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Hadron therapy, such as carbon and helium ions, is increasingly coming to the fore for the
treatment of cancers. Such hadron therapy has several advantages over conventional radiotherapy
using photons and electrons physically and clinically. These advantages are due to the different
physical and biological characteristics of heavy ions including high linear energy transfer and Bragg
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jon radiation therapy, it is in dispute with which bio-mathematical models to calculate the carbon
ion RBE. The two most widely used models are local effect model and microdosimetric kinetic
model, which are actively utilized in Europe and Japan respectively. Such selection on the RBE
model is a crucial issue in that the dose prescription for planning differs according to the models. In
this study, we aim to () introduce the concept of RBE, (i) clarify the determinants of RBE, and (i)
compare the existing RBE models for carbon ion therapy.
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Introduction

Hadron therapy, such as carbon and helium ions, is in-
creasingly coming to the fore for the treatment of cancers
[1]. Such hadron therapy has several advantages over con-
ventional radiotherapy using photons and electrons physi-
cally and clinically [2]. These advantages are due to the dif-
ferent physical and biological characteristics of heavy ions
including high liner energy transfer (LET) and Bragg peak,
which lead to the reduced exit dose, lower normal tissue
complication probability and the increased relative bio-
logical effectiveness (RBE) [2-4]. The physical depth-dose
distribution of hadrons is characterized by a low entrance

dose and an intensively high dose (Bragg peak) near the

edge of their range with sharp fall-off at the distal region.
The distinctively low entrance and exit doses are beneficial
for sparing normal tissues, while the high dose at the Bragg
peak is optimal for targeting solid tumors [5]. Furthermore,
enhanced biological effectiveness near the Bragg peak
by concentrated ionization results in more double strand
breaks (DSB) and less repairs in a target organ. Among the
hadrons, carbon ions show superior preclinical and clinical
results than the protons. This is because the carbon ions
have higher RBE, sharper dose distribution and minimal
penumbra than protons [6]. Based on these therapeuti-
cally beneficial aspects of carbon ions, there are 13 carbon
ion therapy facilities in clinical operations and 6 facilities

under constructions including 2 facilities in South Korea in
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Dec 2019 according to the Particle Therapy Co-Operative
Group. Likewise, there is an internationally growing num-
ber of clinical trials involving carbon ion radiation therapy
since the first trial in June 1994 in Heavy Ion Medical Ac-
celerator in China Japan [7,8]. There has been 63 ongoing
clinical trials until Dec 2018 and 19 newly registered trials
from Jan 2019 [9]. Despite the promising prospects on the
carbon ion radiation therapy, it is in dispute with which
bio-mathematical models to calculate the carbon ion RBE.
The two most widely used models are local effect model
and microdosimetric kinetic model, which are actively
utilized in Heidelberg Ion Beam Therapy Center in Europe
and National Institute of Radiological Science in Japan
respectively. Such selection on the RBE model is a crucial
issue in that the dose prescription for planning differs ac-
cording to the models. In this study, we aim to (i) introduce
the concept of RBE, (ii) clarify the determinants of RBE,
and (iii) compare the existing RBE models for carbon ion

therapy.

Relative Biological Effectiveness
1. Concept of relative biological effectiveness

For a given identical absorbed dose, irradiations with ion
beams are biologically more effective than that with con-
ventional photons. In other words, ion beam requires less
physical dose than the photon beam in order to have the
same biological effect. This elevated effectiveness of ion

beam is described as a multiplication factor:
d,=RBE- d,, (1)

Where d,;, and d,,, are the isoeffective photon dose and
the ion dose respectively. In clinics, despite the rising
demand for the more sophisticate calculation, the RBE
for proton beam is fixed to 1.1. However, the RBE values
for the carbon ion beam vary approximately from 1 to 10
depending on dose, beam quality, and biological factors
[10]. Therefore, the carbon ion RBE should be carefully
calculated so as to minimize the planning error. In order to
calculate the RBE, a biological endpoint should be desig-

nated. There are several candidates for the biological end-

points including cell survival, normal tissue complication
probabilities and tumor growth delay, whilst using the cell
survival most commonly. The selection of the biological
endpoint for the radiotherapy is delineated in details else-
where [11,12].

2. Derivation

Given equation (1), the RBE can be rewritten as following:

RBE:il-”i (2)
dion isoeffect

With the cell survival as a biological endpoint, the rela-

tionship between cell survival and delivered dose is formu-

larized in Linear Quadratic (LQ) model [13].
InS=-ad-pd’ (3)

Where S is the survival probability, d is the delivered
dose, and o and B are the parameters describing the cell’s
radiosensitivity. Expecting to have the same cell survival

from a single fraction of radiation each,

2
- lnS mn wn + ﬂwndmn - a d + ﬂph ph (4)
Where a,,, and B, are the parameters for beam type ion.
By rearranging the equation (4), the ion dose can be rewrit-
ten as following:
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Likewise, the isoeffective photon dose is,
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Using the equations (5) and (6), the RBE is,
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With RBE,,,.=0,,,/0,,n the maximum RBE or the initial
slope of the cell survival curve and RBE,;,, =,/ B,,,/B,, the
asymptotic RBE at high doses. The three transfigurations
for RBE, which are (7a), (7b), and (7c), are for the diverse

applications in clinical calculation.

Determinants of Relative
Biological Effectiveness

Carbon ion RBE is determined by complex factors; par-
ticle energy, doses, cell types, and even patient’s radiore-
sistance [14]. However, none of them are able to be esti-
mated perfectly, leaving wide range of research fields to be
explored. In this chapter, we specify three most significant
determinants that affect to the carbon ion RBE and point

out the limitations of the determinants.

1. Linear energy transfer

For ion beam therapy, linear energy transfer (LET)
is usually used to quantify the beam quality. LET is the
amount of energy that an ionizing particle transfers to the
material traversed per unit distance. The main rationales
for the therapeutic applications of carbon ion beam are
high LET near the Bragg peak region and low LET in the
entrance and exit region. Since the LET is uniquely defined
for a single beam energy, use of an average value over
energy spectrum of the carbon ion beam is inevitable. The
average LET is either the fluence-averaged LET (LET)) or
dose-averaged LET.

> s )45 2)dE
PR ACBLL

LET, (z) = (8a)

3 ,.j:’ S, (E)d, (E,z)dE
> d (Ez)dE

LET, (z) = (8b)

Where z is the location, S; is the stopping power of the

specific particle i, ¢ is the particle fluence with energy E,
and d is the respective dose. Since these two distinctive
average types turn in different LET value, it is important to
indicate which definition of the average LET refer to. The
dose-averaged LET is generally adopted in clinical situa-
tion. However the validity of using dose-averaged LET for
all applications is controversial. Especially in case of broad
LET distributions, for example the spread-out Bragg peaks,
LET, is not sufficiently accurate for the carbon ion RBE [15].
In case of monoenergetic beam, LET}is of course identical
to LET,, but this is not applicable for some clinical environ-

ments.

2. Biological end—point

Given the same beam species, RBE still can shift along
with biological end-point, dose. Generally, RBE increases
with decreasing dose. Nevertheless, the comparison condi-
tion should be clearly mentioned. For example, fixing the
cell survival probability, the higher fraction number leads
to higher increase in tolerance doses for photons than car-
bon ion. This, in turn, leads to the higher RBE with lower
fractional dose (Fig. 1). On the other hand, fixing the frac-
tion number, the survival curve of the LQ model for carbon

ion beam reveals to be steeper than for photons. Thereby,

1

—— Photons (reference)
—— Carbon ions
c RBE (10%)=2.73
S 01 D, (10%) D,,, (10%)
[&]
o
©
2
2 RBE (1%)=2.29
@ 0.01 D, (1%) Dy (1%)
0.001 |2'13 4i 3 T 654 T 9'46| 1
0 2 4 6 8 10 12

Physical dose (Gy)

Fig. 1. Schematic illustration of the cell survival curve based
on the LQ model (2). The Survival fraction is in log scale. The
photons and carbon ions are considered to be isoeffective when
the survival fractions are identical. The ratio of isoeffective photon
and ion dose is determined to be RBE. For instance, fixing the
survival fraction to 10%, carbon ion RBE is 2.82 whereas fixing to
1%, respective RBE is 2.25. RBE, relative biological effectiveness;
LQ, Linear Quadratic.
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the RBE rises with the decreasing dose in this condition.

3. Biological factors

Any biological factor that influences the response of the
biological system will change the RBE. For example, various
cell type, intrinsic radioresistance, and fractionation depen-
dence are the candidates for biological factors to impact
the RBE. Although these biological factors play in different
mechanisms, some of them can be represented by o and
B, the parameters of the LQ model [16-18]. The parameters
o and f basically consider two different types of cell killing
mechanisms: single and multiple hit of radiation. However,
these parameters have intrinsic limitations in that they
were derived from in-vitro experiments in a well-controlled
condition which may be off the in-vivo clinical condition.
Likewise, they cannot count for the diversity among the pa-

tient population nor the diversity within an individual.

Existing Relative Biological
Effectiveness Models

1. Local effect model

1) Versions of local effect model

The first version of local effect model (LEM) was sug-
gested in a stochastic framework by Scholz et al. [19] Since
the first version in 1997, succeeding improvements were
made to the model. The LEM is widely used for estimating
the RBE in Europe for the carbon ion radiotherapy. The
predictions from LEM I were reasonably compatible with
experimental and clinical data. However, relatively high
errors have been observed for high-energy and low-LET
particles when using the model parameters. Therefore,
LEM II were suggested to improve the predictions. In the
second version, cluster effects of single strand breaks (SSBs)
at the nanometer scale were taken into account. The clus-
ters of SSBs consisting of individual SSBs spacing less than
25 base-pairs were considered as additional DSBs [20]. A
further development was added to the existing LEM count-
ing for more sophisticated track structure description, and
this model is named LEM III [21]. In the most recent ver-
sion LEM 1V, the relationship between the final biological

response and the initial spatial DNA damage distribution
was explicitly explained [22,23]. Although the LEM has thus
been improved, the LEM I is still in the clinical use while

the others remain in an experimental stage [2-10].

2) Local effect model |

LEM I considers the local biological effects as a function
of the ‘local dose’ deposited by the charged particle tracks.
Based on the measurable quantities like the X-ray survival
curve, the radial dose profile within a track and a geometri-
cal description of the cell nucleus, the LEM I suggests that
the carbon ion RBE is formulated as a function of energy
and atomic number of the particles. The LEM I uses the
‘amorphous’ track structure approach, which will be dis-
cussed in this chapter [24,25].

The ‘local dose’ is an important concept for understand-
ing LEM I. The main assumption of the LEM I is that the
biological effect is utterly determined by the spatial local
dose distribution inside the cell nucleus, regardless of
the particle species either photons or heavy ions. In other
words, the local dose distribution decides the biological
effect within a cell nucleus eventually including the entire
cell’s fate. It is assumed that the cell nucleus is homog-
enously filled with sensitive sites, i.e. DNAs. Dividing the
cell nucleus volume V into multiple small subvolumes,
one assigns a single subvolume to have a typical threshold
value of damage, called a lethal damage. It is considered
that a cell survives from irradiation only when none of the
subvolumes within the cell nucleus received damage ex-
ceeding the threshold (lethal) damage.

The amorphous track structure of the carbon ion irradia-
tion is another critical aspect of LEM I. A comparison to
the track structure of the photon irradiation is useful for
understanding the carbon ion track structure. A photon in-
teracts uniformly along the radial profile of the beam track
within a cell nucleus, whereas a carbon ion has inhomoge-
neous interactions along the radial profile, approximately
following the 1/ 7 rule. Then, the local dose distribution of

carbon ion beam LD, (r) along the radial direction r is,

A LET/7, r<r

LD,, (r)= ALET/¥* r,,<r<r,., 9)
0 r>Fa
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where 1 is a normalization constant, r,,;, and r,,,, are cutoff
parameters. The local dose distribution of photon beam
LD,,, however, is rather constant along r.

Considering this differences in track structure between
photons and carbon ions, the biological effect within the
cell nucleus, thus the cell fate after irradiation, will be dras-
tically different. Even if the same total absorbed dose was
given to a cell nucleus, a cell with a carbon ion irradiation
would get more chances to have subvolumes with lethal
damage because of the carbon ion track structure. Mean-
while, a cell nucleus irradiated with a photon receives
uniform low local dose over the given volume, having no
chance to make lethal damage (Fig. 2).

Then, a linear quadratic model is used to explain the cell
survival curve for irradiation. The quadratic shape of the
curve changes back to linear form beyond a certain transi-
tion dose D, in LEM I. The determination of transition dose
D, is challenging since it requires cell survival experiments

at very high doses.

2. Microdosimetric kinetic model

While LEM I assumes a continuous radial profile given a
track position of the carbon ion, the microdosimetric kinet-
ic model (MKM) follows microdosimetric principles. The
MKM is grounded on the framework of the theory of dual
radiation action (TDRA), suggested by Kellerer and Rossi
in 1978 [26]. Based on the TDRA, the MKM is a specifically
designed statistical model for the carbon ion RBE [27]. The

MKM is mainly used in Japan for carbon ion radiotherapy.

Part of cell nucleus divided b
a into smaller subvolumes
A\\ \\ \\ \\ \\
Photon > Carbon ion
track track

/ J T T

1) Theory of dual radiation action

Dual radiation action deals with a process referring to
the cellular lesions produced after ionizing irradiation. It
states that, depending on the pattern of energy transfers
to the cell, ‘sublesions’ are produced after irradiation.
These sublesions can interacts each other so as to produce
‘lesions’ within a cell, which in turn determines the cell
fate. In short, pairs of sublesions can combine to form a
lesion.

It is assumed that the cell nucleus have a number of
smaller regions called ‘loci, and a volume heavily occupied
by many loci is termed to the ‘sensitive matrix: That is, a re-
gion with a collective loci is called sensitive matrix in a cell
nucleus. The sensitive matrix is rather randomly distrib-
uted over a cell nucleus. A sublesion can be formed when
an energy transfer from irradiation to a cell happens within
a locus. Any pairs of sublesions within a single sensitive
matrix can interact to form a lesion. The possibility to gen-
erate a lesion decreases as the distance between sublesions
increases. Thus, it is more likely to form a lesion when the
energy transfer is intensively concentrated within small re-

gion.

2) Microdosimetric kinetic model

Based on the concept of TDRA, the MKM provides
a statistical way to derive the carbon ion RBE. The cell
nucleus is regarded as a collection of compartments, called
domains. A pair of potentially lethal lesions can develop
to form a lethal lesion only when they are in the same
domain. Domains share a common mass and volume,

filling the cell nucleus without vacancy.

c High

Low

A

/

Local dose

Fig. 2. Illustration of the track structure of photons and carbon ions. (a) Photon track structure within a part of cell nucleus divided into
smaller subvolumes. The local dose is identical along the radial direction, denoted as a red straight line. (b) Carbon ion track structure
indicates amorphous shape along the radial direction. (c) A scale bar indicates high local dose when red and zero dose when white.
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The derivation of carbon ion RBE in MKM framework
begins with a statement that a probability of a particle to
interact within a domain follows Poisson distribution,

L J

Pp)= 45 (10)

where j is the number of interactions within a domain
and p is the mean number of interactions per domain.
Followed by statistical derivations, the cell survival fraction

from carbon ion irradiations can be represented by
-InS=a.,,,G+BG’ (11)

aapp:a0+yﬂl (12)

where G is an average absorbed carbon ion dose within a
cell nucleus, «, refers to the limiting value of o as the LET
approaches zero, and y is a newly added parameter. By
substituting Eq. (11) to Eq. (4) and re-arranging, one can
write the carbon ion RBE by

2 *
RBE = Jas+4pS* —a ’ (13)
,/ajpp +4f45* -a,,,

where S* is the negative of natural log of the chosen refer-

ence survival fraction. More detailed derivations are well
explained elsewhere [27]. Here, y characterizes the beam
quality and is related to the variance of the microscopic
energy deposition to the domains and the whole nucleus.
Also, B is considered an intrinsic independent variable of
the beam quality since the beam quality is fully character-
ized by the parameter y.

Importantly, a phenomena called ‘overkill effect’ has
later been considered by Kase et al. [28] in 2006. This effect
is also called ‘saturation effect, which counts for the inter-
action probability approaching a maximum value at large
values of dose while being proportional to square of dose
at low levels [28,29].

Conclusions

In this brief review article, we summarized the general

concept of carbon ion RBE, specified the determinants of

RBE, and explained the theories and interpretations of two
existing RBE models: local effect model and microdosimet-
ric kinetic model. There is an explosively increasing num-
ber of studies referring the carbon ion RBE. This adversely
shows the demand on more comprehensively standardized
estimation of the carbon ion RBE. As the carbon ion RBE
models evolved rather separately in Europe and Japan,
with their clinical trials in isolation to each other, the global
randomized clinical trials are lacking. More comprehen-
sive solution to the current challenge regarding the carbon
ion RBE and clinical trials would, therefore, be highly de-

sirable.
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