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Cerebral radionecrosis is a significant side effect in radiotherapy for brain cancer. The purpose of
this study is to calculate the relative biological effectiveness (RBE) of carbon-ion beams on brain cells and
to show RBE-weighted dose distributions for cerebral radionecrosis speculation in a carbon-ion treatment
planning system. The RBE value of the radionecrosis for the carbon-ion beam is calculated by the modi-
fied microdosimetric kinetic model on the assumption of a typical clinical o/f ratio of 2 Gy for cerebral
radionecrosis in X-rays. This calculation method for the RBE-weighted dose is built into the treatment
planning system for the carbon-ion radiotherapy. The RBE-weighted dose distributions are calculated on
computed tomography (CT) images of four patients who had been treated by carbon-ion radiotherapy for
astrocytoma (WHO grade 2) and who suffered from necrosis around the target areas. The necrotic areas
were detected by brain scans via magnetic resonance imaging (MRI) after the treatment irradiation. The
detected necrotic areas are easily found near high RBE-weighted dose regions. The visual comparison
between the RBE-weighted dose distribution and the necrosis region indicates that the RBE-weighted dose
distribution will be helpful information for the prediction of radionecrosis areas after carbon-ion radio-

therapy.

INTRODUCTION

Charged particle beams are very suitable for the treatment
of deeply seated cancer due to their excellent dose distribu-
tion, referred to as the Bragg peak, in the body. Furthermore,
heavy-ion beams with high LET characteristics possess high
relative biological effectiveness (RBE). From the years 1977
to 1993, helium-, carbon-, neon-, silicon-, and argon-ion
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beams were applied as heavy-ion radiotherapy at the
Lawrence Berkeley National Laboratory in the United
States.” In 1994, routine carbon-ion radiotherapy was
started using the Heavy Ion Medical Accelerator in Chiba
(HIMAC) at the National Institute of Radiological Sciences
(NIRS) in Japan.? Presently, carbon-ion radiotherapy has
also been carried out at the Hyogo Ion Beam Medical
Center,” the Heidelberg Ion Therapy Center,” the Gunma
University Heavy Ion Medical Center and so on.”

For carbon-ion radiotherapy, it is essential to calculate not
only the absorbed dose but also the RBE value at any point
in patient’s body, as the RBE values vary greatly depending
on the depth within the material. In the treatment planning
system (TPS), the RBE values are currently calculated on
the basis of the cell survival of typical tumor cells.®” How-
ever, it is well known that the RBE value depends on the
tissue type and specific biological endpoint induced by radi-
ation. Thus, each RBE value should be essentially calculated
to estimate the intended biological effect.

The purpose of this study is to establish an estimation
technique of radiation damage using the physical beam cal-
culation with an RBE calculation model for carbon-ion
radiotherapy. In this paper, we reported RBE-weighted dose
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distributions calculated on trial to estimate position of cere-
bral radionecrosis induced by carbon-ion beams. The loca-
tion information of radionecrosis is detectable with magnetic
resonance imaging (MRI) brain scans® and is important for
the patient’s prognosis after radiotherapy.”'” At the NIRS,
astrocytomas have been treated with carbon-ion beams since
1994, and the dose escalation study is in progress.>'" In this
study, four patients with the astrocytoma (WHO grade 2)
treated with carbon-ion beams were selected to demonstrate
the visual comparison between the RBE-weighted dose dis-
tribution and detected necrosis region.

The microdosimetric kinetic model (MKM)'? modified
for range-modulated ion beams was used to account for the
physical dependence of the RBE value on the carbon-ion
irradiation field."” Inaniwa et al. has applied the modified
MKM to the treatment planning system for scanned carbon-
ion beams.'” The RBE value in the bodies of patients was
calculated from microdosimetric quantities measured by a
tissue-equivalent proportional counter (TEPC) for mono-
energetic carbon-ion beams. In addition, the clinical o/
ratio described in the literature for X-ray radiotherapy was
used to consider the tissue dependence of the RBE value for
the heavy-ions.

MATERIALS AND METHODS

RBE calculation model

For carbon-ion radiotherapy in Japan, the Bragg peak is
spread out by modulating the beam range to sterilize tumor
cells uniformly throughout the tumor volume. The therapeu-
tic carbon-ion beams were designed to effect a 10% survival
fraction for the HSG cells in the region of the spread-out
Bragg peak (SOBP)."” However, even if the survival frac-
tion of the HSG cells is constant in the SOBP, it may be
inhomogeneous for other cell lines, tissues, endpoints, or
circumstances because the RBE value typically depends on
the biological conditions. In this study, the RBE value for
cerebral radionecrosis was calculated by the modified MKM
with the clinical data of o/ ratios for X-rays.

In the modified MKM, the surviving fraction, S, of certain
cells is calculated with the biological model parameters (0l,
B, ra, and yj), as follows:'?
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where p is the density of tissue assumed to be p = 1 g/cm’,
f(y) is the probability density of the lineal energy, y, and y*

is the saturation-corrected dose-mean lineal energy.

The biological model parameters except for the o, value
was assumed to be the same as those obtained for HSG cells
(B =0.05 Gy, ry=0.42 um, and y, = 150 keV/um).'® The
oy value was assumed to be the only parameter dependent
on tissue or the clinical endpoint, and it was fitted with
reference to the clinical o/f ratio for X-rays because the bio-
logical parameters in a clinical situation was presently lim-
ited to o/p ratios obtained by many fractionation studies in
conventional X-ray radiotherapy. Clinical o/f} ratios have
been reported, for example, o/f = 2 Gy for cerebral radion-
ecrosis and o/f = 10 Gy for a typical early effect for X-
rays.'® In order to have equalities of o/ = 2 Gy and o/ =
10 Gy for X-rays, the o, values were calculated to be 0.04
and 0.44 Gy™', respectively. Figure 1 shows the y*-o curve
obtained for the in-vitro HSG cells and the y*-o curves esti-
mated by the modified MKM in assuming the o/ ratios
from 1 to 10 Gy.

When the absorbed dose and the o value with the fixed 3
value are determined, the RBE value is calculated as fol-
lows:

RBE = Pr _ \/OLR2 +4B (oD +BD* ) -0y
28D

, “4)
where D is the absorbed dose for the radiation of interest and
Dr is the absorbed dose at the same survival fraction for a
reference radiation which is X-rays of 200 kVp in this study.
The RBE-weighted dose, Drge, is defined as follows:
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Fig. 1. The o values as a function of the microdosimetric y*

value with B = 0.05 Gy fixed. The plots show the experimental
data obtained by the in-vitro HSG cells and the y* value measured
by the TEPC.'? The solid curve shows the modified MKM calcula-
tions for the in vitro HSG cells. Dashed curves show the model
estimation assuming o/ ratios from 1 to 10 for X-rays.
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where the unit of Gy(RBE) in this paper is used for the Dgge
value when the unit of Gy is used for the D value.

Microdosimetric y* measurement

The microdosimetric y* value is necessary to calculate the
RBE value using the modified MKM, as described in the
previous chapter. The y* distributions were measured using
the TEPC (LET-1/2; Far West Technology, Inc.) in order to
estimate the RBE value for therapeutic carbon-ion beams.'®
The sensitive volume of the counter was nominally a sphere
of 12.7-mm diameter, around which a spherical wall of A-
150 tissue-equivalent plastic (thickness: 1.27 mm) was situ-
ated. The wall was housed in an aluminum shell (thickness:
0.178 mm) to maintain a proportional gas under low pres-
sure. The propane-based tissue-equivalent gas (p-TEG;
54.6% Cs3Hs, 40.16% CO», and 5.26% N>, by volume) was
enclosed with a pressure of 4.4 kPa in the counter to simu-
late the energy imparted to a spherical tissue with a unit
density of 1.0-um diameter. The TEPC was operated with a
voltage bias of + 640 V. The electric impulse from the
counter entered a pre-amplifier (preamplifier 142B; ORTEC),
and the pre-amplified output signal was then divided to enter
three linear amplifiers of 2, 30, and 450 gains (amplifier
572/671; ORTEC) to realize a wide measurement range and
fine energy resolution. These signals were stored in multi-
channel analyzers (MCAS8000A; AMPTEK). A calibration
pulser was used to examine the linearity between the pulse
height of the preamplifier output and the channel and to
relate those channels of the three spectra.

Calculation of RBE-weighted dose for therapeutic
carbon-ion beams

The microdosimetric y* distributions of therapeutic
carbon-ion beams were calculated from those measured by
the TEPC for the mono-energetic carbon-ion beam in each
initial beam energy because measuring those for all thera-
peutic carbon-ion beams was difficult to achieve with a lim-
ited beam time. Figure 2 shows the depth-dose distributions
measured by the Markus ionization chamber for mono-ener-
getic carbon-ion beams with initial energies of 290, 350, and
400 MeV/u. Figure 3 shows the depth-y* distributions mea-
sured by the TEPC for mono-energetic carbon-ion beams
with initial energies of 290, 350, and 400 MeV/u.

The absorbed dose, D, and y* value, y*,, of the range-
modulated beam are calculated from those of the mono-
energetic beams, as follows:
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Fig. 2. Depth-dose distributions measured by the parallel-plate
ionization chamber for mono-energetic carbon-ion beams with ini-
tial energies of 290, 350, and 400 MeV/u.

80 .

T T T

oF 290MeV/u  350Hev,/y ]
400MeV/u

60 | B

y* (keV/um)

0 50 100 150 200 250 300
Depth (mm)

Fig. 3. Depth-y* distributions measured by the TEPC for mono-
energetic carbon-ion beams with initial energies of 290, 350, and
400 MeV/u.
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where di(x) and y*(x) are absorbed dose and y* value,
respectively, at a depth of x in the mono-energetic beam, r;
is the weighting factor required for the superimposition with
the shifted depth of s;. The survival fraction and the RBE-
weighted dose in the range-modulated carbon-ion beam
were calculated from the absorbed dose and y* value in the
modulated beams by Egs. (1)-(5).
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RBE-weighted dose distribution on CT images

The treatment planning system, XiO-carbon combined
with FocalPro (CMS Inc., St. Louis, MO), was used to cal-
culate the RBE-weighted dose distribution on the CT image.
In order to apply the effective SOBP dose calculation for
carbon-ion TPS, the alternative effective percent depth dose
(PDD) for superposition was determined by adjusting the
range offset and weight.'"® The effective PDD was obtained
by multiplying the absorbed dose distribution by the RBE
value at the survival fraction of central SOBP depth to repro-
duce the RBE-weighted dose distribution calculated by the
modified MKM for the cerebral radionecrosis.

In this study, we selected four patients who had astro-
cytoma (WHO grade 2) treated by carbon-ion beams and
suffered from cerebral radionecrosis around the planning
target volume (PTV). The patients were diagnosed with
astrocytoma (WHO grade 2) by biopsy, surgery to remove
part of the tumor, or postoperative recurrence. Before
carbon-ion radiotherapy, these patients gave written
informed consent, accepting the possibility that radio-
necrosis might occur as a result of the treatment, and the
institutional ethics committee approved the study. CT imag-
es of the patients were used to calculate the RBE-weighted
dose distributions for radionecrosis in the TPS. The PTVs in
these patients were irradiated with the clinical dose of 50.4
GyE in 24 fractions (2.1 GyE/fraction) at the target reference
point from two beam directions. Table 1 summarizes the
therapeutic beam conditions of the patients.

In the case of carbon-ion treatment of brain tumor at
NIRS, contrast-enhanced MRI has been typically performed
to check for irradiation effect once in the middle of the treat-
ment, once within a week after the treatment, every month
for half year, and every few months for next half year. After-
ward, prolonged observation with the MRI and other diag-
nostic imaging such as ''C-methionine positron emission
tomography (MET-PET) were performed every month from
one or two years after the carbon-ion treatment in order to
diagnose tumor recurrence, cerebritis, necrosis and so on for
follow-up care. The astrocytoma (WHO grade 2) is not com-
monly enhanced by the MRI. However, in rare cases, it was
partially faintly-enhanced or was diagnosed with malignant
change by further surgery when new enhanced area
appeared during follow-up after the irradiation and surgery.

Y. Kase et al.

Detailed clinical results of carbon-ion radiotherapy for astro-
cytomas (WHO grade 2) have been reported by Hasegawa
et al."”

The axial contrast-enhanced T1-weighted MRI brain
images obtained at 7-12 months after the carbon-ion radio-
therapy were used to draw the contours of radionecrosis
regions in this study. The contrast area of the MRI was
suspected to be the necrosis region, which could internally
include some non-contrast regions. However, some of the
necrosis regions might be tumor necrosis though they basi-
cally had been non-tumor volume until the carbon irradia-
tion and included in the irradiation area. The necrosis
regions were contoured in view of signal intensity, post con-
trast enhancement and evolution in subsequent exams. All
the contoured regions were fused with the CT images, based
on anatomic landmark such as eyeballs, ventricular systems,
frontal poles of temporal lobes and fissures.

RESULTS

RBE-weighted dose calculated from TEPC measurement

Figure 4 shows the survival fractions calculated by the
modified MKM for cerebral radionecrosis as a function of
depth for the 290 MeV/u carbon-ion beam with 6-cm SOBP
width when the prescribed dose was 2.1 GyE in the clinical
dose or 0.87 Gy in absorbed dose at the center of the SOBP
region. The calculated results with o/f values of 1, 2, 5, 10
Gy for X-rays are shown to represent the dependence of the
survival distribution on the o/ value with the 3 value fixed
to 0.05 Gy The symbols in Fig. 4 show the results calcu-
lated using the y* values measured by the TEPC for the
range-modulated carbon-ion beam in the case of an o/ ratio
of 2 Gy for X-rays. It was confirmed that the measured
mono-energetic depth-y* distribution was available to repro-
duce the survival distribution calculated from the TEPC
measurement for the range-modulated carbon-ion beam. The
survival fraction with an o/f ratio of 2 Gy for X-rays was
calculated to be 0.62 at the proximal SOBP and 0.58 at the
distal SOBP for the 290 MeV/u carbon-ion beam with 6-cm
SOBP width when the prescribed dose was 2.1 GyE in the
clinical dose. Thus, the biological effect is inclined to
increase with the depth in the SOBP region in the case of
the low o/f ratio around 2 Gy, while it tends to decrease in

Table 1. Beam conditions applied for four patients in carbon-ion radiotherapy
Patient Beam 1 Beam 2
PTV Energy SOBP Range  Airgap | Energy SOBP Range  Air gap
(cc) (MeV/u) (cm) (cm) (cm) (MeV/u) (cm) (cm) (cm)
1 64.9 290 8 13.9 13.84 290 6 8.5 9.20
2 106.7 290 10 9.43 16.22 290 8 8.38 11.72
3 59.3 290 7 11.8 16.61 290 7 12.61 16.46
4 141.2 350 16.66 9.49 290 8 8.54 10.34
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the case of the high o/p ratio around 10 Gy, at the clinical
dose level of 2.1 GyE. The depth-survival distribution in the
SOBP region was found to be roughly constant around the
o/ ratio of 5 Gy for X-rays among these distributions, since
the ridge filter was designed for the HSG cells close to that
o/P ratio. This result shows the tissue-type dependence of
the RBE value for carbon-ion beam can be calculated from
the o/f values for X-rays.

Figure 5 shows the RBE-weighted dose distributions for
the 290 MeV/u carbon-ion beams with SOBP widths from
2 to 12 cm when the prescribed dose was 2.1 GyE in the
clinical dose. Note that the RBE-weighted dose is different
from the clinical dose even under the same physical beam
condition because of the difference of RBE value between
the cerebral necrosis and tumor cell killing. Thus, the RBE-
weighted dose for cerebral necrosis became inhomogeneous
in spite of the uniform clinical dose in the SOBP region. The
calculated RBE-weighted dose provided good agreement
with that derived from the y* values measured by the TEPC
for the 290 MeV/u carbon-ion beam with the 6-cm SOBP
width. The difference between the proximal and distal peaks
was 11% for the 12-cm SOBP width at this dose level.
Therefore, the incidence rate of the cerebral radionecrosis is
thought to be larger as the depth is closer to the distal peak
in the SOBP region.

RBE-weighted dose calculated in the TPS
Figure 6 shows the absorbed dose and RBE-weighted

Survival fraction
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Fig. 4. Survival fractions at different depths for the 290 MeV/u
carbon-ion beam with 6-cm SOBP when the prescribed dose was
2.1 GyE in the clinical dose or 0.87 Gy in the absorbed dose at the
center of the SOBP. Circles were calculated by the modified MKM
from the y* values measured by the TEPC, assuming that o/} = 2
Gy for X-rays. Lines show the calculated curves using the y* and
absorbed dose measured with the mono-energetic 290 MeV
carbon-ion beam in assuming the o/p ratios from 1 to 10 Gy.

dose distributions calculated for the therapeutic carbon-ion
beams with the SOBP width of 6 cm and the initial energies
of 290, 350 and 400 MeV/u when the prescribed dose was
2.1 GyE in the clinical dose. The RBE-weighted dose

RBE-weighted dose (Gy(RBE))
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Fig. 5. RBE-weighted dose distributions calculated for cerebral
radionecrosis in the 290 MeV/u carbon-ion beams with the SOBP
width from 2 to 12 cm when the prescribed dose was 2.1 GyE in the
clinical dose. The symbols were calculated from the y* values mea-
sured by the TEPC for the 290 MeV/u carbon-ion beam with the 6-
cm SOBP.
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Fig. 6. Absorbed dose and RBE-weighted dose distributions with
6-cm SOBP width for 290, 350 and 400 MeV/u carbon-ion beams
when the prescribed dose is 2.1 GyE in the clinical dose. Dashed
lines were calculated from the mono-energetic distribution mea-
sured by the ionization chamber. Plots show the ionization chamber
measurement for the therapeutic SOBP beams. Solid lines were
calculated by the modified MKM in assuming that o/ = 2 Gy for
X-rays.



794 Y. Kase et al.

Patient 1

C:  -3.30(cm)

Patient 3

750 (cm)

—0.51 (cm)

Fig. 7. Comparisons between the RBE-weighted dose distributions (left) and the necrotic regions (right). The yellow contours
and cross marks represent the PTV and the reference point used to give the prescribed dose, respectively. Isodose levels show
103% (red), 102% (orange), 101% (yellow), 100% (dark yellow), 90% (cyan), 50% (blue), and 30% (dark blue) of 56.0 Gy(RBE)
in the RBE-weighted dose. Red arrows indicate the therapeutic beam directions.

around the distal SOBP region was found to decrease with
incident beam energy because the percentage of fragment
particles with low RBE increases with the penetration depth.
In this dose level, the RBE-weighted dose gradient in the
SOBP region for the 350 MeV/u was smaller than that for
the 290 MeV/u.

Figure 7 shows visual comparisons between the RBE-
weighted dose distribution and the detected necrosis region
on the CT images for patients 1 and 3. The 100% level of
the isodose line was set to be the RBE-weighted dose of 56.0
Gy(RBE) at the reference point of patient 1. The same iso-
dose level was also used for patients 3 in order to measure
these distributions with the same absolute RBE-weighted
dose scale. The global maximum RBE-weighted doses were
60.5, 59.9, 60.3 and 58.1 Gy(RBE) for patients 1, 2, 3 and
4, respectively. The difference of the dose distribution
among the patients was caused by beam conditions such as
the beam energy, the irradiation angle, the range shifter
thickness and the SOBP width, and geometrical conditions
such as the air gap between beam delivery snout and skin,

and the thickness of skull bone. In the case of patient 1, the
necrotic volumes were found near high RBE-weighted dose
region around rear part of SOBP region. In the case of
patient 3, the high RBE-weighted dose regions were found
throughout the PTV, and the necrotic areas were also detected
in whole PTV. These results indicate that the RBE-weighted
dose distribution will be effective for location estimation of
cerebral radionecrosis by considering the dependence of the
RBE value on tissue type and dose level in the TPS.

DISCUSSION

Assumptive fixed [ value

The assumptive B value of 0.05 Gy for the cerebral radi-
onecrosis is thought to be reasonable as an average B value
of human brain cells in reference to the presented B values
of the in vitro brain cells ranging from 0.02 to 0.1 Gy for
X-rays.”” However, it was realistically quite difficult to
evaluate the appropriateness for the actual in vivo B values
of human brain cells. The absolute survival fraction depends
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on the B value, so the calculated survival fraction may be
different from the actual survival fraction in the human
brain. The RBE-weighted dose in Eq. (5) is transformed
with Eq. (2), as shown in the following equation,

2 *
DRBE: l(xiR +D*+ %_{_yiz D_l% (8)
4\ B B pm, 2( B
If the /B, 0w/B, and y*/r/ ratios are constant, the RBE-
weighted dose remains unchanged by the [ value. Therefore,
we think that the o/} ratios are more important to determine

the RBE-weighted dose distribution than the B value in the
MKM calculation.

Difference between the RBE-weighted dose distribution
and the detected necrotic region

The geometric differences between the RBE-weighted
dose distributions and the detected necrosis regions are
thought to have many causes: 1) patient positioning errors;
2) postural changes in the patient among the CT scans, treat-
ment irradiation, and MRI scans; 3) image fusion error
between the CT and MR images; 4) shape changes of the
tumor and surrounding tissues; 5) inhomogeneous radiosen-
sitivity or brain structure; 6) transformation of the necrotic
region; 7) errors in the RBE model and model parameters;
8) TPS calculation error; 9) the fundamental difference
between single cell survival and complex tissue effects. At
this time, a practical solution to these problems would be
very difficult because there are not enough case reports
regarding cerebral radionecrosis after carbon-ion radio-
therapy.

In terms of the inhomogeneous radiosensitivity, a higher
risk of brain necrosis in the subependymal area has been
reported*” and has also been observed in the small popula-
tion of patients with low-grade astrocytoma treated with
carbon-ion radiotherapy at NIRS. As for the transformation
of necrotic regions, brain necrosis is specially self-sustained
and tends to expand; as such, the necrotic voxel observed
some months after radiotherapy may not be directly induced
by the radiation because the necrotic area has transformed,
including the original necrotic area.

In terms of the difference between cell survival and tissue
effect, we assumed that cell survival was only a local phe-
nomenon, meaning that dose in one voxel should predict
survival in that voxel, disregarding any bystander effect. On
the contrary, brain necrosis risk in one voxel may be depen-
dent not only on dose in that voxel but also on dose in the
voxels nearby. Figure 8 shows the probabilities of the cere-
bral necrosis with respect to each voxel as a function of the
RBE-weighted dose calculated in the TPS for the four
patients. It was found that the necrosis probability tended to
increase with the RBE-weighted dose. However, there was
great variability of the probability curve among the patients.
The general model for normal tissue complication proba-
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Fig. 8. Probabilities of the cerebral necrosis with respect to each
voxel within the brain as a function of the RBE-weighted dose cal-
culated in the treatment planning system for the four patients.

bility was not adequate to estimate the punctual risk of brain
necrosis according the RBE-weighted dose distribution.
Thus more elaborate analysis with the RBE-weighted dose
must be carried out to estimate the macroscopic necrosis
risk, considering the various types of geometrical and calcu-
lation uncertainties.
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