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Abstract

Background and purpose: Carbon ion radiation therapy (CIRT) is recognized as an effective
alternative treatment modality for early stage lung cancer, but a quantitative understanding of
relative biological effectiveness (RBE) compared to photon therapy is lacking. In this work, a
mechanistic tumor response model previously validated for lung photon radiotherapy was used to
estimate the RBE of CIRT compared to photon radiotherapy, as a function of dose and the
fractionation schedule.

Materials and Methods: Clinical outcome data of 9 patient cohorts (394 patients) treated with
CIRT for early stage lung cancer, representing all published data, were included. Fractional dose,
number of fractions, treatment schedule, and local control rates were used for model simulations
relative to standard photon outcomes. Four parameters were fitted: a., a/B, and the oxygen
enhancement ratios of cells either accessing only glucose, not oxygen (OER)), or cells dying from
starvation (OERp). The resulting dose—response relationship of CIRT was compared with the
previously determined dose—response relationship of photon radiotherapy for lung cancer, and an
RBE of CIRT was derived.

Results: Best-fit CIRT parameters were: a = 1.12 Gy~1 [95%-Cl: 0.97-1.26], a/8= 23.9 Gy
[95%-CI: 8.9-38.9], and the oxygen induced radioresistance of hypoxic cell populations were
characterized by OER| = 1.08 [95%-ClI: 1.00-1.41] (cells lacking oxygen but not glucose), and
OERp = 1.01 [95%-CI: 1.00-1.44] (cells lacking oxygen and glucose). Depending on dose and
fractionation, the derived RBE ranges from 2.1 to 1.5, with decreasing values for larger fractional
dose and fewer number of fractions.

Conclusion: Fitted radiobiological parameters were consistent with known carbon /in vitro
radiobiology, and the resulting dose—response curve well-fitted the reported data over a wide range
of dosefractionation schemes. The same model, with only a few fitted parameters of clear
mechanistic meaning, thus synthesizes both photon radiotherapy and CIRT clinical experience
with early stage lung tumors.
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Carbon ion radiation therapy (CIRT) is recognized as having distinctive physical and
radiobiological traits that may provide advantages over traditional photon beam radiotherapy
[1-4]. The unique depth-dose distribution with a finite range, along with a sharp lateral
penumbra, allows increased dose to the target volume, compared to photon therapy, while
minimizing the dose to surrounding normal tissues [3,5].

With its higher linear energy transfer (LET), CIRT produces a much denser energy
deposition per unit length, resulting in a much higher probability of cell killing, compared to
the low-LET photon radiation [6,7]. This can be expressed in terms of the relative biological
effectiveness (RBE), which is defined as the ratio of radiation dose from standard photon
radiation to the dose from test radiation for the same biological effect. Note that this implies
that the RBE is dose and fraction dependent. The RBE is unity for photons, by definition,
but can be higher for particle radiation as the LET increases. It is generally known that CIRT
has an RBE in the range of 2-3 or higher [8,9]. CIRT is also known to have other
radiobiological advantages, including less cell cycle dependency and lower oxygen effect,
which are two unfavorable effects for low-LET photon RT [10-14]. An extensive topical
review on the different aspects of the RBE for carbon ions is given by Karger and Peschke
[15].

According to the PTCOG, there are thirteen operating CIRT centers worldwide as of June
20191, The majority of the centers are in Japan, where most clinical trials to date have been
performed. Encouraging outcomes stimulated world-wide interest, and currently five new
centers are under construction and two are in planning stage?.

Recently, Paz et al. [16] surveyed outcome data from early stage lung cancer patients treated
with various CIRT fractionations at the National Institute of Radiological Sciences (NIRS)
in Japan. In that work, four different clinical trials were included, in which the treatment
schedules were successively reduced from 18 fractions in 6 weeks to a single fraction [17-
20]. Seeking to understand the differences in outcome between CIRT and conventional
photon RT in a more mechanistic and quantitative manner, we fit our previously validated
tumor control probability (TCP) model for early stage lung tumors [21,22] to this unique
dataset. Our previous fit of this model to data from photon treatments for early stage lung
cancer provided a good description of the TCP for various fractionation schedules, from
single fraction delivery to standard (2 Gy/weekday) regimes [22]. Here we adapted the
model to CIRT to account for the distinct radiobiological mechanisms of carbon ions which
differ from photon therapy. These factors include cell cycle independence, increased cell kill
per unit Gy, reduced fractionation sensitivity, and a reduced impact of hypoxia. We then use
the resulting best-fit TCP response as a function of fractionation regime, compared to the
photon predicted response, to define an RBE.

Lparticle Therapy Co-Operative Group (PTCOG), website: https://www.ptcog.ch/index.php/
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Materials and methods

Clinical outcome datasets

Individual clinical data included in the study of Paz et al. [16] were reviewed, including four
different fractionation protocols: 18 fractions in 6 weeks, 9 fractions in 3 weeks, 4 fractions
in 1 week, and single fraction treatment. In total, nine patient cohorts were identified with
distinct outcome data, comprising 394 early stage lung cancer patients (396 lesions).

For each cohort, the fractionation schedule, including the fractional dose, the number of
fractions per week, the overall treatment duration (in days), and the local control (LC) rate
were extracted. To be consistent with the photon outcome data that was previously used to
derive dose—response relationship, 2-year LC rates were used. When LC rate was reported in
different follow-up time, the 2-year LC rate was read from survival curve at that time point.
Detailed information regarding the included patient cohorts is shown in Supplementary
Table 1.

In the original publications, the dose was reported in terms of the so-called clinical dose,
which included the biological effectiveness, rather than the physical dose. This required us
to estimate the original physical dose, which was derived from the reported clinical dose in
GYE (Gy equivalent) by dividing by the reported RBE value at the center of spread-out
Bragg peak (SOBP). As the RBE at the center of SOBP is dependent on the width of SOBP
in the dose specification system used at NIRS [23,24], the most typical size of SOBP was
determined from the mean tumor size and margin recipe for each cohort to estimate the
physical dose for the cohort, as given in Supplementary Table 1.

Mechanistic tumor response model

We previously showed that our mechanistic tumor response model can predict the treatment
outcomes of early stage lung cancer treated with photon radiotherapy in various
fractionation schedules [22]. The model-derived dose metric, the equivalent dose in 2 Gy/fx
(EQD2model) fits all the outcome data, from conventional fractionation (2 Gy/fx, 5fx/wk) to
a single fraction treatment, onto a single dose response curve.

Briefly, the TCP model simulates the time course of cellular sub-populations in a tumor
based on a local energy budget limiting oxygen and glucose. In particular, the model
incorporates basic tumor biological mechanisms including the linear-quadratic model (LQ-
model), hypoxia, repopulation, reoxygenation, and the cell cycle variability of
radiosensitivity, which are known to be important factors determining tumor response. In
addition, the model assumes there is an energy budget, such that the total amount of oxygen
and glucose delivered to a ‘tumorlet’ (i.e., tumor subvolume) is assumed to be constant over
the course of radiotherapy. Although other factors may be hypothesized to impact response,
the model fitting and validation previously reported shows that only these basic
radiobiological effects are required to accurately predict TCP.

In the model, tumor cell populations are divided into three different states (proliferating (P),
intermediate (1), and hypoxic (H)) with respect to the blood supply, as shown in Fig. 1a.
Cells with adequate oxygen and glucose supply near blood vessel (P-compartment) are
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actively proliferating, whereas cells distant from vessels (H-compartment) are starving and
dying. Cells in different state have different cell growth/death dynamics and radiosensitivity
based on the energy budget. After radiotherapy begins, a fraction of cells in each
compartment becomes doomed depending on compartment-specific radiosensitivity and die
in an attempt of mitosis in the proliferative P-compartment (Fig. 1b). After the post-mitotic
cell death in the P-compartment, oxygen and nutrient become available to other cells and
reoxygenation of hypoxic cells takes place. More details of the model can be found in
previously published papers [21,22,25].

Model simulation for CIRT and estimation of EQD2ngel

The derived dose response curve for photon therapy in various fractionation was used for the
comparison with CIRT outcome in deriving the RBE of CIRT. Although the model was
focused on photon radiotherapy in the previous studies, the model is flexible enough to add/
remove effects to adapt it for CIRT. The major difference is caused by the large difference in
linear energy transfer (LET) along the particle tracks between photons and relatively slow
carbon ions. Carbon ions create a massive amount of ionization per unit length, resulting in
much denser and more complex DNA damage, which is much more difficult to repair.

In addition to a higher radiosensitivity value, a, compared to low-LET photons, the
fractionation sensitivity of CIRT is also lower, i.e., the a/gratio is larger. The oxygen
enhancement ratio (OER) is known to be lower for CIRT compared to photon RT [12-14].
Therefore, to adapt the model to CIRT, these three parameters were refitted. Moreover,
carbon ions are known to exhibit a much lower cell-cycle dependency [10,11], and so this
dependency was turned off in the model.

To enable the comparison between CIRT and photon RT in various fractionation schedules,
the cell-kill effects of CIRT for various fractionations were normalized using a model-
derived dose metric: the model-equivalent photon dose in conventional fractionation of 2
Gy/weekday (denoted EQD2model)- AS in our previous studies, a two-step simulation
method was used: a CIRT model simulation was run given a set of (alpha, alpha/beta, OERS)
parameter values (plus unchanged parameters given in Table 1) to find the overall cell
survival fraction for a given CIRT treatment scheme. A second simulation is then performed
for conventional photon treatment (2 Gy/weekday). The total number of fractions is
increased until the final cell survival fraction is equivalent to the value obtained in the first
simulation for CIRT. An example process of estimating EQD2yqge for the 9-fraction CIRT
cohort [18] is shown schematically in Fig. 1c and d.

The initially assumed parameter values used for the CIRT simulations and the previously
established parameter values for photon RT are summarized in Table 1.

Model parameter fitting

In the previous work, we found a representative dose response relationship for early stage
lung cancer in terms of EQD2yqg4e1: The tumor dose at which a TCP of 50% is expected
(TDsg) was found to be 62.1 Gy, with the slope of the dose-response curve (ysg) of 1.5 [22].
Note that the upper bound of the dose response curve was set to be 95%, as clinically
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observed local control typically saturates at around 95% [22]. The same dose response
relationship was used in current study, as shown in the equation below.

0.95

TCP(D) = ———>
Y50 1
1+ (—TDSO) @

D

where TDgg is the tumor dose at which 50% of TCP is expected, ys is the slope of the
curve at TDgg, and D is the total dose of the treatment, which is EQD2ggel in this analysis.

In this study, the most relevant parameter values for CIRT (a, a/gratio, OER|, and OERy)
were found, with which CIRT outcomes fit well on the derived dose response curve for
photons (TDsg = 62.1-Gy and ysg = 1.5). All four parameter values were simultaneously
optimized. Starting with a broader range of the parameter values, the range of each
parameter value was narrowed until the best-fit parameter values were found based on the
maximum log likelihood method. The fit was evaluated using x 2 tests and the 95%
confidence interval (95% CI) of each parameter was found through the profile likelihood
method [37,38].

Estimation of relative biological effectiveness (RBE)

As the cell-kill effect of each CIRT cohort was normalized in terms of photon equivalent
dose (EQD2mogel) based on the outcome data, a direct comparison with the photon RT was
possible. To compare the treatment efficacy among the CIRT fractionation schedules, the
ratio of EQD2noqel OVer physical carbon dose (EQD2model/ Dphy) Was derived, which
quantifies the relative cell-kill efficacy of a given CIRT fractionation schedule, relative to the
conventional 2 Gy/weekday photon fractionation.

As the RBE should be derived under identical condition, except for the radiation type,
equivalent photon dose (resulting in the same EQD2qdel @S CIRT) with matching
fractionation schedule was found for each CIRT cohort. An RBE was defined as the ratio of
the equivalent photon dose over the total physical dose of carbon ion.

D
RBE = photon 2
Dcirr

where D¢ypris the total physical does of CIRT and Dppr0p is the equivalent photon dose
that results in the same EQD2yq4el @S CIRT for the same fractionation schedule. Note that
the physical dose is not uniform throughout the target volume for CIRT (see Fig. 5 in
reference [23]) and the central dose at the center of the SOBP was chosen as a representative
physical dose, we therefore estimated the physical dose as described in Section 2.1 above.
For example, the fractional dose for the 9-fx CIRT cohort (the case shown in Fig. 1) was
3.33 Gy at the center of the SOBP with the total physical dose of 30 Gy (Supplemental Table
S1). To test the variability of the RBE values, the parameter values were varied within the
95% confidence intervals and the range of the RBE was evaluated for each fractionation
schedule.
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The optimal fit values and uncertainty ranges are: a = 1.12 Gy~ [95% CI: 0.97-1.26], a/8
ratio = 23.9 Gy [95% CI: 8.9-38.9], OER, = 1.08 [95% CI: 1.00-1.41], and OERy = 1.01
[95% CI: 1.00-1.44]. The 2D log-likelihood distributions around the best-fit parameter
values are shown in Supplementary Fig. 1. The total CIRT outcome data could be fit to the
previously derived dose response curve with a high XZ p-value (p=0.880), as shown in Fig.
2.

The relative treatment efficacy of each CIRT cohort was quantified by the ratio of
EQD2Zmodel/ Dphy, as shown in Table 2 and Fig. 3a. The treatment efficacy tends to increase
as the fraction size increases: 2.4-3.1 for the 18-fx cohorts; 3.8 for the 9-fx cohort; 4.3 for
the 4-fx cohort; and 5.2—-6.1 for the single fraction cohorts, which increases quickly at low
fractional dose but seems to reach a plateau with high fractional dose. The error bars indicate
the range of the ratio when the parameters varied within 95% confidence intervals.

To find the RBE of each CIRT fractionation schedule, the photon dose of the matching
fractionation schedule (Dphoton) Was found, which results in the same cell-kill as the CIRT.
As the fractionation schedule was reduced with a higher fractional dose, the relative
treatment efficacy of the photon fractionation (EQD2mogel/ Dphy) Was increased, as shown in
Fig. 3a. The RBE was finally calculated by dividing the equivalent photon dose of the same
fractionation by the total carbon dose, as given in Table 2. The RBE tends to decrease as the
fraction size increases: 2.0-2.1 for the 18-fx cohorts; 2.0 for the 9-fx cohort; 2.0 for the 4-fx
cohort; and 1.5-1.6 for the single fraction cohorts, as shown in Fig. 3b. The error bars
indicate the range of RBE when the parameters varied within 95% confidence intervals.

Discussion

In this work, we applied a previously developed and validated mechanistic tumor response
model to the CIRT outcome data of early stage lung cancer. Known radiobiological
differences between CIRT and photon RT were implemented and best-fit radiobiological
parameter values were found, resulting in good fits across all fractionation regimes.
Treatment efficacy in tumor control was normalized in terms of EQD2o4e and the CIRT
outcomes were fitted to a previously established dose response curve in EQD2 gl for
photon RT. The derived best-fit radiosensitivity values, a = 1.12 Gy ! and a/8= 23.9 Gy,
are radiobiologically reasonable, given that CIRT has much higher LET (high a) and lower
fractionation sensitivity (high a/p ratio) [6]. Moreover, these values are comparable to
estimated radiosensitivity values for pre-clinical lung tumor models irradiated with carbon
ions of similar LET (~77 keV/um): a = 1.46 Gy~ ! and a/B = 23 Gy for squamous carcinoma
and a = 0.72 Gy 1 and a/B = 14 Gy for adenocarcinoma [36].

The OER values found in this study were close to unity, although the uncertainty level is
quite large up to 1.44 (OER, = 1.08 [95% CI: 1.00-1.41] and OERy = 1.01 [95% CI: 1.00-
1.44)). In vitro measurements showed that carbon has reduced OER values compared to
photon [12-14]. The measured carbon OER decreased with the increase of LET and, for the
LET of about 100 keV/um, the value was found to be around two. Considering that the /n
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vivo measurements of OER often show lower values than the /n7 vitro measurements and the
best-fit OER, values for photon was 1.7 [22], the lower OER values found in this work seem
to be reasonable.

In this work, the dose metric, EQD2q4el, Was derived from the two-step simulation method.
For a given treatment regimen, the treatment efficacy can be calibrated in terms of
EQD2model, a standardized dose index that enables direct comparison among different
treatment regimens, and which can be used as a powerful tool in comparing the treatment
outcome from different modalities or different fractionation schedules. As shown in Fig. 4,
the photon RT and CIRT outcomes of various fractionation schedules can be fit well into a
single dose response curve, in terms of EQD2mqgel-

Also, the ratio of EQD204el OVer physical dose can provide an index showing relative
treatment efficacy, compared to the conventional 2 Gy-weekday photon. As shown in Fig.
3a, the ratio increases as fractional dose increases for CIRT, from 2.4 to 6.1, which means
CIRT is 2.4 to 6.1 times more efficient than the conventional photon treatment, for a given
amount of physical dose (per Gy). It should be noted that the ratio results from two factors:
different modality and different fractionation schedule. The treatment efficacy of photon is
also increasing with larger fractional dose (asterisk symbol in Fig. 3a), from 1.1 for 18-fx to
4.1 for single fraction photon. The effect only from different modality (carbon vs. photon)
can be separated out by dividing the ratio of CIRT by ratio of photon, and the RBE can be
acquired. The RBE tends to decreases as the fraction size increases with shorter treatment
schedule, ranging from 2.1 for 18-fx to 1.5 for single fraction CIRT. Although the overall
treatment efficacy of CIRT, shown by the ratio of EQD2mogel/ Dpny, increases with larger
fraction size, the increase of the treatment efficacy of photon (EQD2mqgel/ Dphy) is greater
with higher fractionation sensitivity of photon (lower a/p), resulting in decreasing RBE.

As discussed in detail by Karger and Peschke [15], previous studies on carbon RBE were
mainly focused on establishing dose specification system and deriving a RBE-weighted dose
distribution that is used in treatment planning. Due to the difference in beam delivery
systems, Japan and Germany have developed and used different RBE systems [8,39].
Briefly, NIRS in Japan had used a passive beam delivery system and adopted a
phenomenological model (so called “clinical RBE model’) to find a physical depth dose
distribution that provides a uniform biological effect within the SOBP [40] for the clinical
trials included in this study, although the beam system was later updated to active scanning
beam with microdosimetric kinetic model. At Gesellschaft fiir Schwerionenforschung (GSI)
in Germany, an active scanning beam is used and a more complex model, the Local Effect
Model (LEM), was developed based on the microscopic energy deposition pattern of the
beam. Although there were attempts to validate and update the models through /n vivo and
clinical outcome data analysis [16,41-45], those models are fundamentally based on /n vitro
cell survival experiments, without any consideration on other radiobiological factors, such as
hypoxia, reoxygenation, repopulation, and cell cycle dependency, known to be important in
clinical tumor response.

The assumed RBE values used in the dose specification system at NIRS for the included
clinical data (2.4-2.5 at the center of SOBP) were larger than the RBE values derived from
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the outcome data in this work (1.5-2.1). This implies the dose system might overestimate
the treatment efficacy of CIRT without consideration of the radiobiological factors. As the
evaluated RBE decreases with larger fractional dose and shorter treatment duration (from 2.1
to 1.5), the overestimation might be more significant for the single fraction schedule.
Although current work is not intended to be directly used for dose specification or clinical
treatment planning, the results demonstrate that those radiobiological factors need to be
included in evaluating a realistic RBE in a clinical setting.

Current approach is similar to the study by Cometto et al. [46], in that the radiobiological
parameters are directly derived from the clinical outcome data and then the relevant RBE is
estimated. In deriving the RBE in this work, not only the difference in radiation quality, but
also other radiobiological differences between CIRT and photon RT are considered,
including radiosensitivity, fractionation sensitivity and oxygen and cell cycle effects. As all
the possible effects/differences should be considered in the comparison of treatment efficacy,
the RBE, established in this study, can be a good representation of the radiobiological
effectiveness of CIRT.

In CIRT, a non-uniform physical dose is typically used along the SOBP to maintain an iso-
effectiveness throughout SOBP. In this work, we estimated the physical dose at the center of
the SOBP based on the mean tumor size and margin configuration and the physical dose was
assumed to be constant over the tumor area. This simplification can be justified by the facts
that the dose variation is not large over the tumor as the tumors included in this study are all
fairly small. Moreover, the treatment involves multiple beams from various directions, in
which the dose gradients from each beam overlap and the overall dose variation would be
reduced.

Although the mechanisms are not clear, CIRT is known to involve other radiobiological
effects, which can include inhibition of angiogenesis [47], suppressed migration and
metastatic potential [48,49], less lymphocyte damage [50] and greater immune stimulation
[51,52]. Our results indicate that these effects may not be needed to fit and understand the
quantitative response rate for early stage lung tumors.

Using a mechanistic tumor response model previously validated for photon treatments, we
derived best-fit relevant radiobiological parameter values for carbon beam radiotherapy
which are radiobiologically reasonable. The results synthesize the clinical experience with
early stage lung tumors via RBE values that vary, for 18 fractions to single fraction therapy,
from 2.1 decreasing to 1.5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding support

This study was partially supported by research grants from the NIH MSKCC Core Grant (P30 CA008748).

Radiother Oncol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeong et al.

Page 9

References

[1]. Tsujii H, Kamada T, Baba M, Tsuji H, Kato H, Kato S, et al. Clinical advantages of carbon-ion
radiotherapy. New J Phys 2008;10:. 10.1088/1367-2630/10/7/075009075009.

[2]. Ebner DK, Kamada T. The emerging role of carbon-ion radiotherapy. Front Oncol 2016;6:140
10.3389/fonc.2016.00140. [PubMed: 27376030]

[3]. Durante M, Orecchia R, Loeffler JS. Charged-particle therapy in cancer: clinical uses and future
perspectives. Nat Rev Clin Oncol 2017;14:483-95. 10.1038/nrclinonc.2017.30. [PubMed:
28290489]

[4]. Schlaff CD, Krauze A, Belard A, O’Connell JJ, Camphausen KA. Bringing the heavy: carbon ion
therapy in the radiobiological and clinical context. Radiat Oncol 2014;9:88
10.1186/1748-717X-9-88. [PubMed: 24679134]

[5]. Desouky O, Zhou G. Biophysical and radiobiological aspects of heavy charged particles. J Taibah
Univ Sci 2016;10:187-94. 10.1016/j.jtusci.2015.02.014.

[6]. Durante M, Loeffler JS. Charged particles in radiation oncology. Nat Rev Clin Oncol 2010;7:37—
43.10.1038/nrclinonc.2009.183. [PubMed: 19949433]

[7]. Mohamad O, Sishc B, Saha J, Pompos A, Rahimi A, Story M, et al. Carbon ion radiotherapy: A
review of clinical experiences and preclinical research, with an emphasis on DNA damage/repair.
Cancers 2017;9:66 10.3390/cancers9060066.

[8]. Uzawa A, Ando K, Koike S, Furusawa Y, Matsumoto Y, Takai N, et al. Comparison of biological
effectiveness of carbon-ion beams in Japan and Germany. Int J Radiat Oncol Biol Phys
2009;73:1545-51. 10.1016/j.ijrobp.2008.12.021. [PubMed: 19306751]

[9]. Mohamad O, Yamada S, Durante M. Clinical indications for carbon ion radiotherapy. Clin Oncol
2018;30:317-29. 10.1016/j.clon.2018.01.006.

[10]. Bird RP, Burki HJ. Survival of synchronized Chinese hamster cells exposed to radiation of
different linear-energy transfer. Int J Radiat Biol Relat Stud Phys Chem Med 1975;27:105-20.
[PubMed: 1079018]

[11]. Wang H, Liu S, Zhang P, Zhang S, Naidu M, Wang H, et al. S-phase cells are more sensitive to
high-linear energy transfer radiation. Int J Radiat Oncol Biol Phys 2009;74:1236-41. 10.1016/
j.ijrobp.2008.12.089. [PubMed: 19545789]

[12]. Furusawa Y, Fukutsu K, Aoki M, Itsukaichi H, Eguchi-Kasai K, Ohara H, et al. Inactivation of
aerobic and hypoxic cells from three different cell lines by accelerated 3 He-, 12 c- and 20 Ne-ion
beams. Radiat Res 2000;154:485-96. 10.1667/0033-7587(2000)154[0485:10AAHC]2.0.CO;2.
[PubMed: 11025645]

[13]. Tinganelli W, Ma N-Y, Von Neubeck C, Maier A, Schicker C, Kraft-Weyrather W, et al. Influence
of acute hypoxia and radiation quality on cell survival. J Radiat Res 2013;54:i23-30. 10.1093/jrr/
rrt065. [PubMed: 23824123]

[14]. Antonovic L, Lindblom E, Dasu A, Bassler N, Furusawa Y, Toma-Dasu I. Clinical oxygen
enhancement ratio of tumors in carbon ion radiotherapy: the influence of local oxygenation
changes. J Radiat Res 2014;55:902-11. 10.1093/jrr/rru020. [PubMed: 24728013]

[15]. Karger CP, Peschke P. RBE and related modeling in carbon-ion therapy. Phys Med Biol
2018;63:01TR02 10.1088/1361-6560/a29102.

[16]. Paz AE, Yamamoto N, Sakama M, Matsufuji N, Kanai T. Tumor control probability analysis for
single-fraction carbon-ion radiation therapy of earlystage non-small cell lung cancer. Int J Radiat
Oncol Biol Phys 2018;102:1551-9. 10.1016/j.ijrobp.2018.07.2009. [PubMed: 30076985]

[17]. Miyamoto T, Yamamoto N, Nishimura H, Koto M, Tsujii H, Mizoe J, et al. Carbon ion
radiotherapy for stage | non-small cell lung cancer. Radiother Oncol 2003;66:127-40. 10.1016/
S0167-8140(02)00367-5. [PubMed: 12648784]

[18]. Miyamoto T, Baba M, Yamamoto N, Koto M, Sugawara T, Yashiro T, et al. Curative treatment of
Stage | non—-small-cell lung cancer with carbon ion beams using a hypofractionated regimen. Int
J Radiat Oncol Biol Phys 2007;67:750-8. 10.1016/j.ijrobp.2006.10.006. [PubMed: 17293232]

[19]. Miyamoto T, Baba M, Sugane T, Nakajima M, Yashiro T, Kagei K, et al. Carbon ion radiotherapy
for stage i non-small cell lung cancer using a regimen of four fractions during 1 week. J Thorac
Oncol 2007;2:916-26. 10.1097/JTO.0b013e3181560a68. [PubMed: 17909354]

Radiother Oncol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeong et al.

Page 10

[20]. Yamamoto N, Miyamoto T, Nakajima M, Karube M, Hayashi K, Tsuji H, et al. A dose escalation
clinical trial of single-fraction carbon ion radiotherapy for peripheral stage | non-small cell lung
cancer. J Thorac Oncol 2017;12:673-80. 10.1016/j.jth0.2016.12.012. [PubMed: 28007628]

[21]. Jeong J, Shoghi K1, Deasy JO. Modelling the interplay between hypoxia and proliferation in
radiotherapy tumour response. Phys Med Biol 2013;58:4897-919.
10.1088/0031-9155/58/14/4897. [PubMed: 23787766]

[22]. Jeong J, Oh JH, Sonke J-J, Belderbos J, Bradley JD, Fontanella AN, et al. Modeling the cellular
response of lung cancer to radiation therapy for a broad range of fractionation schedules. Clin
Cancer Res 2017;23:5469-79. 10.1158/1078-0432.CCR-16-3277. [PubMed: 28539466]

[23]. Kanai T, Endo M, Minohara S, Miyahara N, Koyama-ito H, Tomura H, et al. Biophysical
characteristics of HIMAC clinical irradiation system for heavy-ion radiation therapy. Int J Radiat
Oncol Biol Phys 1999;44:201-10. 10.1016/S0360-3016(98)00544-6. [PubMed: 10219815]

[24]. Matsufuji N, Kanai T, Kanematsu N, Miyamoto T, Baba M, Kamada T, et al. Specification of
carbon ion dose at the National Institute of Radiological Sciences (NIRS). J Radiat Res
2007;48:A81-6. 10.1269/jrr.48.A81. [PubMed: 17513903]

[25]. Crispin-Ortuzar M, Jeong J, Fontanella AN, Deasy JO. A radiobiological model of radiotherapy
response and its correlation with prognostic imaging variables. Phys Med Biol 2017;62:2658-74.
10.1088/1361-6560/aa5d42. [PubMed: 28140359]

[26]. Zips D Tumour growth and response to radiation In: Joiner M, van der Kogel A, editors. Basic
clinical radiobiology. Hodder Arnold; 2009 p. 78-101.

[27]. Hemmings C, Territory AC, Hemmings C. The elaboration of a critical framework for
understanding cancer: the cancer stem cell hypothesis. Pathology 2010;42:105-12. [PubMed:
20085510]

[28]. Malaise EP, Chavaudra N, Tubiana M. The relationship between growth rate, labelling index and
histological type of human solid tumours. Eur J Cancer 1973;9:305-12. [PubMed: 4360278]

[29]. Shibamoto Y, ke O, Mizuno H, Fukuse T, Hitomi S, Takahashi M. Proliferative activity and
micronucleus frequency after radiation of lung cancer cells as assessed by the cytokinesis-block
method and their relationship to clinical outcome. Clin Cancer Res 1998;4:677-82. [PubMed:
9533537]

[30]. Tinnemans MM, Schutte B, Lenders MH, Ten Velde GP, Ramaekers FC, Blijham GH.
Cytokinetic analysis of lung cancer by in vivo bromodeoxyuridine labelling. Br J Cancer
1993;67:1217-22. [PubMed: 8512806]

[31]. Ljungkvist ASE, Bussink J, Kaanders JHAM, Rijken PFJW, Begg AC, Raleigh JA, et al. Hypoxic
cell turnover in different solid tumor lines. Int J Radiat Oncol Biol Phys 2005;62:1157-68.
[PubMed: 15913908]

[32]. Volm M, Mattern J, Sonka J, Vogt-Schaden M, Wayss K. DNA distribution in non-small-cell lung
carcinomas and its relationship to clinical behavior. Cytometry 1985;6:348-56. 10.1002/
Ccyt0.990060412. [PubMed: 2990835]

[33]. Chan N, Koritzinsky M, Zhao H, Bindra R, Glazer PM, Powell S, et al. Chronic hypoxia
decreases synthesis of homologous recombination proteins to offset chemoresistance and
radioresistance. Cancer Res 2008;68:605-14. 10.1158/0008-5472.CAN-07-5472. [PubMed:
18199558]

[34]. Sinclair WK, Morton RA. X-ray sensitivity during the cell generation cycle of cultured Chinese
hamster cells. Radiat Res 1966;29:450-74. [PubMed: 5924188]

[35]. Gillespie CJ, Chapman JD, Reuvers AP, Dugle DL. The inactivation of Chinese hamster cells by
X rays: Synchronized and exponential cell populations. Radiat Res 1975;64:353-64. [PubMed:
1197645]

[36]. Suzuki M, Kase Y, Yamaguchi H, Kanai T, Ando K. Relative biological effectiveness for cell-
killing effect on various human cell lines irradiated with heavy-ion medical accelerator in Chiba
(HIMAC) carbon-ion beams. Int J Radiat Oncol Biol Phys 2000;48:241-50. 10.1016/
S0360-3016(00)00568-X. [PubMed: 10924995]

[37]. Roberts SA, Hendry JH. The delay before onset of accelerated tumour cell repopulation during
radiotherapy: a direct maximum-likelihood analysis of a collection of worldwide tumour-control
data. Radiother Oncol 1993;29:69-74. 10.1016/0167-8140(93)90175-8. [PubMed: 8295990]

Radiother Oncol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jeong et al.

[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

Page 11

Semenenko VA, Li XA. Lyman-Kutcher-Burman NTCP model parameters for radiation
pneumonitis and xerostomia based on combined analysis of published clinical data. Phys Med
Biol 2008;53:737-55. 10.1088/0031-9155/53/3/014. [PubMed: 18199912]

Gueulette J, Wambersie A. Comparison of the methods of specifying carbon ion doses at NIRS
and GSI. J Radiat Res 2007;48:A97-A102. 10.1269/jrr.48.A97. [PubMed: 17513905]

Kanai T, Furusawa Y, Fukutsu K, Itsukaichi H, Eguchi-Kasai K, Ohara H. Irradiation of mixed
beam and design of spread-out bragg peak for heavy-ion radiotherapy. Radiat Res 1997;147:78—
85. 10.2307/3579446. [PubMed: 8989373]

Kanai T, Matsufuji N, Miyamoto T, Mizoe J, Kamada T, Tsuji H, et al. Examination of GyE
system for HIMAC carbon therapy. Int J Radiat Oncol Biol Phys 2006;64:650-6. 10.1016/
J.ijrobp.2005.09.043. [PubMed: 16414376]

Matsufuji N Selection of carbon beam therapy: biophysical models of carbon beam therapy. J
Radiat Res 2018;59:i158-62. 10.1093/jrr/rry014. [PubMed: 29528425]

Schlampp I, Karger CP, Jakel O, Scholz M, Didinger B, Nikoghosyan A, et al. Temporal lobe
reactions after radiotherapy with carbon ions: incidence and estimation of the relative biological
effectiveness by the local effect model. Int J Radiat Oncol Biol Phys 2011;80:815-23. 10.1016/
j.ijrobp.2010.03.001. [PubMed: 20638186]

Schulz-Ertner D, Karger CP, Feuerhake A, Nikoghosyan A, Combs SE, Jakel O, et al.
Effectiveness of carbon ion radiotherapy in the treatment of skull-base chordomas. Int J Radiat
Oncol Biol Phys 2007;68:449-57. 10.1016/j.ijrobp.2006.12.059. [PubMed: 17363188]

Karger CP, Peschke P, Sanchez-Brandelik R, Scholz M, Debus J. Radiation tolerance of the rat
spinal cord after 6 and 18 fractions of photons and carbon ions: Experimental results and clinical
implications. Int J Radiat Oncol Biol Phys 2006;66:1488-97. 10.1016/j.ijrobp.2006.08.045.
[PubMed: 17126208]

Cometto A, Russo G, Bourhaleb F, Milian FM, Giordanengo S, Marchetto F, et al. Direct
evaluation of radiobiological parameters from clinical data in the case of ion beam therapy: an
alternative approach to the relative biological effectiveness. Phys Med Biol 2014;59:7393-417.
10.1088/0031-9155/59/23/7393. [PubMed: 25386876]

Takahashi Y, Teshima T, Kawaguchi N, Hamada Y, Mori S, Madachi A, et al. Heavy ion
irradiation inhibits in vitro angiogenesis even at sublethal dose. Cancer Res 2003;63:4253-7.
[PubMed: 12874034]

Akino Y, Teshima T, Kihara A, Kodera-Suzumoto Y, Inaoka M, Higashiyama S, et al. Carbon-ion
beam irradiation effectively suppresses migration and invasion of human non-small-cell lung
cancer cells. Int J Radiat Oncol Biol Phys 2009;75:475-81. 10.1016/j.ijrobp.2008.12.090.
[PubMed: 19735871]

Ogata T, Teshima T, Kagawa K, Hishikawa Y, Takahashi Y, Kawaguchi A, et al. Particle
irradiation suppresses metastatic potential of cancer cells. Cancer Res 2005;65:113-20.
[PubMed: 15665286]

Pignalosa D, Lee R, Hartel C, Sommer S, Nikoghosyan A, Debus J, et al. Chromosome
inversions in lymphocytes of prostate cancer patients treated with X-rays and carbon ions.
Radiother Oncol 2013;109:256-61. 10.1016/j.radonc.2013.09.021. [PubMed: 24183064]

Durante M, Brenner DJ, Formenti SC. Does heavy ion therapy work through the immune system?
Int J Radiat Oncol Biol Phys 2016;96:934—6. 10.1016/j.ijrobp.2016.08.037. [PubMed: 27869095]
Fernandez-Gonzalo R, Baatout S, Moreels M. Impact of particle irradiation on the immune
system: from the clinic to mars. Front Immunol 2017;8:177 10.3389/fimmu.2017.00177.
[PubMed: 28275377]

Radiother Oncol. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jeong et al.

(a)

H

Non-proliferating, §

extremely hypoxic

Non-proliferating,

metabolically active

but hypoxic

P

Proliferating,
normoxic

CIRT
iv: b o=
100y T
S 102 ko= T yeediate
S 10“'-! CIRT, Miyamoto (2007)
o= 10-6' + 8 GyE x 9 fxs in 3 wks
o 1 SF=544x 107
£ 10 Y
% 10-10.i
@ 10 y
10- 1
By
0 2 4 6 8 10 12 14 16 18 20

Time (Day)

Fig. 1.
ch;wematic diagrams of the mechanistic tumor response model and estimation of EQD2model
based on two separate simulations in which the different radiobiological factors between
CIRT and photon RT are considered: (a) Three compartments in the model based on the
tumor microenvironment with respect to blood supply; (b) Cell death process in each
compartment after RT begins; (c) The cell survival fraction is estimated for the given CIRT
schedule (8 GyE x 9 fractions in 3 weeks) from Miyamoto et al. [18]; and (d) A
conventional photon 2 Gy/weekday regime was simulated until the same level of survival
fraction was achieved, resulting in an EQD20gel Value of 115.0 Gy. The arrows indicate the
days of irradiation. (Fig. 1(a) and (b) are reprinted from ref [22]).
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Fig. 2.
All CIRT cohorts with best-fit parameter values (a = 1.12 Gy, a/8=23.9 Gy, OER, =

1.08 and OERK = 1.01), overlaid with the previously derived photon 2 Gy/weekday dose—
response curve (TDsg = 62.1 Gy and ysg = 1.5, dashed curve). The resulting XZ test p-value
was 0.880, indicating a good fit.
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Fig. 3.

Tr?e ratio of EQD2moqel OVer physical dose (EQD2mogel/ Dphy) and the relative biological
effectiveness (RBE) as a function of fractional dose of CIRT: (a) The EQD2mqdel/ Dphy,
comparing the treatment efficacy of CIRT relative to the conventional photon RT, increases
with the increase of fractional dose; (b) The RBE tend to decreases as the fractional dose
increases. The error bars in both figures indicate the range of the ratio of EQD2mqgel/ Dphy OF
RBE values, when the parameters varied within 95% confidence intervals.
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EQD204¢1 (GY)

The combined photon and CIRT outcome data, overlaid with the previously derived dose—
response curve (TDgg = 62.1 Gy and y5 = 1.5). All data fit well in a single dose response
curve with the resulting XZ test p-value of 0.996. Photon RT results are from Jeong et al.

[22], including conventional 1.8-2 Gy/weekday fractionation, hypofractionation (3-8 fxs),

and single fraction schedules.

Radiother Oncol. Author manuscript; available in PMC 2021 December 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Jeong et al.

Table 1

Page 16

Parameters used for the model simulation for early stage lung cancer. The numbers in the bracket after the
values are the references. All parameters except for the radiosensitivity parameters are the same as those used

in Jeong et al. [22].

Parameters

Values

Tumor parameters
Tumor cell density (o)
Tumor volume (V)
Stem cell fraction (7)
Cell cycle time (7,

Compartment parameters
Growth fraction (GF)

Tumor doubling time (Tp)

108 mm~3 [26]
30cc
0.01[27]

2 days [28]

0.25[29]
100 days [30]

Cell loss half-time in H (72 055) 2 days [31]

Survival rate of progeny after mitosis (k) 0.2 [22]

Lysis half-time (77 sis) 3 days [22]
Cell cycle parameters

. . p

Fraction of cells in ~-compartment (") 50%%

G1-phase in P (fPg;) 28% [32]

S-phase in P (fF) 12% [32]

G2/M-phase in P (fPgom) 10% [32]

Fraction of cell in /compartment (f') 27%3

Fraction of cell in AH-compartment (fH) 23%2
Radiosensitivity parameters Photon RT CIRT

Ratio of alpha of G1- to S-phase (agi/as) 2b 1€

Ratio of alpha of G2/M- to S-phase (agyw/as) 317 1€

. . 1

Reference radiosensitivity at 2 Gy/fx (a) 0.305 Gy™ [22] 1.120’ Gyt

Alpha-beta ratio (a/B) 2.8 Gy [22] 23.9de

OER of /compartment at 2 Gy/fx (OER)) 1.7 [22] 1 08d

OER of H-compartment at 2 Gy/fx (OERy) 1.37 [33] 1 Old

aEstimated from GF and Tp in the model.

bAssumed parameters based on radiosensitivity analysis of synchronized cell population[34,35].

cThe cell cycle effect is ignored for CIRT as the cell-cycle radiosensitivity variations are negligible for the high LET heavy ion[10,11].

dThe best-fit parameter values found from the model parameter fitting.

Radiother Oncol. Author manuscript; available in PMC 2021 December 01.



Page 17

Jeong et al.

[oT'zvotl0s'T §'82 609 6'STT 0'6T €0'6T
[FT220Tl ST zse 29 €16 z91 €291
[ozerTTl €91 zee 9T's zoL 9€T T9°€T x4 81BuIS
[es2esTI ¥0'Z Lly 7y 6'66 ez 68'g AMT X ¥
[1v°279'11 002 709 €8¢ 0'STT 0'0¢ €ee DM € ‘X4 6
[2e2T2T] 002 8TL 80'¢ 9011 6'GE 002
[ev'zeL Tl 902 909 €LC L08 G'6C Y91
[svzesTlOT'Z 9§ 5T 8'G9 6'G2 A
[1t°298 Tl ¥T'2 805 or'e 0.8 g€z €T SIM 9 ‘X4 8T
(A9) uolyeuorioey (A9) (A9) (Ao) esop
Bues] 3@y Buiyprew joasop uojoyd uefeANby  AdgPPUZah g 2a03 panLBp-pPON as0p uoq Jed reasAyd feloL uoqsed [easAyd feuonoelq  8INPAYIS UOIdR IS

"9|NpPayds uoleuonaely Bulydrew Jo asop uoloyd JusjeAinba ayl yiim uosLiedwod ay) Woly paAlIap ‘141D 10 (3gy) ssauanndays [eaibololq sAlejal ayL

Author Manuscript

¢ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Radiother Oncol. Author manuscript; available in PMC 2021 December 01.



	Abstract
	Materials and methods
	Clinical outcome datasets
	Mechanistic tumor response model
	Model simulation for CIRT and estimation of EQD2model
	Model parameter fitting
	Estimation of relative biological effectiveness (RBE)

	Results
	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1
	Table 2

