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ARTICLE INFO ABSTRACT

Article history:

Objective: To quantify the impact of tumor-associated resistance factors on local tumor control after split
doses of carbon (2C-) ions or photons in an experimental prostate tumor model.

Material and methods: Three sublines (AT1, H, HI) of syngeneic rat prostate tumors (R3327) differing in
growth rate, differentiation and hypoxic status were irradiated with split doses of either 2C-ions or
6 MV photons. Dose-response curves were determined for the endpoint local tumor control within
300 days. The relative biological effectiveness (RBE) of '2C-ions was calculated from the TCDso-values
(dose at 50% control probability) of photons and '?C-ions.

Results: Experimental findings demonstrated: (i) The RBE was highest for the least differentiated AT1-
tumor (2.39+0.16 (AT1) vs 2.06+0.11 (H) and 2.03 £ 0.17 (HI)). (ii) TCDsp-values between the three
tumor sublines differed much less for '?>C-ions (26.0-37.9 Gy) than for photons (53.7-90.6 Gy). (iii)
While the slope of the dose-response curves for photons and '?>C-ions were very similar for the AT1-
and H-tumors, the histologically heterogeneous HI-tumor showed a shallow dose-response curve for
photons, which is transformed into a steep dose-response curve after '?C-ion irradiation.

Conclusion: The response to carbon ion irradiations is much less dependent on biological differences
between and within the tumor-sublines. Tumors showing a high resistance against photon treatments,
also exhibit the largest RBE for carbon ions. Carbon ions could therefore be of clinical advantage for
the treatment of tumors with known resistance factors against photons.
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One of the major strategies for the treatment of inoperable
localized solid tumors is radiotherapy with high-energy photons,
however, in some cases radioresistant tumor cells survive and lead
to tumor recurrence. Due to the tolerance of the adjacent normal
tissue, dose escalation is usually not possible. Radiotherapy with
carbon ('2C)-ions' allows for highly conformal irradiations due to
the advantageous depth dose curve (Bragg-peak) and the increased
linear energy transfer (LET) of 2C-ions, leading to an increased rela-
tive biological effectiveness (RBE) with respect to photons. While the
conformity is used to increase the sparing of the surrounding normal
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tissue [1], the higher LET in the target volume is expected to enhance
the treatment effectiveness in the tumor. The reason for the
increased effectiveness is caused by a larger number of clustered
DNA damages originating from the high local energy deposition of
12C_jons [2,3]. This difference in the damage pattern leads to an
increased RBE of '2C-ions as compared to photons [4,5] and it is
hypothesized that this can be used to improve clinical outcome.

Clinical studies of carbon ion radiotherapy from Japan [6-9] and
Germany [10-15] revealed high local tumor control rates for
different tumor entities, however, final results of prospective clin-
ical trials are still pending and the selection of the most promising
tumor entities is still under discussion. Stratification of patients is
especially important as there are only very few carbon ion facilities
available worldwide (https://www.ptcog.ch/).

To better understand the effectiveness of '2C-ion therapy,
in vitro studies have been performed resulting in RBE-values for
many cell lines [16], but only very few studies were carried out
quantifying the RBE in experimental tumor systems [17-23]. While
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most of them analyzed the fractionation dependence of the RBE,
only one single fraction study investigated different tumor sublines
of the same tumor to study the impact of tumor-specific factors
[22]. For this, three sublines of the very well-characterized prostate
carcinoma R3327 differing in growth rate, differentiation and
hypoxic status were used together with the endpoint local control
[24]. The present study extends this investigation to split doses to
analyze the impact of these biological factors under fractionation.

Material and methods

Tumor model

Fresh fragments of tumor tissue of the syngeneic Dunning pros-
tate adenocarcinoma sublines R3327-H, -HI and -AT1 [24] were
implanted subcutaneously in the distal thigh of young adult male
Copenhagen rats (weight 180-200 g, Charles River Laboratories,
Wilmington, Massachusetts, USA). During irradiation of H- and
HI-tumors, rats were kept under inhalation anesthesia with a mix-
ture of 2.5% sevoflurane (Abbott, Wiesbaden, Germany) and oxy-
gen at 2 1/min using an inhalation mask. Anesthesia of the AT1-
study has been described previously [19]. All experiments were
approved by the governmental review committee on animal care
(Ref. No. 35-9185.81/G-43/11), and animals were kept under stan-
dard laboratory conditions.

Irradiation setup

The AT1 study has been published previously [19,20] and the
experimental setup for H and HI in this study is the same. Rats
were placed in a special device for accurate positioning of the
tumor (see details in [19]. The mean tumor diameter at treatment
was 11 mm (range 9.0-12.5 mm). Photon irradiations were per-
formed using a single 6 MV beam of a linear accelerator (Siemens,
Erlangen, Germany) and the field size was shaped by a cylindrical
tungsten collimator (90% isodose: 15 mm at the isocenter). For '2C-
ions, the tumor was positioned at the center of a single 20 mm
spread-out-Bragg-peak (SOBP) having a field size of
18 x 18 mm?. The mean dose-averaged LET in the tumor was
75 keV/um (range 64-96 keV/ um).

In the present study, 165 animals were irradiated on consecu-
tive days with increasing equally weighted split doses of photons
or '?C-ions, respectively (Table 1). 24 sham-treated animals served
as controls. Primary endpoint was local tumor control within
300 days, defined as no detectable tumor regrowth. Tumor volume
was measured routinely using a caliper [19]. While locally con-
trolled AT1- and HI-tumors regressed completely, residual fibrotic
nodules remained in case of locally controlled H-tumors. Therefore,
“histological control” at 300 days defined as fibrotic pattern with-
out proliferation (BrdU) was used as secondary endpoint for locally
controlled H-tumors.

Statistical analysis

For the primary endpoint “local tumor control”, actuarial con-
trol rates were calculated and the logistic dose-response model
was fitted using the maximum likelihood fitting procedure of the
software STATISTICA (version 10.0, Statsoft Inc., www.stat-
soft.com) (see [22] for details). Incomplete follow-up of animals
was considered in the fitting procedure using the method of effec-
tive sample sizes that corrects the number of treated and respond-
ing tumors to match actuarial response rates and their variances
[25]. For the endpoint “histological tumor control”, no actuarial
approach was required as surviving (i.e. proliferating) tumor cells
were directly detected by the proliferation marker BrdU. In this
case the dose-response model was adjusted to the experimentally

Table 1
Dose levels and number of animals in the experiment.
Experiment Dose levels [Gy] (animals per dose level) Animals
H-Tumor
Photons 35 (5),40(5), 45 (5), 50 (6), 55 (5), 60 (5), 65 (5), 70 49
(5), 75 (5% 7, 80 (3)
12C-jons 16 (5), 20 (5), 24 (5), 28 (5), 32 (5), 36 (5" ), 40 (5), 40
44 (5)
Controls 6 sham-treated tumors per experimental arm 12
HI-Tumor
Photons 55(3),60(5),65(5),70(6),75(6 "), 80(8°),85(6), 51
90 (7°), 95 (5%)
12C-ions 29 (3), 33 (6), 37 (6"), 41 (6), 45 (4) 25
Controls 6 sham-treated tumors per experimental arm 12
Total 189

# One animal died due to unknown reasons.
" One animal died due to metastases.

* No histology in one animal.
** No histology in two animals.

§ 2 animals died due to metastases.

observed incident rates. For both endpoints, the RBE was calcu-
lated as the ratio of the TCDsg-values (dose at 50% tumor control
probability) for photons and '2C-ions. Standard errors of TCDsg
and RBE were calculated by error propagation. For TCDsg, the cor-
relation of the fit parameters was considered. In addition, 90% con-
fidence intervals (Cls) were calculated using Fieller’s theorem [26].

Histology

For evaluation of the remaining tumor structure in irradiated H-
tumors, Hematoxylin & Eosin staining (Carl Roth, Karlsruhe, Ger-
many) was performed on cryo-preserved sections [22]. In addition,
Cryo-preserved methanol/acetone fixed sections were stained for
proliferating cells using a BrdU antibody (Roche Diagnostics, Man-
nheim, Germany). Prior to sacrificing, BrdU (100 mg/kg, Sigma-
Aldrich, Taufkirchen, Germany) was injected intraperitoneally.
The complete staining procedure has been described in [22].

Results

Fig. 1 shows the adjusted dose-response curves for the three
tumor sublines. The resulting TCDso- and RBE-values are displayed
in Table 2. These results revealed three important findings:

(i) Comparing the dose-response curves of the three tumor sub-
lines for the primary endpoint local tumor control (Fig. 1), the
more differentiated H- and HI-tumors showed comparable RBEs
(2.06 £0.11 and 2.03 £0.17, respectively), whereas a markedly
increased RBE was found for the anaplastic AT1-tumor
(2.3910.16). While locally controlled AT1- and HI-tumors
regressed completely, tiny nodules remained in case of locally con-
trolled H-tumors. Using histological tumor control as secondary
endpoint shifted the TCDsg-values by 9.3 Gy for photons and
8.4 Gy for '?C-ions (Fig. 1a) and the related RBE decreased to
1.83 £ 0.12. Replacing the RBE of the H-tumor by this value, results
in a systematic increase of the RBE with decreasing differentiation.
The late recurrence of a single HI tumor at 388 days for '2C-ions
altered the TCDso- and RBE-values only marginally (Fig. 1b, dashed
line).

(ii) TCDsg-values between the three tumor sublines differed
much less for '’C-ions (26.0-37.9Gy) than for photons
(53.7-90.6 Gy) (Fig. 2a). For '?C-ions, only the H-tumor showed a
significantly lower TCDso, however, if this value is replaced by that
for the endpoint histological tumor control, the range of
TCDso-values is reduced to (34.4-37.9 Gy), while that for photons
is still very large (63.9-90.6 Gy) (Fig. 2b).
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Fig. 1. Dose-response curves of the three sublines of the R3327 prostate carcinoma
after split doses on consecutive days of photons (blue) and '?C-ions (red),
respectively. Error bars indicate the uncertainty of TCDs, (1 SD). Solid lines refer
to the primary endpoint “local tumor control within 300 d”. For the H-tumor (a), the
dose-response curves for the secondary endpoint “histological control” are
additionally shown. For the HI-tumor (b), a single '?C-treated tumor regressed at
388 d, which however, lead only to a minor difference in the dose-response curve
(dashed line). For 24 HI-tumors (12 per radiation modality), which were locally
controlled at 300 days, the follow-up was extended to 400 days to check for late
recurrences. For comparison, the previously measured dose-response curves for the
AT1-tumor (c) are also displayed [20]. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

(iii) While the slope of the dose-response curves for photons
and ?C-ions were very similar for the histologically homogeneous
AT1- and H-tumors, the histologically heterogeneous HI-tumor

Table 2

TCDsp-and RBE-values for three tumor sublines of the R3327 prostate carcinoma
measured in this and a previous study, including single standard errors and 90%-
confidence intervals. Endpoints for this dose-response study were “local tumor
control (LC) within 300 d” or “histological tumor control” (Histo). As one single HI-
tumor recurred later than 300 d, TCDsq at 388 d was additionally calculated for the
primary endpoint.

Endpoint TCDso * SE [Gy] RBE + SE (90% CI)
Photons 12C-ions

H-Tumor (this study)
LC (300d) 53.7+1.5 26.0+1.2 2.06 £0.11 (1.89-2.27)
Histo 63.0+2.5 344+1.7 1.83 £0.12 (1.65-2.24)
HI-Tumor (this study)
LC (300d) 73.2+4.0 36.1+23 2.03+£0.17 (1.77-2.33)
LC (388d) 73.2+4.0 37.2+2.0 1.97 £0.15 (1.74-2.23)
AT1-Tumor [20]
LC (300d) 90.6+2.3 379+23 2.39+0.16 (2.15-2.68)
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Fig. 2. Compilation of dose-response curves employing (a) the primary endpoint
local control (LC) for all three tumor-sublines and (b) the endpoints LC for the AT1-
and HI-tumors and the endpoint histological control (HC) for the H-tumor.

showed a much steeper dose-response curve for '2C-ions than
for photons (Fig. 2). This finding was independent of the consid-
ered biological endpoint.

Discussion

This is the first fractionated study that investigates the RBE for
different sublines of the same tumor, which differ in several
tumor-specific factors. Besides histological differentiation, another
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important factor is the hypoxic status, which is known to impact
the response to radiotherapy. While the H-tumor is well oxy-
genated, the HI-tumor exhibits a moderately and mostly acute
hypoxic pattern. In contrast, the anaplastic AT1-tumor presents a
large fraction of poorly perfused immature vessels leading to
chronic hypoxic regions, which explains the higher resistance
against photon treatments [22,27].

The present study uses local tumor control as primary endpoint.
In contrast to growth delay, this requires high therapeutic doses
that sterilize not only the majority of tumor cells but also small
sub-populations of potentially radioresistant, e.g. quiescent, cells.
With this respect, the required follow-up time is guided by the
volume-doubling-time and the assessment whether a tumor is
locally controlled additionally depends on the regression charac-
teristics of controlled tumors. For the relatively fast growing
AT1- and HI-tumors, this assessment turned out to be very reliable
as the tumors regressed completely and even for the slower grow-
ing HI-tumors, only one locally controlled tumor regressed after
the end of follow-up. For H-tumors, however, small nodules
remained in apparently controlled tumors. As a potential regrowth
of these nodules would occur beyond feasible observation times,
due to the large doubling time of the H-tumor, the secondary end-
point “histological control” was used to quantify the robustness of
the primary endpoint “local control” assuming that only prolifera-
tive active tumor cells can lead to a regrowth of the tumor while
this is not the case for solely fibrotic nodules.

The primary endpoint revealed the highest RBE for the anaplas-
tic AT1-tumor and indicated no relevant difference between the
HI- and H-tumor. This result was essentially maintained, when
replacing the endpoint local tumor control by histological tumor
control for the H-tumor. A similar result was obtained in our pre-
vious single fraction study, where we found an increase of the RBE
with decreasing differentiation independent of the considered end-
point [22]. This may be taken as important selection criteria for
carbon ion treatments. Comparing the TCDsg-values of the present
and the previous study, it is worth noticing that the fractionation
ratios for photons and carbon ions turned out to be very similar
(1.15-1.20 for the AT1- and HI- and 1.28-1.30 for the H-tumor).
Thus fractionation seems to matter less for the investigated frac-
tional doses.

A limitation of our study, however, are the high fractional doses
as the induced vessel damage, the potential of reoxygenation, the
induction of other microenvironmental factors as well as the
immune response could be very different from that of the conven-
tionally used low fractional doses. Nevertheless, this study is a first
step to evaluate the fractionation effects of these three tumor
sublines for photon and '2C-jon irradiation. Further experiments
at lower fractional doses are required. In addition, the LET in our
1 cm tumors was relatively high and rather uniformly distributed
while this is not the case for larger clinical tumors, unless special
measures like LET-painting [28] are taken into account. Larger
tumors may also have more extended hypoxic areas as compared
to experimental tumors. Nonetheless, our study provides impor-
tant information on the effect of high-LET radiation on tumors with
different hypoxic and histological characteristics. Finally, although
tolerance doses at higher effect levels might be considered clini-
cally more relevant, TCDsg is the most stable response parameter
with the smallest uncertainty and it is not expected that this choice
affects the conclusions of the study.

Regarding the absolute values of the TCDs, it is striking that the
RBE-differences between the three tumor sublines originate
mainly from differences in the photon response, while the
dose-response curves for '?C-ions remain stable in a very narrow
range. This range is even further decreased to only 3.5 Gy, when
using histological rather than local control as endpoint for the
H-tumor. Considering the histological study endpoint, an identical

effect was observed in our previous single dose study [22], where
the dose range for carbon ions was squeezed from 23.6-32.9 Gy
to 26.8-32.9 Gy, while the range for photons still remained extre-
mely large (48.3-75.7 Gy). This leads to the important conclusion,
that the response to '?C-jon irradiation is largely independent of
tumor-specific factors like cell differentiation, hypoxia and
proliferation rate. This holds true for single as well as for split dose
irradiations. This finding indicates that there is significant
uncertainty in the dependence of local control on tumor differentia-
tion after photon treatments whereas this uncertainty is drastically
reduced for carbon ions.

The results for single and split dose are also comparable with
respect to the slope of the dose-response curves for photons and
12C_jons [22]. While the fast growing AT1-tumor as well as the
slow growing H-tumor exhibit steeply raising dose-response
curves, the slope for the HI-tumor is much shallower for photons
as compared to '?C-ions. On the histological level, AT1-tumors
predominantly consist of anaplastic tumor cells, H-tumors are
characterized by few tumor cells spread within highly differenti-
ated normal prostate structures, while HI-tumors are composed
of a varying mixture of tumor and normal tissues, resulting in a
more pronounced inter-tumoral variability [22,29]. Based on the
assumption that the slope of dose-response curves reflects inter-
tumoral variability, this leads to the conclusion that the impact
of this variability on the population-based tumor response is
reduced for '2C-ions. Patient-to-patient variations of tumor-
radiosensitivity can therefore be expected to be of reduced clinical
relevance for '2C-ions.

Regarding the response heterogeneity between and within the
different tumor sublines, it was not possible to uniquely identify
the specific biological factor, which affects the response to pho-
ton irradiation most as in vivo all potential factors act simultane-
ously. Based on previous investigations, however, some
important factors may be specified: epigenetic alterations during
the process of tumor dedifferentiation [24], discrepancies with
respect to extent, pattern and dynamics of hypoxia [29-31],
and differences in potential cancer stem cells within the three
tumor sublines [32]. Each of these factors could contribute to
the differential radioresistance of the three tumor sublines
against photon irradiations.

In summary, it can be concluded that the differential fractiona-
tion effect between '?C-ions and photons is only marginal for the
investigated fractional doses. Moreover, the response to 'C-ion
irradiation is much less dependent on biological differences
between and within tumors. The observation that radioresistance
appears as a feature of the photon irradiation, explains the finding
that the tumors with the highest resistance against photon treat-
ments exhibit also the largest RBE for '?C-ions. Translated to the
clinical situation, the response to '2C-ions is less dependent on
tumor heterogeneity and could therefore be of great advantage
for the treatment of neoplasms with actual or potential resistance
factors against photons. Although this experimental finding has
still to be confirmed clinically, it is interesting to note that a
Japanese trial found comparably high 5-year local control rates
for low-, intermediate- and high-risk prostate cancer patients
treated with 2C-ions [33].
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