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Introduction
Breast cancer is at a steady increase among women with an age-adjusted incidence rate of 31.4 

per 100,000 women and a lifetime risk of 1 in 29 [1]. The global estimate indicates that almost 
62% of woman diagnosed in economically developing countries died of the disease. It remains the 
most common cancer in women of all races and, therefore, research for a more effective initial 
approach to diagnose and treat breast cancer patients in Africa remains a high priority [2]. However, 
in South Africa, around half of women diagnosed with breast cancer are estimated to survive 5 
years [3]. Radiation Therapy (RT) plays an essential role in cancer treatment, which is based on 
the balance between cure and toxicity. Unfortunately, conventional photon-based RT will result 
in radiation exposure to healthy tissues and may be a key risk factor for developing subsequent 
contralateral breast cancer and cardiac side effects [4,5]. Particle therapy might provide a solution 
for the radiation-induced side effects. It was developed at scientific accelerator laboratories and 
remained a niche within radiation oncology during the last few decades. The clinical application of 
Proton Therapy (PT) is rapidly increasing over the last few years [6]. Globally, there are currently 
109 proton-based treatment centers, of which 37 are located in the United States, based on the 
information from the particle therapy co-operative group updated in September 2020 [7]. Between 
1954 and 2016, more than 149,000 patients have been treated with PT [8]. Protons deposit a low 
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Background: Worldwide, proton therapy is increasingly used as a radiation treatment alternative to 
photon therapy for breast cancer, primarily to decrease the risk for radiation-induced cardiovascular 
toxicity. However, uncertainties remain on the use of a constant Relative Biological Effectiveness 
(RBE) of 1.1 in clinical proton therapy. The beam at the position of the entrance plateau was used as 
the reference radiation in this study to signpost variation in RBEEP.

Objectives: This in vitro study aimed to determine the radiosensitivity of both cancerous and non-
cancerous breast cells to clinical proton irradiation. The variation in RBE at different depths along 
the proton Spread-Out Bragg Peak will be investigated.

Methods: Malignant (MCF-7) and non-Malignant (MCF-10A) breast cells were irradiated with 
doses ranging from 0.5 Gy to 4 Gy at 6 positions: the entrance plateau, 3 points on the Bragg peak 
(Proximal-, Middle- and Distal-SOBP), the 80% Dmax, and 40% Dmax. A Cytokinesis-Block 
Micronucleus (CBMN) assay was performed to determine cytogenetic damage using fluorescent 
microscopy.

Results: A gradual increase was observed in α parameters with depth for both cell lines. Variations 
in the RBEEP between 0.99 to 1.99 for the cancerous cells and 0.92 to 1.60 for the non-cancerous 
breast cells, were observed. In fractionated proton therapy, the MCF-10A cells had a reduced repair 
in radiation-induced DNA damage between fractions compared to the cancerous MCF-7 cell line.

Conclusion: The RBEEP results showed a clear increase in RBEEP along the proton SOBP. This 
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dose in the entrance channel or plateau, followed by a steep increase 
and sharp dose fall-off towards the end of their range in the so-called 
‘Bragg peak’. A point in the spectrum beyond which no radiation dose 
is deposited [9]. In order to irradiate complete tumor regions of larger 
dimensions, a Spread Out Bragg Peak (SOBP) can be created [10].

With increasing clinical experience, advances in technology 
and dosimetry has allowed PT to slowly become an established 
alternative to conventional RT for the treatment of specific types 
of cancer, including breast cancer and childhood cancer [11,12]. 
One of the major concerns for breast cancer RT with photons is the 
potential increase in cardiac mortality related to radiation exposure 
to the heart [13-15]. Results from clinical trials have indicated that 
the use of PT for early breast cancer patients, either before or after 
mastectomy, is beneficial to reduce cardiac morbidity [16-18]. This 
is primarily due to the superior physical characteristics of protons 
compared to photons, resulting in a reduction of the radiation dose to 
the heart [19,20]. This may reduce the cardiac mortality in left breast 
cancer survivors receiving radical RT, thereby positively impacting 
breast cancer survival rates and reducing late side effects [17,21,22]. 
However, the dose sparing effects of PT might be outweighed by the 
usage of a fixed Relative Biological Effectiveness (RBE) for protons. 
RBE is defined as the ratio of the absorbed doses of two different 
radiation qualities to produce the same level of biological effect 
[23]. The RBE of protons is similar to MeV X-rays that are used in 
conventional RT and is set to be around 1.1 for therapeutic energy 
protons (up to 250 MeV) [24]. However, the RBE increases from 1.1 
to 1.7 in the Bragg Peak where protons are slowing down towards the 
end of their range, resulting in an increase Linear Energy Transfer 
(LET) and higher biologic effectiveness. Indicative that sensitive, 
normal tissues should not be positioned immediately distal of the 
dose fall-off [23,25]. Thus, RBE variations should be considered as 
uncertainty bands when estimating normal tissue complications in 
the heart and lungs for breast cancer patients [26]. However, one of 
the current challenges is that the experimental basis for the variable 
RBE in PT lacks a significant number of representative tumor models 
and clinically relevant endpoints for dose-limiting organs at risk [27].

Various radiobiological endpoints can provide different insights 
into cellular radiosensitivity and could be used to determine RBE 
values relevant to normal tissue damage and carcinogenesis, such as 
chromosomal aberrations and DNA Double Strand Breaks (DSBs) 
repair [28]. The Cytokinesis-Block Micro Nucleus (CBMN) assay 
is one of the most common cytogenetic radiobiology assays used 
to evaluate cellular radiosensitivity [29]. The Micronuclei (MNi) 
represent a loss of genetic material that fail to attach to the mitotic 
spindle due to radiation-induced DNA damage. When a dose-
response relationship is established for a specific radiation quality, 
the results can then be used to calculate the respective RBE for this 
type of radiation [30].

Thus, this study aimed to better understand the effects of protons 
on breast cancer cells by assessing genotoxicity and radiation-
induced DNA damage at various positions along the proton depth 
dose profile. In addition, the aim was to determine whether there are 
variations in radiosensitivity and radiation-induced DNA damage 
between a cancerous and non-cancerous breast cell lines in response 
to 200 MeV proton radiations using the micronucleus assay.

Methods
Breast cell lines

Michigan Cancer Foundation-7 (MCF-7) cancerous breast 

cells were cultured using Dulbecco’s Modified Eagle’s medium 
F-12 (DMEM/F-12; Lonza, Walkersville, MD, USA) supplemented 
with 10% Fetal Bovine Serum (FBS), 1% antibiotics (penicillin and 
streptomycin; Lonza, Walkersville, MD, USA). Non-malignant 
MCF-10A breast epithelial cells were cultured using Dulbecco's 
Modified Eagle's Medium F-12 (DMEM F-12; Lonza, Walkersville, 
MD, USA) supplemented with 10% FBS (Gibco, Amarillo, Texas) 
and 1% penicillin/streptomycin. Moreover, the MCF-10A medium 
was supplemented with EGF (Epidermal Growth Factor; Sigma, 
Missouri, USA), hydrocortisone (0.5 mg/mL final concentration; 
Sigma, Missouri, USA) and insulin (10 μg/mL final concentration; 
Thermo Fisher Scientific, Waltham, Massachusetts, USA) the above-
mentioned cell lines were cultured in an incubator at 37°C, 5% CO2 
air and humidified atmosphere.

Proton irradiation
Assessing the risk of secondary effects affecting the normal tissue 

(non-cancer cells) exposed at the beam entrance and fall-off was 
included for this investigation. In addition, MCF-10A cells were also 
irradiated at mid-SOBP positions to quantify if there were differences 
between the cancerous and non-cancerous cell line repair capacity. 
The approach was to use cancerous and non-cancerous epithelial cells 
that are similar in structure, location, and their functionality. While 
more biological endpoints should be investigated, and in vivo models 
should be used to improve our understanding of proton radiobiology, 
this study adds noteworthy information to the existing evidence base 
that there is an increase in RBE in the distal fall-off region relative 
to the proton beam entrance plateau. The cell lines were irradiated 
with a proton beam of an incoming energy of 200 MeV produced by 
the Separated Sector Cyclotron (SSC) at NRF-iThemba LABS, South 
Africa, in an in-house designed Perspex phantom with a positioning 
accuracy of 0.1 mm. The beam profile was checked by examining a 
depth-dose curve and checking the range, entrance dose, and the full 
width at half maximum of the Bragg peak were within prescribed 
limits according to NRF-iThemba LABS dosimetry standards [31]. 
The transverse profiles were checked for symmetry and flatness 
to ensure proper alignment of the beam. The scans were analyzed 
and checked for compliance with set limits. The SOBP of 5 cm was 
modulated using a rotating stepper-absorber (or a modulator wheel) 
and a monolayer of cells was irradiated in a 25 cm2 cell culture flask 
at the different depths. Graded doses of 0.5, 1, 2, 3 and 4 Gy were 
given to the samples, while non-irradiated control samples were 
maintained, in the control room, receiving only ambient radiation 
exposure. Absolute dose measurements were performed by using the 
Markus chamber, a classic plane-parallel dosimetry chamber. The 
Markus chamber measurements were cross-calibrated against the 
reference chamber, and different output factors were measured for 
different depths as shown in Figure 1.

Cytokinesis block micronucleus (CBMN) assay
Immediately after radiation, 7.5 µL Cytochalasin B per 5.0 mL 

media (stock concentration 2.3 µL/mL) was added into each flask. 
Cultures were incubated for 48 h to inhibit cytoplasmic division 
and to enable MNi formation after anaphase division. Thereafter, 
the cells were trypsinated and harvested by washing with 5.0 mL 
hypotonic solution Potassium Chloride solution (KCl, pH 7.4). After 
centrifugation, the supernatant was removed, and the cell pellet was 
washed with 5.0 mL cold methanol/acetic acid/Ringer’s solution 
(10:1:11) solution to fix the cells and maintain structural integrity. The 
samples were then diluted with methanol/acetic acid (10:1) solution 
and 3 slides per condition were prepared. Once air dried, slides were 
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stained with Acridine Orange and scoring was performed as described 
in Vandersickel et al. [30]. A total of 500 Binucleated cells (BNCs) were 
manually scored per slide on a fluorescence microscope (Axio Imager.
A1, Zeiss) by using the Fluorescein Isothiocyanate (FITC) filter. For 
each condition (cell line, dose point and position in the proton depth-
dose curve), at least 1,500 BNCs were manually evaluated over three 
slides. The number of MNi induced by irradiation was obtained by 
subtracting the mean number of MNi in the non-irradiated controls 
from the mean MNi number scored in the irradiated samples. The 
CBMN assay enables more accurate scoring and the ability to sieve 
out the dividing cells from the non dividing ones, thereby reducing 
the incidence of false positives.

Bromodeoxyuridine (BrdU) and flow cytometric analysis
The BD Accuri™ C6 flow cytometer (BD Biosciences, California, 

USA) and FITC Bromodeoxyuridine (BrdU) flow kit to perform cell 
cycle analysis and determine the number of cells that are in S-phase. 
As radiosensitivity vary between cell cycle stages, it is important to 
take cell cycle kinetics into account, especially in the S-phase since 
these are known to be more radio resistant [32]. The protocol as 
described in the manufactures’ instructions was followed. Cells were 
pulse labeled with BrdU by adding 250 µL of a 1 mM stock solution 
directly to 25 mL culture medium to give a final BrdU concentration of 
10 µM. The cells were then incubated at 37°C/5% CO2 for 15 min. One 
sample was then removed and immediately fixed, while in another 
sample the medium was replaced with fresh medium and the cells 
incubated for another 4 h at 37°C/5% CO2. Cell samples were fixed in 
70% ethanol for at least 30 min prior to antibody staining. Cells were 
centrifuged for 10 min at 805 g and the ethanol supernatant removed. 
The cell pellet was resuspended in 2.5 mL of 2 M HCl containing 
0.2 mg/mL. Pepsin and incubated at room temperature for 20 min. 
Flow cytometric analysis was performed within 3 h after completion 
of staining. Both red and green fluorescence were collected as a 
linear signal. Cell doublets were eliminated by processing the red 
fluorescence into height, area and width (doublet discrimination 
mode). Data were collected in list mode and 10,000 events were 
recorded.

Data analysis
Statistical analysis and curve fitting were performed using 

Microsoft Office Excel 2013 (Microsoft Corporation, Washington, 
DC, USA) and GraphPad Prism Software Version 5.00 for Windows 
(GraphPad Software, San Diego, CA, USA). A program was 

developed on MATLAB (MATLAB for Deep Learning) platform to 
calculate the 95% confidence ellipse for the co-variance parameters α 
and β that describes the dose response curve for the average number 
of radiation-induced MN per 1000 BN cells. The program is based 
on the technique used by Slabbert et al. [33]. A two-sided p<0.05 was 
considered statistically significant.

The average number of MNi per dose point and cell line was 
plotted and dose-response curves were fitted by using a Linear-
Quadratic (LQ) model, Equation 1.

Equation 1: The linear-quadratic equation

E = αD + βD² + c

where E is the number of micronuclei observed in 1,000 binucleated 
cells, c the background frequency, α initial slope and β the bending 
component of each absorbed dose in Gy (D) response curve [34].

Thereafter, the RBE values were calculated using equation 2.

Equation 2: Equation to calculate the relative biological 
effectiveness for the same effect for different radiation modalities.

( )
( )

Dose Reference Radiation
Consequently

Dose Test Radiation
RBE = ,

( )
( )

Dose Entrance Plateau
Dose Test PositionsepRBE =

The beam at the position of the entrance plateau was used as the 
reference radiation in this study, similar to previous studies performed 
at NRF-iThemba LABS, where the proton RBE was less than 3% for 
the entrance plateau [35]. Thus, the biological effectiveness will be 
associated to the entrance plateau of the proton beam, and be referred 
to as RBEep.

Results
The mean number of MNi/1000 BN cells was calculated for 

each cell line and dose response curves are presented in Figure 2 
and Figure 3 based on non-linear regression analysis. The MNi were 
counted within BNCs to prevent confounding effects by suboptimal 
culture conditions [30].

From evaluating each position of the proton beam (Figure 4), the 
results indicated a difference in sensitivity between the two breast 
cell lines (p=0.01). Generally, the non-cancerous cells were more 
sensitive, in comparison to the cancerous breast cell line. As shown in 
Table 1, the β-values were negative after the initial fit. It is noted that a 
negative β-value is not acceptable, and selected data sets were refitted 
with a linear curve (β-value =0). Table 1 presents the coefficients of 
the fitted MN dose response curves based on the quadratic regression 
model for both cell lines after exposure to protons at different 
positions.

95% Confidence ellipse results
The ellipse region around a coordinate (the average MNi 

frequency) for both MCF-7 and MCF-10A cell lines defined by the 
mean estimate of the α-value plotted on the x-axis and the β-value 
on the y-axis is shown in Figure 5 for the entrance plateau region. 
The ellipse represents the inherent radiosensitivity of an individual 
(α-value) as well as the capacity to accumulate repairable damage 
(β-value). The two ellipses are distinctly separated from each other, 
which is indicative of an exclusive dose response relationship at the 
entrance plateau in the proton beam (used as reference radiation 
quality in this study). Suggesting that, there is a significant difference 
(p= <0.001) in radiosensitivity between the MCF-7 and MCF-10A cell 

Figure 1: The six Water Equivalent Depths (WED) at which the two cell 
lines where irradiated within a proton beam (200 MeV incident energy). 
In sequential order are the entrance plateau, 3 points on the Bragg peak 
(Proximal-, Middle- and Distal-SOBP), the 80% Dmax and, 40% Dmax.
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lines.

Figure 6 represents the 95% confidence ellipse for MCF-7 and 
MCF-10A cells at the different positions along the proton SOBP. 
For both cell lines, there is an increasing overlap based on the dose 
responses at different positions in the ellipses, with the overlap for 
MCF-10A cells being most pronounced. There is a clear distinction 
between the entrance plateau region and the position in the distal fall 
of region of the SOBP for the MCF-10A cells; this clearly indicates 
an increase variation in the cancerous cell’s response to proton 
irradiation at different regions of the beam. When comparing the 
95% confidence ellipses for the Dmax 40% of both cells, there is clear 
difference in the dose response relationship (Figure 7) between the 
two cell lines. This agrees with the observations obtained with the 
reference radiation, were isolated ellipses were also observed (Figure 
7). The confidence ellipses for MCF-7 cells are relatively larger for 
all positions especially at the distal 40% region (Figure 7), further 
signifying an increased variation in radiosensitivity for cells irradiated 
with protons.

Bromodeoxyuridine (BrdU) and flow cytometric results
Flow cytometry evaluated the fraction of BrdU incorporation in 

MCF-7 and MCF-10A cells, which is an indication of the percentage 
of cells in S-phase. This analysis revealed that MCF-7 cells spend 
a longer time in the S-phase compared to the MCF-10A cells. As 
reflected by the flow cytometric analysis, 53% of MCF-7 cells were in 
S-phase, whereas, 43% of MCF10 was noted for the same phase.

Variation in relative biological effectiveness (RBE)
To calculate the RBEep, the iso-effective doses were calculated 

for different levels of biological effects. Using the linear-quadratic 
model and the α- and β-values listed in Table 1, the iso-effective 
doses were calculated at biological effects ranging between 100 up 
to 500 MNi/1000 BNCs. Table 2 demonstrate the iso-effective doses 
calculated for MCF10-A and MCF-7 cells respectively.

For the non-cancerous breast cells, the dose decreased with depth 
between 1.44 Gy and 0.96 Gy for 200 MNi/1000 BNCs and from 2.82 
Gy to 2.06 Gy for 400 MNi/1000 BNCs as indicated in Table 2. For 
MCF-7 cells the proton dose decreases from 2.26 Gy in the entrance 
plateau to 1.48 Gy at 40% Dmax, at a level of 200 MNi/1000 BNCs. 
For an effect of 400 MNi/1000 BNCs the dose decreased from 4.90 
Gy to 2.88 Gy for the cancerous breast cell lines. The resulting RBEep 
values are plotted in Figure 8A. As expected, the RBEep decreases with 
dose, from a minimum of 1.05 to a maximum of 1.43 for an iso-effect 
of 300 MNi/1000 BNCs for MCF-10A cells. The RBEep calculated for 
the MCF-7 cell line can be seen in Figure 8B. However, in this case, 
the RBEep slightly increased with radiation dose. For the cancerous 
cells, there was also an increase in RBEep from 1.17 to 1.61 for an 
iso-effect of 300 MNi/1000 BNCs. It was anticipated that the RBEep 
would increase with depth throughout the proton beam for both the 
cancerous and normal breast cell lines. However, for the cancerous 
MCF-7 cells, the RBEep was higher at the 80% Dmax compared to the 
40% Dmax which is located further down in the distal region of the 
proton beam.

Discussion
Conventionally, the ability to deliver large doses of radiation to 

a tumor has been limited by radiation-induced toxicity to normal 

PLAT PROX SOBP MID SOBP DIS SOBP 80% DMAX 40% DMAX

 MCF-10A

A 26.67 26.67 26.67 26.67 26.67 26.67

B 113.1 140.7 67.96 157.2 192.6 181.1

C 7.25 0 20.91 0 0 0.18

 MCF-7

A 13.33 13.33 13.33 13.33 13.33 13.33

B 85.36 70.28 130.7 130.8 156.5 117.3

C 0 7.84 0 6.73 1.75 5.93

Table 1: Alpha and beta values calculated using the second order polynomial theorem. A (Background =a); B (Bending component =α); C (Initial slope =β). Both cell 
lines were fitted according to Polynomial: Second order (Y=A+ B*X+ C*X2) best-fit values.

Normalised MNI PLAT PROX SOBP MID SOBP DIS SOBP 80% DMAX 40% DMAX

 DOSE (Gy) FOR MCF-10A

100 0.65 0.55 0.85 0.47 0.5 0.41

200 1.44 1.3 1.68 1.11 1.18 0.96

300 2.16 2.05 2.34 1.75 1.87 1.51

400 2.82 2.8 2.9 2.39 2.55 2.06

500 3.44 3.55 3.4 3.03 3.23 2.61

 DOSE (Gy) FOR MCF-7

100 1.06 1.1 0.67 0.64 0.55 0.71

200 2.26 2.14 1.45 1.34 1.18 1.48

300 3.55 3.04 2.23 1.99 1.8 2.2

400 4.9 3.84 3.03 2.61 2.41 2.88

500 6.33 4.58 3.84 3.2 3.01 3.52

Table 2: Iso-effective doses calculated for both MCF-10A and MVF-7 cells at different levels of biological effects.
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surrounding tissues. The main objective of this study was to understand 
the biological effect and response of protons on two different human 
breast cell lines. Despite the growing interest and experience in 

the clinical use of PT, the radiobiological differences after proton 
compared to photon irradiation remains to be completely elucidated 
[36]. PT currently uses a generic RBE of 1.1, nearly equivalent to the 
RBE of high-energy X-rays. However, there is growing experimental 
evidence data suggesting that the RBE of protons is significantly 
higher in the distal area of the Spread-Out Bragg Peak (SOBP) [37]. 
The debate is still ongoing and limits to reach the full potential of 
PT, as uncertainties in the RBE directly results in an uncertainty in 
the biological effective dose delivered to the patient. This leads to a 
potential extension of the bio-effective range, which could contribute 
to normal tissue complications. Most published data focus on cell 
killing using colony survival assays with tumor cells, which is not the 
most representative assay to predict side effects observed in normal 
tissue [38-40].

Based on reported literature on the study of breast cells, the shape 
of the cell is assumed to be spherical with appropriate modifications 
in geometry and boundary conditions [41]. Two types of breast cells, 
namely MCF-10A and MCF-7 were thus considered for the current 
study with comparable doubling time reported [42]. Consequently, 
the approach was to use cancerous and non-cancerous epithelial cells 
that are similar in structure, location, and their functionality. It is well 
known that different breast cell lines respond differently to the same 
type of radiation treatment [43]. However, cells of different origin, 
such as endothelial cells, should further be considered as a potentially 

Figure 2: Best fit data graphs calculated from the MN formations per 1000 
BN cells for the MCF-10A cells along the SOBP, from (A) the entrance 
plateau region to (F) the distal 40% region. (* graphs that were re-fitted 
and the process repeated until all the highest-order interactions were still 
significant at the 5% level).

Figure 3: Best fit data graphs calculated from the MN formations per 1000 
BN cells for the MCF-7 cells at different positions along the SOBP, beam 
from (A) the entrance plateau region to (F) the distal 40% region.

Figure 4: Area graph showing the MN formations per 1000 BN cells for both 
MCF-7 and MCF-10A cells for the highest dose in the proton beam depth.

Figure 5: 95% confidence ellipses for both cell lines in the plateau region. 
MCF-10A cells (turquoise) with a higher α/β ratio compared to the MCF-7 
cells (red).
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more relevant cell line to address concerns relating to late effects of 
proton irradiations. In a study where γ-rays radiation was used to 
investigate the radiosensitivity of these cell lines with both clonogenic 
cell survival and DNA DSB repair assays, it was clear that MCF-10A 
cells were more radiosensitive compared to the cancerous cell lines 
[44]. Choi et al. determined the RBE of 230 MeV protons mid-SOBP, 
compared to 6 MV X-rays, in ten human breast cell lines, including 
5 Triple-Negative Breast Cancer (TNBC) cell lines. Clonogenic 
survival assays revealed a wide range of proton RBE across the breast 
cell lines, but the non-cancerous MCF-10A cell line appeared not as 
more radiosensitive than the MCF-7 cell line for a survival fraction 
from a clonogenic survival assay at 2 Gy [45]. When the effect of 
proton beams on DNA methylation were evaluated in the MCF-
10A and MCF-7 the non-cancerous breast cell line, an increased 
hypermethylation was observed in the MCF-10A cells, suggesting that 
the non-cancerous cell was more resistant to the proton irradiation 
with respect to genomic instability [46]. Generally, the cancerous cells 
were more radio resistant compared to the normal breast cell lines 
in this study and concur with previous findings [43,47]. However, it 

is clear that the results of previously published studies and our own 
dataset contradict each other and it is therefore difficult to draw a 
final conclusion on the radiosensitivity of MCF-10A cells compared 
to MCF-7 cells for proton irradiation.

Although, the impact of the various DNA repair assays on the 
cytotoxicity and genotoxicity due to ionizing radiation are well 
documented, with additional information on senescence, cell cycle, 
DNA DSB or cell survival, the preliminary assessment using the 
CBMN assay to quantify cytogenetic damage were preferred [48]. The 
CBMN assays were also previously used to explore radiosensitivity 
in Chinese hamster cells for two low-energy proton beam (0.88 and 
5.04 MeV) [49]. However, it is important to take into consideration 
that these shallow low-energy proton beams are known to have a 
higher LET values than the high-energy proton beams used in clinical 
practice. The lowest dose used in that study was 0.5 Gy and MNi per 

Figure 6: 95% Confidence ellipses for the (a) MCF-7 and (b) MCF-10A cells for different regions in the proton beam.

Figure 7: The 95% Confidence ellipses at the distal 40% for both cell lines. 
The 95% Confidence ellipse for the MCF-10 cell (turquoise) are shifted to 
the right of the graph indicating a higher α-value compared to the MCF-7 
cells (red).

Figure 8: RBEep calculated based on the plateau region as reference 
radiation for (A) MCF-10A, and (B) MCF-7 cells.
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1000 BN cells did increase when compared to the controlled groups 
for both cells, indicating a significant increase in DNA damage which 
was in agreement previously published work [50].

The increase in biological damage per unit dose at the different 
depths is reflected in the RBE variation along the SOBP. In this study, 
the variation in RBEep was between 0.99 to 1.99 and 0.92 to 1.6 for the 
cancerous cells and the normal breast cell, respectively. As expected, 
the RBEep was higher for the MCF-7 cell line that accumulates and 
repairs a large amount of sub-lethal damage and is more radio 
resistant. Previous studies measured with the colony survival assay 
as biological end point reported RBE increases in the middle of 
the SOBP to 1.2 and also from 1.1 to 1.2 at the middle of the SOBP 
when the SOBP was increased to 7 cm [51,52]. The distal edge region 
showed an increase in radiosensitivity for both cells which was in 
line with studies done for various cell lines using a 2 Gy fractionation 
dose, where RBEep increases up to 1.35 on average at the distal fall-off 
were reported [28]. However, the distal 40% Dmax position for the 
non-cancerous cell line did not coincide with previous studies, where 
a continuous increase in RBEep in the far distal edge of the proton 
beam was reported [28]. This can possibly be explained by a variation 
in proton beam energy during the experiment, resulting in a range 
uncertainty and output corrections were applied as described by 
Zhao et al. [53]. These range uncertainties effects on biological models 
were previously explored by Paganetti et al. [54].

The ratio of the dose values needed to reach the same level of 
biological effect when comparing two radiation modalities should be 
carefully considered while planning a radiotherapy treatment with 
charged particles. In the case of proton therapy, the effectiveness of 
the radiation damaging process is due to changes in the microscopic 
pattern of energy deposition of a charged particle shortly before its 
stops usually located near a critical structure or cells that lines the 
surfaces of organs including skin, blood vessels, urinary tract, etc. A 
recent study was developed for assessing the LET and RBE in proton 
therapy beams using couples of differently doped thermoluminescent 
detectors showed comparable results with Monte Carlo computer 
simulations [55]. The results of a clonogenic cell survival assay study 
performed using Chinese Hamster Ovary (CHO) cells exposed in the 
same detector positions revealed a corresponding trend for assessing 
the LET and RBE in proton therapy. Similarly, with comparable 
positions, a study by Cunningham et al. [56], exposed the LET values 
of 0.90, 3.81 and 7.17 keV/μm representing the radiation quality at 
the entrance, the end of the proton track and the 80% distal fall-
off respectively, revealing a direct consequence of the increase in 
ionization density with depth along the SOBP, which is also reflected 
in the increasing LET values particularly at the distal fall-off.

BrdU (an analogy of the DNA precursor thymidine) is 
incorporated into newly synthesized DNA by cells entering and 
progressing through the S-phase (DNA synthesis) of the cell cycle. 
The levels of cell-associated BrdU, stained with a dye that binds to 
DNA such as 7-Amino-Actinomycin D (7-AAD), are then measured 
by flow cytometry. With this combination, two-color flow cytometric 
analysis permits the enumeration and characterisation of cells that are 
actively synthesizing DNA (BrdU incorporation) in terms of their cell 
cycle position. Each cycle phase was measured as a percentage in terms 
of the time it spends in each checkpoint. Cells that divide frequently 
are more radiation-sensitive than those that divide rarely thus, 
tissues that consist of rapidly dividing cells are similarly radiation-
sensitive [57,58]. MCF-7 cells spend approximately 10% more time 

in the S-phase when compared to MCF-10A; this could possibly 
explain the increase in resistance of the MCF-7 cells. Nevertheless, 
DNA synthesis for cancer cell lines are extended as doubling time 
for MCF-7 cells is 26 h to 34 h, while MCF-10A has a doubling time 
of 10 h to 21 h [42,51,59-61]. MCF-10A cells are known to grow 
faster than MCF-7, therefore the result that MCF-7 cells are more 
resistant than MCF-10A is intriguing. Based on the BrdU assay and 
flow cytometry results, a possible explanation could be the variation 
during the doubling time in each culture. A comparison of these two 
cell lines can only be confirmed on the BrdU results which found that 
the MCF-10 cell line was in a more sensitive phase of the cell cycle 
than the MCF-7 cell line at the time of irradiation. The slightly higher 
S-phase fraction of MCF-7 cells, known to be the most radio resistant 
phase of the cell cycle, might explain the difference in radiosensitivity 
with the MCF-10A cells [62]. However, since these results were 
unrepeated and lack any range of deviation, it is a bit controversial to 
make such a claim with only a 10% difference.

The clinical importance of this study should be understood in terms 
of the α/β ratios for protons for both cell lines. The ellipse represents 
the inherent radiosensitivity of the cell lines (α-value) as well as the 
capacity to accumulate repairable damage (β-value). The confidence 
ellipses around the mean α- and β-value estimated were segregated 
for both cell lines. The zero β-value for MCF-7 cells may well be the 
result of the 3 Gy dose points that was somehow underestimated in 
the experimental work Figure 3A. It was unfortunately not possible 
to repeat the proton irradiations to confirm the findings, due to 
beam time restrictions. Therefore, the β-value for the MCF-10A cell 
line was used to fit the data for the MCF-7 cells to calculate the α/β 
ratios. The α/β ratio for MCF-7 cells was then calculated to be 8 Gy to 
compare to 16 Gy for MCF10A cells.

The α/β ratio is a measure of the importance of fractionation in 
determining the biological effective dose [63,64]. For fractionated PT 
the MCF10A cells will repair less damage between fractions compared 
to the MCF-7 cells, which negates the advantage of fractionation [65]. 
Based on the results of this study, a hypo-fractionated stereotactic 
treatment protocol might be more beneficial for breast cancer patients 
[66]. Although, previous hypo-fractionation studies demonstrated 
comparable results in late toxicities and concluded to be non-inferior 
to conventional fractionation with varying biological effective doses, 
the tumors response due to its microenvironment to radiation 
treatment remains unexplored [67,68].

The above argument is based only on the radiosensitivity of 
the two cells when exposed in the entrance plateau region. Further 
analysis of the 95% confidence ellipse of both cell lines showed a clear 
increase of the α-value toward the distal portion of the beam and 
indicated an increase in LET and ionization density in this region, 
resulting in more complex DNA damage [69]. Considering that the 
α and β parameters gradually increase with depth for protons for 
both cells, of clinical importance is a non-homogeneous dose within 
the targeted area and the unwanted high dose behind the targeted 
area as emphasized in former studies especially for pediatric tumors, 
and more recently for breast cancer patients [26,70,71]. Therefore, 
distal energy modulation could be investigated especially with larger 
tumors [72]. It is clear that the modulation of the SOBP should be such 
that less radiation is applied to the distal part to keep the biological 
effectiveness analogous [73]. A persisted observation in view of the 
95% confidence ellipses for the non-cancerous breast cell lines are 
more compressed compared to the cancerous cell lines indicating an 
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increase in variance of radiosensitivity in the cancerous cells, based 
on the α-value, to proton radiation.

Since the RBE increased for lower doses and the rationality of the 
linear quadratic model in the lower dose region has been questioned 
during this study, it would be beneficial to incorporate even lower 
dose points in future studies. Although this study indicated a clear 
variation in radiosensitivity for the two breast cell lines, future 
investigations should consider more radiobiological endpoints where 
DNA-damage repair can be assessed by focusing on repair-related 
proteins [74].

Conclusion
Breast cancer is the most commonly diagnosed cancer among 

woman in South Africa, with almost half a million woman dying of 
this disease [75,76]. Therefore, a resilient purpose should be focused 
on treatment efforts, including PT. However, the concern around the 
uncertainties in RBE and LET at the distal region of the beam, close 
to critical structures, remains a major concern [77]. The increased 
survival of the cancerous breast cells compared to normal breast 
cells, might call for the consideration of hypofractionated PT. While 
more biological endpoints should be investigated, and in vivo models 
should be used to improve our understanding of proton radiobiology, 
this study adds significant information to the existing evidence base 
that there is an increase in RBE in the distal fall-off region relative to 
the proton beam entrance plateau however, cells of different origin 
should further be considered to address concerns relating to late 
effects of proton irradiations. Disregarding RBE variations could lead 
to suboptimal proton plans, resulting in lower doses to the tumor and 
hot spots in organs at risk. Future studies therefore could include cell 
lines of different origins to therefore, these results could be used by 
the modeling community to further develop biologically motivated 
treatment planning for proton therapy.
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