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Abstract

Background. The aim of the present study was to compare the biological effectiveness of carbon ions relative to x-rays 
between tumor control, acute skin reaction and late RIF of CDF1 mice.
Material and methods. CDF1 mice with a C3H mouse mammary carcinoma implanted subcutaneously on the foot 
of the right hind limb were irradiated with single fractions of either photons, or 12C ions using a 30-mm spread-out 
Bragg peak. The endpoint of the study was local control (no tumor recurrence within 90 days). For the acute skin reac-
tion, non-tumor bearing CDF1 mice were irradiated with a comparable radiation scheme, and monitored for acute skin 
damage between Day 7 and 40. Late RIF was assessed in the irradiated mice.
Results. The TCD50 (dose producing tumor control in 50% of mice) values with 95% confidence interval were 29.7 
(25.4–34.8) Gy for C ions and 43.9 (39.2–49.2) Gy for photons, with a corresponding Relative biological effectiveness 
(RBE) value of 1.48 (1.28–1.72). For acute skin damage the MDD50 (dose to produce moist desquamation in 50% of 
mice) values with 95% confidence interval were 26.3 (23.0–30.1) Gy for C ions and 35.8 (32.9–39.0) Gy for photons, 
resulting in a RBE of 1.36 (1.20–1.54). For late radiation-induced fibrosis the FD50 (dose to produce severe fibrosis in 
50% of mice) values with 95% confidence interval were 26.5 (23.1–30.3) Gy for carbon ions and 39.8 (37.8–41.8) Gy 
for photons, with a RBE of 1.50 (1.33–1.69).
Conclusion. The observed RBE values were very similar for tumor response, acute skin damage and late RIF when 
irradiated with large doses of high- linear energy transfer (LET) carbon ions. This study adds information to the varia-
tion in biological effectiveness in different tumor and normal tissue models.

Particle beams can be focused more selectively on 
the tumor, effectively reducing unwanted dose to 
healthy tissue and achieving higher conformal dose 
distributions. Furthermore, different radiation quali-
ties can be selected, such as low- and high linear 
energy transfer (LET); proton and carbon ions, 
respectively [1,2]. High-LET radiation produces 
dense energy deposits, leading to a markedly increased 
efficiency of cell killing [2]. The concept of relative 
biological effectiveness (RBE) has been introduced 
to account for this increased effectiveness. RBE is 
defined as the ratio of a dose from photons to a dose 
from any other particle to produce the same bio-
logical effect [3]. This is complicated by the fact that 

RBE is not a constant, but depends on factors such 
as the specific tissue, endpoint, fraction size, particle 
energy, cell cycle distribution, and the tumor microen-
vironment [1,3]. Higher RBE not only increases 
tumor control probability (TCP), but also leads to 
higher normal tissue complication. Several in vitro 
experiments have carefully assessed the RBE of car-
bon ion beams for a large range of cell lines, and 
models such as the Local Effect Model [4] were 
developed in order to predict the RBE for arbitrary 
mixed radiation fields in various tissue types. The 
efficacy of both protons and 12C carbon ions has 
been investigated in clinical settings for certain tumor 
types [5–14], however, the discussion remains even 
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on a non-clinical level as to what is the efficacy of 
carbon ions. Due to the RBE increasing for decreas-
ing dose, the gain in biological effect between peak 
and plateau has been discussed [15]. A recent mod-
eling study of the therapeutic ratio [local control 
rates (TCP) compared to the probability of normal 
tissue complications (NTCP)], demonstrated that 
the peak-to-entrance ratio for different dose levels, 
tissue types, and field configurations points towards 
that a clear gain is expected using ions carbon or 
helium ions compared to protons [16]. The different 
aspects of carbon ion therapy are very thoroughly 
covered in more reviews [17–19].

In previous in vivo experiments assessing the effect 
of carbon ion radiation on tumor response, only a 
limited number of studies focused on tumor control 
[20–22]. To elucidate the biological variation in radia-
tion response, more in vivo studies are needed. The 
aim of the present study was to compare the biological 
effectiveness of carbon ions relative to x-rays using 
tumor control, acute skin reaction and late radiation-
induced fibrosis of CDF1 mice as endpoint.

Material and methods

Animal and tumor models

All experiments were performed on 10–14-week-old 
female CDF1 mice. The tumor model used was the 
C3H/Tif mouse mammary carcinoma. Its derivation 
and maintenance has been described previously [23]. 
Experimental tumors were produced following ster-
ile dissection of large flank tumors. Macroscopically 
viable tumor tissue was minced with a pair of scis-
sors, and 5–10 ml of this material were injected into 
the foot of the right hind limb of the experimental 
animals. This location ensured easy access to the 
tumor for treatment without involvement of critical 
normal tissue in the treatment field. Treatments were 
carried out when tumors had reached a tumor vol-
ume of about 200 mm3, which generally occurred 
within three weeks after inoculation. All experiments 
were performed under the Institutional and National 
Guidelines for Animal Welfare.

Tumor irradiation and response

The procedure for radiation treatment has previously 
been described [24]. All treatments to tumor bearing 
feet were administered to non-anesthetized mice 
placed in a Lucite jig. Their tumor-bearing legs were 
exposed and loosely attached to the jig with tape, 
without impairing the blood supply to the foot. To 
secure homogeneity of the radiation dose for the 
x-ray irradiation, tumors were immersed in a water 
bath (25°C) with 7.1 cm of water and 9 mm PMMA 
(phantom entrance window) between the radiation 

source and the target. Seven dose groups (10–42 Gy 
for carbon ions and 38–68 Gy for photons) with six 
animals in each were irradiated; in total 84 animals 
for tumor response.

The expected response was based on the known 
response for x-rays for this tumor model [24,25], and 
previously reported RBE values for tumor control 
[20,21], with adequate margins to ensure a full dose 
response curve. As the uncertainty in the expected 
RBE gave a large span for where the dose response 
curve could be expected, the carbon ion doses were 
placed with 5 Gy intervals.

The response of tumors to treatment was assessed 
using tumor growth and a local tumor control assay. 
For the growth studies, tumor volume was deter-
mined on a daily basis using the formula 
D1*D2*D3*p/6 (where the D values represents the 
three orthogonal diameters).

For tumor control, mice were followed at weekly 
intervals up to 90 days post-treatment. Response was 
calculated as the percentage of animals in each treat-
ment group showing no recurrent tumor at 90 days 
after treatment.

Of the 84 irradiated mice in the tumor control 
experiment, two mice had to be euthanized due to 
general health issues, and have been excluded from 
the analysis. Of the remaining mice, one mouse dis-
played a very atypical tumor regrowth with metasta-
sis in the neck at Day 63 after treatment. The tumor 
and the metastasis were sent to pathologic inspec-
tion, which showed that the tumor was similar to the 
original C3H tumors, and was scored as a tumor 
regrowth.

Skin damage

Irradiations were performed locally on normal foot 
skin as described for the tumor experiments. How-
ever, due to the absence of a tumor, it was not pos-
sible to loosely attach the leg to the restraining jig 
with tape. Fixing of the leg in the correct position for 
treatment was therefore achieved by applying a small 
drop of histoacrylic glue to the restraining jig in the 
region of the uppermost part of the leg. The leg was 
then firmly compressed against the jig with tape for 
a 5-minute period, after which time the tape was 
loosened and left for 10 minutes prior to any treat-
ment. Only the right hind leg was irradiated. Seven 
dose groups (10–40 Gy for carbon ions and 26–46 Gy 
for photons) with six animals in each were irradiated; 
in total 84 animals for normal tissue response.

The expected response was based on the known 
response for x-rays for this mouse strain [24,25], and 
previously reported RBE values for early response of 
skin reaction [26,27]. As with the tumor control 
assay, due to the uncertainty in the expected RBE of 
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pellets next to the tumors during radiation. The 
details on this and the necessary correction factors 
will be presented elsewhere.

X-ray irradiation of the reference group was per-
formed at the Department of Experimental Clinical 
Oncology at Aarhus University Hospital. Irradiations 
were performed with a conventional therapeutic x-ray 
machine (240 kV; 10 mA; 2-mm Al filter; 1.1 mm Cu 
half-value layer; dose rate, 2.3 Gy/min). X-ray dose 
delivery for the reference group was monitored by use 
of an integrating chamber (Detector: TM31010, PTW-
Freiburg).

The carbon ion irradiations and the x-ray irra-
diations were performed at the same time interval of 
the day to ensure no response differences due to the 
circadian rhythm of the mice.

Data analysis

For the dose response curves, all the lines through 
the data were determined by logit analysis.  
A Kaplan-Meier plot was used for fibrosis data. With 
the regrowth delay data, lines were fitted by eye, 
either using the mean from the dose group, or from 
individual animals.

carbon ions, doses were placed with 5 Gy intervals 
to ensure a full dose response curve.

After treatment the leg was easily detached from 
the jig. For scoring the skin damage, a previous pub-
lished skin score table [28] was used, as described in 
[24]. The skin damage is scored in seven steps of 0.5, 
with 3.5 being the maximum value. Mice were 
observed on a daily basis between seven and 40 days 
following treatment, and the percentage of animals 
in each treatment group with a score of 3.5 (moist 
desquamation) was determined.

Radiation-induced fibrosis

Late radiation-induced fibrosis (RIF) was assessed in 
the irradiated mice, using a modification of the leg 
contracture model described by Stone [29]. Both 
non-tumor bearing mice and tumor bearing mice 
without tumor regrowth were included in the  
analysis. Based on the degree of extensibility of the 
irradiated leg, the endpoint for RIF was defined as a 
permanent reduction in extensibility of at least 75% 
relative to the untreated leg. This endpoint was  
considered to correspond to severe irreversible  
subcutaneous fibrosis. The difference in extensibility 
of the irradiated legs was measured every second 
week from Day 49 to at least Day 322. For the x-ray 
curve, previous published data was included in the 
analysis [30].

Dose delivery

All carbon ion treatments were performed at the GSI 
synchrotron (SIS), using a 3 cm spread-out Bragg 
peak (SOBP), with the target placed 1.5 cm from the 
distal edge (Figure 1). This position was selected to 
limit possible effects of uncertainty in achievable pre-
cision of positioning the target. At the distal end of 
the SOBP the LET gradient is the largest, which 
besides increasing the spread of LET across the 
tumor, also increases the sensitivity to the position 
and extent of the tumor. Therefore the tumor was 
placed closer to the center of the SOBP, which pro-
vides more robustness to our setup. The dose-average 
LET (LETD) at this position was calculated to be  
65 keV/mm (57–78 keV/mm). The field sizes were 
2  2.6 cm to guarantee full coverage of the tumor, 
as the position of the tumor on the leg could vary a 
bit from mouse to mouse. Additionally the field size 
was expanded laterally (to 2.5  2.6cm) to also cover 
a stack of Alanine pellets which were used as an extra 
dosimetry verification tool. Dose delivery at the GSI 
medical beamline is verified by multiple ionization 
chambers mounted in the beamline monitoring the 
scanning beam. Nonetheless, we did independent 
dosimetry verification by positioning stacks of Alanine 

Figure 1. Depth dose profile of carbon ions. The relative dose 
(upper panel) and the LET (lower panel) as a function of depth. 
The target region is placed 0.5–1.5 cm from the proximal edge of 
the 3 cm SOBP (red lines indicates SOBP margins). Dose average 
LET in the target: ∼65 keV/mm.
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Results

The dose response curves demonstrated a large dif-
ference on the effect of carbon ions versus photons. 
The TCD50 (dose producing tumor control in 50% 
of mice) values with 95% confidence interval were 
29.7 (25.4–34.8) Gy for carbon ions and 43.9  
(39.2–49.2) Gy for photons (Figure 2A). The  
corresponding RBE was 1.48 (1.28–1.72).

To illustrate the growth of the irradiated tumors, 
the tumor growth curves are shown from the same 
animals (Figure 2B and C). The tumor growth was 
strongly dependent on the treatment dose, with a 
reduction in tumor size occurring around Day 7–11 
after treatment for both radiation types.

Figure 3 shows the dose-response curves for 
acute skin reaction for x-rays and carbon ions, with 
the percentage of animals in each treatment group 
showing moist desquamation (score 3.5) of the 
treated foot, at any time between Day 7 and 40. For 

acute skin damage the MDD50 (dose to produce 
moist desquamation in 50% of mice) values with 
95% confidence interval were 26.3 (23.0–30.2) Gy 
for carbon ions and 35.8 (32.9–39.0) Gy for pho-
tons, resulting in a RBE of 1.36 (1.20–1.54). The 
development and decline of the early skin reactions 
following graded doses of radiation are shown in  
Figure 3B (carbon ions) and 3C (photons) as the 
median value within each dose group as a function 
of time. In regard to the time-dependency, induction 
of skin damage occurred around day 11 for both irra-
diation types with a maximum impact reached around 
Day 15–17 for dose groups reaching a median skin 
score value above 1.5.

Figure 4 shows the late RIF at different doses for 
x-rays and carbon ions, with the percentage of ani-
mals in each treatment group with severe fibrosis of 
the treated foot, at any time between Day 49 and 
322. For late tissue damage the FD50 (dose to produce 
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Figure 2. Tumor control. Effect of carbon ion irradiation on the radiation response of a C3H mouse mammary carcinoma. A: Tumor 
response was assessed by the percentage of mice showing local tumor control 90 days after treatment. The points represent results from 
an average of 5 or 6 mice per group and the errors (bars) show 95% confidence intervals on the TCD50 values, p  0.0005. B: Tumor 
growth time of carbon ion irradiated tumors. For controls and 10–20 Gy (●) the results show means from an average of 5–9 mice per 
group. The curves are terminated when the first animals in the group had to be euthanized. Errors bars represents standard error  
(n  5–9). For 30 Gy and 35 Gy (○) data from single tumors without local control is shown. Selected doses are shown for clarity. C: 
Tumor growth time of photon irradiated tumors. Results show means from an average of 5–9 mice per group. The curves are terminated 
when the first animals in the group had to be euthanized. Errors-bars represents standard error (n  5–9).
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severe fibrosis in 50% of mice) values with 95% con-
fidence interval were 25.6 (22.3–29.4) Gy for carbon 
ions and 38.6 (36.4–40.9) Gy for photons, resulting 
in a RBE of 1.51 (1.33–1.71).

Discussion

RBE is used to express the increased effect of carbon 
ion radiation on biological systems, and depends on 
the radiation quality, commonly denoted as the dose-
averaged LET of the beam of interest. We have in this 
study evaluated the effect of carbon ions on tumor 
control, acute skin damage and late radiation-induced 
fibrosis in CDF1 mice. Figures 2, 3 and 4 shows the 
tumor control and the normal tissue reactions at dif-
ferent dose for x-rays and carbon ions. With high 
LET irradiation, the dose response curve shifted to 
the left for both tumor control and for acute skin 
damage. For all three endpoints, the time-dependency 
of the effect of x-ray irradiation and carbon ion  

radiation was similar. The three obtained RBE values 
where very similar.

The effect of high-LET radiation has been  
evaluated in a range of in vitro studies, demonstrat-
ing an increased RBE with an increasing LET, as 
reviewed in [31,32]. In cell experiments however, the 
cells are hit with well defined monoenergetic charged 
particles with the same LET. In vivo the cells are hit 
with a particle field of ions with a spectrum of  
energies and therefore various LET [18]. Further-
more, cell experiments give good indications of the 
various effects, but are influenced by experimental 
constraints like plating efficiencies, which might 
influence the obtained data. In vivo a complex sys-
tem of biological functions are interacting, which is 
impossible to mimic in vitro. In a clinical context,  
1 fraction radiation scheme is not relevant, and 
obtained RBE values will most likely be higher in a 
fractionated radiation scheme [22]. However, from a 
biological point of view, data obtained with 1 fraction 
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is comparable between different studies, and makes 
it possible to distinguish between fractionation effects 
and other radiobiological effects.

When addressing the effectiveness of carbon ion 
therapy, the effect on the normal tissue is critical to 
the therapeutic dose that can be given. A significant 
increase of the RBE at high-LET would also enhance 
the unwanted side effects, which could compromise 
the gain achieved. Effects of radiation exposure on 
normal tissue consist of both early and late effects. 
Previous in vivo studies of the induction of damage 
in the normal tissue, includes an evaluation of the 
response of normal CNS tissue to high-LET irra-
diation in a series of rat spinal cord studies from 
Heidelberg [33–35]. Amongst early effects, acute 
skin reactions, which are mostly reversible, are often 
seen. In previous studies by Ando et  al. [26,27], 
evaluating the RBE of early skin reaction in mice 
irradiated with carbon ions, a RBE of around 2.2 at 
a LET of 42 keV/mm and around 2.5 at a LET of 
77 keV/mm (for 1 fraction) was demonstrated. In the 

present study the RBE of early skin reaction, was 
found to be 1.36. The data is analyzed slightly dif-
ferently in the two studies, with the dose response 
curves being calculated from the percentage of mice 
with moist desquamation, obtaining MDD50 values, 
in the present study, and from the average peak reac-
tion in the study by Ando et al. However, analyzing 
our data in the same way as in the Ando study, 
results in a RBE comparable to the MDD50 RBE 
(data not shown). The difference in obtained RBE’s 
may rather reflect difference in response between the 
mouse strains. Fibrosis is a common late damage 
effect of irradiation, which is irreversible and a dose 
limiting factor for healthy tissue in radiotherapy. An 
in vitro study evaluating the changes in fibrosis-
related parameters after carbon ion irradiation did 
not find indications of higher RBE, when compared 
to other end-points [36].

The effect on tumor response with carbon ion 
radiation has been the focus in a range of studies with 
tumor growth delay as endpoint [26,37–41]. Studies 

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80

(A)

FD
50
:38.61FD

50
:25.58

RBE: 1.51 (1.33-1.71)

CarbonIons

Xrays

Dose (Gy)

S
e
v
e
r
e
 
f
i
b
r
o
s
i
s
(
%
)

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300

68Gy 63Gy 53Gy 48Gy

45Gy

38Gy

41Gy

26Gy

35Gy

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300

40Gy 42Gy 35Gy

30Gy

25Gy

20Gy

15Gy

Carbon ions Xrays(B) (C)

No Days No Days

S
e
v
e
r
e
 
f
i
b
r
o
s
i
s
(
%
)

S
e
v
e
r
e
 
f
i
b
r
o
s
i
s
(
%
)

350 350

Figure 4. Late radiation-induced fibrosis. Effect of carbon ion or photon irradiation on dose-dependence of radiation-induced fibrosis.  
A: Tissue response was assessed by the percentage of mice showing severe fibrosis between 49 and 322 days after treatment. Points: results 
from an average of 5–11 mice per group; and the errors (bars) show 95% confidence intervals on the MDD50 values, p  0.0005. B/C: 
Kaplan-Meier plot of the development of severe fibrosis, measured by the leg contracture model after graded doses of carbon ion (B) or 
(C) photon radiation. Each group contains 6–11 animals.



	 RBE of C ions for tumor control, acute skin reaction and late RIF in mice �1629

on the more clinically relevant endpoint of tumor 
control, has been the subject of a smaller number of 
studies [20–22]. In the study by Peschke et al., a RBE 
of 2.3 was found in a radioresistant rat prostate 
tumor (Dunning subline R3327-AT1); mean dose-
averaged LET of ∼75 keV/mm, with 1 fraction [21]. 
Another study by Kummermehr et al., using a rela-
tively slow growing mammary carcinoma (adenocar-
cinoma AT17) on C3H mice, found a RBE of 2.13. 
In the present study, the RBE for tumor control was 
1.48. This lower observed RBE can be due to a range 
of factors, besides the differences in the LET. The 
RBE is influenced on the a/b ratio of the irradiated 
tissue [42,43], with the direct affect still being dis-
cussed. One hypothesis of the relationship between 
a/b ratio and RBE is that at high doses, fast growing 
tumors with high a/b ratios will display a lower RBE 
than slow growing tumors [45]. This is supported by 
experimental data from in vitro experiments, point-
ing toward cells with lower a/b ratios to exhibit higher 
RBE values [44]. The C3H mouse mammary carci-
noma used in the present study is fast growing with 
a tumor doubling time of around 2.5 days [46], with 
a high a/b ratio [47]. A different issue affecting the 
RBE is the oxygen status of the irradiated tissue. 
With low-LET irradiation, low oxygen concentration 
in the irradiated tissue increase radioresistance  
[48–50], which can be expressed as the oxygen 
enhancement ratio (OER). OER has been demon-
strated to decrease with increasing LET [51], with 
in vitro studies (10% survival) demonstrating an 
OER at 65 keV/mm at ∼2.2. Even though the very 
limited in vivo data though points towards a lower 
OER compared to the in vitro OER, it will still be 
influential and the degree of hypoxia in the included 
tumor models will affect the RBE determined. The 
hypoxic fraction in the C3H tumor is around 20%, 
with a ratio between normal or clamped conditions 
(complete hypoxic) of 1.19 [52].

This study adds information to the variation in 
biological effectiveness in different tumor and nor-
mal tissue models. However, there is a need for a 
systematic range of in vivo studies on relevant mod-
els for both normal tissue complication and tumor 
response to uncover the effect of the biological 
variation.
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