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B 1) Development of the “X’tal Cube”: The Next Generation
PET Detector Using Semiconductor Photo-detectors
PBARZ R T EH AR IMRPETHIZ “X'tal Cube” OFH%E

Naoko Inadama”, Yujiro Yazakiz'l), Hideo Murayamal), Fumihiko Nishikidol),
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ABSTRACT

We are engaged in the development of an “X’tal
cube” which is a three-dimensional (3D) block detector
for the next-generation PET system. It consists of a
3D array of cubic crystal segments (a crystal block)
and semiconductor photo-detectors such as Avalanche
photodiodes (APD) or Multi-Pixel Photon Counters
(MPPC). By identifying the light-emitted crystal
segments, it is possible to obtain 3D position information
of gamma-rays absorbed in the crystal block. In the
crystal block, there are no reflectors inserted between
the crystal segments, and the photo-detectors are located
on the surface area of the crystal block. This detector
arrangement minimizes light attenuation in the crystal
block as the path length from the scintillation points
to the photo-detectors is minimum so as to achieve
favorable detector performance.

By sparsely arranging the photo-detectors on
the surface of the crystal block, it is possible to reduce
the number of photo-detectors. The area not coupled
to the photo-detectors is covered with reflectors. We
have investigated crystal identification performance
as a function of the photo-detector arrangement as a

preliminary study to the development of an X tal cube.

INTRODUCTION

A depth of interaction (DOI) detector provides
three-dimensional (3D) position information of gamma-
ray absorption in the detector. A PET scanner having
high sensitivity requires the use of long slender

scintillation crystals and large axial view, which causes
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Fig.1:Comparison of spatial resolution in the PET scanner a) without and b) with depth of interaction (DOI) information.
X1 :PET#BIC$H\ TDepth of interaction(DOI) 1§ a) HWEEE b) 2156 DALE D FFEED L,

degradation of spatial resolution because of oblique
incidence of gamma-rays to the detector (Fig.1a)).
Because the spatial resolution is recovered by the DOI
information as shown in Fig. 1b), the DOI encoding
technique is an important factor to realize a PET
scanner with both a high sensitivity and a high spatial
resolution.

Various DOI encoding methods have been
reported, which include pulse shape discrimination of
different scintillation crystals [1, 2], the DOI crystal
layer arrangement in which each crystal layer was
shifted half of the crystal element pitch to cause
different responses between the crystal layers [3, 4].
There are other methods such as the use of a DOI
detector with specified wavelength interference filters
[5] and the use of a detector consisting of a 3D crystal
array in which some parts of the reflectors are removed
to control the scintillation light path in the array so
as to obtain DOI information [6]. Most of the schemes
above use position-sensitive photomultiplier tubes
(PS-PMT).

Recently, there have been many proposals
to replace the PS-PMT with semiconductor photo-
detectors, e.g., avalanche photodiodes (APD) or Geiger-
mode APDs (Si-PM or MPPC: (Multi-Pixel Photon
Counter)), both chosen in light of their remarkable
advancement in recent years [7, 8]. These compact and
thin photo-detectors have a potential for overcoming
the limitations of detector design; a promising feature
due to the fact that, for instance, they do not obstruct in
gamma-ray detection in the detector ring arrangement
for PET even when placed in front of the detector. We

have initiated a project to develop a new DOI detector
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scheme using semiconductor photo-detectors. We call
the DOI detector as “X'tal cubes”. In this study,
preliminary experiments have been conducted to assess

detector performance of the X'tal cube.

MATERIALS AND METHODS

A. X'tal cube design

Fig. 2 shows the sample design of our X tal cube, in
which small cubic crystal segments are arranged to form
a long cubic crystal block. A number of semiconductor
photo-detectors are partially coupled to the six surfaces
of the crystal block. Unlike the conventional PET
detectors, no reflector material is inserted in the crystal
block, which may have caused light attenuation due
to the long light path to the photo-detector and the
reflection loss. Since no reflector is inserted in the crystal
block in the X'tal cube, the scintillation light propagates
symmetrically into the x, y, z directions. 3D information
can be obtained for light output in the X'tal cube by placing
photo-detectors on the six surfaces of the cube. Whereas
light spreads isotropically in the detectors constituting
a monolithic scintillation crystal block, scintillation light
propagation in the X'tal cube is subject to constraints
imposed by the boundaries of the crystal segments.
Position calculation based on all photo-detector signals
permits identification of the scintillated crystal segment
in the crystal block. While it is clear that covering the
crystal block with closely packed photo-detectors over
all surfaces can provide optimum performance, our goal
was to achieve a reasonable level of detector performance
with a limited number of photo-detectors. The surface
area not coupled to photo-detectors is covered with
reflectors to reduce light loss.

It is logical to assume that an X'tal cube will have
a high efficiency in collecting scintillation light because
its crystal block contains no reflectors that might cause
light attenuation as mentioned above, and also because

the photo-detectors are always located near scintillation

MHEFE
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Fig.2 : Design of the X’'tal cube. A number of semiconductor photo-detectors
are set on all surfaces of a 3-dimensional (3D) crystal array and detect
scintillation light 3-dimensionaly.
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crystals so that light can be detected before it is possible
for attenuation to occur. The photo-detector arrangement
allows smaller segmentation of crystals in the depth
direction compared to the conventional DOI detectors
and the use of cubic-like crystals that provides isotropic
spatial resolution for the gamma-rays from any directions.
In addition, the X'tal cube has a compact structure and
thus facilitates flexible PET system design. The solid-
state photo-detectors are less influenced by a magnetic
field so that it can be used in MR-PET systems.

B. Experiments

We evaluated crystal identification performance in
some photo-detector arrangements as a basic study to find
the most appropriate arrangement for the X'tal cube. The
experimental setup is shown in Fig. 3. The arrangements
were first applied on one surface of the crystal block. In
this study, a position-sensitive PMT (PS-PMT) was used
instead of semiconductor photo-detectors which were not
available to us, to detect scintillation light. The surface
coupled to the PS-PMT was covered with a reflector
with vacancies (holes) at the positions where are to set
semiconductor photo-detectors in future work. Detecting
scintillation light with the PS-PMT through the vacancies
(holes) must show the similar result to the one obtained
with using semiconductor photo-detectors set at the
vacancy positions. Other five surfaces of the crystal block

were covered with reflectors. Multilayer polymer mirrors

L=y a Vo ENOECEICZRETFVPMET S 72
DYy FU—va OREEHLTELL-EDRS, i
W2 ZRFETHERET LI LICX 0o )iEg: L Y DOI )5
MOGHBRELLTHIENTE DL, HEFETPETHRT
BB 7y MOAFH I S T — 2 M & O 5517 it
PHROND, TN NefEY) ThHL7-0M~ 7% PET il
DFFA VKB TE S, REDHEBBTFOLNL, T/,
PERZNET PG OREEZZ T R Lk, MRPET
EEOMMESEE LTENT2 L SICHELRER L2 D,

B. R

X'tal cube DN HETEIE OLBENIEE LT, Bl 0%
EFHEFBLE NSO TRk BE 2 37 L 720 Fig. 31295k D
ty b7y TR EMOMRT, T OFEBRTIZIEEAR
ZHFETOND D IMERNEOLE TS (PSPMT) %
Mvize PEARZRETOZHMMEE R CLRE SDORE B
72 S T PS-PMT O AST B % B WA RFIEE T DR
IS 2 & T, PRERZLHE T2 ROME ISR E L 725
HOMRRE AR 5720 3 FHH7 0y 7 O—HIZONWT
DFAM % 4T o 720 o> 51 I KEH THE - 72o HI 72 B
iz, KA 98 %. & 0.065 mm @ multilayer polymer
mirrors (MPM,\fERK SM ) TH %, #ifh7 0y 71329
mm X 2.9 mm X 3.75 mm ® Gd,SiOs & (GSO. H 7 bk
L) 6 x 6 BLYI % 6 @ iRl L2 b o TR S . BLHIN

OFEHNETRTEATH D M b eFHE# b v
Lol Mk I L OMFISEZNET S 20T e

7T 2 5 %2 2 mm DIEIZHE - 72 662 keV D y % I

Fig.3: Experimental setup Detection of scintillation light with a PS-
PMT through the holes of the reflector is equivalent to the detection
with semiconductor photo-detectors set at the holes positions

X3:EKBED YTy T PS-PMTEAWSY (B ERHRTAERBET G
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Pattern(a) Pattern(b) Pattern(c) Pattern(d)

Fig.4 : Photo-detector arrangement patterns considered in this study. The Upper figures show the photo-detector positions
on the surface of the crystal block and the lower ones, the shape of the reflectors for measurement using a PS-PMT. Each
reflector reflects corresponding photo-detector arrangement patterns.

H4: RBRTHALFLERZARTFORIND/NE—> LREHERTAVIRADEBEHEZHETFOEIT. TRIRERTPS-PMTREICE £

BEXBHEZREFEINICHICT IR,

(MPMs) of 98 % refractivity and 0.065 mm thickness
were used as reflectors (Sumitomo 3M, Ltd., Japan). A
six-layer 6 X 6 crystal array consisting of Gd,SiO; (GSO)
crystals in each dimension of 2.9 mm X 2.9 mm X3.75 mm
(Hitachi Chemical Co., Ltd., Japan) was used. No reflectors
were inserted, and neither were optical compounds used.
To investigate the performance of each crystal layer, 662
keV gamma-rays were collimated to a 2 mm wide fan-
beam and irradiated onto the side face of anyone crystal
layer. A 256-channel, flat panel PS-PMT (256ch FP-PMT;
H9500, Hamamatsu Photonics K.K., Japan) was used for
the experiments. Its anode interval was 3.04 mm and the
normally required 256 anodes were reduced to only four
by using a resistor chain provided by the manufacturer.
Anode signals were collected by NIM modules and a
CAMAC ADC.

Fig. 4 shows the photo-detector arrangement
patterns examined in this experiment. Pattern (a) is an
arrangement in which 3 X 3 photo-detectors were used
and distributed on the surface uniformly. In pattern (b),
the number of photo-detectors was increased. Pattern
(c) is an arrangement in which 16 photo-detectors were
used and four of them covers each corner crystal. Pattern
(d) represents an arrangement in which photo-detectors
weighted in the peripheral positions were used. Crystal
identification performance was evaluated on the 2D
position histogram at some layers in the depth direction.
The 2D position histogram is a scatter plot of the Anger-
type calculation results for the photo-detector signals
and plots the form response of each crystal element in
the crystal block. Scintillation crystals can be identified,
provided that the different crystal responses are

distinguishable in the histogram.

WEHREIZ Vol.52 No.7 2009
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Fig.5:2D position histograms of the Layer-4 and Layer-6 crystals with photo-detector arrangement patterns (a) to (d).
K5: /82— (a)p5(d) D} EFRZHEFRINEERL (EBON4BELBEORERRTFICOVWTD2RT R ar XN T 4,

Fig.6 : Comparison of the 2D position histograms before (same histograms as those shown in Fig. 5, pattern (d))
reflectors to have the photo-detector arrangement cover all surfaces of the crystal block in the case of pattern (d).

and after replacing
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RESULTS

Fig. 5 shows the 2D position histograms obtained
for each detector arrangement. In the arrangement
pattern (a), the responses of the four crystal elements,
coupled directly to the same photo-detector, overlap, and
the crystal elements cannot be identified for Layer-6.
The histogram for Layer-4 shows the same poor
identification tendency. This suggests that scintillation
light is scarcely detected by nearby photo-detectors
that are not directly coupled to the scintillation crystal
element. The 2D position histogram for pattern (b)
shows the effect of adding one more directly coupled
photo-detector for some central crystal elements.
The responses of the central part can be clearly
discriminated. The trials conducted to achieve discrete
responses for outer crystal elements have demonstrated
the effectiveness of adding a photo-detector to cover
peripheral area in the case of patterns (c) and (d), with
optimum performance results having been obtained
for all trials with pattern (d) although only one photo-
detector had been directly coupled for some central
crystals.

Fig. 6 shows the changes in the 2D position
histogram associated with the replacement of reflectors
needed in order to have the photo-detector arrangement
cover all surfaces of the crystal block. The histograms
were obtained by using only the PS-PMT signals below
for calculating the histograms shown in Fig. 5. These
results indicate that a reduction of the crystal block
surface area covered with reflectors improves crystal
identification performance. It is therefore reasonable to
expect that the use of additional photo-detector signals
on the top and side surfaces is effective in improving

performance still further.

DISCUSSION AND CONCLUSION

We introduced an X'tal cube as a next-generation
DOI PET detector, in which the scintillation light is
detected 3-dimensionaly by coupled semiconductor
photo-detectors provided on all surfaces of the 3D
scintillation crystal array. In this design, the scintillation
light is detected by the photo-detectors near the light-
emitting position before any considerable attenuation
can occur in the crystal block so that the X'tal cube
has a potential for use as a DOI detector capable of
achieving high performance in terms of sensitivity and

spatial and time resolution.
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YENR SNz, PSPMT #5400 IRRE X Fig. 5 &ML
ELFELTH DA, M, RO OHEFEIRS 2 &A%
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PR B 2F Y ML, IR ORI i%i@?ﬁ%’i’ﬁﬁ <“
oD T AN F—VERED LA % By A%, [AIR LAY & Akl B
T2 b nd, HH, Ll u%)lel:ﬁﬂ’g:ﬁxh‘é
X'tal cube OMERE L, SERm O LIS BEZ ST 2 H
DRIRD S B Z b oo Tz,

ERHLUER

Fa BRI EAT > T AW DO PET BIL#TH 5
X'tal cube 1. #idhFET % 3RITWICESI L 7R 7w v 7
WTyMEBRBLAERETLIVRE LYY FL—Ya vk
AT Oy 7 EFEICHGE U722 PR AR RE IS XD 3Kk
TEMIZRINT 23D TH B, (EROMINEGE T, M 2
WPl YU FL =Y a YRR DRETIHRALT
Wb H B TRICK Y UBRESREL 2 Y hoREs
FAVTWz25, X'tal cube TlE Y ¥ FL—3 a Y 6% KA
TR SED LD R NDEL R OZHETTNT
LlzONDOBWMEEZEDRVWEEZONDL, YV FL—Ya v
FEDOINH % TE % X'tal cube I EFVIEE, /HfGE. 51
I VTN R 2% 2 7- DOl Melthi#e & %2 % C L IR S 5,

The basic study was carried out to throw light
on the dependence of crystal identification performance
on the photo-detector arrangement and helped us find
an arrangement with a favorable level of performance
(Fig. 5). It was also found that covering all crystal
block surfaces with reflectors in the photo-detector
arrangement (pattern (d)) much improved the crystal
identification performance as a result of reducing the
reflector area (Fig. 6). It is thus legitimate to anticipate
further improvement in detector performance through
the use of scintillation light signals detected on all

surfaces of the crystal block.
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. 2)Particle transport approaches for biological optimized
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INTRODUCTION

Improvements in target delineation, such as
molecular and functional imaging contribute to more
accurate determination of doses for tumour eradication
in the biological optimized radiation treatment [1-3].
The improved dose conformity and radiation quality
distribution of the light ions in comparison to the
convectional beams increases the possibility to deliver
prescribed tumour suicidal doses almost without normal
tissue injury, not least in cases where the target is
unresectable, radio resistant and located near organs at
risk [4-5]. An essential prerequisite for the success in
the application of such beams is the correct knowledge
of their absorbed dose, radiation quality and biological
effect distribution in the patient and their accurate
integration in the treatment planning system.

Specified transport quantizes can be calculated
by the Monte Carlo or analytical methods. However,
Monte Carlo simulations of particle transport are often
quite time-consuming for routine biological optimized
inverse treatment planning. Analytical transport
calculations are therefore often more useful for fast
determination of the absorbed dose and for other physical
quantities within the patient. In this context, results from
recently developed analytical transport theories which

relates to this issues are briefly discussed below.

SOME THEORIES

Transport of projectiles in therapeutic light ion beams

The analytical primary light ion transport is a
solution of the Boltzmann equation from the practically
important generalized case of Gaussian incident primary
light ion beams of arbitrary mean square radius, mean
square angular spread, and covariance [6]. This solution is

based upon the idea of separating the primary particles’
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transport into two components; loss of particles and
lateral spread. The lateral distribution function is based
on a two fold Fokker-Planck expansion of the continuous
slowing down approximation (CSDA) of the Boltzmann
equation, within the small energy loss and deflection angle
approximation. Physical quantizes distributions such as
the absorbed dose and radiation quality distribution of the
light ion can be determined in the media of interest in
use of the light ion pencil beam transport, in combination
with developed analytical expressions [7-8] .

A quite simple expression of the mean energy
depth dependency for light ions in therpeutic energies,

can be written according to ;

' o Z SyRy/E,

E(z)=Ey(1- 25 )™ o
0

where the dimensionless transport parameter ,
S,R,/E,, express the ratio between the mean stopping
power over whole range to the initial stopping power, and can
be determined directly when is known for the initial energy
E, and the corresponding initial stopping power .S, for the
material of interest, [7].

In relation to the solution of the pencil beam
transport, taking small angle approximation into account,
where the differences between the planar fluence to the
total fluence is almost neglible, i.e @F(z)=®"?(2), the
absorbed dose of the primary particles in a broad beam
can be given by direct integration of the exponentially
decreasing primary fluence, @ exp(-uz)and the

associated fluence weighted mean stopping power, S?F;

e
D() J]‘ ( ) QEI:Q (Z)dEd.Q= L9T(Z)¢P(Z)=
Sz) @PP(Z) S%(z) ( ) ©
" (2)~ —— Dy exp(-uz)

p cos®® P

In Eq. @ the fluence weighted mean stopping
power is here based on the depth dependence of a the
mean energy E(z), cf. Eq.@, within the approximation
S(2)=S(E (2)). Eq. @ is valid approximately up to the
particle practical range, Rp, where the fluence is rapidly

reduced to zero, cf [7-8].

Transport of fragments in therapeutic
light ion beams

The transport of the generated fragments can be

based on the known transport of the primary particles,

. MUNT AV FE—IREB X OBUNMEENO T T, 3R
HIL L (CSDA) F T Boltzmann #i 3% 75 # 3\ % Fokker-
Planck FREAE LTHEMT LI THONS, BT
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REAARGEIE, UTomMO TR TRTIENTE S,

— — z =~
E()=E,(1- 5 )*"" °

0
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where the initial conditions of the fragments are related
to that of the primary particles at the point in the beam
where they are generated.

In a narrow light ions beam, the mean square
radius of the fragments, r?(z,s), set in motion at s at
depth z can here be given by;

r(z,8)=ri(s)+(2ro,(s))(z-s)+

(3]
(0,(5)+0; ())(2-5)"+[ (z-u) T} (E;(w))du

where, r? (), r@ (s) and 9? (s) are the mean square
radius, the covariance and mean square angular spread
of the primary particles, at the position s along the
z-axis where the secondaries are generated. The 6% is
the initial mean square angular spread of the fragments’
as they are generated at the positron s along the z-axis
of particle type 7 and can be related to a momentum
transfer in the fragmentation reactions [9-10]. 7} (£, (u)) in
Eq. © is the fragments’ depth dependent scattering
power at the position u along the z-axis, based on the
fragments’ energy depth dependence, and continuous
slowing down range [8], taking into account that energy
and fluence contributions will be zero, beyond the range
of the fragments. The spatial distribution of the heavier
fragments is, similar to that of the primary particles,
significantly influenced by increasing energy losses at the
end of the particle range.

Based on the depth dependence of the mean
energy of the primary particles, Eq. @, as well as the
energy-range relations and the depth fluence dependence
of the fragments a first approximation of the depth

dependence of the mean energy of the fragments can be

obtained from;

WFONBGEMET7 I 7 A v MRFFAEL-HEICBT
B =KL T DLZAFICEEL TV 5,

MIWHER Y —2TlE, BEZzONMEs THELALT7 I 72
O FEE r? (2s) 13 DTOERICEIY b ED
LIENTES,

r}(z.s)=r(s)+(2ro,(s)(z-s)+ o

(02(6)+0F (N (z-5)+] (2-u)’ T, (E(w)du

ZOKXT, rZ)h 1, () BHTICH? ()& KT
MIET B 2z WZHY > 72 s 1280 B ek, g
ik BN ERAGHTH B 07 (s) BKF I D7
FT AL ID 2 N o 7oA s TH B o —
AR THY, 757XV F—va Y UszB) 5lEEkg
TEBMEDIT A2 L TE S [9-10]0 XOD TH(E;(u) I,
T T T AL PRFDI R F — OERERENES X O 588
R Bl ICED Wz, 2G> 7B ullBITE 757
AV MRFORSEAFOWEIETH), 7772V PO
BEBZLDLEIANVF—BIF I VIV AOFESENER
C%b Il eaBE LTS, —KRT D25 & FEkI,
IDENT I AL NOEESE, BT #HPHOKKIE
JBIANVE—IREOBNNC & ) SIS EEE % b,

K @R T — UK D FH T A F — OREAKA . %
LRI ANVF—LREOMEEB LT T 7 X2 FORE
TNV Y KA KD E, LTFTOX»S 77720 b
DV L AN F — DRBEMAAEDO RN OEPHEEZ /L Z &
NTE 5,

min(zR) 5 SIS RASENS)  q @(s)
i _ . ) ~H(2=5)
Foy= T p B {1 Ré(SJ EZE
z) = i = min(z, P
@(Z) .(er) ' dd5 (S) e'ﬂi(zfs)ds 9
0 ! ds

Here the first terms under the integral describe
the mean energy of the fragments after they are
produced at depth s and the last term describes the

production of new fragments, which accounts for the

WEHRRIZ Vol.52 No.7 2009
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Fig. 1a and 1b:The analytical root mean square of the primary particels, r2(z) as a function of the depth in water in 94, 176 349 and 400 MeV/u H,
“He, ®B and '"C beams (solid lines). The small crosses are experimental data [11]. Also shown, in Fig.1b, is the developed analytical depth vs mean
energy of primary 'H, “He, ®B and ''C in water with MC [12] (dotted lines), here used to realize the analytical calculation of r2(z). The lateral spread
is significantly reduced for the lower energy beams. In addition, the reduced range straggling and increased energy loss gradient in the Bragg peak
region of both protons and helium increases the fraction of high LET components in these lower energy beams, which may be in special advantage
in the treatment of quite surface located small tumours.

H1as LU 1b: 94,176,349, #5UC400 MeV/uD'H. ‘He. °B. S U CE—LICH B3R PREDEBELTO— KK FOBITH —RFHEHIR ri(2) (£
1) o NEBE+FRERT—2TH3 [11]. RIUDICIE, ri(2) DM EICEEL T ARINABITET VICEDRBFHIILF—HHE KPO—K'H. He.°B."'C
E—LIZDWTELTHIOSERR[12] (AfR) EADETRTMBMIINF—DE—LTRBHROLEP A BEBISEILTWS £ BFBLUANUILOEE D
Braggt—7#BIRIC B I BMBANS T T DED LU TXNX - EHEROEIMICE) ZhSDBEIFNF—E—LICBIBBLETRADE AN ERLTHY. ZDZE
BREMNEBDABICSVTRENEL BTN 55,

fact that energy and fluence contributions will be zero, IV ADFESENFNYOIZLbEw)FHEEZELTWY

beyond the range of the secondaries. In Eq. @, the initial
energy, stopping power and continuous slowing down
range of the fragments of type 7, at depth s are denoted
by E,(s),S,(s). and R;(s). The integral characterize the
situation in the region in front of and beyond the practical
range, Rp, of the primary particles.

The analytical calculations of the absorbed dose of
light and heavy fragments generated in a light ion beam
can most easily be based on two different approximations.
The heavy fragment dose can be obtained from the
energy, and fluence depth dependence, in close relation
to the transport of the primary particles. The light
fragment dose is more easily formulated in terms of the
depth dependence of the fluence taking the quasi constant

stopping power and wide angular spread into account.

50 ROTIE, HESIZBIFDRI A TIiDTIFITAY
FOMB T AL F— HILRE. 7 5 O I E R R
. Eo(s)h Sols)h DT Ry(s) EE SN D, 2 00Hi5 11,
ENZTN—UNKFOFEHREE R, OB X ROFIRIT BT
IR Z DT T 5,

BN THRPLAELBBIOET I 7 A 2 ORIGEED
ENTIEI S, 2 00RLZ2EPICHEIL LIV RIA
HUATHITEDNTED, BT T 7 AV bOREIE. — KT
DL L BRI L 22 AV F—B L7 VI v AR
GUEPSRDLIENTE L, BT T 7 XY FOFRIZDONWT
. EIE—EOMIEREB X IR WAEIEN Y BT L L.
TNVI Y ADRERAEICH L TV AESICE LT 42 L
WTE 5,
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Fig 2a:Comparison of the analytical (solid lines) and Monte Carlo calculated

(dotted lines) depth variation of the fluence,®, planar fluence, @°, and

absorbed dose, D, of primary “Li ions in a broad 234 MeV/u beam in water. The results have been normalized to the primary values at the phantom

surface. Also included is the analytically calculated depth variation of the sum

of the absorbed dose of primary ’Li and the main generated fragments,

"H and *He, (D“"*'"*""e) as well as the analytical absorbed dose and fluence of the generated fragments, 'H and “He in a broad ’Li ion beam in water
(solid curves) , compared with MC data (dotted lines). Also, shown in the inserted Fig.2b are the analytical and MC calculated mean energy and fluence
depth dependence of the primary particles. These two correlated physical quantities indirectly also illustrates the similarities between the ions depth
absorbed dose distributions as well indicates their differences in their microscopic dose heterogeneity.

H2a: K DEV234 MeV/UE—LICHEIFE—KRLiIAA>DTIVIL XD EITIVILVAD
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& ERET7NLD A ER D TRIBIEL 2o S, — R LIOBIURBEETBEER 75T AN HB LU HeED AEHI DV TR AICE HUAREZ (L (D) #5
WIEMCTF—% (SR1F) BB EDKFDLEWLIAF L E-LAICBHRERTTTA N HE LV HeDBIARIUFE S LU TN IL R (RIROER) bRT E- HA
LEE2bIC I BN B LT ELTHIOTEEL . — R FOFHIINF —ERB IV I MK FRERT SN ZDDOMEET 2MIEMEIFI A B DRERIVRE

AIEBEN LN SOFHFAL. R ICHRNIRER A —HDEEDTR Y,

RESULTS AND DISCUSSION

The analytical mean square radius of the primary
particles, rZ (2), of the as a function of the depth in water
for therapeutic 'H, ‘He, 8B and C beams (solid lines)
are illustrated in Fig.la. Also included are experimental
data for the low and high energy proton beams [11]. The
initial angle of these beams was set to 13 mrad in order
to compare with the experimental data. The rZ(z) value
is here function of the mean square initial radius of the
primary particles in the beam, rZ(0), the initial primary
particles covariance, 1@ (0), which quantifies the mean
divergence of the primary particles outside the central
axis and the primary particles initial mean angular
spread, 9? (0) and the energy dependent scattering power
T (E (u), cf [8], at the position u along the z-axis. In

Fig.la, rZ(z) was calculated from the developed primary
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particle energy depth dependence, E(z) , ( inserted Fig.
1.b. analytical (solid lines) and MC [12] (dotted lines)).

A very accurate agreement is seen in the
comparison of the developed analytical mean energy
expression and MC .

The results also illustrates the potential in
combine developed analytical methods with PET, PET/
CT imaging [13] in the treatment verification.

The analytical depth variation of the primary “Li
particle absorbed dose, Eq. @, fluence, planar fluence,
(solid lines) are compared with MC data (dotted curves),
as shown in Fig 2a.

Also included is the analytically calculated depth
variation of the sum of the absorbed dose of primary
Li and the main generated fragments, 'H and ‘He,
(DY as well as the analytical absorbed dose and
fluence, of the generated fragments, 'H and *‘He in a
broad 7Li ion beam in water (solid curves) , compared
with MC data(dotted lines), cf Eq. in ref [8].The curves
have been normalized to the respective values of
the different transport parameters at the phantom
surface, z=0. Due to the small influence of multiple
scattering, ordinary and planar quantities are practically
undistinguishable. Also illustrated based on the
simplified analytical approximations is the dominating
contribution of dose < 10 eV/nm in the plateau region
and fragmentation tail, where the depth dose curves of
the light fragments, such as protons, coincide with the
depth fluence curves due to a rather slow variation of
mean stopping powers.

The total 3D fluence distribution of the "B
fragments in a narrow 279 MeV/u "2C beam is illustrated
in Fig. 3. The shape of the "B fragments is described by
the influence of a wider lateral spread combined with
a maximum range beyond the practical range of the
primary particles. The defined energy distribution of
these fragments, can here help to analytical localize high
LET absorbed dose regions where the greatest variations
in relative biological effectiveness (RBE) are expected.

The choice of different beam modality, such
as different light ions with their unique physical and
biological properties constitute to an important degree of
freedom in the biological optimized radiation treatment.
In many cases, we may find the optimal beam modality
or beam configuration for different size, location and
characteristic of the target from our physical and
biological knowledge about these beams at clinical
relevant energies.

From the absorbed dose and radiation quality

distribution point of view, the cell survival in the low
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DRT7 57 A v b OREREIMMRAEEE 7 VT v At e
—HLTVBEFI =B BIO 77X F—Ya
F=IZBWT, 10 eV/nm LT DK & B MRF 505K
B Th BT D BIR L7z,

B 312, w279 MeV/u "CE -2t "B 757 2 v
FO3D INVI Y AGAERT "B 7T 7 XY hOTBIRIE,
—URFOFEHARFEE B2 KRR L. LD IRVE I
DIEHY OHELZREMET D, ROPHLINLDT T T A
VEDIZANF—GAi H AREICRET A ENTEL L
& BRI H L (RBE) OZBARAIC: 5 AT
ENLE LET SISO E Z IR ET 5 2 L2 /HI
T 5,

AW e BAL L 7 O RRRE TLEL B4 e B
IOEMFENFEELFEOA T VSR 26 -2F 5
T4 OBPUCKELEHHENH D, £ OHH. G Lk
BT AN F— IR BT BRI 2 W HAN B X O
PR AR S K& S, 0, FEB R % 53R L
TIRBARE—AEY) T4 2R3 E—2KRERSITLZ
ETE S,
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Fig. 3:The spatial distribution of the analytical calculated fluence of generated ''B in the monoenergetic narrow 'C beam of initial energy 279 MeV/u in
water. Since the range of the boron fragments is longer than the primary range, having a maximum within the range where R5(s=0)=R3, a fragmentation tail
is here seen on @. In light ion beams such as carbon and oxygen with increasing fragmentation cross section knowledge of the transport of the heavier
fragments, such as boron and carbon isotopes is of essential importance to accurately localize high LET regions, where the greatest variations in relative
biological effectiveness (RBE) are expected.

H3: KA THHIRILF—279 MeV/UDB—T 2 ULF—DKW\ P CE—LDPSERL"BOBITNELTNIL INDEE AT RIRTIFTAADOREB I — R TFORIESL
NEL EEZORAMEIRRY(s=0)=RIDEERIEET S5, 77T AT —2a>T— P RBOOIND, TFTALT—2a> O EEI EINT 3 RFHLUBREOE S E—L
TR AIVRBLCRFERMULGEDENTTT A OEREICE T 2HFIG BN EMFHZIRIE (RBE) OEEBPF RAICLZETFRSNIBLETEBOMEL ERICIHETET

will be quite diluted in use of SOBP when treating
large hypoxic tumours, ions with higher LET in the
Bragg peak region, such as carbon and oxygen ions
may then be of therapeutic advantage. However, as the
target delineation is a dynamic process, where tumour
proliferation and the tumour hypoxic regions will change
during the course of irradiation, this will naturally also
effect the choice of treatment modality.

The final beam configuration should preferably
be determined as an inverse problem. The analytical
transport approaches that briefly have been discussed

here and elsewhere [6-8,10] may then be very useful.
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Charged particles with high linear energy
transfer (LET) induce cellular damages that are more
severe than damages induced by low LET radiation
[1]. Therefore, high LET radiation normally has an
increased relative biological effectiveness (RBE) for cell
killing [2]. The damages induced by high LET radiation
occur in clusters and give rise to biological signaling
that have been shown to induce a faster response and
progression of apoptosis than low LET [3]. Also, it has
been reported that a variety of charged particles are
more effective in inducing apoptosis than low LET
in cells with different origin and gene status [3-30],
although there are some conflicting reports on no such
LET effect [11-13, 15, 31-34].

In general, low LET radiation is a rather poor
inducer of apoptosis in tumor cells. One possible
explanation of this could be that more than 50% of all
tumors have a tumor protein p53 (TP53) gene mutation
[35], which inhibits cell cycle arrest and apoptosis [36].
However, there are several reports on that accelerated
ions with high LET induce apoptosis independently of
the TP53 gene status of the cell [5, 7, 9-12, 19, 22, 25,
28-29, 37-38], but there are also some results suggesting
the involvement of TP53 in high LET radiation-induced
responses [11, 18, 39].

Apoptosis is an indispensable process for a multi-
cellular organism, controlling the removal of damaged
and unwanted cells without negatively affecting the
surrounding tissue [40]. Therefore, apoptosis is one
of the most important processes in preventing the
development of cancer, but also in treatment of this
disease. During the apoptotic process the cell (1) shrink
in size, (2) exhibit dense chromatin condensation, (3)
undergo nuclear fragmentation, so called “budding”,
generating pyknotic bodies, (4) gets cytoplasmic and
membrane “blebbing”, and (5) undergo cellular

fragmentation into small apoptotic bodies (figure 1) [3,
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WMIANVF—f5 (LET) O@EWAFEKE T, £ LET K
BHR & D B LM 2 #5655 (1], 20, W,
& LET ORI LET BUE st & 0 e 2 35 & L
AR (RBE) Y& [2]. & LET Hdtiic X %
A BEFMICIE L, K LET BUHRIBH OB ALV L 7
REF—=YARELEHNT, 7E =Y ZDOMEIT2EE S &
LR Y ZF M EEEA LS 3] T2, YT 2
FaOHFD 2V ITBERWE RAR > TD, b4 S ERN
FIHMKLET B L D SRIRMICT R = A 2FEHRT S
ZEDWMEEINTVS, LaL, LET & » THEWHEWR)
WHPRRD LV Z LTI & O 2805 S 5 5 [11-13,
15, 31-341,

— I, TERSHII K LET B2 RS L CH 7R b—
YARFEREEINICL Vo 2 AE < TP53 MR I o
BIEBXOT7R M= 20WHNICEYS$ 5 [36], K LET
BT R b= Z2FERH LI =20l L LT,
TP53 % I — N3 % B ¥ B A5 1 pd3 (T ZERB AL
TWARLTHDLEEZLNTWA[35], & LET o
A F V&, pb3 BIGTZREROF DL TITT R b —
VAERFRT DR RTRESL WG I TS5, 7,
9-12, 19, 22, 25, 28-29, 37-38]c LA L. & LET B 7
RPNV 2A2FRTLHEICL TP3BEGLTws It
EARET AR D MG S hTwa [11, 18, 391,

ZHBAEMIZE > T TR =Y AREODWTAEIL L >
7R & P O MR IS VB 2 5. 2 FICRET 27200
BEPOARIRBERISTH S [40] TbbH, TR b—
VAP ET DR TP T B2 TR, OB
BOTORIAELARKILD 1 DO TH b, TRF—=TV R
. (D) HilR2SHENL, (2) zasF raEsE L. (3) [/
WEK] EIFEN 2o ba e L ClMRz1ED 1
L. (4) MilaEs Lo THFERK] 28<. (5) Ml
BINE TR — ZARICHR LT 5, &) @z 1T
T2 (K1) [3 411, AN TIE (AEMCE->7T) 7
AE =Y ZMBEERRLPICHEEZEINTLE ) 2D, TH
F—y 2B E RS 5Z EIZWEETH B [42-44],

Fig.1:Modified figure from [3], illustrating the apoptotic process in a human peripheral G,-lymphocyte. The cells were stained in acridine orange and

analyzed at 1250 magnification.

B1:GofAlChBERRMM ) >/ ERICE T BT R~ X8FE, [3] DRHEHRE, 77V FL T THilgEREL. 12508 THMTL.

41], which in vivo is difficult to detect due to the fast
phagocytic activity against apoptotic cells [42-44].

During the effector phases of apoptosis, proteases
of the caspase-family are activated and cleave various
intracellular substrates. In epithelial cells, one such
substrate is cytokeratin 18 (CK 18) [45-46], which can
be measured using an ELISA M30-Apoptosence kit [47].
It has been reported that the levels of circulating M30-
antigen are increased in patients with breast cancer [48],
and the increase in M30 index after exposure to two
to four cycles of chemotherapy correlated significantly
with pathological tumour response in breast cancer
patients [49]. Interestingly, there are preliminary results
from patients undergoing Brachythearpy showing an
increase of circulating M30-antigen only hours after
treatment (personal communication with Professor
Stig Linder, Karolinska University Hospital, Stockholm,
Sweden), suggesting that the fast apoptotic response
observed in in vitro studies on human tumour cells
exposed to high LET accelerated ions [8, 12, 16], might
also be possible to measure in vivo as the circulating
levels of the M30-antigen.

The cellular damage induced by ionizing
radiation generates a cascade of events that could
lead to repair, cell cycle arrest, apoptosis and/or i.e.
senescence [1-2]. These responses are considered
mainly to be due to signals induced by DNA damage.

TR =V APERGZEYTIEX, P ANR=ET 73—
DEAGHEEREIEEAL L, B4 BN EE %2 DIk 3
o LEMBTO, 20X HEED 12894 b7
F >~ 18 (CK 18) T & 1 [45-46]. % #11x ELISA M30-
Apoptosense ¥ v b+ [47] #HWTHESBICHET S Z Lo
T& %, AR TIRIMF O M30 PR ES EHLTW 5
ZEFFE SN TS 48], AWEHIC2~4H A4 7 VD
L E AT o 7o th 0 M30F8EUE B L. 20 LA 3w
FWICBIR SN BRI (7R b= XN
T AR L Tz [49]0 BBREEW Z L 12, NRIE
Wk 2T 72 BT B VT BB T b o M30
PUEAIEIN L 72 2 & 2R3 FMNERRIE LN TV D (R
I—F YY) Y AHREREED Stig Linder #izH 5
DFME) o W LET A A V2 Lz e MESEMETO
M2 TR N — T ARSI E N TBIZE Sz & ol
bH Y [8, 12, 16]. I+ o M30 JLHORE A ME T 2 =
WXV EERNT RN =Y A ZFMTE L REMEDURE S
n7z.

R X 2 MR . B, MR e L, T
AP =V 2AFREETZEZOMBICEL —~HOFi G %
HESES [1-2], SNBSORINIE. FIZDNA#HEIZL -
THELDZ Y7 FNMITL-oTHIERBISNDEEZ DR TY
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However, there is evidence that damages to other
cellular compartments e.g. the membranes consisting
of sphingolipids and cytoplasmic organelles like
mitochondria, also may trigger apoptosis [50-51].

Although apoptosis could be induced
independently of the p53 status of the cells there are
results on the involvement on different phosphorylation
sites of the p53 protein that indicate that both serine
pl5 and p46 are phosphorylated in parallel to the
induction of apoptosis in different tumor cells in vitro
exposed to accelerated carbon ions (own preliminary
results). However, there are results on that p53 wt
cells exposed to high LET radiation induces higher
levels of apoptosis than cells with mutated p53 [15].
Also, it seems that mutated p53 cells undergo a less

‘pure’ apoptotic response than cells with wild type
p53 [12, 16, 29]. Other types of cell death like necrosis,
mitotic cathastrophy and cells having feautures of both
apoptosis and necrosis are more common in cells with
p53 mutations.

Poly (ADP-ribose) polymerase (PARP) is a
conceivable candidate as a DNA damage detector
protein. This enzyme is proposed, after recognition
of DNA damage, to bind to and activate proteins
containing sequence motif of the PARP [52]. Examples
of such proteins are in ataxia-telangiectasia mutated
(ATM), c-Abl, TP53, p21 (WAF1) and all subunits of
the DNA-dependent protein kinase (DNA-PK) [40-41,
44]. PARP has been described as being proteolytically
cleaved in cells undergoing apoptosis, which has been
seen in cells exposed to carbon and nitrogen ions
[10, 12], indicating the involvement of PARP in high
LET radiation-induced apoptosis. There are reports
showing that except TP53 as discussed above, also
ATM, DNA-PK, p21(WAF1) and p38 are less important
proteins in high LET radiation-induced apoptosis [7-8,
14, 30]. There are although other reports showing that
p21(WAF) is an important protein in response to high
LET radiation exposure [39, 53-54] and that activation
of both JNK and Fas occur I tumor cells exposed to
nitrogen ions [30].

Sphingolipids are essential components of the
plasma membrane and are also known to play important
roles in signal transduction processes including
apoptosis [55]. In response to apoptotic stimuli e.g.
ionising radiation, a flip flop of phospholipids may move
phosphatedylserin from the inner plasma membrane
to the outer causing the so called “phosphatedylserin-
switch” sphingomyelin (SM) from the outer to the

inner plasma membrane leaflet, which renders SM to
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b LMLy A74 v TVERPLRDHMBEL LTI b
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RERAEN TR R A 4 > 2 WG L 7 kR & 72 BB M L2
BOUTTER b= ZEHBLD p53 (DRRER DA M) & 13
MERARICHETE SN DA, (TP53 D) 15 B L 46 ot
VORI T AR - AOF R LK) Y BILE N5 Z
Esb, TP53 EOR% %) VAL 257 K b —
2G5 T2 L VI REIREEN TS (Rx OTFH
i), LA L. 8 LET Huh#i & BE L 72 pa3 B A A
JaAs, p53 BIKERMBEI Y L DT R =Y A% HS
FTHIELERTR/EDME STV [15], F72. pb3 %
SRR TIE, ps3 BARMI L Y [HiMiR] 7R -
VARISAEL S L) ICBb [12, 16, 29], HIEE Ol
OFEHOMILIE, MBS RO, O TICTRF—T 2
B LUHIEOW ) O 2 RS MBIE, po3 225k Z8 Al
CHSND Z EDE 0,

AKY (ADP- ) K—2R) #1) %5 —+¥ (PARP) i3. DNA
HEEMHT LMY V7 HEEZ bR TWD, O
F1Z. DNA B O 8k PAPP OU L %57 3 /1
AR 2 SE s 7 AL, T s %25
NTwB[52]e SOXH %y 7 Bosle LTk, B
L5 5 RV S Bh 2 AR E 2E R A B (ATM). c-Abl, TP53,
p2l (WAF1). % & ONIZ DNA KPS 82 B it
% (DNAPK) OF_RTOH Ty FAEIFSLND
[40-41, 44]o PARPZ 7 E F =Y AP A Lzl T >~
NUBSRICE VYRS D EMEINRTBY, ZRDIUR
EBIUEEAF v EBEE SRR ST D 2 &
510, 12]. # LET MHRFHETE 7 R b — ¥ A2 PARP ¢
MY LTwaEELO6NE, Lo TP53 2k &, ATM.
DNA-PK., p21 (WAF1). p38 ®7z AlF < Eidw LET s
MFHEETEF—VACBVTREELBHZZ LTV
5 ThbH 78 14, 30]o LA L. p2l (WAF) 3% LET &
BREBYIICIS ST AEELR Y V82 HTh Y [39, 53-54],
BHEA & B LSS Tl JNK B & O Fas 295
b5z eaRmdimtdd s [30].

A7 4 T RIZMBROLEESTTHY, TR —
VARG Y ST MEERBIIB W TEE L& EE BT
ZEHHMOENTWVS [55], 78 b= ZARMMBEIET 2 b
O, Bl Z X EEERAR IS, ICIBE LT Y IREICA R
ZALATERI D, WhbWB [7+ A7 7F IVt ) V-4 v
F1IHBAY, 7+ A7 7F VNt ¥ WHlD S HMI O
Jafpiiz, M2 A 74 T3 ¥ (SM) Z4HMUlA 5 N o
MR BB S &, ZofERe LTIl R T 1~

degeneration by cytosolic neutral sphingomyelinase
(NSMase) . Preliminary results indicate that upon
exposure to accelerated nitrogen ions the levels of
NSMase are elevated [own data to be published]. Other
plasma membrane components such as receptors (e.g.
the Tumour Necrosis Family, the Cytosine, the NKG2D,
Toll-like and CD91), have been shown to be involved in
apoptotic responses [56], but little is known about their
involvement in the response to high LET irradiation.
Mitochondrion is not only important for the
energy production of the cell but does also play
importance in the apoptotic signaling. Upon upstream
signals that could be mediated via the Bcl-2/Bax family
and/or ceramide generated via SMase activity, or
maybe also upon direct damage, a release of cytochrome

c occurs generating a cascade of caspase activation

TIT 55— (NSMase) I2X 25 SM OZEUENEL B, T
W fE R o, INMER A 4 2 BYd 5 & NSMase O
ERLEHATLZENEREINTY D (Fx OFIRIH O 7 —
¥). (37 739 —, ¥ ¥ ¥, NKG2D. Toll K52
Z1k (TLR). CD91 %) Z#RE OB MBI 75257
A=V ARBICHELTWAEZELHLNII LTS
250561, & LET MO BEHO 7R — 2 2T Y L
TVRALDIZDOVWTIRIFEAEDD > TV,

IbaryFYTIRMBO A NVF—EETY L LTEE
THH7ZTTRELRL, TRV ZAD Y T FIVREIIBW
THEELEHE R LTS, Bel2/Bax 773V —5
O F7201 SMase IFEICL VAL L ET I F2#E LT
ZONDLWDOY 7 FIVOREAER, H5HniEBE5 { DNA
BEFFERINLEEDICY POl e BB S, —H#

Fig.2:M0O59K cells 3 h after exposure to 4 Gy of high LET nitrogen ions (140 keV/um).
2:MOS9KMAZIC4GYDELETE R F> (140 keV/um) ZHREHL. SRR BICIAIFMATRERABLIEER %

AICAIF(BVWE) PRELTVWSDONEREENS,
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leading to DNA degeneration resulting in multiples of
186 bp that could be detected as DNA laddering. There
are contradicting reports on the involvement of bax
upon high LET irradiation, one showing up-regulation
of bax [10] and one not [7]. In a recent report there are
results on that high LET induces both apoptosis and
cell cycle arrest in radioresistant cells over-expressing
Bcel-2 [27]. Another protein that could be released
from the mitochondrion upon apoptotic stimuli is the
apoptosis inducing factor (AIF), which does not need to
generate any caspase activity and are re-localized into
the nucleus during apoptosis. Results following nitrogen
ion exposure show that apoptosis occur independently
of caspase-3 activation [12], with the absence of DNA
laddering but that AIF is re-localized to the nucleus
within a few hours after exposure (figure 2). Although
caspase-3 might not be involved in the apoptotic process
there are reports on the involvement of caspase-9 [28].
There are several damage detectors, signal
starters and downstream executers that can signal
radiation damage resulting in apoptosis. The random
nature of ionization events means that in theory
radiation may alter any of the molecules within a cell,
and some of these changes may give signals initiating
apoptosis. Since high LET radiation causes clustered
damage it is most likely that there is several death
pathways involved in the progression of apoptosis.
Which these are and which molecules that is important
and less important is still not clearly understood, and
are therefore important to investigate not only for
improvement of radiation therapy of today, but also

from the risk point of view.
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. 4) Development of biologically optimized radiation therapy:
Maximizing the apoptotic cell kill
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Abstract

Beside senescence apoptosis is the body s most
well organized, efficient and least detrimental way to
inactivate unwanted cells. It results in less inflammatory
reactions than necrosis and is probably the optimal way
to eliminate clonogeinc tumor cells.

The purpose of the present study is to quantify
the spatial distribution of apoptosis in ion beams and use
it to maximize the apoptotic fraction of tumor cell kill
with light-ions, and minimize it in the normal tissues.
We will therefore describe it as a function of quantities
such as energy, particle species and linear energy
transfer (LET).

This was done by quantifying the dependence
of apoptosis on dose and LET of the beam, based on
existing data and relations between absorbed dose, LET
and depth on the beam. To determine the dependence of
apoptosis on LET and dose, existing experimental data
at a late time point after irradiation, was fitted by a
theoretical three-dimensional Poisson model. The model
could then be used to describe the depth and lateral
dependence of apoptosis for different ion species. The
spatial distribution of apoptosis was compared for “Li,
B and 2C ion beams. Interestingly radiation therapy
with lithium and boron ions produces more Bragg peak
apoptosis and less apoptosis in normal tissues than
the heavier carbon ions. Unfortunately , there are still
uncertainties in the calculations, because there are
still too little experimental data available for different
cell lines, ion species, time points, doses and LET
values. However it still seams clear that the apoptotic
response peaks at lower LET s than the RBE due
to the fact that a larger fluence of apoptotic inducing
ions is present at a given dose level. Interestingly, this
too indicates that LET’ s slightly lower than Carbon

ions may be more advantageous at least for smaller

=

BALCMA T, TR =Y 23 HEOPTARELMILZ
AIEEALT B 7200, LML I N, FEWTHD., F
RO EEROL L WHETH D, TR =T AORKERIX
BROYE L) DREGAL 2L, BZ S FH—MEM
FaHI ok 7 v — o Bis oMl & PEBR 3 % 7o D\l 72 ik &
oMb, SHOMEOHMIZ, /1 E—AFTOT
RE=P2AOZEMM Az ER L. TharHTEA 4~
O TCOEBEMIEO R TT R b — 2 212 X 2 IR
ZRAEL. EFMEEPTTCOT RN =Y A ER/MET S 2
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H)EVEIANF =, KB L OHRET AL F -5
(LET) ZEomId 2% L LTitikd 5,

CITIE E— 20, LET B X OREL O
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tumors. Furthermore the apoptotic cell kill in normal
tissues outside the tumors would then be lower due to
a simultaneously lower LET in the entrance region and

the fragmentation trail.

Introduction

Apoptosis is the body's normal way to deal with
unwanted cells. It is preferable to eliminate tumor
cells by apoptosis rather than necrosis, since apoptosis
generally does not induce an inflammatory response
(Kerr et al. 1994). In the present study systematic
data was gathered mostly from the experiments done
at Karolinska by Meijer et al. (2005) and data from
experiments made in Chiba Japan (Takakura et al.
2004). Further experimental data from a manuscript
by Meijer et al was also studied. The Cells from the
Meijer 2005 data was a Human melanoma cell line AA,
with a wild type TP53 (Meijjer et al. 2005, Manedic et
al. 2001). The data used was the induced apoptotic cell
fraction for Boron ions at 40, 80 and 160 eV/nm and
%0Co at 72h after irradiation. The cell line from Chiba
were a human lymphoblast cell line GM14511 with an
intact TP53 function and GM01525 who had ataxia-
telangiectasia mutation (ATM) which inhibits the early
signaling after DNA damage and thus the apoptotic
TP53 function. In principle the mildest way to inactivate
tumor cells is to induce senescence so a permanent cell
cycle arrest is achieved in these cells, to block tumor
development. If this can be done, no immediate handling
and maintenance of large amounts of sub cellular
components is necessary. Interestingly light ions with
their almost strait cell survival curves are likely to
induce a fair amount of senescence and apoptosis which
are “in repairable” processes and thus not linked to
shouldered cell survival curves as low ionization density
photons, electrons and protons. Unfortunately very little
data exist on the inductions of apoptosis and senescence
by light ions so we have used most of the available
systematic data to investigate the distributions of these

processes around pencil beams of light ions.

Theory

An LET of the order of 20-30 eV/nm and higher
may be sufficient for induction of apoptosis since in
average several double strand breaks can be produced
in crossing the 2 nm DNA fiber. The present study
is therefore based on the fact that at low doses the

probability of inducing apoptosis is dependent on two

WEHREIZ Vol.52 No.7 2009

LhIY T v A5 E B AL ERIc B 5 LET KT o
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PN TIE, 2B OELER, $§abbitro7vzy

main factors: the fluence of ions and their respective
LET and consequently the absorbed dose, at least over
the early linear portions of the response.

The cell inactivation is proportional both to the
number of cells exposed and the fluence according to

this differential equation:
-dN =No,dd (3]

Where N is the number of cells,® the fluence and o, the

inactivation cross-section according to:
0;=0,t0st0xt 0o o
Where the o:s are the different cell inactivation cross

sections for: apoptosis, necrosis, senescence and other

inactivation reactions. The solution to Eq @ is:
N(@) =Nye "1 >

In a first approximation the surviving fraction is thus

given by:
N® ., b
=N, =e’"=¢"D, (6]

For a given fluence, @, differential in energy E the

absorbed dose is given by:

. LyB)
fw L(E)  JI®%T,dE  gp,

D=| @ dE= )
L JOdE p

Using Eq @ we arrive at the following relation between

the parameters ¢; and D:

L,
o=
" Dyp

18]

where L, is the fluence mean restricted stopping power
(cf. eq. @) and p is the density.
To determine the apoptotic dependence the inactivation

cross section for induction of apoptosis can be used.

1 The LET dependence of apoptosis

It has been shown that light ion’ s such as
lithium-, boron- and carbon-ions are significantly more
effective at inducing apoptosis than low LET photon
and electron radiation (Sasaki et al. 1997, Aoki et al.
2000, Meijer et al. 1998, Meijer et al. 2005, Svensson

AL ZNENDLET, BWIZZ0REE L ToORIRE L
WO BRI T B L W) HEZRPL LT,

ML O ATHAL IR BB e 7 v > 2 Ol 12 el
L. LFomsifasicee)

-dN=Nog;d® 3]

TN, DX TNV YR, o I ERHILEERE T
HY., TR -

O-i=O-A+0-5+O-N+O-O (4]

2 ToldELLZEROMBATENHETH Y. ThFh
7R M= A, BIE, B, EOMORTFALISICH YT B,
RODFEIILUTDEHIARS

N(@#)=Nye’? (5}

o TH—EBE LTAFEREBUTORICEID 525615 ¢

N(d)) -0i® D @
S= N, =e""=¢"D,

IANVEF—EMBOT NIV AD ;& v TR = Xk
ENEURCT Y (I

. LyE)
fw L) JT®%T,dE  gp

D=| @ dE= ®
Lo J & dE p

ROZHNT, 785 X —% g, & D, D MR BRI
THZ LIRS

L, (8]
o=
" Dyp

SIZTLy R 7T XA HI R LR @B
W), p I HETDH 5,

TARN =Y AKGEEEZPET S0, TR M= AFHE
B3 2AE LR 2 Wb 2 & 3T & .

1 7Rb— Y AOLET#A#E

VF A, kY HE REREOBTRTHIE, AKLET LT
RETFLIDIERIECHRTT RN —V 22FETHIL
DRENTWS (Sasaki et al. 1997, Aoki et al. 2000, Meijer
et al. 1998, Meijer et al. 2005, Svensson et al. 2004) . Z D H{
HiE. BE%2030 eV/nm Pl LD LET 137 K b — 2 ZiFE
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Fig.1:Some of the major genetic pathways involved in tumor development and cure using forced local DNA damage induction by low and high LET radiations
and molecular therapies (e.g. Taxol, Herceptin, Glivec and Prima). All tumors are genetically instable since at least one of the growth control or DNA damage
surveillance and repair pathways are always mutated. This is the bases for all radiation therapy, where induced DNA damage is hitting the Achilles heal of the
tumor cell. Tumor cells very often mutant in the P53 pathway may then evade an apoptotic response by photon therapy whereas light ions may still do so for

example through the Ceramide, PARP or death receptor pathways.

H1:BERECAR/SLETRHR LS PICHFEE (2F V- N—tTF> JUNyIPPrimak &) ICE 2B FIBADNAGEF AV EEARICEET 08 R TR
D—E @ TDEFZIGBEEFHICARE CHZN . ZMEDEEHb—DDEIEREEIRE/-IIDNAREZER/BEREICEICERNEL TV LD TH D, ThIFLTOREHR
FBEDEBETHY), COBERFIFESN/-DNAGEN EEMIBOT7 XL EY B 255, BEMIRIEPSIRIRICERELEL TV IHENIERICE DD THIAREIC
BT R RSB N SENBEREMED B0 BA AL EAVSSEICIE 72EASETIN PARP, £ ERBHRENL TINTHT R —Y RS [ZEEI T RIBEMEN $ 5.

et al. 2004). The reason for this is that an LET above
some 20-30 eV/nm is sufficiently effective in inducing
apoptosis, and per unit dose the fluence of ions in this
LET range is highest in medium energy light-ion beams
(Svensson et al. 2004). Light ions are thus more effective
in triggering the apoptotic pathways where some of
them are P53 dependant (Nakamura 2004) and others
P53 independent (cf the ceramide, PARP and CD 95
pathways in fig 1 and Yamakawa et al. 2008). This is an
advantage in light ion cancer therapy, where about 50%
of all cancers have lost their TP53 function (Hollstein et
al. 1991) and these P53 independent pathways are not so
effechtivly induced at low LET’ s.

Per particle, the damage inflicted to the cell by
low LET is less severe and more easily repaired, than
damage caused by medium to high LET radiation.
However, at very high LET the extra LET will no longer

WEHRRIZ Vol.52 No.7 2009

KT aamh%ida L TBY, WAV F—OER F-HICE
WTC, ZOLET #ifi COHMMED YDA+ D7V
VAN EL B2 TH B (Svensson et al. 2004) . Hto
THR TR X D RIHRICT R b — 2 AR Z s
5o OO —IHIL PE3KFETH Y (Nakamura 2004)
i #8451 P53 AT TH B (B2 1F€F I F. PARP,
CD9%5 #F o X 1% Yamakawa et al. 2008 2 &), Z i
TR X BHEFREICBIT 2R HTH Y. &TOHROH
50%!% TP53 HEREA I LT D (Hollstein et al. 1991), &
NS D P53 JARAFVERE IR LK LET 4o F Tl 813 L3
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& LET (2 & 0 Mk C72hf-& 72 ) o ReE i rh A2 1 7
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Fig.2:The inactivation cross section of the cell (modified from Kraft 1987). The saturation of the high LET survival as expressed by the
cell inactivation cross section beyond carbon ions, corresponding to the crossection of the cell nucleus of 60-80um?. At lower ionization
densities the ion track is not dense enough to kill the cell after passage through the nucleus so the effective crossection is lower.

M2 MO EL KT ETE (Kraft 1987%481E) . SLETAF DRI KT LNBISOMIBTE LR EHEIC LRI, 60-80um* DI D MIE
HEICHISL TV, BEEBENE LD E A DBPFOBRENS T+ 26 REBBL M ICHIRERIE T2 P TRV, BRMTETEIHE LS,

increase inactivation, since fewer particles per unit
dose are present and radical-radical recombination and
overkill set in.

Furthermore as seen in Figure 2, the inactivation
cross-section eventually saturates as can be described
quite well by a dual Poisson process. Assuming that dual
events are needed for cell inactivation the equation for
inactivation, such as the most common dual double strand

breaks (Brahme 1997), cross-section can be written as:

O'i(L)=0'oo(1—e_'1L(1+/lL)zam{l_e‘(lé)z} o

where o is the inactivation cross section at high LET
from around a few hundred eV/nm and above. The second
expression is a suitable low and high dose approximation
similar to that suggested by Kellerer & Rossi (1974)
Assuming that the LET dependence of apoptosis
is similar to that of inactivation, the apoptotic cross-
section can now be used together with Eq (@) to
formulate an expression for LET dependence of the

apoptotic fraction.

O'A(L)=0'Aoo(1—e‘”(1+,1L)zaAm{l—e‘ (?)2} o

0 ,(L) is the apoptotic part of the inactivation cross

LI E Bl b, TNFHMMED 2D DR T4 7%
%Y, FIVANVELOERKE L BR2BREHBE 5720
ThHb,

B 2128512505 K9S AL R0 1 S
THH, THEZERT Y VBRI X Y IEFIC) F AT
ErXHnlbr s, MBORNELIIEZE S X 23
VETHBERET S &, Bl 213D — MWL EE _EHO
YIlr (Brahme 1997) @ X 9 ARG LBIHENIZ XA X ) 25
ZENTES:

ai(L)=am(1-e‘“(1+u,)zaw{l_e-“?} o

ZITOLE. BLXZEHEE eV/nm ML ED S O LET 54
TIEBI AL TH 5. % H ORI & i
P HEA S/ TH V. Kellerer & Rossi (1974) @
AT ARICHEMUL T 5,

7R =Y A0 LET RIS ATFAL AR FBIL T 5
LEzBE, TRMVAMRRER@IHEHA LT TR
ADHEED LET M50 b b,

OA(L)=0(1-e(1+1L)~0,..

l-e (%L)Z} )

0,(L) BAREHALW A O TR b= ZAHHTH Y.
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Table 1:Fluence and dose response parameters #1: ZIV I XEIRBRICD/INTA—5

Quantatively Umt 4 40eV/nm 80eV/nm 160 eV/nm

A. % 50 40 19
Da Gy 0.50 0.79 0.43
g, um? 1.3 1.6 3.4
A0, %um? 65 64 64.6

Fig.3:The saturation of the apoptotic fraction with dose, in cells irradiated with boron ions with three different LETs after 72h. The
data is fitted to Eq@® with a weighted least square method. It can be seen in the figure that a constant saturation value is reached
at approximately 2.5 Gy.

H3  RBICHS TR ZDEIE DRI STEEDRLILETEH T 2RV R A 2R L72ERBLAMBERNRET 5. T—2EEA T T ETo 1
BNZFEFEAOVTRA@ ISEESETVD,HH T, $£%22.5 GYyOB A TEERIMEISELTWIDN 503,

section dependent on the LET and &, the maximum
achievable apoptotic cross section. The assumption
that two severe events on a single site are needed to
trigger the cell to go into apoptosis, corresponds well
to the inactivation cross-sections for the dual-Poisson

expression as seen in Fig 5 below.

2 Fluence and dose dependence of apoptosis
To model the dose dependence of apoptosis Eq@®

is used. The apoptotic fraction can then be written:
=
Ap(D)=A,(1-e" D) ®

where A, (D) is the induced apoptotic cell fraction at
the dose D and D, is a LET dependant constant. The
apoptotic fraction can more naturaly also be expressed

as a function of fluence:

Ap (@) =An(1-e77) ®

where A, (®) is the induced apoptotic fraction
at the ion fluence ® An example of the experimental
fluence dependence is shown in Figure 4.

A, and D, were determined though a weighted

least square fitting of the data from Meijer (2005). The

value of the constants can be seen in Table 1.
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LET & 0,3 b bR KEGETEE T F b — ¥ AWK
LTS, 2HBOERERA XY PSHE—FIIAET S S
EH MILE TR N — Y RIRBIZT 57200 TH D EMNE
FTHIEE UTORSIRT &) RZHERT Y Y RORE
LRI R SN D 2 EIC X SMIBL TV 5,

2 FRM—=VAD TNV LY A S NI B R AR AETE
TR =Y AOBEERGEEEEF VT 570120 % H
Wb, $5L, TRFN—YADEFIFZRDO XD IR EN S,

Ap (D) =A. (1= D) ®

CITARD) IEMED EHTICBIRFE SN TR
b= AMMEOEAETH YD,y IZ LET M EETH 5,
TR =Y ZAOHGIETINVNI Yy ZAOMEE LTL Y HIKICE
HEHZLdETHS !

Ap (@) =A. (1-e"7) ®

CITA(D)FINZ Y RADEUTFTHESNLTH
P—=Y AMMMBOEETH 5. FEBRIZK 2 7V v 2R
OB 412K o

ABIUOD EEAF T 2T /M FiBITLD,
Meijer (2005) 20 58727 — 7 @A S TIE L7z, B
fEIZZE 1ITRL T b,

Fig.4 : The apoptotic fraction plotted versus ion fluence for boron ions at three different LET's. A. was determined though a
weighted least square fitting of the data from Meijer et al. (2005). Of special interest is that the initial slope is almost the same
for all LET's.

X4 : 3FBBOLETEE T AVRAFUCELBA AL TN I RIHLTTAYMNAT RE=S XD EIE A EH I EIT o /2RI F ALY Meijer et
al. (2005) #5817 —2EEAIE TREL - BFICHEKREVRIE. 2 TOLETYREICHU TIEERIZIEEAER —EE->TWBAIETH D,

WM E W LET &8 F Tl BEICHES T3R80
Bl b7z, KOO LETHTIEFOO LET A 4+ v Lt
BLT, MEoMHe LTHWIIMER S ASN S, L
LIVZ VAWK LTTRy—=YA0EEZRLE, &£T
O LET RXABOR T2 /550 T, #7425 LET 2L
THRONZ MBI OIS (14 B8,

Bl X Epid, K4 oI & To LET I LT
FIZR IR o T0WBIETHY, TNk > T, R
HINSHOLET £ TIZB T2 InExhEdT 2 EENTT
HHIEIREND,

At higher LET, fewer particles contributes to the
dose and therefore the lower LET values have a steeper
initial slope as a function of dose, than the higher LET
ions. When looking at apoptotic fraction versus fluence
however, where all LET s have the same numbers of
particles, there seems to be very small difference in the
initial slope between the different LET’ s, see Figure 4.

Of special note is the initial slope of Figure 4
which is almost identical for all LET’ s, indicating that
the number of tracks is the key factor determining the

response at these LET’ s.

3 BURELETRAE M

7R b= A SN L TRO E 213 @7 v
and Eq @ the relation for apoptotic fraction can now be Ly FRTRFN=VADEHFIHF L TR@ZF AL L2 X
written: 0. UToRR2TiETH 5 ¢

3 Dose and LET dependence
By using Eq @ or Eq ® for the apoptotic cell kill

04D pPosD

Ap=A.(l-e ™ =A_(l-e" ) ® A, =A.(l-e""=A_(l-e" 1) ®

MEHRRIE Vol.52 No.7 2009

suo| 1ybBi7 Jo $1098)43 41B|NJS|O|A] PuUe JB|N||8) uo doysy)iopp Alolesoge] uadQ |euoileulalu] SYIN Yl : a1njeaq

37



N\ —J—S 7SIV N B E SRS E S8

38

e
Yo? 10" 10°
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10’

Dose (Gy) LET (eV/nm)

Fig.5:The dependency of the apoptotic fraction on dose and LET, for cells irradiated with boron ions, at low doses (Eq @).
H5: EARBEU T AR A EAVTRFALABEICH T T R— XD EI S DR BELETICH T 5&KEN (XD) .

By inserting the apoptotic part of Eq @ the following
relation is obtained:

- _e-AL
AFr=Am(1_e DO o, (1-€ (1+/1L))//ZL) o

where we for simplicity assume narrow energy spread
so Ly=L. This expression was fitted to the experimental
data using the Gauss-Newton method.

At low doses Eq ®can be approximated by:

Ap.=A0Doyop(l-e**(1+1L)) /AL ®

It is here natural to replace D by the expression derived

also for high doses from Eq @®:
D
Ap=(1-e"2)D,0sp(l-e**A+AL)) /AL  ®

This expression is therefore better valid for high doses.
In Figure 6 the apoptotic fraction versus LET,
at two fixed high doses and for different status of the
P53 pathway are presented to show the variation of the
apoptotic faction only on LET. Eq @ can then with be

written as:
Ap=A, (1-e"(1+AL))/AL ®

Where A_ =D, 0, p. The values for the constants of
Eq @ can be seen in table 3.
Of special interest in Figure 6 is that the amount

of induced apoptosis seems to be dependent on which ion

WEHRRIZ Vol.52 No.7 2009

KOOT7E =3 AW aRATEE, DT OBRTES
ns:

-D 1-e*L(1+AL)) /4L
Ap= A, (1-g Pomi-earimn il ®

ZZTRHEHMALD 720 T 3V F—DIEH Y DFRIREZ I E
LTBY, 20O L=L b ZOXNEHIA-Za2—
b RV TERT — 7125 TEd 7z,

MR EET TR®IZKRD L) IEPTE S

Ap=AuDoyop(l-e?(1+1L)) /AL ®

CZTEDEERMS IR EHBEICOVTEB SR
2R T 2 OBHKRTH S ¢

Ay =(-e"2)\Doyp(l-e*142D)/AL)  ®

Po TZ ORBUIEHEIIOWT L VAL o T 5,
M6 TIELETICHTATRN—=Y 2A0EE%, 2FHEDR
ERE ST T, PE3 R D M BIRFEICH L TIRR L.
LET CORBETHETEN—Y ZADEEDOLEE ZR L7, §
5 ERBIZKD L H IR TES -

Ap=An (- 5(1+AL))/AL) o

ZIZTAL=D,0,pTH2.EXOOEFMEITEIITTRT
B 6 1BV THICHBRIEV UL, SFESN2T R b=V A
DOEIE PE3REOAZL ST, BAHIH VD A+ ¥ ORI
BIELTWABS LWHTH o720 $720 A+ VD HL 2513

Fig.6:The variations in the induction of apoptotic cell kill as a function of LET and the status of the Ps; pathway. Where wtPs; is wild type
(normal functioning Ps3;) and mutPs; for mutated Ps; pathway. A particle dependence on the apoptotic induction can also be observed. The
equation can be seen in Eq@® and the values for the constants of the curves are given in table 3.

H6: 7R —> RMEMIFEIE DEALELETEP 5 RIRDIKBEDBIHMEL TRIRL 720 WP IR FF R (EEHEEET BPss) THY . mutP s 32 R 1% Ps, (—EBHEREN BE
FINTVBHD) THB, TR ZFHOR FERFEOBRTE2, EXRA O IC. RO EREERIICR T,

Fig.7: Comparison of the apoptotic fraction and RBE dependence on the LET [M7: 7 Rh— XDE|EDLEEERBEDLETICXN T 3k 1F M
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D, 0.16
1/2 10
SA2 42

square error (£A?) from each fitting is also shown.

3
Boron low doses (Eq @®) Boron high doses (Eq ®) Carbon high doses (Eq @)
o, 46 289 209

0.57 0.57
23 50
34 20

Table 2:Dose and LET response parameters used in the three dimensional figures where apoptosis dependence on dose and LET is depicted. The mean

F2: TRM—V ZDIRBELETICH T BEBEN RENTVBZRTETRVSNIRBELETIOE /N A—2, ZhZhOEE NS DT ZRRE (A7) bR,

lon
P53 status
A.. 183 176 119 42 71 34
173 13 24 50 40 39 116 nm/eV
L= 172 24 43 90 72 69 209 ev/nm
FWHM 3.5 35 3.5 3.5 35 3.5 eV/NM/ Lo

MI2EREEETHS,

was used for radiation, as well as on P53 status. There is
also a trend that, the heaver the ion the higher the LET
for its apoptotic maximum. This Lmax is dependent on

A and can be obtained from
a4 (An(1-e*(1+AL))/AL)=0 i)
dL

By numerical solution of this equation we obtain

L,, = 1°79/1 flo)

The full width of the LET distribution (eq @) at half its
maximum value is given by 3.5 L__ .

A weighted Gauss-Newton fitting of Eq @, which
depends on both LET and dose, to the data from Meijer
(2005) is shown in Figure 8.

In Figure 7 the variation of the apoptotic fraction
and the RBE are compared as a function of LET. It is
clearly seen that the apoptotic maximum occurs earlier
than the RBE peak largely due to the stronger influence
of the more numerous ions with sufficient LET to induce
apoptosis at a given dose level.

A fitting for Eq @ to the data from Takakura et

al. (2004) can be seen in Figure 9.

MEHERIE Vol.52 No.7 2009

Table 3:Apoptotic response parameters and the LET where maximum apoptosis is induced for different ions and p53 status. The full with at half
maximum (FWHM) in L., units for each curve is also shown. *The values for Li are estimates.

R BATRN— AN BEB1FEPEIICDNTESNBIBED TR ARIS/INTA—RELETE, SHIRIEIC, Lo BALICH B FELIE (FWHM) BT, LIl

ETRMN =V ADORKMEES DO LELR LET 8L %
LR H 5720 TOL FAIHEELTEY, TR
PoHHELNS

d Y _
dL (A.(1-e™*(1+AL))/AL)=0 ®

HXROBIERZRD L EDTOXNESNS -
L, = 1.79/)L ®

LET 554 (GX@) O AMOPMANEIZ. 350, 2L D
Hzehz,

RKOOFEANIF LAY A -Z2a—+r> 74 v+ (LET
ERBEOW F A L T 5) % Meijer (2005) & ) 37257 —
ZIALTHEMALEZDDZK S IR,

7TRE7HREF—Y2ADHEG L RBE 0%{b% LET O
MELTHEBELZ, TRV ARAMEIZRBEEY -2 X 1)
HBAAULED, TNRFEELT, IVZHOALF UL DR
VREEE JF L. FREIS 1507 LET 2 5- O &1 <7
RNV ARFETL7:0TH 5,

Takakura et al. (2004) & V57257 — 71233 5 @0
R 9ITRT,

zgqéz oy a0 e

10

0 1
1 10
Bose (Gy) LET QVinm)

Fig.8:The dependency of the apoptotic fraction on dose and the LET of the radiation, for human melanoma AA cells irradiated
with boron ions, according to Eq @ with a weighted Gauss-Newton fitting to the data. The data points from Meijer (2005) are also
shown. A somewhat better fit to the data is obtaind by the linear dose approximation in Eq @ resulting in Eq @, then by basic Eq
@ used in

H8: ErAT/—TAAMBBIC R YR A 4B LB E D MAHRBELETICH TB 7 Rh—Y XEI S DKFME. T — 2L TEA T EFT A Y X-
Za—bhTauNETSZEILENKDICHE S TRLAED D TH B, Meijer (2005) £NBSNAETF—2EBTT. RO ICLIBHREBRLICLIROPES
NEWTEANEROEAVBIEICE) EFUESNET -2 D—BPEIND,

e
Qo' .
102 10" 10° 10’
Dose (Gy) LET (eV/nm)

Fig.9:The dependency of the apoptotic fraction on dose and the LET of the radiation, for the human lymphoblast cell line GM14511
irradiated with carbon ions, modeled with Eq @, with a weighted Gauss-Newton fitting to the data. The data points from Takakura
et al. (2004) are also shown.

MO MHAMEBELETICH T37Rb—CREEDKEM. P NFHRMEMBB/HGMI4511ICRFIACEBHFL. XO%
AOTETIMEL. T —2ICH UL TEAMF T oAV R-Z2— b T yhETT 720D, Takakura et al. (2004)&N1GT —2mEH#ICRT,
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4 Spatial distribution of LET and dose in ion beams

To estimate the spatial distribution of an apoptotic
response for different ions, the broad beam dose and LET
distributions over all penetration depths where used.

A refined version of the Monte Carlo code
SHIELD-HIT (Gudowska et al. 2004), SHIELD-HIT(07)
was used to calculate the fluence of primary ions and
the associated fragments in water. In this version the
absorbed dose and radiation quality distribution for
different particle species’ was evaluated. The production
of fragments due to inelastic nuclear interactions was
simulated using the Multi Stage Dynamical Nuclear
models where all types of hadron-nuclear and nuclear-
nuclear inelastic interactions are taken into account
(Botvina et al. 1997). The transport of primary particles
and fragments was simulated down to a cut-off energy
of 25 keV/u, so particles of energies lower than 25 keV/
u were not transported and did not contribute to the
calculated fluencies.Multiple coulomb scattering and
energy loss straggling were taken into account.

Calculations have been performed for a point
mono directional and mono energetic ion beam incident
perpendicularly at the centre of a cylindrical water
phantom (R=10 cm, L=50 cm). The fluence, differential
in energy, was scored separately in cylindrical rings of
a thickness of 1 mm and up to a diameter of 20 cm. The
energies of the projectiles were chosen to correspond
to ranges in water of approximately 260 mm. The
stopping powers in water of the primary particle and
all fragments have been calculated using ICRU-49 and
ICRU-73 data. The absorbed dose of the primary particles
and the fragments can be determined by integrating the
fluence differentiated in energy and the associated LET

values according to Svensson & Brahme (1986):
S(A)
D(z)= (I)E(Z)dE+ — 0(A2)A D

Where L,(E) is the energy dependent restricted
linear total stopping power ( ICRU-16&60) which only
includes local energy transfers with less than the
specified restriction energy A. For a cell nucleus of only
10 pm cross-section the track end term may, in the first
approximation, be disregarded.

In accordance to Eq ®, the fluence average
restricted LET is given by:

J 3 Ly(E)®g(z)dE
S5 ®:(z)dE

which is equal to Eq@ above.

Li(z)=

WEHREIZ Vol.52 No.7 2009

Th- ST LA(E)®x(2)dE

4 4 E—LHMNICBIF ZLETE R D 2% [ 55 A

BB AT VBEOT R = ARV T2 5 % R
b 5720, 70— FE— Al L 2 TOEMEEICD5
LET 43#i & F\v 72,

£ ¥ 7 H)vu a2 — K SHIELD-HIT (Gudowska et al.
2004) ORI TdH 5 SHIELD-HIT(07) % T, KHT

—“KAFVDINZ AL TG A Y MERIHE L, Z
DN=T 3 ¥ TIE B DR S & S WRIGR & B
oA % 50 L 720 FEMMEBM EEICRR T 27 5 7 2
YhOERDY I 2L — 3 Y&, Multi Stage Dynamical
Nuclear E 7V # W T To 72 TOETFTIVTIE, £TO
FHEON T ¥ - 5 B O IR AR A% I8 &
NTw3% (Botvina et al. 1997), —&k. & 75 27 X~ b
Df%ElE, Ay PEFT7IZANVF—DTRELT25 keV/u &
TY¥lalb—var&fio7zdT, 25 keV/uKiiiD LAV
For AT IRTREEINT, SRS T7 VI Y 212
FHLTWZ v, O —a riEle = AV F—HEK A
N Y TIEEB L,

FHTAZ AR, M2 5 NI —Z AV F = A F &~
Y= A AFHZ DWW T T o 720 S HIEFHAESIRD K E 7V (R=10
cm, L=50 cm) OHUMIX L CEBEIICAHF SN, 7V
YARFZANF-IICESEENTE D, EE 1 mm, HE
K20 cm OPAERRY ¥ 7 TBlic 2 aTibs e A
SR oA F— KT ORBAH 260 mm & 7% 5
IR L 7z KHPIZBI 2 —RHTFLETDT T 7R
v FoMIEREIX. ICRU49 B X OV ICRU-73 77— % % W T
SN TwE, —KKT L7527 22 b OWRIGHR I
Svensson & Brahme (1986) 129> T, =RV F—T# Vlﬁ
Enfz7vr Ak, My LETH2MAET A2 LI12&
DRETES :

D(z) f (DE(Z)dE+ % DA z)A D

S TLy(E) 1 &V F — A7 Pk B R 4 R Bk gk
(ICRU-16 &60) THH. BHEDHRT AL F— A RO
A VF—EOAR T EL. T2 10 u m OWHEL A
T BB O VT I, AR DAL T — TP BT
FEHL I 5,

XTI ->T, 7V Y ZFEHHME LETIE R
THRAbN%:

M= e g (2)dE
I ERoX @L %L v,

5 The spatial distribution of the apoptotic fraction
The analytical formulae to calculate the apoptotic
fraction distribution were taken from eq @ three ions
where studied Lithium- (“Li), Boron- (*B) and Carbon-
(2C) ions.
The specific dose and LET, for each depth z,
radial position r and ion that contributed to the dose,

where entered into the equation below;

X1 Di(r2)A. 0, DAL)P eIMDJ(IeJL””U+2L(r@LMLirzD

5 7ARN—T RS D 22 [ 55 A

T RN =Y ZOEEGOHA %R T 572005 gk
OS5 o7z, SHEOA F L IZOWTHRE T 253
Fua (L), &% (B Ho0icg®E (C) 41+ T
HbH, FAMHEE LET. ZNENOWRE z. BIHIRALE r.
BRICEG T4 4 Y2 U TO%ERICAS LI

Ap(r,z)=

X1 D (1,2)

Where L, (r,2) ~L,(2)

A weighted mean apoptotic fraction contribution
for the primary ion particle and all associated fragments
i, was then taken, as is seen in Figure 8. This gives us
the mean apoptotic fraction, calculated for the depths z
of 0-500 mm.

Results
1 The estimated apoptotic fraction for different ions.
1.1 Expected apoptosis with the boron data set is used

The constants from boron at high doses from

Table 2 was used with Eq (21) to plot the expected
spatial distribution. In Figure 10, 11 and 12 the expected
spatial distribution of apoptosis is shown for three
different ions '?C, "B and Li.

Figure 13-14 shows a comparison between the
ions at two dose levels 0.2 Gy and 2 Gy at a depth of 50
mm. It can be seen that in comparison Li induces the
most Bragg peak apoptosis of the ions but induces less
apoptosis than the outer two at the plateau region.

In Figure 15 the peak to plateau ratio of the
three ions for different doses were compared.

Of special note here is that lithium has better
peak to plateau ratio for all doses and the ratio is better

for low doses, for all three ions.

1.2 Expected apoptosis when the carbon data set is used

The constants from carbon at high doses from
Table 2 was used with Eq® to plot the expected
Longitudinal distribution. In Figure 16, 17 and 18 the
expected Longitudinal distribution of apoptosis is shown

for three different ions; '*C, "B and "Li.

Z 2T Li(rz)=Li(z) TH 5%,

WIS, BAMFENFE TR =2 REEOFG %, —
RAF VRTEETOREMT I 7 AY M iIZDOWTIRL 7
(EZMW), TNICL o TEETRMN—Y ZAHENELN,
I 213 0-500 mm TH 5 LEMF STz,

AR

1 B4 NEBT R A5 WO BATDY

11 FvFEr—=8ty MUHBEOPE TR F—2 X

F2RDLLLAEHERYRL VB EHE @ 128
MLT. FHEZMOAE 7Ty L7 M10.11. 12128 W T,
SHHEDOR LA F Y "C." BB LV LIIC2VTOTH b —
¥ A DT G4 % R T,

13- 14 128 FT®IE, 50 mm DEXTO02 Gy & 2 Gy
D2FWHOHBELEUTTAF 2B LR TH B, K
T2 L LidHRAD Bragg ¥ —2 7R s — ¥ A% FHET B,
7T N —H T 2 L IR L TT AR b= AF
34720,

X 15 Tid. 3HEHDO A + > O %
7 —lER L,

BRINEEELT VF Y213 TRTOBREICZOVT
=275 b —HAERTEY, 3HEEOA + 3T
DWVT, KR T I OREIZHHE L T,

TEDE—I %

12 RFEF =5ty FEMOLBEOTFHTF P =22

2 X0 oNEHRELETORIEHEEHZ DI
WL, SEFMOPESGZ 7oy b L, K16, 178 &
18 ICHEH DT E b=V AFROAi %, SHEORL S
4+ PC. "BBLOL) JTEITRL
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Fig.10 : Longitudinal distribution of radiation-induced apoptosis 72 h after irradiation with '2C ions. Calculations are based on
irradiation of the human melanoma AA cell line with dose and LET distributions for water. The doses stated in the figure are for a
depth of 50 mm.

H10:"°CA AN L BRBE 7205 R DI EHR FHEME 7 Rh—2 2OM A B D Fio ERAT/ - AARIBIRR IS T2BHEEL LI KICHTRIRBELETH
ERVWTETEL RPISRTIREIFS0 mmOEIICHTIHDTHD,

Fig.11 : Longitudinal distribution of radiation-induced apoptosis 72 h after irradiation with ''B ions. Calculations are based on
irradiation of the human melanoma AA cell line with dose and LET distributions for water. The doses stated in the figure are for a
depth of 50 mm. This case is expected to be the most accurate since the apoptotic data where obtained for boron ions.

H11:"BAAUNC L BBH 720 B B OISR FH M T Rh—2 2OMH B D o ERAT/ -V AARIBIKICH T2BEEL LI KICHTIIRBELETH S
EFRAVWTEHELE IPISTRTIEE 50 mmORSICHTEILD THE, DT Rh—Y X F —RIEKRIRI A AHLTESNAEBDTHEZENS, ZDEF]
IIRBIEETHIEFHEEND,
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Fig.12: Longitudinal distribution of radiation-induced apoptosis 72 h after irradiation with ’Li ions. Calculations are based on
irradiation of the human melanoma AA cell line with dose and LET distributions for water. The doses stated in the figure are for a
depth of 50 mm.

127 LA A A S B IRHT 7 20RO IUSHR A B 7 Kb~ S ZOBEF B BT o EMA T/~ AAMBIIR IS T 2BRE 2B LI KICH TR IR BELETH
ERWTETEL . BARICRTIREIZ50 mmORSICHTEHNDTHB,

Fig.13:Longitudinal distribution of radiation-induced apoptosis 72 h after irradiation, made with a dose of 0.2 Gy at 50 mm with
three different ions; '*C, "'B and "Li.

H13:3BENELB14> ('°C.""BHEVL) ICEN 4R B0.2 Gy T50mmE T T - BH 7205 B %126 BSHR A B M 7 K-> 2Ot H A
2o
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Fig.14:Longitudinal distribution of radiation-induced apoptosis 72 h after irradiation, made with a dose of 2 Gy at 50 mm with three
different ions; '*C, ''B and ’Li.

M14:3FEORLB 17> (PC."BHEVLD ICEW IR B2 Gy T50mmEH T TEHL/-RBHE 728 B £ IS S HHRF M7 K-> DM E
o

Fig.15:Peak to plateau ratio versus dose for ‘Li, ''B and '2C. The value for plateau apoptosis is taken at 130 mm and the peak
apoptosis value is taken at 260 mm.

E15: €=U 7 Sh—tELi " BELU2CTENIMBED LS, TS5 —TFRh—L (#2130 mmTEEBL. E—77Rh— (#2260 mmTEEL
7=
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Fig.16:Longitudinal distribution of radiation-induced apoptosis with '?C ions. Calculations are based on irradiation of the human
lymphoblast cell line GM14511 with dose and LET distributions for water. The doses stated in the figure are for a depth of 50 mm.
This case is expected to be the most accurate since the apoptotic data where obtained for carbon ions.
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Fig.17:Longitudinal distribution of radiation-induced apoptosis with ''B ions. Calculations are based on irradiation of the human
lymphoblast cell line GM14511 with dose and LET distributions for water. The doses stated in the figure are for a depth of 50 mm.
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Fig.20: Longitudinal distribution of radiation-induced apoptosis made with dose a dose of 2 Gy at 50 mm with three different ions;
'2C, °B and ’Li.
Fig.18: Longitudinal distribution of radiation-induced apoptosis with “Li ions. Calculations are based on irradiation of the human H20: SHEOBASAF> (2C. "BHLULI) AAVT. 50mmEHT . S B2 Gy DEEEA T TEMHL A NS FE M T Kh—> 2O S 7.

lymphoblast cell line GM14511 with dose and LET distributions for water. The doses stated in the figure are for a depth of 50 mm.
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Fig.19: Longitudinal distribution of radiation-induced apoptosis made with dose a dose of 0.2 Gy at 50 mm with three different ions; Fig.21 : Peak to plateau ratio versus dose for “Li, ''B and '2C. The value for plateau apoptosis is taken at 130 mm and the peak
2C, "B and ’Li. apoptosis value is taken at 260 mm.
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Discussion and Conclusions

Due to their high local ionization density light ions
induce significant amounts of apoptosis especially in their
Bragg peak. The highest Bragg peak apoptotic fraction
seems to be induced by Li to Be ions, and of the three ions
studied Li have the best apoptotic peak to plateau ratio.
The reason for this is that Li combines high enough LET
in the Bragg peak, with more particle tracks per unit
dose compared to the other ions. The fewer and mainly
low LETsecondary fragments produced by Li is also a key
factor. The high peak to plateau ratio is due to that Li has
a very low LET in the plateau region and thus compared
to the other ions does not induce as severe DNA damage
and therefore less apoptosis there. This suggests that
the slightly heavier beryllium ions could also be a good
candidate for high apoptosis induction.

There is a common trend for all ions that the peak
to plateau ratio is better at low doses than higher doses.
This is partially due to the fact that, the apoptosis in the
Bragg peak reaches saturation at lower doses, than in
the lower LET of the plateau region. This implies that
fractionation could be a good way to increase the peak to
plateau ratio and by that kill relatively more tumor cells
through apoptosis. However, since for example the most
apoptotic prone cells may have already died in the first
fraction, leaving more apoptotic resistant cells, leading to
a lower apoptotic fraction for higher dose fractions.

The dose dependence of apoptosis in the present
study was ,based on experimental data, chosen to
asymptotically reach a constant maximum apoptotic level
for high doses. In outher studies different approaches as
a linear dependency, was seen in the data by Yamakawa
et al (2008), or a slight decline of apoptosis at very high
dose levels, as suggested by Meijer et al. (2005). This
depends on the amount of cell kill through non apoptotic
pathways that are obtained. If this is low ion saturation
may set in at mutch higher doses.

Apoptosis is also a very cell line dependant
process which must be kept in mind when viewing the
results, although they hopefully give a good indication of
what the spatial distribution of apoptosis might look like.
What has not been studied here in great detail is the
time dependence of apoptosis. The apoptotic fraction is a
time dependant process and good universal data are not
available, due to the uncertainties in the measurements
and if some apoptotic cells have been phagocytosed. We
have generally studied the case at late time points when
most apoptotic induction is finished. There is also the

uncertainty that the surviving population of cells, which
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keeps replicating, is diluting the apoptotic fraction over
time. In future studies a non time dependant apoptotic
fraction, taken for example from the integral number
of cells that has died due to apoptosis because of the
radiation after a long time, would be preferable to use.
The experiments used in this thesis where also carried
out in vitro and the results may change in vivo. A study
of apoptosis induction with light ions in vivo would be
very interesting and with the advances in the in vivo
apoptosis imaging (Kartachova et al. 2006, Blankenberg
2008, Verheij 2008) this could be done.

There is a particle dependence of apoptosis, as
can be seen in Figure 6. This indicates that there might
be an optimum particle species for inducing apoptosis.
To establish this more exact experimental data are
needed.

With new methods, the combinations between
radiotherapy and apoptosis enhancing chemotherapy
such as perifosine (Vink et al. 2006), the apoptosis
induction in the tumor could be further increased. Most
of these studies have been made with photons and it
would be interesting to see what effects such drugs
combined with high LET radiation could have, since
high LET radiation induce a higher degree of apoptosis
than photons. By maximizing the apoptotic cell kill and
senescence, the inflammatory response linked to necrotic
cell death in the tumor region can be reduced.

To get the best ratio between the tumor to healthy
tissue apoptotic cell kill, this paper suggests the use of
lower LET Li, Be and B ions for radiation therapy, which
may have an advantage over carbon ions. Definitive
conclusions can only be drawn when more extensive data
for apoptosis with different ions and cell lines have been
collected to allow more accurate comparison than possible
with existing data sets. However, some general conclusions
can be drawn already now. For example may many small
dose fractions be a way to improve the apoptotic peak to
plateau ratio to avoid saturation of the apoptotic response
in the plateau region. More clinically intresting wuld be to
aim at a higher fluence and lower mean LET in the entire
tumor region (L, =20-30eV/nm) to increase apoptosis and
make the biological effectiveness more uniform also on
a micro and nano dosimetric level. This is obtained by
parallel opposed ion beams where the radiation quality
gradients tend to compensate each other. When this is not
possible, it may be advantages to combine two ions through
the same beam portal, such as lithium and carbon, and to
increase the lithium fraction at the distal tumor side and
increase the carbon fraction on the anterior tumor side,
to make the absorbed dose and radiation quality more
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evenly distributed in the tumor volume. With biologically
optimized radiation therapy planning, it would then even be
possible to initially increase the dose and high LET dose
fraction in the hypoxic core of the tumor, that in principle

can be located any where in the tumor volume.
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Since the International Open Laboratory
(hereinafter referred to as International Lab) was
established on November 1% of last year, four International
Lab Workshops have been held in only 4 months on the
occasion of Distinguished Foreign Scientists of three
Research Units (Particle Therapy Model Research Unit,
Particle Radiation Molecular Biology Unit and Space
Radiation Research Unit) of International Lab visiting
NIRS. One of the purposes was to announce the aim and
policy of each Unit as early as possible.

Of the four Workshops, the details of the 1%
Workshop (planned by Particle Therapy Model Research
Unit) were published in ‘Radiological Sciences, February
Special Issue 2009 . As sequel, the details of the 4"
Workshop (again planned by Particle Therapy Model
Research Unit) were carried in this Special Issue. We are
pleased that both Special Issues provided readers with a
thorough understanding of the aim and policy of this Unit.

The 4™ Workshop was held in the morning of
April 15", Although it was only a half-day Workshop, 7
speakers presented impressive lectures accompanied by
keen and productive discussions.

At the beginning, on behalf of the Unit, Dr.
Naruhiro Matsufuji introduced the Unit’ s purpose and
research policy. This Unit consists of two groups: the
Biology Group that aims to establish new biological
endpoints indicating and/or confirming the biological effect
of various types of accelerated ions including the carbon
ion beam, and in particular, evaluating the clinical-radiation
effect; and the Physics Group that evaluates microscopic
dose distribution and exact dosimetry of beams in tumor
and surrounding tissues. The final goal of this Unit is to
establish an  ‘Optimized Radiation Therapy  with the
goal of further optimization of particle beam radiation
therapy under the cooperation of the two groups.

In order to establish ‘Optimized Radiation

Therapy’ , the effective combination of diagnostic
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technologies such as On-Line PET/CT and Heavy Particle
Therapy is also an important research theme. For this
purpose, it is essential to develop and broaden research
cooperation with the Molecular Imaging Center (MIC).
On this occasion, we requested Dr. Naoko Inadama, a staff
member of MIC and a member of the Unit, to present
some details of the development of the “X’tal cube
(crystal cube)” , expected to be the next-generation PET
detector. In the previous PET detector, long scintillation
crystals were laid side by side like doughnuts, meaning
that “degradation of spatial resolution” might occur in
the detection of gamma rays incoming from an oblique
direction. Then, Dr. Inadama and her colleagues vertically
piled up 6 layers of “cubic detector (X'tal cube)”,
combining the photo-detector and the reflector, and laid
them like doughnuts. Use of the X'tal cube significantly
decreased the degradation of spatial resolution and
improved the resolution. X'tal cube was developed by
NIRS, Chiba University, Tokyo University and Hamamatsu
Photonics K.K., and this represents, we are pleased to
say, one of the most successful examples of cooperative
research between academia and industry.

Dr. Anders Brahme, who has been appointed as
Distinguished Foreign Scientist of the Particle Therapy
Model Research Unit, proposed the Intensity Modulated
Radiation Therapy (IMRT) for strengthening or weakening
radiation according to the morphology of tumor by
computer-assisted reforming of the shape of the multi-leaf
collimater during radiation exposure. IMRT has now come
to be used all over the world. In IMRT, exposure planning
is determined in advance, and a dose distribution diagram
is calculated in order to validate whether the radiation
method meets the clinical necessity. Meanwhile, the method
for designing the dose distribution diagram for tumor
tissue in advance, following the planning of the irradiation
method so as to meet the dose distribution diagram, is
called Inverse Planning. Dr. Johanna Kempe reported that
it is necessary to precisely integrate the absorption dose in
the tumor tissue, as well as the position and characteristics
of the tumor tissue in conducting biologically optimized
radiation therapy, and that it is essential to promptly obtain
the radiation dose and distribution of the biological effect in
order to perform Inverse Planning, for which the recently
developed Analytical Transportation Theory is useful. Dr.
Kempe will join the Unit as an Invited Scientist from July
and as Appointed Scientist from October of this year and
be involved in the development of Inverse Planning with
Dr. Matsufuji and his colleagues.

Dr. Annelie Meijer proposed the necessity

of evaluating the therapy result of accelerated ions by
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BT RHIEEE T VIR = v b OFE /Y E AR E 1T
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B3EsZEI2E), EHEORIRIIE U TR O ®E %
DUF B &) TREA TR (IMRT ) 23R%EL
¥ L7z IMRT 4 TIEIERAPIZE R LTwE 9, IMRT
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Planning) & W %9, Johanna Kempe fd#i+:1%, AW#W
5B AL R SRR : % 4T 9 B CIESS AR B0 B MR
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Ll HITHESINGHETE 2 ML T 57200 E1TH
LiZhoTwET,

Annelie Meijer L2513, MEMBOT R M- 2 %
ERALT B 2 & TEA F VORI H % S 5 7 ik

quantifying apoptosis of tumor cells. It is well known
that p53 gene mutation occurs in many tumor cells. It is
also well known that low LET radiations do not induce
apoptosis in p53 mutant cells. However, although there is
still some controversy, it seems that high LET radiations
induce apoptosis even in p53 mutant cells. Similar results
were observed in ATM and DNA-PK mutant cells. That
is, it was confirmed that accelerated ions induced apoptosis
even in cells having mutation in DNA repair genes. Also,
Dr. Meijer and colleagues have been interested in the
search for substances released into circulating blood from
apoptotic tumor cells exposed to heavy particle radiation.
Her colleague found that the amount of M30 antigen was
increased in the blood of patients receiving brachytherapy.
They are of the opinion that M30 antigen may be used
as an indicator of apoptosis after heavy particle therapy
since the amount of M30 antigen can be easily measured
by ELISA. In addition to apoptosis, autophagy™* or cell
senescence is considered to be used as the endpoint of the
biological response of cells exposed to accelerated ions.
There are high expectations for Dr. Meijer’ s continuing
research projects. Dr. Meijer is scheduled to be the
Appointed Scientist of the Unit from September and to
be involved in research on high LET radiation-induced
apoptosis with the Biology group.

We requested Dr. Anders Brahme to give a
special lecture subsequent to the 1 Workshop. Since ion
beam characteristically has a Bragg peak, it is possible
to irradiate using ion beam at a higher dose to tumor
tissue than to normal tissue by devising the application
of this Bragg peak to the tumor. Establishment of the
IMRT method enabled us to ‘more selectively’ irradiate
tumor tissues. In the near future, it is expected that the
establishment of Inverse Planning may decrease the dose
delivered to normal tissue. However, it is impossible to reduce
the radiation effects on the normal tissue to zero. Therefore,
Dr. Brahme and colleagues pointed out the necessity of
devising maximum enhancement of the ratio of ‘clean
cell death” for all types of cell death after irradiation. In
addition, it is considered that necrosis may lead to more side
effects in normal tissue because it concurrently develops
inflammatory reaction. As apoptosis and cell senescence
go through the process to death without inflammation,
both types of cell death can be called ‘clean cell death’.
It is considered that conditions of irradiation such as the
type of ion beam or dose may eliminate efficiently tumor
tissue cells through the process of apoptosis, as well as
possibly decreasing side effects to normal tissue because
normal tissue cells may also die through apoptosis. There

are only a few reports on the analysis of the apoptosis

PEPIR—ESNF L7z, BEEMILOZ { Tl ps3 s T 1228
WERZF-> TR I RS TwEY, K LET K
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LA»L. Kawdd D T3, 8 LET G IE ps3 288 %
BHBICH TR =Y AEFET 2 L) T Ak RER
& ATM & %\ i3 DNA-PK #ZF 122w T BIEgsnF L
720 TbbH. DNA BEEETICERERE D> TH,
AT VBET RN =V AEFET LI EDRERSINEL
720 Meijer it 5 id, ERTHIBEHBICT R =Y 2 %L
LMl S A ic it S a2 WEIERH LT E$,
NIRRT B T 2 B O HI M30 BB 5 2 A
R EN TV E T, M30 Pu O IE ELISA THHIZHE T
EHZEND, MPURZ TR FHIGHEZDOT R =T X
DOF|EICT LI ez TBONET, 7K b= ALS
2. A= b77 V=" HAEWIE CHIREL EnEA 4 v
RIS OB IS O L 5 2 L 2RI SN TE
0. SHOBEMPHFESINE T, Meijer Hitid, 92
BT RGERRE T UL = v MIIRAMIER & LTHIEL.
EMT V=T LI A VBOFRTLITRI—T R
BFge ICHEdiT A2 Il oTWET,

Anders Brahme #1121E, E 1R —27 2 a3 v FITH| &
BENTORFNFEHZBEHOLI L A YBIETI v
V— 2y 280U DH 57012, SOTS5y rE—2 %
PP T 522108 oC EHEMREL Y D IEBMMRIC X
DL OMBEDA & U EIRGTT 22 L WHEEIC R Y $3,
IMRT #OWEAT & o THEHMARIC "L 0 BRI G
THIENTELLIICHRY E L, LwiFRkiziz W
FRAREETH AL $ 5 2 L2 & - T IEWHIER~ D IS
MEEZITEITROTIEDNTEL WS RET, L
L. IEHHEE~OBIZ 2RI 32 L IATRETT .
% Z°C. Brahme #5134 + VB FZICTI &R S
LM oOR T HEZMIEE oY SV ERKRICHE
WETRETHIEEZREL TV E T, BB KRG %
BE5ET B 720 I IEH MM TORMEHAREVWEEZ L LN T
o EZAHM. THEN—VAB X UM EALIT SRS %
BlERIFTIEMIBRL TV BRERZZED TS, Th
T 7 HE M=V 2 EHIBLELE WML S22 FET,
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observed in cultured cancer cells exposed to various types
of ion beams. Using these data, Drs. Vreede and Brahme
showed that it is necessary to device ion beam quality or
irradiation conditions to induce maximum apoptosis. They
also emphasized that it is necessary to collect data based
on precise observation of apoptosis over a long period of
time after irradiation, and that it is necessary to take into
account the concurrent use of apoptosis-inducing drugs and
radiation. In conventional radiation therapy, emphasis was
placed on planning to maximize the radiation dose to tumor
tissues and minimize it to normal tissues. Drs. Vreede and
Brahme offered a new proposal: creation of an irradiation
plan from which cells in both tumor and normal tissues will
die through ‘clean cell death’ .

Dr. Yoshitaka Matsumoto presented the
establishment of a method for evaluating RBE in cultured
mammalian cells exposed to extremely high doses of
heavy particle beams. Dr. Ryoichi Hirayama reported the
lethal effect of heavy particle beam on anoxic cultured
mammalian cells. However, both speakers notified us
that original papers have been prepared using the data
reported in this Workshop, and thus the presentations of
both are not involved in this Special Issue, taking their
preferences into consideration.

In this Workshop, a system of both Physics and
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Biology groups of this Unit promoting cooperative research,
approaching the purpose of ‘Establishing Biologically
Optimized Radiation Therapy was introduced. As Drs.
Vreede and Brahme mentioned, if the concurrent use of
apoptosis-inducers and radiation therapy is planned, it
may be necessary for Chemistry/Pharmaceutical Science
group to participate in the future. If the ‘Biologically
Optimized Radiation Therapy is established even
slightly, the possibility of planning ‘human-friendly
radiation therapy  becomes stronger than before, and
significant improvement in survival rate, local control rate,
and furthermore QOL (quality of life after therapy) can
be expected. Future research development of the Particle

Therapy Model Research Unit is strongly expected.

*Autophagy: Translated as ‘jishoku' (digest own
protein) in Japanese, with the original English term being
popularly used; this is the mechanism of digesting abnormal
proteins or excessively synthesized proteins within the cells,
eliminating the microorganisms or bacterial pathogens invading
into the cytoplasm; in some cases, the digested protein is
re-used for its own protein synthesis; autophagy is considered to
be one of the extremely important functions naturally equipped

in the living body for ontogeny or cancer prevention

DLW 7N — T LW N — T HS [ AW 1902 55 58 72 ST
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PEH 2% 2 5 % O RIS - BE 7 V-T2
FTHRUEPE T 2bHNFE A [HEWFMNT 5% )
WnED ] AL Thirshiud, 4Tl TA
W8 LW OB | OBHEETH AT REIC 2 D, L72dto
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N DOGBHOWIED TR TSN E T,

%+ — b7 7 Y— (Autophagy) : HE (LLx<) &R
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Snapshot at the discussion session in the workshop
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