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For tumor therapy with light ions and for experimental aspects in particle radiobiology the relative biologic-
al effectiveness (RBE) is an important quantity to describe the increased effectiveness of particle radiation.
By establishing and analysing a database of ion and photon cell survival data, some remarkable properties
of RBE-related quantities were observed. The database consists of 855 in vitro cell survival experiments
after ion and photon irradiation. The experiments comprise curves obtained in different labs, using different
ion species, different irradiation modalities, the whole range of accessible energies and linear energy trans-
fers (LETs) and various cell types. Each survival curve has been parameterized using the linear-quadratic
(LQ) model. The photon parameters, o and B, appear to be slightly anti-correlated, which might point
toward an underlying biological mechanism. The RBE values derived from the survival curves support the
known dependence of RBE on LET, on particle species and dose. A positive correlation of RBE with the
ratio o/f of the photon LQ parameters is found at low doses, which unexpectedly changes to a negative cor-
relation at high doses. Furthermore, we investigated the course of the B coefficient of the LQ model with in-
creasing LET, finding typically a slight initial increase and a final falloff to zero. The observed fluctuations
in RBE values of comparable experiments resemble overall RBE uncertainties, which is of relevance for
treatment planning. The database can also be used for extensive testing of RBE models. We thus compare
simulations with the local effect model to achieve this goal.
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INTRODUCTION

Radiation cancer therapy with carbon ions has been applied
successfully in Japan and Germany and will be used in
several other locations all around the world in the near
future [1-6]. In earlier trials at Berkeley, other ion beams
from He to Ar were used for cancer treatments. One major
rationale for the application of ion beams in radiotherapy is
their enhanced effectiveness compared with conventional
X-rays, in particular in the target region. This has given
rise to intensified research on the understanding and on the
predictability of the biological effect of ions compared with
respect to photons, usually parameterized by the relative
biological effectiveness (RBE) [7]. The RBE is an import-
ant factor to be considered in treatment planning for ion

beam therapy, since the prescribed doses have to be corres-
pondingly reduced as compared with the doses given in
conventional photon therapy [8, 9].

Generally, the RBE depends on many factors such as the
linear energy transfer (LET) at a given tissue depth, the par-
ticle species, the dose and the biological endpoint. Due to
these complex dependencies, full systematic characteriza-
tion typically requires meta-analyses based on a combin-
ation of different studies. The primary focus of this paper is
therefore to compile a large collection of experimental
results and to investigate it in order to exhibit further sys-
tematic analyses of the relevant quantities. For this purpose,
we established a database of cell survival experiments
with both photon and ion irradiation published in the
literature.
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Besides these systematic analyses, such a database is also
ideally suited to testing and validating biophysical models
that aim to predict the biological effects of ion beams. These
models are important tools, for example, in treatment plan-
ning, where they are used to estimate the RBE in situations
that are not directly experimentally accessible. For example,
the local effect model (LEM) has been implemented in treat-
ment planning for a pilot project performed at Gesellschaft
fiir Schwerionenforschung (GSI) [10, 11]; and the potential
application of the microdosimetric kinetic model [12, 13] is
discussed at the HIMAC/NIRS.

A prerequisite for clinical application of these models is
a thorough test and validation by means of in vitro experi-
mental data. Survival experiments are particularly suitable
here, as they are comparably easy to perform under
well-defined experimental conditions. In the design of our
database we have thus put particular emphasis on its applic-
ability for the purpose of model tests and validation.

Assessment of the accuracy of a model requires informa-
tion about the uncertainty of the experimental data. Most
published experiments report statistical errors, which
however represent only a lower limit concerning the uncer-
tainty of the data. Unfortunately, there is no unique estab-
lished way of reporting errors in cell survival values, and
indeed a full uncertainty analysis would be demanding as
both stochastic and systematic errors would have to be
respected. The overall uncertainty can hence be better esti-
mated based on the combination of larger sets of experimen-
tal data, for example, from different laboratories, obtained
under otherwise identical conditions. For such a dataset, a
measure of uncertainty can be derived empirically from the
scatter of the data, which have been obtained from compar-
able situations. The large database presented in this paper
thus is also ideally suited to analyze fluctuations from
which the overall uncertainty of RBE can be assessed directly
on purely experimental grounds. In previous attempts the
use of a data collection to analyze systematic variations of
RBE specifically for protons has been proven to be very
fruitful [14].

In this publication, we report on the set up of a database
containing results of more than 800 cell survival experiments
from different laboratories all over the world, using different
cell types and different ions at various energies. Throughout
this paper, we call this collection ‘Particle Irradiation Data
Ensemble,” in short, PIDE. We used the database to reveal
known and new systematics of the RBE and its related quan-
tities. We (i) evaluated statistical properties of the photon
linear-quadratic (LQ) parameters and found that they are
slightly anti-correlated; (ii) we investigated the evolution of
the quadratic coefficient  of the LQ model with LET, which
is under current discussion; and (iii) we report on a survival-
dependent systematic variation of the RBE with the photon
o/p ratio. Moreover we demonstrate the capability of the
database for RBE model validation.

MATERIALS AND METHODS

Conception of the database

The main task in the development of the database was to
combine a variety of experimental results of ion irradiation
experiments with in vitro cell lines including the early
experiments from Berkeley, the huge datasets of studies
from Japan and the experiments carried out in Europe.
After a thorough literature survey, we introduced some re-
striction for the selection of the publications that we
included in the data ensemble. One of these restrictions
was that we only included publications for which the LQ
parameters of the response to photons as reference radiation
were available or derivable. This allows the determination
of the RBE values to any survival level from the LQ para-
meters (provided the LQ model holds, which is still under
debate for high doses [15-17]). We believe that we have
covered in the database a good fraction of all published sur-
vival experiments in peer-reviewed journals under these
restrictions.

Currently the PIDE contains 855 measured ion cell sur-
vival curves, taken from 77 publications (see Table 1). The
cell lines under investigation range from radio-resistant
cells with a shoulder, to radio-sensitive cells without a
visible shoulder in the photon dose—response curve. Within
all experiments, 182 different photon dose—response curves
were used as a reference to calculate RBE values. In the
experiments about 80 different cell lines were investigated.
When investigating their properties, it becomes evident that
cells of the same cell line may behave differently depending
on experimental factors or age of the cell line. In fact, cell
lines that are equal by origin and name, but maintained for
years at different institutions might not show identical
responses to radiation and thus have to be better distin-
guished by author/institution rather than pooled in the
database.

Normal cells were used for 673 curves and tumour cell
lines were used for 182 curves. In some cases mutated or
specially treated cells with repair deficiencies were investi-
gated. In 52 experiments, the cells were irradiated predom-
inantly in a specified cell cycle phase, in the other 803
experiments the cells were irradiated in an asynchronous
population. In 372 experiments human cell lines were used,
in 483 experiments rodent cell lines were used. Among the
latter, V79 cells have been studied most often and results
were reported in 29 of the 77 publications included in the
PIDE. Among all the experiments, 352 were carried out
with carbon ions, 186 with lighter (p-B) and 317 with
heavier ions (N to U). A total of 103 experiments were
carried out with a shaped beam in a spread-out Bragg peak
or the entrance channel, but the majority (752 experiments)
were carried out under track segment conditions with
monoenergetic ion beams. Throughout the text we use the
term ‘monoenergetic’ whenever a beam is not a shaped
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beam to provide an extended peak. One should keep in
mind that such a monoenergetic beam nevertheless may
show an energy distribution and may be subject to frag-
mentation. This is in particular the case when a primary
beam is decelerated by passive elements after exiting the
accelerator. As can be seen from Table 1, the publications
typically focus on one special aspect within all possible
combinations of the factors listed above.

Technically, for each of the 855 experiments, there is
one entry in the PIDE, in which the LQ parameters of the
ion response curve are listed along with other information
such as LQ parameters of photon response, cell type, LET,
energy, etc. The entries are stored separately for each publi-
cation in two text files, one of which contains information
given in the publication and the other contains information
taken from related publications or quantities that have been
derived (such as calculated RBE values or LET values for
a given particle energy). In this way, information contained
in new publications can be easily added into the PIDE.
Within an entry the information is stored in variables,
which are given a name and a value (such as LET and 120
keV/um, for example). Table 2 gives an overview of all
quantities required for each entry. Additional variables may
be defined at any time in any entry, for example, for calcu-
lated RBE values or, for later use, oxygenation status.

The PIDE contains data obtained for a broad variety of
experimental factors, both biological and physical in nature.
However, the intention is not to pool all experiments.
Rather the database allows one to easily extract a subset of
experiments fulfilling certain requirements (such as all cells
with a small o/ ratio irradiated with monoenergetic carbon
ions) for which, for example, RBE dependence on further
parameters (such as LET) can be investigated.

Sources of the data

Our requirements for the selection of the publications for
the data ensemble were as follows. (i) We required the data
included in the PIDE to be published in peer-reviewed jour-
nals or PhD theses. Both types of publications seem to be
sufficiently reviewed, and in general accessible via libraries
from anywhere. (ii)) We only took publications into account
in which data on ion radiation and photon radiation re-
sponse were provided or where the latter were found in
references or could be derived. For photon experiments
generally only hard X-rays or ®°Co or '*’Cs y-rays have
been required as reference radiation. For RBE evaluations,
the slightly differing effectiveness between different photon
radiation qualities of these groups has been neglected. If
X-rays with energies below 200 kVp were used, effective-
ness could be enhanced. The corresponding publications
have been indicated in Table 1. (iii) The radiation quality
had to be described in the publication in sufficient detail, i.
e. either LET (or track or dose-averaged LET for irradiation
in a spread out Bragg peak), the specific energy on the

target or the remaining range of primary particles was
required to be reported in all publications included in the
PIDE. The quantities not given explicitly in the publica-
tions appear in italics in Table 1. (iv) LQ parameters or
related quantities (from which LQ parameters could be
derived) had to be given either numerically or as figures
(typically the survival curves) in the publications. If quan-
tities other than LQ parameters or survival levels were pre-
sented in the publications, it is mentioned in Table 1. (v)
Experiments with monoenergetic ions were excluded if
track segment conditions were not fulfilled. (vi) Some add-
itional information is requested. A list of all information for
the required variables is given in Table 2.

Extraction of relevant parameters

Once the publications forming the basis of the PIDE were
selected, the relevant information was extracted. Here the
following procedures were applied:

LET and energy

If both LET and energy for a given ion species were given
in a publication, both values were taken into the PIDE. If
only LET or energy was given in a publication, its counter-
part was determined from precalculated energy loss tables
used within the treatment planning system TRiP98 [11, 99].
These encompass ions from protons to neon within the
energy range of 0.1-1000 MeV/u. For ion species where no
such tables are available, i.e. in particular for heavier ions
that are not relevant in treatment planning, it was calculated
using the computer code ATIMA developed at GSI, which
performs energy loss calculations for charged particles in
matter based on tabled cross sections [100]. Note that for a
given energy value, slightly differing LET values may
occur depending how the LET was obtained.

For irradiations in spread out bragg peak (SOBP) the
dose-averaged LET was used as a representative quantity, if
given in the publications. However, it should be noted that
the dose-averaged LET is not always a good quantity to de-
scribe the radiation field and might be a misleading
concept. This is in particular the case for SOBP with large
depths and/or extensions, where the radiation field is a
complex mix of LET components and hence the corre-
sponding LET spectrum should be respected. Nevertheless,
since these details cannot be represented in the database,
we take (dose) average LET values as surrogates to reflect
the complex radiation field.

LQ parameters of photon and ion dose-response
curves

In about a third of all publications, numerical values for the
LQ coefficients were presented, while in the majority the
measured survival curves were shown in figures. These two
cases will be discussed in more detail now. Note that in



Table 1. Content of the PIDE, sorted by publications

Author/year/  No. . Cell Cell Cell o/p . Irr. LET E g h
No. ref. s.c.” Cell lines type® cycle® origin?  (Gy) Ton species cond.® (keVium)® (MeV/u)f Phot. Remarks
1 Chapmaneral, 13 V79 n s r 222 “He, °C,*Ne, s 2.34-402.7  26.1- 220 LET given
1977 [18] 40Ar 319.0
2 Chapman et al., 9 V79, Tl n a, s h,r 217- '*C S 12.16-74.99  26.1- 220 LET given
1978 [19] 3.80 319.0
3  Blakelyeral, 24 TI n a r 2.13 2C, Ne, “Ar  m 11-419 10.7- 220
1979 [20] 389.0
4 Rajueral, 5 CHO-10B, HS-23, C3H_10T1/2, n a r 433-  “He m 121-136 0.65-0.8 Co
1991 [21] V79, AG1522 20.0
5  Goodhead eral., 10  HeLa, HeLa S3, C3H 10 T1/2 n a hr 539- 'H, *He m 20.27-23.915 1.16-8.8 250
1992 [22] 30.0
6 Folkard eral, 10 V79 n a r 2.71 'H, H, *He, m 10.1-105.8  0.465- 240
1996 [23] “He, '2C, %0 3.66
7  Eguchi-Kasai 22 irsl, irs2, L5178Y, M10, LTA, n a r 0.06- “He, °C,*Ne m 18-327 3.1-123.2 200
et al., 1996 SL3-147 31.1
[24]
8  Suzuki et al., 7 HE20 n s h 0.67 2ONe m 63-335 14.3— Cs
1997 [25] 120.3
9  Bettegaeral, 8 C3H 10T1/2 n a r 15.0 'H, ’H m 6.65-33.2 0.72-4.89 Co
1998 [26]
10 Tsuboi ef al., 20  NBIRGB, ONS-76, A-172, nt a h 0.13- '2C m 20-105 17.4- Cs
1998 [27] U251MG, TK-1 6.89 144.0
11 Tsuchida eral., 6 A172, TK1 t a h 223~ ¢ m 20-80 24.1- Cs
1998 [28] 2.98 144.0
12 Weyrather et al., 21 V79, CHO-K1, xrs5 n a r 3.57- '2C m 13.7-482.7 2.4-266.4 250 Corrected
1999 [29]
13 Furusawa et al, 138 V59, HSG, T1 n a hr 0.52-  >He, ’C,Ne m 18.5-654 1.27-131 200 Values for o
2000 [30] 9.2 and Dy
given;
Corrected
14 Suzuki ef al., 30  NBIRGB, HEL-IIL LC-1sq, A-549, n,t a h 0.59- !'2C m 13.3-77.1 25.1- 200 Corrected
2000 [31] C32TG, Marcus, U-251MGKO, 21.3 271.2
SK-MG-1, KNS-89, KS-1, A-172,
ONS-76, KNS-60, Becker, T98G,
SF126
15 Belli e al., 12 HF19, M10, SCC25, SQ20B nt a h 7.65-- 'H m 7.7-33 0.69-5.24 Cs+ Co
2000 [32]
Continued
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Table 1. Continued )
oo
Author/year/  No. . Cell Cell Cell ao/p . Irr. LET E g h
No. ref. s.c.” Cell lines type® cycle® origin® (Gy) Ton species cond. (keV/um)" (MeV/u)f Phot. Remarks
16 Tsuruoka eral, 41  NBIRGB n a h 1747 '*C,*°Ne, *Si, m 13-400 19.5-500 200 Values for
2005 [33] S0 RBE,,
given
17  Belli et al., 37  HF19, M10, SCC25, SQ20B, V79  n,t a h, r 441- '2C m, s 13-303 4.5-290 Cs+Co <LETp>
2008 [34] given
18 Belli et al., 6 V79 n a r 2.80 'H m 7.7-34.6 0.57-5.01 No X-ray
1998 [35] energy
given;
Data in
parts taken
from Belli
et al., 1993
[36]
19 Halletal, 1977 3 V79 n a r 324 “Ar s 110.9-409.2  48-330 250 <LETp>
[37] given
20 Bird and Burki, 6 V79 n a r 18.6  “He, 'Li, ''B, m 19.1-2000  5.09-9.93 145 Low X-ray =
1975 [38] 12C, 20N, energy; g
“OAr X-ray :.D_
curve 6:;
taken from N
Sinclair N
and =
Morton,
1966 [39]
21  v. Neubeck, 6 RAT-1, IEC-6 n, t a r 6.69- '*C m 13.3-163 9.9-270 250
2009 [40] 15.9
22 Perris et al., 2 V79 n a r 25.5 'H m 6-12 3-7.4 Co
1986 [41]
23 Bettega et al., 3 EUE n a h 211 'H m 1.83-5.8 8-31 Co Photon data
1983 [42] taken from
Bettega
et al., 1979
[43]
24 Coxetal, 1977 4 V79, HF19 n a h, r 5.52-0 “He m 20-68 1.9-8.8 250
[44]
25 Wouters et al., 11 V79 n a r 2.73 'H S 2.33-6.23 6.8-22.8 250 <LETp>
1996 [45] given
26 Combs er al., 4 U87-MG, LN229 t a h 453~ ¢ m, s 103-170 9.8-18 250 <LETp>
2009 [46] 6.52 given



27 Kitajima eral, 10  SuSa, AT10S s h o 12C 24-200 35-450 150 Low X-ray
2010 [47] energy;
values for
RBE,
given
28 Blomquist ef al., 2 LS-147T, V79 a h, r 3.65-o 'H 4 11.6 Co <LETp>
1993 [48] given
29  Yang et al., 9 C3H 10T1/2 a r 0.36-  '2C, *Ne, 2%si, 10.5-2080  103-990 225 E and LET
1985 [49] 134 SFe, 2¥U from
remaining
range
30 Miller et al., 10 C3H 10T12 a r 2.80 'H, °H, He, 3.8-418 0275- 250
1995 [50] “He, '°C, '°0 12.9
31 Czub et al., 4 CHO a r 8.5 12¢, 29Ne 438-1245 1.69-2.78 Co
2008 [51]
32 Kamlaheral, 1 A594 a h 11.6 2c 168 9.9 6 MV
2011 [52]
33 Aoki et al., 6 V79 a r 7.95 2c 13-237 6.4-283 200
2000 [53]
34 Hanetal, 1998 6 SHE a r 13.7 12¢, 2%si 13-400 18.5-283 250
[54]
35 Hamadaetal, 8 H1299 a h 0.95 12¢, 2ONe, 2°si 13-200 20-600 200
2010 [55] 40Ar, S°Fe
36 Claesson etal., 6 V79 a, s r 4330 “‘He 110 1.625 100 Low X-ray
2011 [56] energy
37 Wedenberg 5 T1 a h 900  “He 25-165 0.46-6.8 250
etal., 2010
[57]
38 Miller et al., 1 C3H 10T1/2 a h 280 °H 40 0.55 Photon data
1990 [58] taken from
Miller,
1995 [50]
39 Tobias ef al., 2 V79 s r 11.5-  “Ar 370 55 220 E and LET
1980 [59] 21.3 from
remaining
range
40 Cox and 7 HF19 a h - “He, ''B, “N 20-470 1.24-10.3 250
Masson, 1979
[60]
Continued
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Table 1. Continued
Author/year/  No. . Cell Cell Cell ao/p . Irr. LET E g h
No. ref. s.c.” Cell lines type® cycle® origin® (Gy) Ton species cond. (keV/um)" (MeV/u)f Phot. Remarks
41 Tto et al., 2006 7 HL-60 t a h 478 12C, 2581, %Fe m 20-440 26-126 4 MV
[61]
42 Tilly et al., 3 V79 n a r 3.73 “He, N m 6-165 14.4-39  Co
1999 [62]
43 Thacker eral, 6 V79 n a r 390  “He, ''B, “N m 28-470 1.24-10.3 Co
1979 [63]
44  Hirayama er al., 5 V79 n a r 357 '’C, %Fe m 20-2106 16-416 200
2009 [64]
45 Hirayama et al., 1 CHO n a r 3.23 2c m 79.6 24 200
2005 [65]
46 Curtiseral, 28 Rl t a r 226 ’C,*Ne, YAr s 11-750 19.5428 225  <LETp>
1982 [66] given
47  Boehrnsen 2 V79 n a r 2.50 2c m 27.5-153 10.2-92.5 6 MV
et al., 2002
[67]
48  Fournier et al., 4 AG1522B, PS1 n a h 13.5-  2C, *®Nj m 16.6-2455 9.9-195 250
2001 [68] 25.6
49  Wulf ez al., 106  BI14FAF28, V79 n a r 11.7- ¢, '°0,%Ca, m 150-15 800  0.1-400 Values for
1985 [69] 143 *OAr, Ty, Cross-
S 6Fe, 58Ni, sections
84Kr, '32Xe, given;
142Nd, 2°8pp, photon
Zy parameters
taken from
Waulf, 1983
[70] and
Kraft,
1987 [71]
50 Scholz, 2003 8 CHO, V79 n a r 3.58-  '2C,'%0,°Ne, m 13.3-16 500  5-396 Photon
[72] 11.4 238y parameters
adapted
from
Weyrather
et al., 1999
[29]
51 Perssonetal, 3 AA t a h 098 B m 40-160 6.6-36.6 Co

2002 [73]

008
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Yang and 2 C3H 10 T1/2 n a r 1.07- Fe, 28U m 500-1900 300-960 225

Tobias, 1984 2.07
[74]

Scholz et al., 8 CHO n a r 6.43 12¢, '°0 m 13.5-265 11-395 250
1997 [10]

Prise et al., 4 V79 n a r 4.07 'y, “He m 16.9-108 0.76-1.9 250
1990 [75]

Terato eral, 4 AA8 n a r 300 m 13-200 43-290  Co
2008 [76]

Suzuki et al, 8 HE n s h 0.66  *C m 22-230 6.6-126  Cs
1996 [77]

Matsumoto 6 C32TG, Colo679, HMV-I, HMV-II, t a h 329- ¢ s 50 43.4 200 <LETp>
et al., 2008 92-1, MeWo 68 given
[78]

Mehnati er al., 13 CHO n a r 11.65 '2C,*°Ne, “°Ar, m 20-2000 13-144 200
2005 [79] 0Fe

Stenerloew 10  HTh7, B16, IGR, V79, LS-174T, nt a h,r 0.91- “He, "N s.m 40-125 3.82-20.3 Co Unclear if
et al., 1995 U-343MG, DU-145 LET or
[80] <LETp>

given

Okayasu et al, 10 CHO, xrs6, xrs6-hamKu80, HFLII, n a h, r 2.70-e '*C, *Fe m 70-200 28.5-430 No X-ray
2006 [81] 180BR energy

given

Tsuboi et al., 9 USTMG, TK1 nt a h 231-  '*C m 20-80 24-144  Cs
2007 [82] 6.25

Todd, 1975 [83] 10  ChangHL, M3-1 n a h,r 0.64- Li, "B, "’C, m 55-1940 5.3-7 50 Low X-ray

10.42 4N, 16O, energy
20Ne, 407,

Hall er al., 1972 1 V79 n a r 41.1  “He m 106 13 210
[84]

Takahashi ef al., 8 A172, A172neo, A172mp53, t a h 0.14-  “He, '*C s 70-156 0.51-28.5 150 Low X-ray
2000 [85] TG98G 0.92 energy;

<LETp>
given

Takahashi ef al, 12 H1299wtp53, H1299tp53, t a h 0.00- '2C m 30-100 18.5-83 200
2004 [86] H1299tp53-null 2.56

Matsuzaki ef al., 3 OCUB-M, CRL-1500, YMB-1 t a h 445-  C s 80 24 200 <LETp>
1998 [87] 21.3 given;

corrected
Continued
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Table 1. Continued

0s

Author/year/  No. . Cell Cell Cell ao/p . Irr. LET E g h
No. ref. s.c.? Cell lines type® cycle¢ origin? (Gy) Ton species cond. (keV/um)" (MeV/u)f Phot. Remarks
67 Kronenberg 1 Aprt n a r oo 3Fe m 151.4 1000 150 Values for Do
et al., 2009 given; low
[88] X-ray
energy
68 Hamadaeral, 6 AGO01522 n a h o “He, '’C, °Ne, m 16.2-1610 7-255  Co Values for Dy
2006 [89] “OAr given
69 Zhou et al., 1 V79 n a r 3.63 2c m 100 18.5 200
2006 [90]
70  Jenner et al., 1 V79 n a r 22 “He m 120 0.81 Co
1993 [91]
71 Furusawa et al., 2 V79 n a r 7.15-  “Ar, *%Fe m 86-442 115-575 150 Low X-ray
2002 [92] 11.4 energy
72  Takahashi et al., 8 SASmp53, SASneo t a h 3.77-  '2C m 30-150 11-83 150 Low X-ray
2001 [93] 10.0 energy
73 Bettegaetal, 5 AG1522 n a h oo 281, ¥Ti, °Fe  m 56-442 200-1000 Co —
2005 [94] e
74  Ibaiiez et al., 3 B16-FO t a r 217 'H, °Li m 3.4-135 29-144 Cs :&
2009 [95] )
75 Hellweg et al, 2 HEK n a h 255 B¢ m 33-73 28-72 150 Low X-ray 8
2011 [96] energy =)
76  Napolitano 1 C3H 10T1/2 n S r 9.0 “He m 177 0.45 80 Low X-ray
et al., 1992 energy
[97]
77 Hill et al., 2004 7 V79-4, irsl, irs2, irs3, CHO-K1, n a r 3.7-0  “‘He m 121 3.26 250
[98] Xrs5

Notes: For each publication, the first author, along with the year of publication, as well as the number of survival curves taken into the PIDE are given. Furthermore, summarizing
properties of the used cells and radiation qualities are provided.

# No. s.c. = number of survival curves described in the publication.

® cell type: n=normal, t = tumor.

¢ cell cycle: a=asynchronous, s = synchronized in a particular phase of cell cycle.

dcell origin: h = human, r = rodent.

¢ irradiation conditions: m = monoenergetic, s = within a spread out Bragg peak.

" values given in italics if not given in the publications.

¢ X-ray energy in kVp or photon energy in MV for clinical accelerators if this unit is given, or Co="Co and Cs = "*"Cs source.

" If linear quadratic parameters are not directly taken from figures or tables or from accessible survival values, the procedure is outlined here. Correction: shifting of one determined LQ
parameters if the other is smaller than 0. Also other comments are given in this column. For spread out Bragg peaks, the quantities LET and (LETp) refer to track and dose averaged
LET values, respectively.
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Table 2. Required information for each experiment in the PIDE

Quality Content

ID Running number labeling the publication

Paper Short name of the publication, containing first author and year of publication

No Running number labeling the entry within a publication

Ton Ion species

Charge Charge of ions

Trrmods Irradiation modalities (monoenergetic or spread out Bragg peak)

LET Linear energy transfer in water (in keV/um, for irradiation in spread out Bragg peak dose mean or track averaged LET)
E Specific energy of ions (in MeV/u, evaluated at the target)

Cell Name of cell line

Phase Information on cell cycle phase

Type Tumor or normal cells

Genl Genomic length of diploid cells (in 10° bp, 5.6 for rodent and 6 for human cells)

ox Linear coefficient of LQ model (in Gy_1 for response to photon reference radiation)
Bx Quadratic coefficient of LQ model (in Gy~ for response to photon reference radiation)
o Linear coefficient of LQ model (in Gy_1 for response to ion radiation)

Br Quadratic coefficient of LQ model (in Gy_2 for response to ion radiation)

some rare cases different quantities such as RBE values or
cross sections were given either numerically or in figures.

If LQ parameters were published as numbers they were
simply copied into the PIDE. If other quantities were given
as numbers, the corresponding LQ parameters were calcu-
lated. In some cases, one of the LQ parameters was
reported or obtained with a negative value, which may
occur due to either statistical fluctuations or systematic
deviations from LQ behaviour. Then a purely linear or
purely quadratic dose response (i.e. shifted B or o to zero)
was assumed and the remaining LQ parameter was corres-
pondingly shifted according to the formalism presented in
the next section on the fit-induced anti-correlation between
o and B. This formalism quantifies how a shift in one par-
ameter approximately compensates for setting the other arti-
ficially to zero.

If no numerical values for the LQ parameters were pre-
sented but instead only the survival curves figures, the LQ
parameters were derived from the graphs. For that purpose
a computer program was developed and used to digitize the
data points in the figures. Then the LQ parameters were
been determined by fitting a second order polynomial with
an ordinary x> fit to the effect, i.e. the negative logarithm
of the survival. We are aware that there are more sophisti-
cated methods to derive LQ parameters from a measured
survival curve, which take into account the correlation of
the fit parameters by means of their covariance. However,
as these methods are rarely used and the resulting fit para-
meters do not differ too much, we applied the conventional

fit procedure, in line with most of the publications that
provide numerical values for LQ parameters. If by visual
inspection the quadratic coefficient B could not be reliably
determined by curve fitting (e.g. when there were only a
few data points and the errors of the fit parameters were
large) only a straight line fit was performed and B was set
to zero. Similarly, if an LQ fit yielded one negative fit par-
ameter, a purely linear or purely quadratic fit was used,
which is analogous to the shifting of parameters as
described above, when numerical values are given in the
publications.

Cell cycle
If no statements were made it was assumed that the cells
were irradiated as an asynchronous population.

Fit induced anti-correlation of LQ parameters
In the following section the anti-correlation of LQ para-
meters due to the fit procedure shall be investigated.
Consider an LQ dose-response curve with non-vanishing
coefficients o and B. If o is set artificially to zero one can
ask how B must be changed to get an appropriate quadratic
fit. Likewise, if B is set artificially to zero one can ask how
o must be changed to get an appropriate linear fit.
Mathematically, this question can be answered to a good
approximation analytically. We assume that all dose points
are continuously distributed and introduce a generalized x*
value on continuous functions. Let f; and f, be two func-
tions, so the well known sum of least squares converts into
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an integral over least squares in the continuous formulation:
¢ = [ 1) ~ AP (1)

The integral has to be evaluated over some interval, and the
x> value is then a distance measure for two functions on
that interval.

For approximating an LQ curve with a purely quadratic
one we have to evaluate:

Dinax
J [aD + BD* — B'D*] *dD (2)
0

1
Dmax

=

where B’ is the shifted B parameter used to replace the ori-
ginal LQ parameters o and B. In Eq. (2) Dy« is the dose
up to which the survival curve was recorded and is typical-
ly in the order of 5-10 Gy for experiments with photons
and 3-7 Gy for ions.

Setting the derivative of y* with respect to B’ to zero and
solving for B’ results in:

gy pld
AB=1p 'B_4Dmax

3)

Consequently, if o <0 we may lower the B term by means
of that expression to compensate for o and thus get an esti-
mator for the best purely quadratic fit.

In the opposite case where a purely linear fit is requested
the corresponding equation reads:

Aa = Oé, — = %BDmax (4)

Again, if B <0, which may happen ‘by accident” when, for
example, only a small number of dose points are available
in an experiment, we may lower o. by means of that expres-
sion to compensate for § and thus get an estimator for the
best purely linear fit. Equations (3) and (4) were used to

Fig. 1.
experiments included in the PIDE.

correct the LQ parameters in the PIDE if one of the para-
meters was given numerically as a negative value in the
publications. The publications for which this procedure was
applied were marked with ‘corrected’ in Table 1.

RESULTS

Photon dose response

To obtain an overview about the variety of cell lines
forming the basis of the PIDE, we first looked at their
photon response. Note that here with the term ‘cell line’,
we understand not only the classification by name (such as
V79) but also their sensitivity to radiation, as cell lines
with the same name might show a different behaviour de-
pendent on their history. Figure 1 shows frequency histo-
grams of o and B among all cell lines included in the
PIDE. While o shows a peak at relatively small values with
a wide falloff beyond, the distribution of f is not so skewed
and peaked at intermediate values. In addition the histo-
gram of B shows a pronounced first bin, which reflects the
fact that several cell lines show a purely linear response to
photon radiation. Typically, o is found in the range 0.05-
0.5 Gy~ and B in the range 0.01-0.07 Gy . The mean
values are <o >=0.32 Gy™' and < >=0.039 Gy 2, while
the medians are o,=0.20 Gy ' and B,=0.033 Gy~
Here, the brackets <. > denote averaged quantities. However,
these quantities have to be taken with care, as the underlying
distributions are non-symmetric and therefore the means and
medians do not reflect the most likely values of the LQ para-
meters, i.e. the maxima of the presented histograms.

For clinical applications, often the ratio o/ of the photon
LQ parameters is of interest and is used to classify the
tissue type. In Fig. 2 the histogram of this quantity is
shown. Clearly, the typical spectrum of o/f up to 10 Gy is
covered quite uniformly in the PIDE. Values beyond occur
less often. However, there are also 18 cases where B is zero
and hence the o/ ratio diverges.

Histograms of the linear-quadratic parameters o (left) and B (right) for photon dose response curves of the cell lines of the
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Fig. 2. Histogram of the ratio o/f for photon dose-response
curves of the cell lines used in experiments included in the PIDE.

Fig. 3. Photon linear-quadratic parameters of the cell lines of the
experiments included in the PIDE plotted against each other.
Higher values of B occur for small values of o only. The straight
line emerges from a linear fit to the data points.

In order to investigate the interdependence of the LQ
parameters, Fig. 3 displays the quadratic LQ parameter B
plotted against the linear parameter o. As a trend, survival
curves with a very prominent B term typically are found for
small o values. Likewise, very large values of o occur
mostly at rather small values of B. In particular the cell
lines without a B component have a steep exponential sur-
vival curve, i.e. show a large a. This trend suggests the ex-
istence of a small anti-correlation between the LQ
parameters. Indeed, a linear regression reveals a negative
slope of (~0.0204 +0.0056) Gy™', where the uncertainty is
given by the standard error of the fit parameters. Figure 3
contains the corresponding linear regression line. The fit
parameter errors make up a 68% confidence interval, but
even the corresponding 95% confidence interval only
covers negative slopes (from —0.0314 to —0.0093), thus in-
dicating significance to that confidence level. As a further
check, we performed a hypothesis test on the correlation
coefficient between o and B. The coefficient is »=-0.262

and the P-value is P =0.0002, which shows that it signifi-
cantly differs from zero on a 95% confidence level.

Dose response to ion irradiation

In addition to the quantities that play a role for photon ir-
radiation, the LET is another factor to take into account for
particle irradiation. All the following analysis has been per-
formed using information from experiments with monoe-
nergetic beams only, to avoid peculiarities due to broad
LET distributions as present in extended Bragg peaks.

Cell type specificity of RBE

For the investigation of ion dose responses in the PIDE, we
calculated RBE values from the LQ parameters. Note that
these may deviate from directly measured RBE values (i.e.
the ratio of doses needed for a fixed effect), in particular
for higher doses where it is under discussion as to whether
the LQ model is valid any more [15, 16]. To investigate the
impact of LET on radio-sensitivity we show the RBE
plotted against LET for different particle species in Fig. 4.
We restricted the analysis to the RBE, and RBE, corre-
sponding to the initial slope (upper row) and 10% survival
level (lower row), respectively. All cells were classified into
two classes of low and high photon o/p ratios with values
below or above 4 Gy, respectively (left and right columns,
respectively). The latter distinction is somewhat arbitrary,
and pooling the data in classes of intervals of o/ is a ques-
tionable procedure, as RBE generally depends on this quan-
tity. However, as the scatter of the RBE values even for
small intervals of o/f is quite large, categorizing into two
classes is appropriate at least for demonstrating the depend-
ence on o/f in a plot. Below, this dependence is investi-
gated in more detail. For individual cell lines, systematics
of this kind have been frequently evaluated [29, 30]. It was
found that (i) the characteristics provide a maximum in
RBE dependent on the particle species, where heavier parti-
cles have the maximum at higher LET values; (ii) that
lighter particles provide higher RBEs for a fixed LET; and
(iii) that the RBE decreases with increasing dose, i.e. with
decreasing survival level. All findings are confirmed with
the PIDE. While these trends might not be detectable due
to fluctuations when only a few survival curves are consid-
ered, they are clearly observed in the present data
ensemble.

LET dependence of p

There is an on-going discussion about the evolution of the
B-term with increasing LET [101], debating whether B
increases or decreases with rising LET. The ratio B/B,,
where B, denotes the value of B for photon radiation, is an
interesting quantity to look at because, at low LET where
the radiation becomes photon like, this ratio converts to
one. In Fig. 5 this ratio is plotted against LET for
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Fig. 4. RBE for monoenergetic ion beams in the limit of full survival level (upper row) and 10% survival level (lower
row) vs. LET for experiments with shouldered (left column, o/p = 1-4 Gy) and less shouldered (right column, o/p =4-30
Gy) photon dose—response curves. The colors refer to different ion species (p: red; He: blue; C: gray; Ne: orange; heavier
ions than Ne: green). Note the different scales of RBE in the upper and lower row. Clearly, lighter particles show a
maximum at lower LETs and have higher RBE values for a given LET.

Fig. 5. Ratio of the linear-quadratic parameter B of ions to that
of photons vs. LET for monoenergetic ions for different ion
species with color coding as in Fig. 4. The solid lines are running
averages generated by a convolution of the data points with a
Gaussian function of width of 0.1 in the decadic logarithmic scale
of LET values in keV/um (i.e. a tenth of the interval between 10
and 100 keV/um, see the black horizontal bar for an indication of
that width). Lighter particles show a vanishing 8 at lower LET.

monoenergetic ions. The figure includes different ion
species with the same colour coding as in Fig. 4.

The data shown are pooled for all photon o/f ratios, and
it was checked that in contrast to the o term B depends

only slightly on o/B. For intermediate and high LET values
many data show a vanishing B term. For all ions a running
average curve is also provided in the plot. It was calculated
by summing contributions from all data points with a
Gaussian weighting, i.e. for a given LET the running
average is mostly determined by data points close to that
LET (on the logarithmic scale), while data points further
away have a smaller impact on the running average. The
general trend, an increase at low LETs followed by a de-
crease at higher LETs, is obvious and is seen for all ion
species except for protons, where the initial increase is
not that obvious. Similar to the RBE maximum, the
falloff for B is shifted to higher LET values for heavier
ions. However, it should be noted that the fluctuations
of the data points around these average curves are huge,
as usually B is much harder to fix in a fit procedure
than o.

Relevance of dose level and o/p ratio for RBE

In Fig. 6 we show RBE values for monoenergetic carbon
ions within an LET window of 70-130 keV/um. This range
of LETs is typically found in a spread out Bragg peak, and
the results may be henceforth regarded to be representative.
The RBE for the initial slope (often referred to as RBE,)
and 10% survival level (RBE;() are plotted vs. the inverse
o/p ratio, i.e. B/o. This way of plotting [102] is motivated,
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Fig. 6. RBE, derived from the initial slope of survival curves
(blue) and RBE;( for 10% survival (red) for experiments with
monoenergetic carbon ions in the LET range 70-130 keV/um vs
the inverse of the photon LQ parameter ratio o/f. While for low
doses the RBE increases with B/o., a decrease is observed for high
doses. The data shown are restricted to o/ = 1-30 Gy. The solid
lines are linear fits to the data points.

as the dependence of RBE on that quantity is consistent
with a linear relationship, as can be shown by a signifi-
cance analysis. Note that for large values of B/o. the corre-
sponding o/p ratio as used in Fig. 4 will be small. Again,
in order to keep errors reasonably small, o/f values from
1-30 Gy have been taken into account for analysis. Data
outside this interval have been excluded because the asso-
ciated errors for o and/or B are enormous and the RBE
values might not be sufficiently reliable. Interestingly,
while for small doses the RBE increases with B/a, we find
a slight decrease for doses corresponding to 10% survival.
The slope for the fit to RBE, is (5.1 +1.6) Gy and for
RBE( (-0.96 +0.52) Gy, where the errors are the standard
error of the fit parameter.

Model validation

One goal of the set up of the database was to establish sys-
tematic comparisons of biophysical models for the RBE
with experimental data. As a start we present here a first
comparison of the RBE dependence on tissue type as seen
in experiments and as predicted by the LEM. The simula-
tions have been carried out with the most recent version of
the LEM [103, 104], in which the calculation of the effect
is based on the spatial distribution of double strand breaks
of the DNA. All relevant parameters describing the
amorphous track structure of the ions and the size of the
damage sites have been chosen as in Friedrich et al. [104].
For all cells, an average nuclear radius of 5 um has been
assumed, which is a reasonable first order estimate. In Fig.
7 the same data points as in Fig. 6 are shown, along with
LEM simulations for three different LETs where the photon
parameter p=0.03 Gy has been fixed while o varies. The

Fig. 7. Data as in Fig. 6 along with simulations of the LEM for
LETs of 70, 100 and 130 keV/um (dashed, solid and dotted lines,
respectively, see text for details.

restriction of B is an important issue: it is artificial and, and
B has been chosen as close to the median value (0.033
Gy_z) of all cell lines in the PIDE. We must state here that
fixing B is an approach only for revealing trends of the
RBE from simulations with the LEM. A more thorough ap-
proach for the calculation of individual RBEs should take
into account the LET and the photon parameters separately
for each experiment, i.e. individual simulations would be
performed with the specific LQ parameters o and . Here,
however, we can not expect the simulation to reflect the
RBE of each individual cell line with high exactitude, but
rather we have obtained an estimate for the behaviour of
the ensemble of cell lines. The threshold dose D, above
which the LQ model was assumed to enter into a linear
dose response [10] was chosen as D;=4 Gy + 1.1 o/f3. The
latter relationship has been found empirically to match
survival data with LEM simulations. An increase in D, with
o/B has also been suggested in a study by Astrahan [105]
based on experimental motivation. The LEM clearly
reveals the general systematics, i.e. the increase (decrease)
of the RBE with /o for high (low) survival levels.
Moreover, for 10% survival LEM predicts a small
maximum at B/a=0.1 Gy_l, which, however, is neither in
contrast with nor reflected significantly by the data.
Regarding the evolution of the B term presented above,
we compared the prediction of several RBE models with an
individual data set, where no cell line-dependent fluctua-
tions of B are expected. Figure 8 shows the ratio /B, for
HSG and V79 cells irradiated with carbon ions as measured
by Furusawa et al. [30]. Again it becomes evident that for
lower LET values the ratio exceeds one, while it finally
decreases to zero. We indicated in the figure model predic-
tions of the LEM, the repair—misrepair—fixation (RMF)
model [106] as published recently by Frese et al. [107], and
the microdosimetric kinetic model (MKM). Interestingly,
none of the models is able to correctly reproduce the
experimental findings. The LEM reveals a monotonically
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Fig. 8. Ratio of the LQ parameter  of carbon ions to that of
photons vs. LET for two individual cell lines, V79 cells (red) and
HSG cells (green), as measured by Furusawa et al. [30]. As in
Fig. 5 the thick lines are obtained as a running average of the data
points. The dashed, dotted and dashed—dotted lines show model
predictions of the RMF (reproduced from [107] model, the LEM
and the MKM, respectively. The photon parameters used for the
LEM calculations are o=0.184Gy™', B=0.02Gy > and the
threshold dose [10, 105] D,=17 Gy for V79 cells and o.=0.313
Gy™', p=0.0615 Gy~ and D,=7.5 Gy for HSG cells.

decreasing characteristic with increasing LET, while the
RMF predicts a continuously increasing 3 term. The MKM
predicts no changes in B/B,. Consequently for lower LET
the LEM underestimates f, and for high LET the RMF fails
to reproduce the transition to a vanishing . The MKM
suffers from both shortcomings but reveals good predictions
in the intermediate LET regime. Using the PIDE model,
comparisons with larger sets of data can be carried out
easily and it is a useful tool to exploit the limits of RBE
models.

DISCUSSION

As the PIDE comprises a large set of experiments, one may
suspect that the variety of o and B values for photon dose
responses is representative for all mammalian cell lines.
Before discussing the properties of the particle dose-re-
sponse curves, we first concentrate here on the photon
properties.

Photon dose response

From Fig. 1 it is evident that both LQ parameters have a
peaked distribution. However, despite the peak for very
small or vanishing B, the distribution of B values is less
skewed and more peaked at intermediate values, compared
with the distribution of o. Consequently, the variation in
the radio-sensitivity observed in cell lines is most likely
due to the variability of o. Taking the average <> as a rep-
resentative quadratic parameter may be misleading, as can

be seen by regarding the o/f ratio: as here B occurs in the
denominator, small  values lead to large ratios as can be
seen in Fig. 2. Applying <f> instead will result in artificially
smaller o/f ratios, see Friedrich et al. [108] for details.

The large first bin of the distribution of B values is
mainly reflecting the fact that many publications are con-
cerned with repair-deficient cell lines. These cells lack the
capability for repair of DNA lesions and show a linear or
an almost linear dose response to low LET radiation. While
this peak in the distribution seems to be non-generic
because of the specific selection of cell lines, we believe
the gross part of the distribution to be representative for
cultured mammalian cells in general. This statement is a
conjecture. However, if it holds, then the distributions
shown in Fig. 1 can be used to define typical LQ parameter
values for cultured cells as well as the corresponding
typical intervals LQ parameters cover.

Fig. 3 suggests an anti-correlation between the LQ para-
meters oo and B. Besides a simple expansion in powers of
the dose there are several mechanistic interpretations of the
LQ model in the literature [109], which give meaning to
these parameters. Similarly, the LQ model emerges as a
low dose approximation of many other survival models
[110]. From this point of view it is interesting to note that a
negative correlation observed in Fig. 3 would imply that
the linear and quadratic components of the LQ model
do not refer to totally independent processes. The
anti-correlation is significant as judged by the standard
error of the fit function. It is also observed in other data
sets of survival curves after photon irradiation [111, 112].
The reason for this anti-correlation is still unclear.
However, it can be excluded that the dependence between
o and B is because of the inherent anti-correlation induced
by the LQ least square fit procedure, where one parameter
accounts for the other, as this only applies to multiple sur-
vival curves taken from one and the same assay. For inde-
pendent survival curves no correlation is expected at all by
the fit procedure. We hence believe that this observation is
either because of the particular selection of cell lines
studied in the literature or because there is a biological
reason for the observed anti-correlation. If the latter was
true the question arises as to whether this finding will influ-
ence the mechanistic interpretation of survival models. One
possible explanation is a saturation of damage in organiza-
tional substructures of mega base pair size of the chroma-
tin. We discuss the considerations about such a mechanism
in a separate publication [113].

Dose response to ion irradiation

For the ion dose-response curves, the characteristics of
RBE vs. LET in Fig. 4 summarizes the findings from cell
survival studies during the last 50 years. Note that though
fluctuations in RBE are huge, a dependence of RBE on
particle species and o/f is clearly present. Having this in
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mind we regard our work as an extension to the plots pre-
sented in Ando and Kase [114] where the RBE was pre-
sented as a function of LET only.

As a consequence, when modeling the RBE for therapy,
its dependence on particle species and the o/f ratio has to
be respected. These findings do not support the conclusions
drawn in Sgrensen et al. [115], where a collection of sur-
vival data is also considered and the authors conclude that
the dependence of RBE on the particle species and the cell
type is small and might be neglected for a 10% survival
level. However, although a considerable scatter of the indi-
vidual data points around a hypothetic ‘best fit’ curve is
observed, the average RBE;y of helium ions (blue data
points) turns out to exceed the one for neon ions (orange
data points) for a given LET by a factor of almost two, and
the maxima of RBE-LET relationships are shifted to higher
LETs for heavier particles. This clearly proves that a reduc-
tion to taking the LET as the only predictor for RBE is an
oversimplification of the picture. Even if one respects that
the scatter of data points is large, the necessity to discrimin-
ate not only by LET but also by particle species and o/
ratios holds for therapy applications, where the RBE is
desired to be known to an accuracy level of about 10% to
keep the variations in tumor control reasonably low.
Nevertheless the observed scatter of the data for the same
particles and comparable o/f ratio corresponds to an uncer-
tainty in RBE. This is also an important issue for the as-
sessment of treatment plans, where the data ensemble
might help to estimate the uncertainty of RBE values.

In the literature, the behavior of the LQ parameter § with
varying LET is still unclear. For neutron radiation, whose
radiation response is believed to be mediated by protons as
secondary particles, there are indications for an increase of
B with LET [116]. Other authors do not find such obvious
systematics [30]. Using the data from PIDE presented in
Fig. 5 an initial increase of B for low LET is suggested
(except for protons), followed by a clear rapid falloff at
higher LETSs. Facing these partially contradictory statements
one has to keep in mind that the extracted values for B are
the result of a fit and therefore subject to fit errors. For in-
stance, if a survival curve consists of a small number of
dose points or an inappropriate fit interval is used, it is
hardly feasible to obtain a B term with good accuracy.
Currently no error analysis has been carried out with the
PIDE. It is on our agenda, and maybe the question of how
B varies with LET can be answered more clearly then. A
clarification on this point would again be of great interest
with respect to RBE models.

The trend curves in Fig. 5 show an increase in B with
LET followed by a rapid falloff down to zero. These fea-
tures might be understood qualitatively in a microscopic
picture: The enhanced radiation response with dose is due
to the track-to-track interaction (‘intertrack effect’) of differ-
ent ions passing through a cell nucleus. This means that the

B term for particle radiation emerges as a consequence of
overlapping particle tracks. For high energy particles the
track diameter is largest, while the local doses are rather
low. When lowering the energy and thereby raising the
LET, two competing processes occur: first, the inhomogen-
eity of the microscopic dose distribution increases, as the
track radii get smaller and the energy lost by the passing
particle is distributed within a smaller volume, and more-
over this amount of lost energy is larger due to the
increased LET. Hence the number of induced Iesions
within a particle track is enhanced, and thereby potentially
also the rates of lesions emerging from track to track inter-
action are enhanced. However, on the other hand there is a
second, competing process, as due to the smaller track radii
the geometrical probability for tracks to overlap gets
smaller. Moreover, due to the higher LET, for a given dose
the overall fluence is smaller, again leading to a mitigation
of overlapping of different ion tracks. For light particles
and not-too-high LET the first process is more important,
while for heavier particles and/or higher LETs the second
one dominates the picture. Consequently, B rises first and
then decreases with rising LET. At even larger LET values
where one ion passing through a cell nucleus is sufficient
to ‘overkill’ the cell, i.e. more energy than needed for cell
death is deposited, there is a further argument that no B
term occurs: even if tracks overlap, the consequence in
terms of cell death will be just the same and no additional
effect is expected, because any hit causes cell death. The
same characteristics are also seen in individual cell lines, as
demonstrated in Fig. 8, which is supportive of the interpret-
ation given above.

An interesting feature in the ion dose—response curves is
the increasing or decreasing course of RBE with P/o, de-
pending on the survival level. This behavior is significant.
In Fig. 6 it can be seen that for high doses (at 10% sur-
vival) where a negative slope is observed in the fit line, ion
irradiation to cells with a high o/ ratio, often labeled as
radio-sensitive (with respect to photon irradiation), is more
effective than to cells with a small o/f ratio, which are
usually labeled as radio-resistant. This is counterintuitive
and we do not have an explanation for this finding yet.

For clinical applications this observation suggests two
implications, provided these findings are still valid for
tissues just as for cell survival assays: first, tissues with a
high o/p ratio provide larger RBEs for sufficient high doses
compared with tissues with smaller o/p ratios. Due to that,
patients with tumors with high o/f ratios surrounded by
normal tissues with smaller o/ ratios will benefit more
from hypofractionated regimens than from normal fraction-
ation schemes. This feature would constitute an additional
rationale for carbon ion therapy for these tumor entities. A
potential biological benefit of a small fraction number was
also demonstrated with in vivo experiments [116]. On the
other hand, if tumors with a low o/ ratio are embedded in
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normal tissues with high o/f ratios, hypofractionation
would be less advantageous. Second, at intermediate doses
there is a survival range (~0.5-0.8) where RBE values are
rather insensitive to the tissue type, i.e. to the o/f ratio.
One may question the impact of these findings for biologic-
al treatment planning, but obviously in the entrance, where
low doses are desired, RBE has to be taken into account as
a tissue-dependent quantity.

In Fig. 7 we also present the first steps of the comparison
of the experimental data in the PIDE with the LEM. Note
that this comparison is carried out on a very basic level
here, as the simulations have been carried out for a unique
B term, while the exact properties of the individual experi-
ments have been neglected. A ‘point by point’ simulation
is an additional open task, where we hope to further eluci-
date the potential and limits of the LEM. Besides that, it is
impressive to see that a less detailed simulation is capable
of reproducing the increase and decrease in RBE with p/o
for high and low survival levels, respectively, with reason-
able accuracy. Moreover, if the peak predicted by the LEM
simulations for the 10% survival level reflects reality
(which cannot be assessed based on the available data),
there will be a maximum RBE corresponding to o/B= 10
Gy. Again questioning the meaning for clinical application
the existence of such a peak would suggest that carbon ion
therapy for tumors with that o/f ratio is particularly useful
when applied as a hypofractionated regimen.

While the LEM is based on the considerations within the
formalism of amorphous track structure and predicts a vari-
ation of B with LET [10], the MKM [12, 13] assumes a
fixed B value for all LET. A ‘saturation correction’ at very
high LET in the ‘overkill effect’ is taken into account in
both models, but acts only on the o term in the MKM,
leaving f constant even at high LET values. As can be seen
in Fig. 8 the LEM does reveal a sudden decrease of the B
term and even predicts the correct ordering, i.e. for HSG
cells the falloff takes place at lower LET compared with
V79 cells. While the ordering is correct, the absolute LET
values for the decrease in B are not predicted correctly.
Furthermore, the B term is underestimated for the lower to
intermediate LET range. For obtaining the simulation
results shown, we used an economic LEM algorithm, deriv-
ing the properties of the cell line after ion irradiation from
the action of single hits [10]. A full Monte Carlo simulation
of the damage induction processes involved in the LEM
helps to partially overcome these shortcomings, allowing
also a small initial increase of B/B, [104]. We plan to
discuss this improvement in more detail in a separate publi-
cation. The RMF model (in combination with a Monte
Carlo model for simulating aspects of track structure) pre-
dicts continuously increasing characteristics, which does
not seem to be dependent on the cell line. In particular for
the high LET regime this leads to a large overestimate of
the B values. Possible reasons are discussed by the founders

of the model [106]. To summarize, none of the models is
able to predict the characteristics of the B term in full cor-
respondence with the data, justifying the ongoing concen-
trated development in RBE models. However, in the
context of the focus of this paper it becomes clear that data-
bases generally are a powerful tool for model testing. As
has been shown here the PIDE can be used conveniently to
exploit the limits of RBE-predicting models. Likewise, the
fluctuations in RBE observed in the database give insight
into the accuracy level one can expect when applying RBE
models to individual survival experiments [104].

Finally, from the discussed examples it becomes clear
that the database is a powerful tool for revealing systematic
properties of quantities relevant in radiobiology and therapy
that may be hard to detect when reviewing a limited
number of experiments only. We propose the PIDE as a
standard data collection to benchmark RBE models and
suggest that it is also suitable for comparing different
models. From the PIDE one also can identify biological
and/or physical parameters for which not so much experi-
mental information has been available up to now and con-
sequently further experimental work would be desirable,
such as for Li, Be and B ions or for higher o/p values. We
plan to share the content of the PIDE with the community
and put the data on the research section (modelling group)
of the website of the GSI biophysics department, where
they can be downloaded after contacting the authors to
obtain access. In the future we plan to maintain the PIDE
continuously by inputting more data. For that reason, we
invite the researchers in the field to make us aware of any
suitable dataset that is missing in the PIDE.
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