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Abstract

Study of heavy ion radiation–induced effects on mice could provide insight into the human health 

risks of space radiation exposure. The purpose of the present study is to assess the relative 

biological effectiveness (RBE) of 12C and 28Si ion radiation, which has not been reported 

previously in the literature. Female C57BL/6J mice (n=15) were irradiated using 4 to 8 Gy of 28Si 

(300MeV/nucleon energy; LET 70 keV/μm) and 5 to 8 Gy of 12C (290MeV/nucleon energy; LET 

13 keV/μm) ions. Post-exposure, mice were monitored regularly and their survival observed for 30 

days. The LD50/30 dose (the dose at which 50% lethality occurred by 30-days post-exposure) was 

calculated from the survival curve and was used to determine the RBE of 28Si and 12C in relation 

to γ radiation. The LD50/30 for 28Si and 12C ion is 5.17 Gy and 7.34 Gy respectively and the RBE 

in relation to γ radiation (LD50/30 – 7.25 Gy) is 1.4 for 28Si and 0.99 for 12C. Determination of 

RBE of 28Si and 12C for survival in mice is not only important for space radiation risk estimate 

studies, but also has implications for HZE radiation in cancer therapy.
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Introduction

Radiation is a major challenge for human exploratory missions in outer space. With 

increasing interest in exploring the solar system, astronauts undertaking long duration space 

missions will be exposed to radiation that is different in dose and quality than terrestrial 

radiation. Astronauts traveling beyond low-earth orbit are expected to encounter a mixed 

3Corresponding authors: Albert J. Fornace Jr., M.D., Department of Biochemistry and Molecular & Cell Biology and Lombardi, 
Comprehensive Cancer Center, Georgetown University, Room E504 Research Building, 3970 Reservoir Rd., NW, Washington, DC 
20057-1468, USA, Phone: 202 687-7843, Fax: 202 687 3140, af294@georgetown.edu & Kamal Datta, M.D., Assistant Professor, 
Department of Biochemistry and Molecular & Cellular Biology, Georgetown University, Research Building, Room E518, 3970 
Reservoir Rd., NW, Washington, DC 20057-1468, USA; Phone: 202-687-7956; kd257@georgetown.edu. 

NIH Public Access
Author Manuscript
Radiat Environ Biophys. Author manuscript; available in PMC 2014 October 24.

Published in final edited form as:
Radiat Environ Biophys. 2012 August ; 51(3): 303–309. doi:10.1007/s00411-012-0418-9.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



radiation field, which includes high-energy proton and heavy ion radiation at low doses and 

dose rates [1]. In space, solar particle events (SPEs) are sporadic and consist mainly of high-

energy protons with a relative biological effectiveness (RBE) similar to low linear energy 

transfer (low-LET) radiation like γ-rays [2, 3] and are not predictable. On the contrary, 

galactic cosmic radiation (GCR) is ambient in space, and high-LET heavy ion radiation, 

unlike in SPE, contributes significantly towards the dose equivalent in GCR [4]. It is 

predicted that during SPEs astronauts without shielding may receive radiation dose, which 

could be lethal and with shielding radiation dose may reach up to 2 Gy [1]. Commonly, 

space radiation exposures will occur at low doses and dose rates, but protracted exposure 

during long duration space missions may lead to enough dose accumulation especially of 

heavy ion radiation to raise long-term health concerns [1, 5]. Furthermore, heavy ion 

radiation, due to its high-LET nature and densely ionizing tracts, causes damage which is 

markedly more complex than low-LET radiations, and is a major concern for space travel 

[6–9]. One way of comparing the long- and short-term biological effects of low-LET 

radiation for which human data is available to those of high-LET radiation is by determining 

RBE, or quality factor, for different heavy ion species using relevant biological end points. 

Risk estimate also demands that different heavy ion species be used at different energies for 

RBE determination and to study the RBE-LET relationship. Importantly, the RBE-LET 

relation of heavy ion radiation is dependent not only on the particle energy but also on the Z-

value of the particle [10]. Furthermore, RBE differs with the biological endpoints and tissue/

cell types under investigation. In general, the RBE for biological endpoints like cell survival, 

mutation induction, cell transformation, chromosome aberration, and cell inactivation peaks 

at a LET range of 70–130 keV/μm and the RBE value varies between 1.5 and 5 for different 

biological end points [11, 12][13–16]. However, most of the available data on RBE-LET 

relationship for heavy ion radiation were obtained from in vitro cell cultures and multi-

cellular spheroid models [11, 17, 18]. Studies in in vitro cell culture system have typically 

shown higher RBE of various parameters including cell survival compared to in vivo 
systems, and the RBE has been shown to increase with increasing LET. Literature shows 

RBE of cell survival for 12C ranges from ~1 to 4 (LET ~13 to 100 keV/μm), for 28Si the 

range is from 2 to 3 (LET ~44 to 200 keV/μm), and for 56Fe it is from ~ 4 to 2.5 (LET 150 

to 400 keV/μm) in human cell lines relative to γ-rays or x-rays [19–24]. Although, in vitro 
cell culture studies help in furthering our understanding of particle radiation at the cellular 

and molecular level, in vivo animal model data are essential to develop risk model through 

understanding of heavy ion radiation effects in three dimensional tissues with all the cell 

types and associated microenvironment. Currently, lack of adequate biologically relevant in 
vivo data is adds to the uncertainties, which exist about the consequences of heavy ion 

radiation exposure on human health. Furthermore, scarce availability of published literature 

on biological endpoints in in vivo systems also limits our ability to develop models to 

predict with confidence the risks associated with space travel [2, 25, 26]. While we 

determined the RBE for high-energy protons and 56Fe ions earlier [3], the current study was 

designed to evaluate the RBE of 12C and 28Si ions relative to γ radiation, as prelude to our 

space radiation-induced intestinal tumorigenesis studies using an adenomatous polyposis 

coli (APC) mutant mouse model [27] which is in C57BL/6J background. We report here that 

in relation to γ radiation, 28Si (300 MeV/nucleon energy; LET 70 keV/micron) and 12C 

(290MeV/nucleon energy; LET 13 keV/micron) have RBE values of 1.4 and 0.99 
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respectively. The RBE-LET relation of 12C and 28Si ions was then compared to our 

published results for proton and 56Fe ions [3].

Materials and Methods

Mice and radiation

Six to eight weeks old female C57BL/6J mice (n=15 mice per radiation dose group) were 

purchased from Jackson Laboratories (Bar Harbor, ME) and shipped directly from the 

vendor to Brookhaven National Laboratory (BNL) animal care facility 1 week prior to 

radiation exposure. Exposures to 12C, 28Si, 56Fe, and proton radiation were performed at the 

NASA Space Radiation Laboratory (NSRL) at BNL and a 137Cs source was used for γ 

irradiation. Mice were placed in small rectangular lucite boxes with multiple holes, and 

these boxes were fitted into a sample holder made of low-density foam. The foam holder 

was then placed into the beam path at the entrance plateau region of the Bragg’s curve to 

ensure uniform LET throughout the exposure. Irradiation positions and doses were based on 

pre-determined beam distributions generated by the NSRL beam physics team. The dose rate 

was 1 Gy/min for all radiation types, and all radiation exposures were lateral exposures 

(beams were horizontal). Detail information on radiation types including previously 

published results [3] for comparison is summarized in Table 1. Early morning shipment of 

the experimental mice from BNL were arranged on the day after irradiation in a temperature 

and humidity controlled environment and delivered in the afternoon to the Georgetown 

University (GU) animal facility (same day delivery). Mice were followed at the GU animal 

facility for 30 days and all animal procedures were performed according to protocols 

approved by the Institutional Animal Care and Use Committees (IACUC) at the GU and 

BNL.

Survival and RBE determination

Mice (n=15) were exposed to 4 to 8 Gy of 28Si, 5 to 8 Gy of 12C, 1 to 8 Gy of 56Fe, and 6 to 

7.5 Gy of proton. For γ radiation, we used a 137Cs source and mice (n=15) were exposed to 

2 to 8 Gy. Survival was monitored for 30 days and all irradiation experiments were repeated 

two times. However, during our study death as an endpoint was avoided by identifying 

agonal mice and euthanizing them by applying IACUC approved criteria (reduced activity, 

hunched posture, and ruffled fur). Survival data were used to determine the LD50/30 (the 

dose at which 50% lethality occurred by 30-days post-exposure) by Probit analysis using 

StatPlus v5.2.0 software with a 95% confidence interval. RBE was determined using the 

LD50/30 dose of heavy ions and the LD50/30 dose of γ radiation using the formula 

RBEbeam=(LD50/30 of γ radiation)/(LD50/30 of heavy ion radiation).

Results

Irradiated mice were followed for 30 days and the number of mortality in each group, 

recorded daily, is plotted (Figure 1A and B). Exposure to 28Si (300 MeV/nucleon) radiation 

doses (<10 Gy) caused mortality between 5 and 14 days and was similar to 56Fe radiation 

(<10 Gy) lethality, which we have determined is due to accelerated hematopoietic toxicity 

[3]. While 40% mortality was observed at 5 Gy, at 6, 7, and 8 Gy of 28Si we observed 100% 
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mortality (Figure 1A). On the contrary, most of the lethality after exposure to 12C (290 

MeV/nucleon) radiation doses (<10 Gy) occurred between 10 and 20 days with >90% 

survival at 7 Gy and lower doses (Figure 1B) and this was similar to γ radiation lethality 

with doses <10 Gy typical of hematopoietic toxicity [3]. To determine the LD50/30, the 

percent survival was plotted against radiation dose. The LD50/30 values were calculated at 

5.17 Gy for 28Si, and at 7.34 Gy for 12C with 95% confidence limits of 4.65 and 5.69 

for 28Si and of 7.15 and 7.52 for 12C radiation (Figure 2A). The LD50/30 for γ, proton, 

and 56Fe were calculated earlier at 7.25, 6.8, and 5.8 Gy respectively [3]. The RBE in 

relation to γ radiation calculated from the LD50/30 studies was 1.4 and 0.99 respectively 

for 28Si and 12C. For proton and 56Fe the calculated RBE was 1.06 and 1.25 respectively [3]. 

We now know that radiation-induced lethality is dependent on LET of the incident beam and 

a lethality peak is observed at an LET of about 100 keV/micron [10, 11] using in vitro 

models. We combined proton and 56Fe lethality data generated earlier in the laboratory [3] 

with the lethality data of 28Si and 12C from the current study and plotted against different 

radiation doses where at least one dose was 100% lethal and one dose was non-lethal (Figure 

2B). We find that while 12C-induced lethality was similar to proton (1000 MeV) and γ 

radiation-induced toxicity; the 28Si radiation-induced mortality pattern was nearer to 56Fe 

(energy: 1000 MeV/nucleon) results [3] than other radiation types tested (Figure 2B). The 

RBE is dependent on the LET and the Z-value of a particular particle. To ascertain the 

relationship, we plotted RBE of each radiation type against respective LET values (Figure 

3A). We observed that although 12C was similar to proton and γ radiation, the 28Si showed 

higher RBE than 56Fe, which could be written as 28Si (1.41) >56Fe (1.25) >Proton (1.07) 

>12C (0.99). We also plotted RBE of each radiation type against respective Z-values of the 

particles studied (Figure 3B). In general the RBE increases to reach a peak at an LET of 

about 100 keV/micron. Importantly, the RBE decreases with LET values beyond 100 keV/

micron [10, 11]. Similarly, the RBE rises with increasing Z-value of the incident particle 

radiation at comparable LET values [10]. However, as we show here and also reported 

earlier, the LET value takes precedence over Z-value in determining RBE of particle 

radiation [10]. A striking finding of our in vivo studies relative to previously published in 
vitro studies is the very modest effect of LET and Z value on RBE values; e.g. in vivo the 

RBE varied by 40% or less while published studies using in vitro models typically show 

much higher RBE values for HZE ions [21].

Discussion

Beyond earth’s protective magnetosphere, astronauts are exposed to space radiation, and risk 

associated with space radiation exposure increases with the duration of space travel. 

However, risk estimation of space radiation through establishment of risk models is hindered 

not only due to unique characteristics of the radiation in space, but also due to limited 

understanding and data availability of the effects of space radiation in vivo. Here we report 

the determination of RBE factor for survival after 12C and 28Si exposure in relation to γ 

radiation, thus fulfilling an important knowledge gap in the literature. As discussed 

previously [27], these RBE values are critical in planning in vivo tumorigenesis studies, 

such as we are carrying out for intestinal neoplasia; e.g., a very high RBE, such as seen in 
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cell culture models, would limit the range of doses that could be employed in these 

expensive long-term studies.

Current understanding of space radiation indicates that protons contribute about 90% of 

SPE. In contrast, the contribution of protons towards dose equivalent in GCR is markedly 

less, with a greater contribution from high Z and energy (HZE) particles like 56Fe, 12C, 28Si, 

and 16O. These HZE particles due to their high-LET characteristics are much more 

damaging than protons and determination of a reliable in vivo RBE factor is an important 

component of space radiation risk model development. In the absence of SPEs, expected 

radiation doses in space are much lower (<1 Gy) than the doses used in this study and 

current risk estimates of space radiation are based on low dose and dose rate [1, 28]. 

However, dose protraction during prolonged space missions like a Mars mission and stays at 

International Space Station (ISS) may cause significant dose accumulation and long-term 

health concern in astronauts. Importantly, non-availability of 28Si and 12C RBE of survival 

in mice in the literature led us to design this study to aid not only in our intestinal 

tumorigenesis study in the APC mutant mouse model in the dose range (<1 Gy) relevant to 

space radiation environment but also in determining in vivo lethality in terms of RBE-LET 

relationship of particle radiation. Data presented here show that the RBE is dependent on 

LET and particle energy and is qualitatively in agreement with earlier observations [10] but 

the magnitude of the effect was much less in vivo where all RBE values were <1.5. We 

know that LET is dependent on particle energy and RBE is dependent on LET. When we 

compared 300 MeV/nucleon 28Si (LET-69 keV/micron) with 1000 MeV/nucleon 56Fe (LET 

– 148 keV/micron), we observed higher RBE for 28Si (RBE – 1.4) than 56Fe (RBE – 1.25) 

which we believe is due to difference in LET and is supportive of observations in the 

literature [10]. However, LET and hence RBE is also dependent on the Z value of the 

particle at similar energy [11]. In this study 12C has a Z value of 6 and 28Si has a Z value of 

14 and when similar energy (300 MeV/nucleon 28Si and 290 MeV/nucleon 12C) of these 

two particles was used we observed significant difference in survival as well as in RBE 

values (RBE: 1.4 for 28Si and 0.99 for 12C), which is qualitatively similar to previous in 
vitro data. While RBE values <1.0 for 12C ions has been reported for DNA double strand 

break induction [29, 30] and dicentrics formation [31], the RBE values of > 6.0 have been 

reported for 28Si and 56Fe [32]. Surprisingly, however, in our in vivo study the LD50/30 

of 12C was high and consequently the RBE value was low and parallels our γ radiation 

lethality pattern and LD50/30. The RBE value of 1.4 for 28Si, although slightly higher 

than 56Fe, was also unexpectedly very low for high-LET heavy ion radiation and has not 

been reported previously. More surprising is the fact that the RBE of the heavy ions in our in 
vivo experimental system is lower than the RBE of neutron radiation, which has been 

reported, depending on energy, to be 1.6 and higher in mice [33, 34].

Studies in in vitro cell culture system have typically shown high RBE of various parameters 

including cell survival. However, a number of in vitro cell survival studies using 12C at an 

LET of 13 keV/μm (used in our study) have reported an RBE of ~1 and is supportive of our 

in vivo observations. In contrast, 28Si RBE for in vitro cell survival has been reported to be 

~2 at an LET of 70 keV//μm (used in our study) and for both 12C and 28Si, RBE increases 

with the increase in LET of up to 100 to 200 keV/μm after which RBE decline which has 

been suggested to be due to the stopping effects of the heavy ion radiation [21]. Although 
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both in vitro and in vivo 12C RBE for survival at an LET of 13 keV/μm is near 1 and bears 

similarity to γ radiation, the RBE for 28Si and 56Fe at an LET similar to our study are 

markedly higher for in vitro cell survival than in vivo mice survival. It is important to note 

that in vitro RBE is determined typically at 10% cell survival and requires much lower doses 

(~2 Gy) for cell killing than in vivo animal experiments where typically doses >5 Gy is 

required to determine the LD50/30 dose. While in vitro survival is determined in a single cell 

type, in vivo organismal survival is determined through complex interaction of multiple cell 

types in three-dimensional tissues with its microenvironment. Our results show that in vivo 
lethality increases with increase in Z and/or LET of the particle radiation. A distinct lethality 

pattern can be seen starting with lower lethality in particles having Z≤6 and LET≤13 and an 

RBE of near 1 (proton and 12C) and corresponds to hematopoietic lethality pattern of γ 

radiation observed with doses below 10 Gy [33]. Higher and early lethality pattern with 

doses < 8 Gy in particles having Z≥6 with LET ≥13 with an RBE >1 (28Si and 56Fe) could 

be due to accelerated hematopoietic toxicity observed earlier [3] and needs to be taken into 

considerations for risk estimates of these particles.

The lower RBE for 12C ion and higher RBE for 28Si ion could be due to beam and particle 

characteristics described earlier, and correlates well with earlier responses observed for 

testis weight loss by Aplen et al, 1994 [35]. The RBE of heavy ions is related to the LET, Z-

Value, and importantly to their energy deposition pattern (Braggs curve). While at the Bragg 

peak, the LET value is between 50 to 80 keV/μm, 12C at 290 MeV/nucleon shows much 

lower LET (13 keV/μm in the current study) at the entrance plateau region of the Bragg 

curve and hence lower RBE in our study. Interestingly, 28Si (Z-14) although has a lower Z 

value than 56Fe (Z-26) showed higher RBE which could be attributed to difference in 

energy, and hence LET and is consistent with published literature [21]. Although there are in 
vitro data, here we demonstrate in mice that biological effects of particle radiation is 

dependent on LET as well as on ion species [22]. In conclusion, we show that the RBE of 

survival of heavy ions is lower than the values predicted by in vitro cell culture and 

modeling studies and may require a reassessment of RBE of other ion species for more 

accurate risk estimate.
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Figure 1. 
Survival pattern of 6 to 8 weeks old female C57BL/6J mice for 30 days after exposure to 

different doses of 28Si and 12C radiation. A) The survival pattern after exposure to 28Si 

radiation is plotted for doses 4 to 8 Gy. Most of the lethality after 28Si radiation occurred 

before 10th post-radiation day with 6, 7, and 8 Gy showing 100% lethality. B) The survival 

pattern after exposure to 12C radiation is plotted for doses 5 to 8 Gy. Most of the lethality 

after 12C radiation occurred after 10th post-radiation day with 7.5 and 8 Gy showing 100% 

lethality.
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Figure 2. 
Determination of LD50/30 dose (the dose at which 50% lethality occurs at 30-day) for 28Si 

and 12C radiation. A) Mice were irradiated with 28Si (4 to 8 Gy), 12C (5 to 8 Gy), and γ (2 to 

8 Gy) radiation. Mice were monitored daily for 30 days and data plotted as percent survival 

against radiation doses and was used to calculate LD50/30 dose of 28Si (5.17 Gy) and 12C 

(7.34 Gy). B) The 30-day lethality patterns of proton doses (6, 6.5, 7, and 7.5 Gy) and 56Fe 

doses (5, 6, 6.5 Gy) (published earlier; [3]) are compared to those of 28Si and 12C. For each 

radiation type a non-lethal, a 100% lethal, and an intermediate dose (2 for proton) was used 

to plot the graph. The 28Si (RBE: 1.4) radiation showed highest lethality followed by that 

of 56Fe (RBE: 1.25), proton (RBE: 1.06) and 12C (RBE: 0.99) respectively.
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Figure 3. 
Relationship between RBE and LET and RBE and Z-value showed a trend similar to what 

has been reported in literature. A) Taking γ-radiation value as 1, the RBE values of 

proton, 12C, 28Si, and 56Fe are plotted against respective LET values. Peak RBE at a LET 

value of 70 keV/micron and a decline in RBE at a LET value of 148 keV/micron was 

observed and supports earlier observations [11]. B) Considering proton value of 1, the Z-

values of 12C (6), 28Si (14), and 56Fe (26) were plotted against respective RBE values. RBE 

increases with increasing LET and Z-value of the ion. However, with increasing Z-value 

RBE may be lower if the LET is >100 keV/micron and is consistent with what has been 

reported earlier [10, 11].
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Table 1

Radiation type and their characteristics.

Radiation type Z value LET range
(KeV/micron)

Energy Dose rate
(Gy/min)

Gamma (Cesium-137) N/A 0.3 0.662MeV 1

Proton 1 1.26 1,000 MeV/nucleon 1

12C 6 12.95 290 MeV/nucleon 1

28Si 14 69.17 300 MeV/nucleon 1

56Fe 26 148 1,000 MeV/nucleon 1
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