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ABSTRACT

Aim: The purpose of this study is to optimize treatment planning in carbon ion radiotherapy, taking into
account the effect of tumour hypoxia.

Background: In conventional hadron therapy, the goal is to create a homogenous dose in the tumour area
and, thus, achieve a uniform cell survival level. Since the induction of a specific damage to cells is directly
influenced by the level of hypoxia in the tissue, the varying oxygen pressure in the different regions of
hypoxic tumours would disrupt the uniformity of the cell survival level.

Materials and methods: Using the Geant4 Monte Carlo Code, the physical dose profile and dose-averaged
linear energy transfer were calculated in the tumour. Then, the oxygen enhancement ratio in different
areas of the tumour were compared with different pressures.

Results: Modulations of radiation intensities as well as energies of ion beams were calculated, both con-
sidering and disregarding the effect of hypoxia, and the required dose profiles were compared with each
other. Cell survival levels were also compared between the two methods. An equation was obtained for
re-modulating the beams in the presence of hypoxia, and radiation weighting factors were extracted for
the beam intensities.

Conclusion: The results show that taking the effect of hypoxia into account would cause the reduction
of average doses delivered to the tumour tissues up to 1.54 times. In this regard, the required dose is
reduced by 1.63 times in the healthy tissues before the tumour. This will result in an effective protection

of healthy tissues around the tumour.
© 2019 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.

1. Introduction

Human tumour cells are not all under the same condition, but
rather the inhomogeneity of their oxygen pressures would directly
affect the response of each cell to ionizing radiation. The situa-
tion where tumour cells have low oxygen content (0.1-1 %) is
called tumour hypoxia, and when the tumour tissue is completely
depleted of oxygen (0 %), the tumour is said to be anoxic. On the
other hand, tissues with high oxygen pressure (20 %) are called
normoxic tissues, i.e. tissues that are under oxic conditions.

The reduced concentration of oxygen in the cells (hypoxic con-
dition) results in a significant reduction in cell death rate after
irradiation with ionizing radiation. This condition often occurs in
clinical cases and is related to the inadequate supply of blood as
compared with its consumption. This condition may occur for sev-
eral reasons in minor areas within the tumour tissue and may have
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different impacts, but this is generally related to poor treatment
outcomes in radiotherapy.!

The efficacy of hypoxia treatment depends strongly on the lin-
ear energy transfer (LET) of irradiated particles.? In fact, it is only
through relatively high-LET radiation that we can reduce the effects
of hypoxia and increase the efficacy of our treatment. Therefore,
with adequate information on the spatial distribution of different
hypoxia levels within a tumour (i.e. different areas with differ-
ent oxygen pressures) and the relationship between radiation
resistance and LET, we can optimize the applications of differ-
ent particles.®> Even within a tumour, the ratio of radiation doses
required for adjacent hypoxic and normoxic regions is similar to the
ratio of radiation doses required for a hypoxic tumour and adjacent
healthy tissues.*:> Obviously, photons are not a good candidate for
this type of treatment, and heavy ions, due to their specific physical
and radiobiological characteristics,® are a more suitable choice in
order to allow steep dose gradients between hypoxic and normoxic
sections within the tumour.”

Recently, the study of the properties of hypoxic tumours and
attempts to optimize treatment methods have expanded in the lit-
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erature both from a theoretical and empirical point of view. In this
regard, research has been carried out to determine the exact oxygen
concentration in a given target® and provide a standard method for
measuring oxygen pressure under in vivo conditions.? Efforts have
also been made to employ tissue imaging in order to determine oxy-
gen distribution and concentration.!-'3 Furthermore, the studies
conducted by Lin et al."* and Toma-Dasu et al.'” can also be pointed
out in connection to the relationship between oxygen uptake and
content.

In general, the problem of adjusting the radiation dose for each
section of the tissue, based on its oxygen content, has been investi-
gated in several ways. In this regard, Toma-Dasu et al.,’> Toma-Dasu
et al,,’6 Sovik et al.,” Sovik et al,'” and Sovik et al.'® can be
pointed out. The ‘dose painting’'°-2! and the later ‘LET painting’22
techniques were also proposed in this relation. Furthermore, the
‘kill-painting’ technique was also developed later on.23

Among the experimental studies in this area, we can mention
Furusawa et al.>* In that study, HG, V79, and T1 cell lines were
irradiated with energetic ions of 2°Ne, 2C and 3He under both
aerobic and hypoxic conditions and experimental data were col-
lected based on a number of parameters. Moreover, in Tinganelli
et al.,>> Tinganelli et al.2® and Durante et al.,>” multiple cell lines
were irradiated with various energetic ions under all three aerobic,
hypoxic, and anoxic conditions. Other experimental studies have
also been carried out in this area, a full review of which can be
found in Wenzl and Wilkens?® and Stewart et al.?° In addition, a
review of the photon studies on this subject can be found in Sovik
etal.”-17

The dependence of oxygen enhancement ratio (OER) on vari-
ous parameters has been investigated in different studies. In this
respect, the dependence of OER values on LET has been studied by
Wenzl and Wilkens,?® Stewart et al.,>? Scifoni et al.,>° Antonovic
et al.>! These studies predicted a severe reduction in OER values
at LETs higher than 100 keV/pm. The correlation between OER val-
ues and RBE, both of which are LET-dependent is investigated in
Blakely et al.>2> Moreover, there have also been investigations into
the dependence of OER on survival,??-33 radiation dose,2*34:3% tis-
sue type,26:35-36 and ion type.2*

There has also been a number of theoretical, quasi-
experimental, and simulation studies in the field. For example,
the study by Refs.28:3> comes to mind, in which a simple model
for acquiring the OER was developed by collecting and catego-
rizing experimental data from other literature. Their proposed
model incorporated the two standard linear-quadratic (LQ) and
Alper-Howard-Flanders (AHF) models. In Scifoni et al.,?? a simple
semi-empirical formula was used to calculate the OER as a function
of mean oxygen concentration and LET. Furthermore, Malinen and
Sevik® compared the outcomes of dose-painting and LET-painting
methods in tumour control. In Sokol et al.,?” experimental data
were used to study the oxygen ion irradiation of hypoxic tumours.

In this regard, the TRiP98 (Treatment planning for particles)
code>3-41 which has excellent possibilities in treatment planning,
and then TRiP-OER?3-30:42 were expanded.

In the modulation of radiation intensity in conventional irradi-
ation, which is done with no regard to tumour hypoxia, biological
dose is kept constant throughout the tumour. But since the areas
with a higher level of hypoxia exhibit higher radiation resis-
tance, this method prevents uniform damage to the entire tumour.
Thereby, radiation intensity modulation through the method used
in conventional radiotherapy would not yield favorable results.

2. Aim

The main aim of the present work is to design the deliverance
of uniform biological damage in a hypoxic tumour with varying
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Fig. 1. Inhomogeneity in oxygen content in the tissue of a hypoxic tumour.

oxygen pressures in different regions within the tumour. To over-
come the radiation resistance that occurs in hypoxic tissues, we
need a relatively high LET radiation. Even in the case of heavy ions,
such as carbon, this situation occurs only in small portions of an
extended target irradiation (i.e. close to the distal end).>° The num-
ber of lethal lesions in the tumour cell nucleus, which results in
cell inactivation, is proportional to the dose delivered to the cell
nucleus.*> On the other hand, decreasing oxygen concentration in
tumour cells increases the probability of successful repair of these
lethal damages.** Therefore, for an optimal treatment, having the
spatial distribution of different levels of hypoxia in the tumour, as
well as the dependence of radiation resistance on different LETs in
each segment of the hypoxic tissue, it is necessary to optimize the
ion type, projectile energy, and ion beam intensity. The main pur-
pose of this paper is to optimize the latest case, namely the intensity
of the ion beam. Hence, the method presented in this paper can be
used for any other heavy ion type. Whichever type of ion is selected,
the energy of the landing particles must be adjusted to cover the
spatial range of the tumour area. In performing the Monte Carlo
calculations carried out here by the Geant4 code,* it is possible
to calculate the dose and LET values for each main ion (with arbi-
trarily positive charge) at any depth within the phantom (with an
arbitrary chemical composition). Hence, the specific ion type and
particular cell line considered in this article are just an example.
Thus, one way to solve the hypoxia problem may be to increase the
dose delivered to the cell nucleus, and such a choice seems to keep
the error within an acceptable range.

In this paper, beam intensity is modulated based on tumour
hypoxia conditions. To calculate the OER, the model presented in
Refs.28:3% was employed. Using Geant4, a Monte Carlo simulation
of 12Cion irradiation was carried out to calculate the absorbed dose
profile and dose-averaged LET. Furthermore, to determine the bio-
logical effects of radiation on tissues, taking the CHO-K1 cell line
into account, RBE values were calculated for '2Cionirradiation with
the aim to assess the biological dose. The modulation was done
based on RBE and OER values at various depths within the tumour,
such that more severely hypoxic areas received higher doses. This
modulation is based on matrix calculations, as will be described in
the following section. Moreover, the proposed method was applied
to a case of a hypoxic tumour with variable oxygen pressures, and
the results were presented.

In this study, the intention was not to focus on a specific type of
ion, and the method can also be applied to protons and other heavy
ions.

3. Materials and methods

Fig. 1 shows a schematic view of the different parts of a hypoxic
tumour. Anoxic cells are already dead, and the normoxic cells that
are adjacent to capillaries proliferate at an extremely high rate.
However, due to the high oxygen content in this area, the nor-
moxic cells have no resistance against radiation damage and are
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destroyed. The most dangerous part of the tumour consists of
hypoxic cells that are resistant to radiation. This effect is originated
by a reduction in the mechanisms of DNA damage, which is medi-
ated by free radicals. In the presence of oxygen, biological damage
to DNA is stabilized and sustained.*5

The radiation resistance produced by hypoxia is quantitated by
the oxygen enhancement ratio (OER), which is the ratio of radiation
doses required to produce the same biological effect at a given (low)
oxygen concentration and under highly oxic conditions (air), i.e.,

D(p0,)

Dq same effect

OER(p02) = (1)

where pO, is the partial pressure of oxygen, D, is the dose under
normaxic conditions (pO; = p,~30 mmHg), and D(p0O,) is the dose
required to achieve the same effect under hypoxic conditions with
pO; <pa.

The dependence of cellular survival (S) on delivered dose (D) is
expressed through the linear-quadratic model LQ as follows:

S = exp(—aD — BD?) (2)

where a and 3 are two parameters that have been parameter-
ized in terms of LET and describing the linear and quadratic parts
of the survival curve, respectively. The o/[3 ratio is related to the
tissue and radiation types. The dependence of these two parame-
ters on oxygen pressure and LET is determined via the following
equations?8-3°;

(a1 + axL)p + (a3 + a4l )K

p+K 3

Ol(L,p):

_ b]p + sz

ALp) = 207 4)

where p is the partial oxygen pressure (mmHg) in a given sec-
tion of the tumour, L is equal to the LET value (keV/pm), and K
is the parameter controlling the trend of OER alterations based on
pO,. The parameters a4, a;, as, a4, b1, and b, are obtained through
a graph fitting to experimental data. In Refs.,23:3> the consid-
ered values were K =3.0 mmHg, a; =0.22 Gy, a5 =0.0024 um(Gy
keV)~1, a3=0.050Gy!, a4 =0.0031 wm(Gy keV)~!, b; =0.40 Gy !,
and b, =0.15 Gy~!, which refer to the experimental data available
for all cell types and types of radiation. Thus, according to Wenzl
& Wilkens (2011), the OER value is obtained from the following
equation:

_ /02 (L py) ~ 4B (L. pp)In(S) — (L. pn) AL, pa)

OER .
V@2 (L, pa) - 4B (L, pa)In(S) — (L, pa) A(L:Pn)

(5)

where S is the survival fraction, and p; and p;, stand for the partial
oxygen pressure under aerobic and hypoxic conditions, respec-
tively (pn, < pa). Since the survival fraction is dose-dependent, the
OER will be dose-dependent as well. Using this equation, we can
calculate the OER for each pO, value under both oxic and hypoxic
conditions.

The relative biological effectiveness (RBE) is defined as the ratio
of the absorbed dose of the reference radiation (photon) to the
absorbed dose of the radiation under study, provided that both
types of radiation exhibit the same biological effect on the tissue
cells. Thereby,

D
RBE = -2 (6)

isoeffect

where Dy, and D are the photon dose and the dose of the radiation
under study, respectively. Having obtained the values of o and J3,
the RBE can be calculated using the following equation®’:

_ by 11 opn 2 ion \ Oy Bion oo
RBE_ZD(ﬁph)+D\/4(ﬁph) +(aph)(ﬁph)o+(ﬂph)n 7)

where &on, Bion, opn and By, are the LQ parameters of the response
to both ions and the reference radiation.

Disregarding the effect of OER on hypoxic tissues, the biological
dose (Dp;,) at any given point within the tissue (x) is obtained by
multiplying the physical dose by the RBE value at that point:

Dpio(x) = Dpny(x)-RBE(X) (8)

Therefore, to create a homogeneous biological dose in the
tumour in which the oxygen conditions are uniform (e.g. the entire
tumour being under oxic conditions), radiation intensity should be
modulated in such a way that Dy;, remains constant throughout the
tumour.

If we denote the weighting factor for the intensity of the jth
beam by wj, then the homogeneous dose at each point within the
tumour is obtained as:

M
Drumor(x) = Y _w;.Dj(x) (9)
j=1

where M is the number of weighted beams, which is equal to the
number of Bragg peaks within the tumour. D; (x) is the dose corre-
sponding to the jth beam at the position x, which can be either the
physical dose (expressed in Gy) or the biological dose (expressed
in Gy(RBE)). So, if we want to modulate the radiation intensity
with no regard to the effect of OER, Eq. (9) is used according to
the conventional treatment planning.

Beam intensity modulation is, technically, the calculation of
weighting factors. We use the method previously presented in
Rezaee*® for this purpose. This method is based on matrix calcu-
lations using the absorbed dose profiles derived from Monte Carlo
calculations.

The reason for using matrix calculations is to determine coeffi-
cients that can calculate the appropriate dose at any point in the
tumour range. For this purpose, the following parameters are con-
sidered in these calculations:

(1) Radiation ion energy for creating a Bragg peak at every point
within the tumour.

(2) RBE value at each point within the tumour (In this case, the bio-
logical dose required to cause the same damage throughout the
tumour can be evaluated. Therefore, at this stage, the cell line
type is needed to determine the coefficients of the LQ model, as
well as the LET value at each point in the tumour).

(3) OER value at the target point (In this case, based on the effect of
hypoxia, the dose can be adjusted in order to design the radia-
tion intensity in a way that the oxygen-deficient spots receive
the appropriate dose in terms of oxygen concentration. This is
done directly, according to the tumour hypoxia maps and the
oxygen concentration at each point within the tumour).

In this regard, using Monte Carlo calculations (via Geant4 in
this paper), the absorbed dose and LET values are obtained. Then,
using an algorithm of matrix computations, the weighting factors
corresponding to the intensity of each ion beam are calculated tak-
ing into account the three abovementioned parameters. Obviously,
including these parameters in the determination of dose distribu-
tion would lead to a non-uniform absorbed dose across the tumour
area.
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After calculating the absorbed dose at each point in the tumour,
we define a M x M matrix called D, where the element D; ; repre-
sents the dose value (in Gray) delivered by the beam with energy
E; at location x; (normalized dose per particle). The locations x;
through xy; are the exact locations of the Bragg peaks extracted
from the Monte Carlo calculations and are all within the desired
spread-out Bragg peak (SOBP) range.

Determining the weighting factors wj for the intensity of the
j-beam with the specified energy means that by multiplying each
factor wj in the j-column of the matrix D, the sum of the elements
of each row of the matrix equals an appropriate dose value, which
results in the same biological effect in the tumour range. So, we
have for every row of matrix D:

wiDy1+wyDi 2+ ... +wyDy=d;
(10)
W]DM,] + WzDM’z + ...+ WMDM,M = dM

where d; to dy; is the appropriate dose for producing the same
biological effect across the tumour area, taking into account the
biological characteristics of each point (by RBE), as well as the
environmental oxygenation in them (by OER). These values will
be obtained in the following equation.

By defining a weighting factor matrix denoted by W with the
dimensions 1 x M, we can summarize the equation set (10) in the
following matrix multiplication:

Dl,l DMJ

(W17W25 '-'7WM)1><M

Dl,M DM,M MxM

:(d1ad25"'de)l><M (11)

The first side of the expression is the matrix multiplication of
W in the transpose matrix of D, i.e. DT. Therefore, by introducing
the matrix d, which isa 1 x M matrix and its elements are equal to
dq to dy;, we will have a matrix equation as follows, in which the
elements of the matrix W are our unknowns*8:

wD) =d (12)

Obviously, by multiplying both sides of this equation by the
inverse of the matrix DT from the right, the elements of the matrix
W can be calculated:

w=d(p")" (13)
Therefore, the value of each weighting factor is obtained as fol-
lows:
i=M
-1
wj = d((D") ) (14)
i=1
Thus, the weighting factors of intensity are calculated for M ion
beams. To have a uniform absorbed dose distribution, all we need
to do is to calculate the weighting factors from the equations above
for the same d; values (fori=1, ..., M), where each d; is equal to the

arbitrary maximum dose of djqx in the whole tumour area. In this
case, the weighting factors are:

i—M
wj = dyax Z((DT)_1 ij 1)
i1

Now, to apply the RBE and OER values in the calculation of
weighting factors, all we need to do is to consider the elements of
the matrix d properly. The biological dose at each point is obtained

according to Eq. 8. In order to achieve a uniform biological effect
within the tumour, given the amount of OER at each point, sites
with lower oxygen concentrations would require higher doses. So,
again, by choosing the desired dose value dy,y in the entire tumour
area, the values of the elements in matrix d will be as follows:

dMax
= OER(x;) (16)
Now, we determine the relation between the weighting fac-
tors without considering the effect of OER (which we call w;) and
considering this effect (which we call w)). If we were to modulate
the radiation beams in accordance with the effect of OER, the dose
required to create a homogeneous cell survival in the entire tumour
would no longer be fixed. Hence, new weighting factors should be
calculated so that more severely hypoxic regions receive higher
doses according to their OER. Therefore, Eq. (9) should be modified

as follows:

M
Drumor(x) = » _w;.[OER; (x) .Dj(x)] (17)
Jj=1

where OER;(x) is the OER corresponding to the jth beam at the
position x. In order to count in the effect of OER in the weighting
factors, Eq. (17) must be reformulated in the form of Eq. (9) with
new weighting factors that we introduce in the following. To this
end, by integrating both sides of Eq. (17) over the variable x from a
to x, where a is a constant, we have:

X M X
/ DTumor(x)dx=ij. / OER; (x) .Dj(x)dx (18)

j=1

Next, after multiplying and dividing the right side of Eq. (18) by
fax Dj(x)dx and defining the mean value of OER through the follow-
ing equation:

1
fax Dj(x)dx

Eq. (18) can be reformulated as follows:

X x M
/ D rumor(X)dx = / > “w;.(OER;) .Dj(x)dx (20)
a a j=1

Since the dose function is continuous, by differentiating both
sides of the previous equation in terms of x, we will have:

(OER;) = / OER; (x) .Dj(x)dx (19)

M

Drumor(x) =
=1

Therefore, the new weighting factors for beam intensity will be
as follows, taking into account the effect of OER:

wj'. :wj.<OERj>D (22)

where Eq. (9) is reproduced again. These weighting factors cause a
non-homogeneous dose distribution within the hypoxic tumour in
accordance with the severity of hypoxia in each region in order to
produce the same biological effect across the entire tumour tissue.

Therapeutic gain, simply known as TG, is defined as the ratio
of average radiation dose in conventional treatment to average
radiation dose based on the effect of tumour hypoxia.” The con-
ventional treatment design is defined as treatment with a variety
of ions, which leads to a homogeneous dose distribution through-
out the tumour. Furthermore, in treatment with consideration to
the effect of hypoxia, the average dose in the tumour equals the
mean of radiation doses in each area within the tumour. The dose
required for each area is calculated by modulating the radiation
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Table 1
Experimental value of the parameters of the LQ model in the X-ray reference radi-
ation and carbon radiation (with LET =100 keV/wm) for the CHO-K1 cell line.?®

aph(c'y 1) ﬂph(cy 2) O[ph(Gy 1)
Oxic 0.810+0.012 0.020+£0.001 0.164 +£0.006
Hypoxic 0.639 +0.042 0.0079+0.0010 0.140+0.017
Anoxic 0.409 +0.024 0.0027 £+0.0005 0.089+0.01

intensity according to the OER in that area, and the aim is to produce
a uniform biological effect throughout the tumour with emphasis
on a potential reduction in the overall dose received by the tumour.
Therefore,

Dc

TG = (23)

Dy same effect

where D¢ and Dy are the average doses in conventional treatment
and treatment with consideration to tumour hypoxia, respectively.
Since there is a lower average dose required when hypoxia is taken
into account, the therapeutic gain would be greater than 1.

The CHO-K1 cell line belongs to Hamster ovary cells. Experimen-
tal data on the values of apy, and By, in the reference radiation, for
which X-rays are selected in this context, were extracted from Tin-
ganelli (2013). These values are provided in Table 1 under three
conditions: oxic, hypoxic and anoxic.

Oxygen pressure was considered as p, =30 mmHg under oxic
conditions. The clinical values for oxygen pressure under hypoxic
conditions (pp) are usually considered within the range of
0.5—-20 mmHg. Although, in the case of drastic hypoxia, oxygen
pressure is considered equal to 0.01 mmHg. In a clinical treatment
planning, which requires maximum precision, we must have access
to an accurate map of the tumour hypoxia that has the oxygen con-
centration specified in it geometrically, point by point. To do this,
we need to have a method to accurately determine the oxygen con-
centration in the tissue. One method that makes this possible is
functional magnetic resonance imaging (f-MRI).!> After determin-
ing the spatial distribution of different hypoxic levels in the target,
while knowing the radio-resistance in different LETs, we need to
modulate the intensity of the ion beam used to target each and
every point within the tumour based on the oxygen concentration
at each point. The modulation of ion beam intensities, as well as the
modulation of energy, which determines the location of the Bragg
peak at any point in the tumour, optimizes the treatment system.
In this paper, the modulation of intensity is investigated.

Calculating the OER at various points within the phantom based
on different hypoxia conditions would provide us with a proper
criterion for calculating the doses required to produce an identi-
cal biologic effect across the tumour. To design a SOBP that would
cover the entire tumour tissue, we need dose-averaged OER values
(OER(x)) for all radiation types, which are obtained through the
following equation:

N
> OER{(x)Di(x)
i=1

OER(x) = - -
> Dix)
i=1

where N indicates the total number of beams, and OER;(x) and D;(x)
denote the OER and received dose corresponding to the ith beam at
the position x, respectively. Therefore, having obtained the dose and
LET values for all points through the Geant4 code, OER values can
be calculated for different radiation types at various depths within
the phantom. To this end, the o and 3 values are first calculated for
each radiation type at a given oxygen pressure using Eq.s (3) and
(4), and then, Eq. (5) is solved based on those values.

(24)

In this study, we use the Geant4 Monte Carlo simulation toolkit
to simulate cases of ion beam radiation therapy aiming to calculate
the required dose and dose-averaged LET for water phantoms. For
this purpose, we use the Geant4 hadrontherapy example presented
in Cirrone et al.*® The output data collected from the simula-
tion were based on every 0.1 mm of the phantom depth. The
selected incident beam was a pencil beam 2 mm in radius with-
out any divergence. Using the Geant4 code, the dose profiles and
depth-dependent dose-averaged LETs were extracted. In these sim-
ulations, a cubic water phantom with 400-mm-long sides was
considered and carbon ions were irradiated into one of the cube
faces in the form of pencil beams. Furthermore, a hypothetical
tumour with a width of 50 mm was considered, the center of which
was located at a depth of 65 mm within the phantom (These dimen-
sions are arbitrarily selected and the energy of the ions is adjusted
so that the location of the Bragg peak would be within the tumour
range).

To design an SOBP, the depth dose distribution for carbon
beams with different energies must be calculated, as well as
LETs. The Geant4 computational code is a complete tool for such
computations.*> QGSP_BIC_EMY is the best physics models in
the hadrontherapy program in this code. Therefore, the hadronic
interactions for nucleons are defined by the quark-gluon string
pre-compound model (QGSP). The binary ion cascade model (BIC)
simulates inelastic interactions for ions and the electromagnetic Y
model (EMY) simulates electromagnetic interactions between all
particles.*® In the execution of the program, the transportation of
twenty million radiation particles were simulated.

In this paper, we have used the hadrontherapy example from
Ref.*? to calculate the absorbed dose distribution, as well as the
dose-averaged LET. In the latest version of this example, specific
features and tools have been added that allow for an error-free
activation of the available physical models.”®->! The potential of
these new aspects was simulated for proton and carbonions in LNS-
INFN, commonly used for radiobiological experiments. The results
show that the method used in the hadrontherapy example would
guarantee the best quality in the final results.”!

4. Results

In this paper, radiation intensity modulation was performed
only on the main axis of the tumour. Technically, to cover the entire
geometry of any given tumour with a specific geometry, an ion
beam must be applied to each specific axis of the tumour to tar-
get a specific part of the tumour. In this case, each ion beam must
be modulated separately. The distance between the pathways of
major ions must be selected in a way that all tumour cells get
affected, whether located on the major axis of radiation or within
the spaces in between the major ion pathways. Since the majority of
the secondary electrons in the tissue are losing most of their energy
within 1-1.5 nm of major ion pathways,”? if the distance between
the pathways is about that long, the modulated computations in
this article will be applicable. Most experimental measurements
in the survival curve calculation have been done in vitro, and the
applied doses correspond to what is used during treatment. These
doses are not that high, meaning that the heavy ion fluxes are small
enough for the ionic pathways to not overlap.>> Since the radiation
dose is proportional to the flux and LET of the irradiated ions, the
distance between ionic pathways can be calculated by knowing the
dose and LET in any particular problem.”>

Since carbon ions are high-LET beams, they are selected as radi-
ation particles in this study. A total of 24 carbon ion beams with
energies ranging from E=132 MeV/u to E=207 MeV/u were tracked
along the main axis of the tumour using the Geant4 simulation
code. To create a spread-out Bragg peak throughout the tumour,
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Fig. 3. The changes in dose-averaged OER based on depth for 4 different oxygen
pressures that is assumed to be constant throughout the entire tumour tissue. The
dose-averaged OER was calculated by Eq. 18. The dose corresponding to the ith beam
at the position x was calculated by Geant4 Code.

the energies of ion beams were adjusted in a way that the Bragg
peak corresponding to the beam with the lowest energy was at a
depth of x=40mm, and the one corresponding to the beam with
the highest energy was located at x = 90 mm. The energy difference
between each two consecutive beams equaled 3.34 MeV/u and the
equivalent distance between their Bragg peaks was about 2 mm.
Fig. 2 illustrates the physical absorbed dose profiles resulting from
these beams, as well as their sum total. In the Geant4 simulation, the
reproduced physical dose distribution is measured at a maximum
error of 3 % in the normalized physical dose.>* In our calculations,
despite the high number of particles in the simulation (20 mil-
lion particles), and despite using the hadrontherapy example*? in
which the computational quality is very high, the maximum rela-
tive error was 1.5 % in the physical dose calculations, as well as the
dose-averaged LET.

Fig. 3 shows the changes in OER based on depth for 4 differ-
ent oxygen pressures, all within the clinical range of hypoxia. In

this figure, oxygen pressure is assumed to be constant throughout
the entire tumour tissue. To do this, we first calculate the alpha
and beta values for 24 different beams of carbon ion radiation (the
physical absorbed dose profiles of which are shown in Fig. 2), having
obtained the LET values by running Geant4 for each beam. Hence,
using Eq. 3 and 4, taking into account a given oxygen pressure
value, for each point in the hypothetical tumour area, the alpha and
beta values of each beam were calculated in terms of depth within
the phantom. Here, oxygen pressures of p=0mmHg, p =0.5 mmHg,
p =5 mmHg, and p=10 mmHg were considered, which are within
the range of hypoxic oxygen concentration, as well as the oxygen
pressure of p =20 for normoxic tissues. Then, using Eq. 5, the OER
value at each point was calculated considering a 10 % survival level
(S=0.1) for each ion beam in terms of depth. Next, using Eq. 24,
the dose-averaged OER was calculated. To do this, having the dose
value of each beam at each point (from the Geant4 output shown
in Fig. 2), multiplying it by the OER value of that beam at that point,
adding all these values together, and then dividing the result by the
total dose of all beams at that point, the dose-averaged OER value
is obtained at each point in the tissue area. These calculations were
repeated for 24 ion beams, as well as for 5 different oxygen values,
and the results are plotted as a function of depth in Fig. 3 for the
dose-averaged OER.

As can be observed, OER increases as oxygen content decreases
in the tissue. Also, at a specific pressure, OER decreases as we go
deeper into the tumour. This means that with the same hypoxia
condition in the entire tumour, it will be possible to produce the
same amount of damage in tumour cells within deeper regions, as
compared with cells in shallower depths, using a lower radiation
dose. This result is of critical importance as it is in contrast with
conventional heavy-ion radiation therapy.®-38:42.55 In conventional
treatment planning, which is done with no regard to the effect of
OER on tumour cells, the goal is to achieve a homogeneous dose
throughout the tumour, and beam intensity is modulated based
on that objective. However, this view would change if we were to
consider the influence of OER.

In clinical cases, oxygen pressure is not constant over the entire
tumour tissue. In this regard, the more central points of the tumour
are under more drastic hypoxia conditions. Fig. 4a shows the geo-
metric design of a hypoxic tumour within a healthy tissue. Oxygen
pressure was considered to be 30 mmHg in both the healthy tissue
and the normoxic region of the tumour. The hypoxic part of the
tumour was divided into several regions with various oxygen pres-
sures ranging from 0.01 mmHg to 20 mmHg, and specific widths
were determined for each region. Furthermore, the anoxic region
was characterized by pO, =0. Fig. 4b shows the dose-averaged OER
in this proposed hypoxic tumour. The dose-averaged OER values
vary between one and two. In the drastic hypoxia region, the OER
value is the highest. This calls for very steep dose-averaged OER
gradients between hypoxic and drastic hypoxic regions within the
tumour.

In Fig. 5, a comparison is made between the physical dose pro-
files when taking into account the effect of OER and when this effect
is disregarded. The physical dose profile without consideration to
the effect of OER is, technically, the sum total of physical doses
related to the 24 ion beams with different energies, which enter
the tumour under oxic conditions. In accordance with the defini-
tion of OER, Eq. (1) is used to obtain the dose required to produce the
same biological effect under similar conditions with the exception
of hypoxia being present in the tissue. Therefore, the dose necessary
to produce an identical effect, as compared with oxic conditions, is
obtained by multiplying the value of the physical dose in oxic con-
ditions at any given point within the tumour by the OER at that
same point.

The biological dose is obtained at any given point within the
phantom by multiplying the physical dose by RBE. To calculate the
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RBE, we use Eq. (7), having obtained the values of parameters in the
LQ model. For the CHO-K1 cell line, we use the values presented
in Table 1. In Tinganelli et al.,” the experimental values of « for
carbon ion radiation are only available for LET =100 keV/pwm and
LET =150 keV/m. After testing these values, up to the third deci-
mal place, no discrepancy is observed in the RBE values. Therefore,
we select the values of Table 1 as a values for different oxygen
conditions with a little bit of approximation. Then, by entering the
experimental values of a,, and B, into Eq. (7) for the CHO-K1 cell
line, the RBE values can be calculated. The results of these calcu-
lations show that, up to the third decimal place, the RBE can be
considered equal to the constant RBE =4.939 for all points under
all three oxygen conditions. By multiplying this RBE value by the
physical dose, we will arrive at the biological dose in terms of depth
within the phantom.

Now, to calculate the therapeutic gain, we first achieve a desired
dose distribution throughout the entire tumour tissue by modulat-
ing the intensity of beams with and without taking into account
the effect of OER. We then extract the weighting factors for beam
intensity through matrix calculations, such that the radiation dose
in all parts of the tumour area becomes equal to the maximum
dose observed before modulation. The maximum dose that can be
delivered to a tumour tissue to cause lethal lesions in the tumour
cell while avoiding the overkill effect (i.e. the dose should not be
high enough to cause more damage to the cell than is required for
cell death) is a biological property. Here, the aim was to modulate
the beam intensity to create a uniform biological effect through-
out the tumour. If, however, a certain dose value is needed (e.g.
twice the maximum dose before modulation) to produce a specific
biological effect, the factors will change in the same proportion
(e.g. twice). Technically, here, the weighting factors have been cal-
culated for a desired maximum dose throughout the tumour. As
previously mentioned, these calculations were carried out based
on the method explained in Rezaee.*® Next, having acquired these
weighting factors, we can use Eq. (22) to calculate new weight-
ing factors for each specific oxygen pressure existing throughout
the tumour. In Fig. 6, these weighting factors are compared with
each other in terms of beam number. Given the logarithmic nature
of the vertical axis in this figure, the great differences between the
weighting factors at different oxygen pressures are apparent. These
weighting factors modulate the intensity of all beams in a way that
a homogeneous biological dose is achieved throughout the tumour
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Fig. 7. Comparison of modulated biological doses taking into account the effect of
OER (blue curve) and without it (red curve). The total biological dose in the latter
case is calculated from Eq. 9 (Drumour)-

under a certain oxygen condition. This is the purpose of treatment
planning in conventional ion therapy.

For a suitable treatment planning that would lead to uniform
survival throughout a hypoxic tumour, any part of the tumour
with lower oxygen pressure would require a higher dose. There-
fore, a proper weighting factor should be determined for any beam
peaking at any given hypoxic area using Eq. (22). For the designed
tumour in Fig. 4a, beam modulation is carried out as will follow.
For this purpose, after multiplying the weighting factors for inten-
sity by biological doses with and without consideration to the
effect of OER, we make a comparison between variations of the
required dose based on depth, as illustrated in Fig. 7. In this figure,
all curves are normalized to unit. The black and red curves repre-
sent the non-modulated and conventionally modulated biological
dose profiles, respectively, without consideration to the effect of
OER. Therefore, according to the conventional treatment planning,
the red one should be able to produce the same biological effect
across the tumour tissue. The blue curve is derived from apply-
ing the effect of OER to the modulated biological dose. Therefore,
from this perspective, this dose profile can produce an identical
biological effect throughout the tumour tissue. As can be observed,
unlike what commonly occurs in conventional treatment planning,
when tumour hypoxia levels are taken into account, a significant
level of inhomogeneity is required in the radiation doses in order to
produce the same biological effect across the entire tumour tissue.

Assuming that a certain biological dose is required to destroy the
central tumour cells which are drastically hypoxic, the suggestion
of conventional treatment planning would be to deliver that exact
dose to all tumour cells. Otherwise, a lower dose of ion radiation
will have no destructive effect on those drastically hypoxic cells. On
the other hand, in treatment planning based on the effect of OER,
this dose will only be delivered to the central regions that contain
highly hypoxic cells, and the other areas within the tumour will
receive lower doses in accordance with their hypoxia conditions.
Therefore, the overall radiation dose will be generally reduced.

To compare the quantitative effects of these two methods, we
calculate the average dose delivered to the entire tumour tissue
in both methods. The ratio between these two quantities indicates
the therapeutic gain. Using numerical dose values normalized to
unit, the average doses received by the entire tumour tissue in the
conventional method and the novel method equaled D¢ = 0.9950
and Dy = 0.647, respectively. Therefore, according to Eq. (23), the
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Fig. 8. Comparison of cell survival levels taking into account the effect of OER (red
curve), and without it (back curve).

therapeutic gain is equal to TG = 1.54. In other words, by taking the
effect of hypoxia into account during beam intensity modulation in
order to create SOBPs in every area, the overall radiation dose can
be reduced up to about 1.54 times.

Fig. 7 also indicates a dramatic decrease in the doses delivered
to the healthy tissues before the tumour. To assess this result quan-
titatively, we calculate the ratio of average doses in this area. In the
inlet area, the average radiation doses with and without considera-
tion to the effect of hypoxia (corresponding to normalized curves)
are equal to 0.369 and 0.603, respectively. Therefore, in this area,
the average radiation dose can be reduced by a 1.63 times by taking
into account the effect of tumour hypoxia. This can have a positive
impact on the protection of healthy tissues around the tumour.

We can also compare the survival curves in these two methods.
By introducing the dose value and the values of a and 3 in Eq. (2),
the cell survival rate under a maximum radiation dose of 3.25 Gy
can be obtained, as shown in Fig. 8. As can be observed in the fig-
ure, disregarding the effect of hypoxia and OER would lead to a
survival rate of about 10 % in the tumour cells. Meanwhile, the fact
is that by taking hypoxia into account, a much higher survival rate
will be achieved compared with the conventional treatment plan-
ning. Even in areas with extremely drastic hypoxia, which comprise
the central regions of the tumour, the cell survival rate is close to
50 % when hypoxia is taken into consideration. This indicates that
treatment planning with no regard to the impact of hypoxia would
greatly reduce the actual efficiency of radiotherapy, such that radi-
ation might not even have any therapeutic effects in certain areas
within the tumour. This utterly confirms the need to pay atten-
tion to the oxygen conditions and oxygen pressure in every region
within the tumour in our treatment planning.

The result above is in line with the results of Scifoni et al.>° In
that paper, where the TRiP-OER program was used to calculate the
survival rate with and without the OER effect, the survival level
in the tumour (which was 10 % disregarding the OER effect) was
between 40 % and 50 % in drastically hypoxic regions taking into
account an inhomogeneous distribution for the oxygen concentra-
tion in the tumour®® (Section 3-1). Similar results were observed
in Ref.#2

The conventional treatment planning for heavy-ion radio-
therapy is based on achieving a homogeneous biological dose
distribution throughout the tumour tissue. When trying to achieve
a homogenous dose distribution, it is critical to pay attention to the
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changes in RBE values in terms of ion energy and depth within the
phantom. When we form a spread-out Bragg peak with extremely
high homogeneity in the tumour area, it appears that a desirable
cell survival rate is achieved. However, the reality of the matter is
different in clinical cases.

Achieving a specific biological effect in tumour cells, e.g. cell
death, is directly dependent on a factor disregarded in conventional
treatment planning. The level of tumour hypoxia, or technically,
the oxygen pressure at any given area within the tumour, plays a
direct role when trying to induce a specific biological effect. This
process has a biochemical cause, which is related to free radical
mediation in cellular DNA damage. Therefore, a homogeneous bio-
logical dose distribution in conventional treatment planning does
not yield satisfactory results with hypoxic tumours.

In this paper, a hypoxic tumour was designed, with variable
oxygen pressures and, consequently, variable levels of hypoxia.
The energies of carbon ion beams were adjusted in a way that
the Bragg peaks would cover the entire tumour tissue. Then, a
conventional treatment planning was carried out, in which the
weighting factors for beam intensity were calculated in order to
form a homogenous SOBP across the tumour tissue. Based on
these weighting factors, cell survival rates were also calculated
in terms of depth within the phantom. In the next step, the OER
was calculated for each area in accordance with its hypoxia level.
Subsequently, through a calculation of therapeutic gain, required
mean radiation doses were compared between conventional treat-
ment planning and the new method that takes the effect of hypoxia
into account. The reduction in the required mean dose in treat-
ment planning with consideration to the impact of OER highlights
the positive role of this method. Results from our calculations
also reveal that taking the effect of tumour hypoxia into account
can result in a significant decrease (about 0.001) in the radiation
dose delivered to healthy tissues around the tumour. This can be a
good indication of the effectiveness of this type of treatment plan-
ning.

Therefore, it can be said that in the case of hypoxic tissues taking
into account the effect of OER in the beam intensity modulation,
as can be seen in Eq. (22), a compensating dose is deposited that
can restore the required survival rate. These results are consistent
with studies conducted through the TRiP-OER code, as described in
Scifoni et al.3? This code has the ability to predict the cell survival
rate taking into account the effect of OER, as well as compensating
the dose and performing inverse planning. Biological effects are
also included in OER calculations in this code.?°

Furthermore, for a tissue composed of several regions with dif-
ferent oxygen pressures, dose compensation can be carried out
successfully, but only at the price of significant damages to the
healthy tissues around the tumour, which is essential to be pre-
vented. In Scifoni et al.,?? in order to study dose profiles, a target
was designed composed of three regions, namely a normoxic one,
aregion with a pressure of 0.5, and a region with zero oxygen pres-
sure. In the present article, in order to study more severe gradients
in the OER curve and abrupt changes in dose profiles, a target was
designed consisting of eight sections with different oxygen pres-
sures, all within the clinical range of hypoxia. Sudden changes in
the slope of required doses at the boundaries of every region are
evident given the logarithmic nature of the vertical axis in Fig. 5.
These changes are made in order to produce an identical biological
effect across the target area. This result is consistent with results
produced by the TRiP98 code used in Scifoni et al.> These sudden
changes in radiation dose correspond with the abrupt changes in
tissue sensitivity which, in fact, reflect the need to sharply mod-
ify the absorption dose required to cross the boundaries of each
area.

Another point that needs to be considered is the precise calcula-
tion of RBE which depends on the tissue type, radiation energy, and

type of irradiating particles.>® Determining the exact RBE values
with minimal error would directly affect the accuracy of required
biological doses calculated for each section within the target. The
presence of uncertainty in the photon parameters (o, Bpn) used as
primary information in RBE models would create uncertainty in the
calculated RBE values.” This issue was ignored in the current study,
and only approximate RBE values were taken into consideration,
a limitation that can be addressed in future research. Obviously,
experimental studies under specific oxygen conditions are required
to determine the parameters of the LQ model for photon beam radi-
ation. At present, however, there isn’t a wide range of experimental
data available, which limits the choice of cell lines used in this type
of computation. For the purposes of this study, the CHO-K1 cell line
was selected, which is one of the few cases with available exper-
imental values for the photon parameters of the LQ model under
oxic, hypoxic, and normoxic conditions.2® Nevertheless, these val-
ues are not available for a wide variety of oxygen pressures within
the clinical range of hypoxia. Therefore, in order to determine the
RBE values with higher accuracy, experimental values are required
for photon parameters under a range of different oxygen pressures.
This can even play a significant role in the assessment of the corre-
lation between OER and RBE.

5. Conclusions

Calculations for treatment planning were carried out in this
study based on partial oxygen pressure and OER, as a function of
LET. The main purpose of this article is to modulate the intensity of
consecutive beams in the radiation of a hypoxic tumour in order
to create a spread-out Bragg peak. In traditional radiation ther-
apy, this modulation is performed in such a way that the same
biological dose is delivered to the entire tumour area and, hence,
the damage to the entire tumour area is uniformly predicted. The
number of lethal lesions in a cell is proportional to the dose deliv-
ered to the nucleus of that cell.*> However, given that radiation
resistance is higher for the parts of the tumour that have a low
oxygen concentration, a higher dose should be delivered to the
cells with a lower oxygen concentration in order to inactivate all
tumour cells (whether in the hypoxic region or in other tumour
regions). Under these conditions, it can be said that the number
of lethal damages caused in all tumour cells (hypoxic and nor-
moxic) would be sufficient to inactivate the cells. Therefore, the
intensity of the radiation doses delivered to the tumour should be
modulated based on the tumour hypoxia map. This modulation is
performed to minimize the damages to healthy tissues surrounding
the tumour.

The modulation performed in this paper is analytical and based
on the value of OER at each tumour site. When the hypoxia effect
is disregarded, the weighting factors for beam intensity are deter-
mined based on the dose value in the Bragg peak of each beam. Now,
if the hypoxia effect is taken into account, these weighting factors
would change and each weighting factor must be multiplied by the
dose-average OER value at each point.

To compare the hypoxic tumour responses at different oxy-
gen concentrations, the OER values were calculated according to
the depth within the tumour. As expected, OER decreased with
increased oxygen content. Therefore, the use of high-LET ions can be
taken into consideration for irradiating cells with low oxygen pres-
sure (and, therefore, high OER) in order to optimize the treatment
planning.

With the new weighting factors which take into account the
hypoxia effect of each point within the tumour, we modulate
the radiation to cause uniform damage in a tumour with an
inhomogeneous distribution of oxygen concentration. By select-
ing carbon-ion beams as our high-LET radiation, we calculated the
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cell survival rate during the irradiation of this hypoxic tumour
with varying oxygen pressures in different regions in an attempt to
achieve an optimized treatment planning. We then compared the
results of these calculations with outcomes from the conventional
treatment planning which does not take the effect of hypoxia into
account. Through these comparisons, we found that a major inho-
mogeneity is required in the dose distribution in order to produce
the same biological effect throughout a hypoxic tumour, which is
quite different from the common method of treatment. The results
also indicated a significant decrease in the mean radiation dose
necessary for irradiating a tumour when the impact of hypoxia is
taken into account. In this regard, the required radiation dose is
reduced by 1.54 times in the tumour tissues and by 1.63 times in the
healthy tissues before the tumour. Therefore, paying attention to
the hypoxia conditions of a tumour would play a positive and effec-
tive role in the optimization of treatment planning in heavy-ion
radiotherapy.
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