated ATM at the DSB[4].
Strikingly, our recent findings have shown that
53BP1 is required for the visualization of ATM foci
at the DSB, suggesting that 53BP1 plays a critical
role in enhancing ATM levels at a DSB.
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DSB #5159 % #1213 5 < DSB 215159 % #éf &
D% OBIETELEE L, By 7P VnEs - —
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DFREIZBVTEH, BN EBEVRIEDH B Z &
W) F L72e TOBROMETIE, BVWLIZL -
THBHEE NS DSB &, HC DNA OFISHNIAIE T 5
bOTHHI b F L. TNOOMAERE
95E, HCADSBBEDOIITE BTN E, 2D
WiFiE ATM ¥ 7 F VEEIC X > Thah b 2 &8
bhroTE T L7 E51CHkA . GO/GlL M EIE
Jeft B DNA OHICAZE T 5 X M % DSB OEHIC
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ATM ¥ 7 F EETIE. DSBIALIZ BT 51518
A OMBEN 2 Bt 5L E T3 Mrell-Rad50-
NBS1(MRN) #1413, 1815 % I EA$ 5 & o —
THY. NBS1 D C K& OHEEH %4 L TATM
ZEHLE 4, H2AX 3RBIEBETO ATM O 3EH
THY. y -HZAX BUSEMPAT B X T4 Z— 5 —
HHE MDC1 # DSBH#ZICEIHE L £ 3, MDC1 &
MRN OMEAERIC X 55 2 71+ 25 DSB &4
TOMRN LX)V %E FEAHIEET, 0%, F&L
TDSBEED H2A 2L XF VLT oBXDdh 5
2HDIYFF 1) 4 — ¥ RNF8 & RNF168 »3)
BE¥NFd, ShHP4EIE53BP1 08 H # e L
F [2]. WEDOMFFETIE, 53BP1 ® BRCT K A 4 ~
AMRN EMHEEH L, £ 512DSB TH MRN LR
Ve EAIEL 702 LTEHZERHESN
F L7z [3]c MRN & ATM EHITEAEH S 5720, 2
NS OPIRM 2 MRN B H (£ DSB 12 81 5 i1
ATMDO LRV ED LI LR ) 9 [4]. &,
F 413, DSBTOATM 7 + —H 4 2 H4LdT %72
DIZIX53BP1I DL ETH D L W) EELEAEZ L &
L7ze ThH0MEIIZ 53BP1 X DSB TO ATM
LARVD FACERELREEHEZHEH LTS Z L E2RE
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Interestingly, although ATM is essential
for Chk 2 phosphorylation following radiation
exposure and for radiation induced G2 /M
checkpoint arrest, the phosphorylation of a range
of ATM substrates is only slightly reduced in
cells lacking the mediator proteins and G2/M
checkpoint arrest occurs normally except at very
low doses[5]. Thus, the mediator proteins have
been described as amplifying ATM signaling
rather than being essential for it. Given this
modest role of ATM signaling proteins in ATM
phosphorylation events, we were surprised to find
that all the ATM signaling proteins described
above are required for ATM-dependent DSB repair
and all have defects identical to and epistatic with
that observed in ATM defective cells [1,4]. Thus,
y —~H2AX, RNF 8, RNF 168, the MRN complex and
53BP1 are required for HC DSB repair.

It was previously shown that KAP1,
a heterochromatin building factor, is an ATM
substrate with a single phosphorylation site (S824)[6].
Significantly, knockdown of KAP1 relieves the
requirement for ATM for DSB repair as does
expression of the phosphomimic mutation (S824D
whilst ablation of the phosphorylation site (S24A)
confers an AT like DSB repair defect even in the
presence of ATM[7]. Thus, we conclude that ATM
impacts upon repair of heterochromatic DSBs
via its phosphorylation of KAP1. We also found
that KAP1 is phosphorylated in a pan-nuclear
manner at early times after IR but additionally
we observed defined foci that, although formed
at early times post IR, only become evident as
defined foci at later times[4]. Significantly, 53BP1
and the other mediator proteins are required for
p-KAP1 foci but are dispensable for pan-nuclear
p-KAP1. Based on these findings, we propose
that the repair of DSBs at HC regions requires
concentrated, localized p- KAP1 at the DSB site,
which is visualized as defined p-KAP1 foci. This
process requires the tethering of ATM at the
DSB site to allow ATM to effect a high level of
KAP1 phosphorylation. p-KAP1 appears to be
rapidly dephosphorylated, raising the possibility

that the maintenance of p-KAP1 requires ongoing

BUIRZR C &, BURBRIRS S 72 @ Chk2 ©
) Vb L. BUNRAEE G2/ M F = v 2 BA v ME
IEIZIE ATM 2540 R T2 AT 4 T — ¥ — &[]
HERELTH—HOATMEZE D) Y BILIZIZA
ObFPLMETFTET, TEVBEEEZBRTIE, IE
WIZG2/MF =y 7 KA v MEEAEZ Y 3 (5],
ZFDI2H, AT 4T —F—EHEIZATM ¥ 7 F N
FEICANREV) LD, ZhadiEssdboThs
EEZAFETo ATM ¥ FFIURERAE DS ATM ) ~
BALHZ BT A F—RE L2V
D, ATM F# 1D DSB B2 L2 X To ATM
VT IVEEREAESLETHLI L, FLTIR
TIZ ATM RIEML E [ U REAH . ATM RIEM
AP TRZENSOEAEIIH TR W 2 5ER
LELZA, INH60FRFEFHLIZE > THENE
boTL[1,4], 2D X HIZ. HC DSB OEHEICIE.
y —H2AX., RNF8, RNF168. MRN &1k, B &
U'53BPL B ETHAHEFTZE T

B ERIEN T KAPL 25, H—0 Y Y BALH
fi (S824) #¥> ATM B TH 5 Z L1373 TITHkdy
ENTVELZ[6]l TOTLERTEELRFIFEL
Tid. KAP1 %/ v 2 ¥ »$5& DSBBEIIBY
2 ATM A%< %) £, FAKFI I v 7Kk
2N (S824D) (GR#IE: 824 DT I /W) V% 7T
AT F LRI L 72ME) TH RIS ATM 23E
ALY, ) VBRI OBRZ (S24A) 13 ATM
DIFAETFTTH AT IS/ DSBIBEXEZ L2552
ETY (7)o 20720 F 413, ATM A KAPL %) »
WBALs 5 2 &A% REGEMLHEIZH S DSB OBHEITE
BERITTERBLE L, k23, EEERS
KRB AL RIS D72 5 KAPL A% VR L %
N, MACHER 74— A ZBELE L, VY
B b KAP 1 I EHEH S S R IR S E§
M. —EDOREEE LD THIER 7 + —H 4
ELTBIEENELDTL2 4], 53BP1 & ZDfho
AF 4T —%—HEHAEIE p-KAPL 7 4 —F L I2Bw
TRLHETTH, Betkicbzs p-KAPLIZBWT
FLEThhofcb ) EBRERLAIRE/HRT Lz,
NHDOHBIZHES X, 4 1x, HC #HIHTD DSB ®
B2, DSB BB R AE - e L. IR 7 + —
WAL LBIEEINS pKAPIPVLETHLLEE AT
Fo 2O 7T ATIE.DSBEMLIC ATM 2B X 1ko,
ATMIZE LX)V ®O KAPL ) YEibziibeE b 2 &
BUETT, p-KAPL X, B V(LT 5L
Aoz 7-o, pKAP1 ##fiFi 9 57291213, DSB
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ATM activity at the DSB. This is achieved by
tethering ATM at the DSB, a process which
requires the mediator proteins including the
downstream component of the assembly process,
53BP1. Interestingly, the HC DSBs are repaired
with slow kinetics even in control cells, where
ATM signaling takes place, suggesting that ATM
overcomes but does not eliminate the impact of the

heterochromatic superstructure on DSB repair.

Several studies have shown that DSBs
generated by heavy ion irradiation are repaired
with slow kinetics compared to X or y -ray induced
DSBs. We have recently substantiated this using
y H2 AX foci analysis to monitor DSB repair
after carbon and iron ion irradiation. Preliminary
experiments suggest that there may be a greater
requirement for ATM and Artemis for the repair
of heavy ion induced DSBs compared to X-or y -
ray induced DSBs. We are currently investigating
the possibility that the genetic requirements for
the repair of complex DSBs may include proteins
that either regulate or are directly required for

end processing, such as Artemis, CtIP or Mrell.
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Photo 1. Photographer from “JCN Chiba” appeared in the conference room to take photographs
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1.Introduction

In November 2008, International Open
Laboratory was established at National Institute
of Radiological Sciences (NIRS) in order to perform
the world's most advanced research in the field
of radiation science. At the end of this fiscal year,
the second 5-year plan of NIRS will be completed,
and the first-stage project of International Open
Laboratory will also end tentatively. Although
it has been only a little more than one and a half
year since the establishment of International Open

Laboratory, some excellent outcomes that will lead

1.1&C®IC

TRCE R 2 43 B B L T HE R IR S IR OB 5E & 4T 9
&2 HBIZL T 2008 4F 11 HCHENN I [ ER A —
TyIRT M) =] PRI E L, RIEEITK
EERF O TR 25 T35 2 L2k ->THED,
A =70 5RKT M) —0f T HHEEDL oo
TeRDET, EBEA—T V5K Y —2B%S
NThbIN1EEL L2 L2REHELTBY THAD
RO E2TIES LOEREOEOAEH S
TBHET, TENLOREIIONT, EHNNADLL B
A& L7211 A0FEXRRWTEE (1) »oiHiiziro
TW7272 2% HIC.6 A 11-12 HISHIEWFC
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Dr. Tom K. Hei
(Professor, Radiation Oncology & Environmental Health Sciences, Columbia University Medical Center, USA)
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(Associate Professor, Department of Radiation Oncology, Massachusetts General Hospital/Harvard Medical School, USA)
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Program of Outcome-Reporting (FiRE¥X 7057 L)

Dr. Hiroshi Ide

(Professor, Department of Mathematical and Life Sciences, Graduate School of Science, Hiroshima University, Hiroshima)

HE & (EBERZAFR-EFARR-BIF)
Dr. Penelope A. Jegsgo

(Professor, Genome Damage and Stability Centre, University of Sussex, UK)
Dr. Penelope A. Jeggo (EE Yty I AKE-7 /) LBE REEMA L 2—HiF)

Dr. Tatsuaki Kanai

(Professor Department of Heavy lon Medicine, Heavy lon Medical Research Center, Gunma University)
@H FHEFBAR BENTREZMA L 2— BN FREFZIBF-HIT)

Dr. Mitsuko Masutani

(Chief, Biochemical Division, National Cancer center Research Institute, Tokyo)

#®A EBF (BALPARR L Z—EEEH-BR)
Dr. Peter O’Neill

(Professor, Gray Institute for Radiation Oncology and Biology, University of Oxford, UK)
Dr. Peter O'Neill (EE-#v I A T7+—RNKZ GrayRHRIESF - £ FAFRT- HIT)

Dr. Guenther Reitz

(Chief, Radiation Biology, Aerospace Medicine, German Aerospace Center,Germany)
Dr. Guenther Reitz (R YMZEFEHE2— MEFHEES MEHREYMFIH-BR)

to impressive future research have been achieved.
For the purpose to assess those outcomes, NIRS
invited 11 distinguished scientists (Table 1) from
domestic and foreign research organizations, and
held a “NIRS International Symposium on Radiation
Life Sciences” on June 11th and 12th.

At this symposium, the research outcomes
of two President Grant's Creative Researches, which
are expected to become the future main researches
of NIRS, were also reviewed and assessed. On
the afternoon of the 12th, the 11 invited scientists

presented lectures in a wide range of fields from the

MmEHERIZ  Radiological Sciences/S. Ban,Vol.53 N0.8:9(79-90) 2010

SRR IS 2 IR ERE > R Ty A ] %
BELE L7z AV UVRYYLATE, [HBY -7
FRT M) —ORERE] T T, RENORE
DI L 25 2 LM I TS [HEEE
AR AR IIEZE 2 BRE OB | 12O W TR
flib4irhbNnF Lz 12 HFRIZIE, ¥ RIT A
B E L7211 HOBELBRFEE T X o TFHIBGHH
DRED S B OWEFN - EWFHEED T
L XV CTOENT 5 IR ISR SRR W5
B o A LCIHE E L

1. International Open Laboratory Session

(BBA—7>ZHRSN)—tva)

8:30-10:30 ~ Farticle Therapy Model Research Unit (Chair: Masami Torikosh)
MFHGAETETIRIZ=VN (BR B EC)
Anders Brahme (Karolinska Inst.), Takeshi Murakami (NIRS) et al
Anders Brahme (AOUYAHMFER), L & (KERH) S

10:30-10:45  Break ({k&)

10:45.12:45 _Particle Radiation Moleoular Biology Unit (Ghair: Yoshiva Shimada)
NFRIFEYMEI—_vS (BER EH )
Penelope A. Jeggo (Univ. Sussex), Ryuichi Okayasu (NIRS) et al
Penelope A. Jeggo (PLv AKXE), AR B— (REM S

12:45-13:45 Lunch(BR)

13:45-15:45 Space Radiation Research Unit (Chair: Mitsuru Nenoi)

FEESHRMEI=VN (B RHF F)

Tom K. Hei (Columbia Univ.), Yukio Uchihori (NIRS) et al

Tom K. Hei (AOYE7XE), AR =X (KEM S

15:45-16:00  Break (k&)

2. NIRS President Grant’s Creative Scientific Research Session (Chair:Kazuo Sakai)
BERFERE ARMMEEY 3> (BR: BH—X)

16:00-16:45 Development of component technologies and a prototype for the OpenPET .

Taiga Yamaya (NIRS)

OpenPETD7 DM KM EREDFF
L& ' (KE)

16:45.17:30  Research toward cancer diagnosis and therapy targeting “strategic hypoxia” in cancer stem cells.

Takako Furukawa (NIRS)

DADBEE BRI _EOEBRRRICHDDAFMRME

H#)l &F (HE

dosimetry of space radiation to the medical-physical
approach in heavy-ion therapy, and the biological
effects of high LET radiation at molecular, cellular

and tissue levels.

2.Presentation of research findings
On Day 1, the research progress and
findings were reported by the members of three
units (Therapy Model Research Unit, Particle
Radiation Molecular Biology Unit, and Space
Radiation Research Unit) of International Open

Laboratory, and of two President Grant's Creative

2 MABMRDHEE

E1IAHE, BBt —7Y5K5 ) —032=y
b R FRREHRET VIR L= b R85 TE
W=y b, FEHEESHRIEL= v ) LHFER
HERREA R IIZE 2 HEO R R MG 2xH ) £ L7
(£2)o WTNOWEIZLRBEROT—INEETNT
WhHEWH ZET, EREEDP LRSI NIERE
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Photo 2. The assessment committee discussing how the assessment should be performed, prior to the

research assessment

BER2MRFHEICEILI-T FHEDH) FEIT5EDE2FHEER

Researches((Table 2). Because unpublished data
were included in all reports, an information packet
containing the data provided by each presenter was
distributed only to the 11 reviewers, the president,
and a few people including the administration
officer. Therefore, the contents of each report will
not be introduced in this article. Each speaker
had sufficiently prepared and practiced for the
presentation. In fact, they seemed well pleased and

satisfied in their own presentation (Photo 1).

3. Research assessment
3-1. Rapid assessment

On Day 2, the research findings presented
on the previous day was assessed by the assessment
committee from 8:30 to 11:00 (Photo 2). It seemed
that the policy for the assessment was to fairly
assess the most important points of each research
issue and give advice on how to continue to make
progress in each field of research in the future
regarding issues in which the goals were not
reached. Of course, serious criticisms were heard
regarding a small part of the various research issues.

The brief assessment results on each
research program were reported in an open session

from 11:00 a.m.. At this time, high marks were

MmEHERIZ  Radiological Sciences/S. Ban,Vol.53 N0.8:9(79-90) 2010

HOERET I ZOMERE L HER, HELH
DETLHOBRONT-HIZLPEASNELATL
720 L72h55 Ty HWEMEONFEICOVTAGET
MATHIELEABLIEICLET, Ebdh, &
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3-1. AR EGEA
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(BHE2), FMicH 72> TORED ST, HHI5EE
BOBN-H 2 A FIEHE L, BECEREL TN
HEIZOWTIR SO EDOHMDFHIZT 74 A%
5 AL)ICRZIONFE L DBAADT LT
TAL KR O T —EBOBFIEIT DV TE LV HEH)
bIERTWE L7,

11D SIEABOE T, SR EEICO W TOR
MAE 21N T Lze TORIZIZW T NOMFZER
O MREWIHMIZ S 2 5 FE L (BHE3),

T

G

given to all research programs on the whole (Photo 3).

3-2. Final assessment

The final assessment was performed on a
4-grade scale of S (excellent), A (good), B (average),
and C (poor) regarding (1) overall research, (2)
originality of research, (3) rationale and certainty
of research planning, (4) quality and quantity of
outcome, (5) social influence, and (6) other factors
(leadership of the principal investigator, etc.) in the
research programs. The five research programs
subjected to this assessment are intended to aim
toward the world’s most advanced research in
NIRS, and therefore only programs that are given
an S mark are acceptable.

The final assessment results were sent to
NIRS in writing by an assessment leader of each
program. As expected, a very fair assessment was
performed. In this assessment, not all five programs
received an S mark unfortunately, but very positive
and specific advice on how to proceed in the future
was given to all of the research programs.

The final assessment results will be

released soon.

4. Scientific lecture session

On the afternoon of Day 2, lectures were
presented by the 11 invited distinguished reviewers.

When we obtained the lecture titles
from 11 speakers before the Symposium, we felt
a serious difficulty in arranging the program
because the titles included a very broad range of
fields from the space radiation dosimetry to the
DSB (DNA double-strand break) repair. We read
their abstracts and arranged the program so that
it would flow from “high LET radiation (space

radiation, therapeutic radiation)” to “their effects

3-2. Iek& S

A L. BRFZERLE I oW T (1) BFZE 4R,
(2) WEFE oM, (3) WEFEETH O % Ytk & ffE F2 1k,
4) BREOR LY, 6) AW, (6) Z M3
HEHED)—F—2 v 7 %) 220 T, S (#FH).
A(R). BCEFH), CORR) @ 4 BREFiliz LTz
P& FE L7z S HEHE 2 20 72 5 WFFe iR i =S
BOTHRREHOMEZHIELTWEZ LD,
SFHIiD AL EREE AR S E T,

B R O B AT 2 & fie e FPAM A 5 AL TR B
WKELNTRTVUIE T, STALVI 2, FEFIA
WRFHEA R SN TVE Lz, SHNd. BRakR5,
5ETRTCICSHHili#THS S &I TEFHATL
A TRTOMEREIC OV T DS HROTEDED TT
WZOWTIEF TR & Th O BRN RS ST
Wik L7z,

RAEMT A BTV BICAR SN DL Z LICh -
TwET,

Photo 3. Open session for reporting the brief assessment
BRI AROEKXTITbhFHiSHRES

4 FMBES

2 HHDOF %25 3R L7211 4oE/IREC
B TbIE L7z,

FARH D O RUNIHEG & W72 & X2, T
BHRRNSE A 5 DSB (DNA “ASUINT) BHEICES T
TOHENILAHELRDEFICboTW201l, 7
077 AEREE) LEIPEMATLEVE LT,
Wk i T CIHE, [7 LET BgHR (Fai .
WG 1 TR L NV ToRE] [HTF LN
VTORE HELBE) ] oRhlibLHic7a
TILEMmELE L (£3), —2ORYT, DT
PEHTHONLHEHEE LTkdH T I IRH RS
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Program of Scientific Meeting (Eii#ES 7075 L)

Session 1 Space Radiation (Chair: M. Kusakabe)
FHRGHR (BR BTH EF)

Radiation dose assessments in space missions. Guenther Reitz (German Aerospace Center)

FHEARGBEICETD2FERFRBRERNE Guenther Reitz (M YMZEFEE>X—)

Radiation Environment on the moon. Nobuyuki Hasebe (Waseda University)

REOKSHRRE. RAH BT (FHWEAKXH)

Session 2  Radiation Physics (Chair: K. Noda)
MatiRYE (EREEBE)

How to irradiate target volume with carbon beams using passive and scanning irradiation systems.
Tatsuaki Kanai (Gunma University)

REMEBBEE—TYNMIBEHTSE -AE—LEEBEE-LTORS— £H EH EHELP)

Optimal use of light ions for radiation therapy. Anders Brahme (Karolinska Institute)

MEHRARICRBIL LB A ARMER DS, Anders Brahme (H0OU> AHAZRT)

Session 3  Cellular Responses (Chair: M. Akashi)
s (ERHBAA EE)

Genomic instability in non-targeted mammalian cells. Tom K. Hei (Columbia University Medical Center)

FERHEILRMBICH I D7/ LFREYE Tom K. Hei (AAYVETARZERZEE—)

Effects of low doses of energetic particles in cells and a tissue model.
Kathryn D. Held (Harvard Medical School)

HMRABIOEBET VATOERENFROEMR Kathryn D. Held (\—"J7—RFERX)

Session 4  Molecular Responses (Chair: Y. Fujibayashi)
ATFRE (BR BEM B’A)

LET-dependent molecular pathways. Eleanor A. Blakely (Lawrence Berkeley Natl. Lab.)

LETIIRET DD FI I FIVEERKE Eleanor A. Blakely (A—L>YA N—2LA EIIMER)

The role of polyADP-ribosylation reaction in response to ionizing radiation.
Mitsuko Masutani (National Cancer Research Center.)

AT MCEEHEANDISEICHE T HRIADP-URIIMERIEDEE] #FA EHF (AuLPAMEEEZ—)

Genotoxic effects and repair of DNA-protein crosslink damage. Hiroshi lde (Hiroshima University)

DNA-&>NIBEIVARAIVVRBOBEEEECEE. HE B (BBEXH)

Session 5 DSB and its Repair (Chair: T. Kamada)
DNAZASHEIMTEZDERE (BR: $HEH )

The complexity of radiation-induced double strand breaks - challenge for repair.
Peter O'Neill, (University of Oxford)

REHRBHE AR OEHS - BEICEITT. Peter O'Neill, (FvIAT5—NKX%)

Examination of DNA double strand break induction and repair following exposure to heavy ions.
Penelope A. Jeggo (University of Sussex)

XBELOEA AV BEEDODNAZKHEYEEZDER RELBELBEOEHIITDOVTOME
Penelope A. Jeggo (v IAKZ)
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at the cellular and molecular levels” to “radiation-
induced DNA damage and its repair” (Table 3).
Although the findings in a very wide range of fields
were presented in a lecture session held at one
venue in only a half day, the participants were very
interested in all lectures. Some heated discussions
were also took place. This session was very
successful (Photos 4, 5), because of the following
three reasons: (1) all of the researchers were also
good speakers; (2) the keywords were radiation
and life, which were familiar to the audience, (3)
because one lecture was limited only within 20
minutes, all presentations focused on important and
essential data.

Space exploration missions conducted
in a large international cooperative system have
achieved excellent findings which are occasionally
announced worldwide as big news. Among such
space exploration mission, securing the safety of
astronauts from radaitions is surely one of the
most important issues. Dr. Reitz introduced the
MATROSHKA experiment for measuring the
radiation dose and its distribution within internal
organs using humanoid phantoms attached to
International Space Station. This experiment was
achieved by international cooperation between
20 institutions from 11 countries, and particularly
produced very important data for the calculation
and estimation of the risk of high LET radiation.

Dr. Hasebe reported his findings on the
“radiation environment on the moon surface” which
is intended to protect workers who carry out
long-term tasks on the moon surface. Because the
atmosphere is very thin and the magnetic field is
very small on the moon surface, meteors come at
high speed and high-energy charged particles are
constantly falling on it. It is believed that in the
near future, humankind will stay to work for a long
period of time on the moon surface. We were very
impressed that the research regarding radiation
protection on the moon surface has already
produced significant findings.

Dr. Brahme reported the possibility of light
ions as an effective means for optimizing therapy

through a systematic biology. For example, he

Photo 4. Scene of a heated discussion
BERAERAHRAR
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ENF L7z AR, 11 4 [ 20 Mgk i o EEs i
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9 FEH I MEE R BB S Tw FE 3, TR,
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Photo 5. The conference room was almost full until the last lecture on Day 2 (Saturday)
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suggested that carbon and oxygen ions might be
effective for a large tumor mass, but lithium ions,
for a small hypoxic tumor, and protons and light
ions such as helium ions, for a microscopically
invasive tumor.

Dr. Kanai introduced the passive irradiation
method and a fast scanning system for the carbon
beam developed at NIRS as irradiation methods
optimizing to the size and shape of a tumor in the
body.

It has been clarified that the radiation
effects include a “bystander effect” which appears
in non-targetted cells adjacent to target cells,
besides a “direct effect” in which damage is
directly induced in DNA when radiation transmits
through the DNA, and an “indirect effect” in which
damage is caused to DNA by radical molecules
or reactive oxygen species, etc. generated from
H,0 and O, molecules excited by radiations. The
mechanism of bystander effect is still not precisely
known. It has been clarified that DSB can be
induced in bystander cells and that the unstable-
type chromosome aberrations are observed
in descendant cells after many cell division of
bystander cells (it was believed that the unstable-

type chromosome aberrations such as acentric

MmEHERIZ  Radiological Sciences/S. Ban,Vol.53 N0.8:9(79-90) 2010

NOTFELE LT, BA F VBPAEMTH LM%
UoHhE L7z BlziE, K& RIEEIICIRERD %
WITEREMBAE R TH 505 KBEBICH LS %
JEB X)) F 7 A A4+ UERITH D MNP ES
IR THD 5 IEAY 7 A4 F VEHEOREA T L
A ThHrbILemsng Lz,

SR BERNOEROKE S - BIZ&HLE
TeBRE L LT MEMFCHB SN RE — A
HAHE & B — 2B ERGE I W TR S L7z,

BUNFEOVERINZIE, B2 DNA 2 &89 5 RIS
DNA ISR G 2 FE 3 2 HHEIEH & B
HRGFRBRFTTHEZE L THREST LT U H Vo
T& 5 WCIIIEVERE RS DNA (iR 2 7 &k 5
CHEEVER DA, BRI T 5 O JEHE SR & T
WOTERDRBING EE ) " NA R V¥ —{EH" D
HHZEDPWHLPIEoTHET, N RAF V¥ —1E
ORI BIEMHER A= A LZEEAHTT, N[ 2
¥ v —MICDSBASSER I N Z L L, NS RY
7 — M M A S ORI R % #7201 Al
D ARG R IE (B % & & v et iRy
Ay BRRGRSEC. @E IS OREIE 2 81 H o
UG R DBIIEEN W EEZ SN TW2) PEIES
NEZEDBHALPIZHY, N AY VT —VERABDBA
VAZIZH#MT 5EEZE26N5 L)1 h>TwET,

Hei Wit13, BSRSN35I L 2
ShMolzMiE O 2% 7 —Hilg) ([CHESNS

fragment and ring chromosome etc. did not usually
appear after the second cell division), and it is now
believed that the bystander effect is related to the
cancer risk.

Dr. Hei stated that it was very important,
in terms of assessing the cancer risk of radiation,
to investigate the bystander effect induced in non-
targetted cells (bystander cells) that were existed in the
radiation field, but not directly exposed to a radiation.

Based on the reports of Dr. Reitz, Dr.
Hasebe, Dr. Brahme, and Dr. Kanai, it is indicated
that in a space radiation environment or therapeutic
irradiation field, there are many cells that are not
directly exposed within a human body. In other
words, situations of exposure to not only natural
radiation but also space radiation and artificial
radiation have been substantially clarified, and it is
believed that the necessity of understanding the
bystander effect has been increasing in order to
properly and correctly assess radiation risk.

Radiation induces various kinds of genetic
damage depending on the radiation quality
and radiation dose (Dr. Blakely). But, all living
organisms have some mechanisms to repair the
radiation damages (Dr. Ide, Dr. Masutani). Dr.
Masutani suggested a possibility that an inhibitor of
key enzyme in the repair system may be useful in
radiation therapy as a radiation sensitizer.

It is well known that because DNA is
associated with many proteins including histone,
“DNA-protein cross-link (DPC)” is induced by
genotoxic agents. Dr. Ide showed that the nucleotide
excision repair (NER) and the homologous
recombination (HR) contribute to repair DPC in
bacteria, and HR, in mammalian cells.

DSB is considered as one of the causes
of mutation or cancer other than cell death,
and therefore a large amount of research has
been conducted on DSB. Because DSB causes
lethal damage to cells, such cells have an ability
to somehow rejoin the broken ends of DSB.
Representative rejoining mechanisms are HR and
NHE]J (nonhomologous end joining). Moreover,
it has been clarified that there are rapidly and
slowly rejoined DSBs. Dr. O'Neill and Dr. Jeggo

—M1HE —
"kt 5% HEDKEF -

e HES

T¥ . w2337 4 21%

Figure1: Number of participants by organization
X1 :#BRISE A

ARG = %RRRD Z LTS ONAY
A2 %GNS A ETHROTEETHL I L 2HRRS
nx L7,

Reitz W18 L O EH#HE L. Brahme 1. 48
HLoOMED S, FHUHBIRERTE D 5 W I3HE B
FRIRETCId. AR CEIEICHIE < 3 5 Ml A3
BLZVWHIIELZ DL EIREEINTET, T4b
By HIABERO 3 7% & 3 st s & OV L
BUCHEIR T 2 IRMIDN R VIS NI R > TETBED,
AR ) A 7 G-l 24T ECoNA A8 v —{EH &
RS L LEEPEA T T > Tnd EBbET,

BT, HUEHRIIRE - BRI T A kA OEIRI
W ZFREL T35 (Blakely Ht:), ¥XTo4Y
AR 2 5155 % 720 DD H OB % fifi 2.
TWES Rt et mamti, BE
R D B BEFOM X % BHLE T 2 W TG &
ELTHBICAEME LW H D L 2RIEL
F L7

DNAICIZ A M Y ZUDEL DT VIR0 EDHEA
TWaOT, #HMERFICBRE L EC [DNA- 7~
N ruRY) v (DPC) s n5bZ LIkl
SHIZSHONTWE Lz, HELEE, N2 70U 7
T DPC BT IER B 24518 (NER) & AHIAIHL
Az (HR) A% WiFLEGHIE Tl HR 28w T 5
ZEERENE L7

DSB (B 5 DI 22 R S O TR L o JE A
D—DLEZLENTWAZDIZ, DSBIZDOWTIEIE
WIZE L DR RSN TwE T, DSB3MEc & -
TIEWICHIEM 2185 % o T, HillZiE DSB oY)k
Iz pRNTLE ) (FRG) Do T

MEHERIZ  Radiological Sciences/S. Ban,Vol.53 N0.8:9(79-90) 2010

S90UBI0S 8417 UOIIBIPEY UO WNISOdWAS [BUOIBUISIU| SHIN : Alejuawiwon

87



o B T S HF S

D ONSE R S

88

both reported the mechanism with which DSB
slowly rejoins, but the conclusions of two reports
seem different. Unfortunately, Dr. O'Neill did not
permit us to print his abstract in this journal, but
he reported that the rejoining of complicated DSB
(complex DSB) requirs sufficient time.

Dr. O'Neill obtained the following two interesting
findings: (1) an “excision enzyme” (Artemis takes
place here) cannot process the broken ends of
complicated DSB, and therefore it is difficult for
broken ends to anneal each other ; and (2) the
DNA-PKcs-deficient cells can rejoin DSB within
four hours after irradiation, but DNA-PKcs is
necessary in a process of slow rejoining. Based on
these findings, Dr. O'Neill suggested that NHE]
had two pathways, and it is adjusted within a cell
so that the pathway of slow rejoining was involved
in the repair of complicated DSB.

Neocarzinostatin induces nearly
homogeneous DSB. Dr. Jeggo observed that
neocarzinostatin induced DSBs which were quickly
or slowly rejoined. From these findings, she
concluded that the speed of DSB rejoining might
not be associated with the complexity of DSB. On
that basis, she reported that the rejoining of DSB
induced in heterochromatin DNA (HC DNA) was
slower than that induced in euchromatin DNA (EC
DNA). It seems that in order to repair DSB in HC
DNA, it is necessary for ATM to phosphorylate a
heterogeneous chromatin formation factor KAP1 in
the presence of some mediator proteins including
53BP1. The KAP1 phosphorylation is the cause of “slow
rejoining.” Dr. Jeggo reported that for rejoining of
DSB in HC DNA, it was necessary to process the
broken ends of DSB by enzymes such as Artemis,
CtIP, and Mrell in order to facilitate annealing.

Regarding the NHE] mechanism,
endonuclease (excision enzyme) acts on both
DSB ends so that a substantial length of DNA is
removed, thereby creating a certain length of
single-strand DNA fragment at each DSB site, and
facilitating to anneal both fragments each other
to join the DSB. Therefore, it is well known that
NHE] is an error-prone DNA repair system. It is

believed that in the future, it will be necessary
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Figure 2. Scenes of this symposium carried on the Internet website of JCN Chiba
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to investigate (1) whether there is a difference in
appearance of genetic errors between fast rejoining
and slow rejoining in NHE], and (2) whether there
is a difference in the DNA damage repair system

between irradiated cells and bystander cells, etc.

5. Dissemination of outcomes

In this symposium, there was some
concern that the number of participants would be
small because it was held on the weekend, on a
Friday and a Saturday and all presentations and
the question-and-answer session were conducted
in English. However, the number of registered
participants was 162 and the conference room
was almost full all the time (Figure 1). In addition,
approximately 40 % of the participants were from
other institutions, and approximately one-third of
them, namely 21 participants, were from foreign
countries. There were foreign researchers who

came to Japan only to participate in this symposium
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and this conference was therefore considered to be
a clearly successful international symposium.

Some scenes of this symposium were
broadcast on the evening of the 11th by cable TV
“JCN Chiba” and they were also carried on the
Internet website of JCN Chiba (Figure 2).

6. Conclusion

Only five research programs were assessed
by this international assessment committee, but it
was the first attempt for NIRS to be evaluated by
11 outside academics, including seven foreigners.
Needless to say, publishing the original article in
top-class academic journals is the most important
mission for researchers. At the same time, it is also
believed that it is very important and meaningful
for researchers to present their outcomes in the
presence of outside academics. Through such
a review and assessment system, each specific
findings can be evaluated in order to objectively
determine its level on a global basis.

Moreover, from this international
symposium, we learned many things about
clerical/technical procedures, etc. related to
organizing an assessment comittee. Many of the
outside intellectuals who were invited this time
had experience with this type of assessment
committee many times. Therefore, they were very
knowledgeable of the clerical/technical procedures
related to both organization and management.
Various comments and suggestions also arose before
the symposium. However, those are considered
to be valuable assets for the organizers. It is
expected that there will be many opportunities to
hold similar international assessment committees
comprised of outside academics in the future, and it
is believed that what we learned about organizing
this international symposium will certainly be useful

when we organize the next assessment committee.
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