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Background: Bladder cancer is the fourth most commonly diagnosed cancer among males worldwide. Current treatment strategies established for bladder cancer mainly consist of cystectomy yet advances in radiation therapy have pointed to the value of organ-preserving strategies in preserving patients' quality of life.

Aim: To study and compare the radiosensitivity in two-dimension (2D) and physiologically-relevant three-dimension (3D) in vitro culture of three human bladder cancer cell lines, RT4, T24, and UM-UC-3.

Materials and Methods: Clonogenic assay was performed to assess cells' radiosensitivity in 2D. Employing the 3D Matrigel™-based cultures to enrich for cancer stem cells (CSCs) allowed us to assess the survival of this subpopulation of cells via evaluating the number, i.e., sphere forming unit (SFU), and the sizes of cultured spheres, formed from cells exposed to different radiation doses compared to non-irradiated cells.

Results: Irradiating cells with increasing radiation doses revealed highest survival rates with RT4 cells in 2D, followed by T24 and UM-UC-3. In 3D, however, UM-UC-3 cells were shown to be the most radio-resistant as evidenced by the number of spheres formed, yet they displayed the least efficient volume reduction/regression (VR), whilst the volume decreased significantly for both RT4 and T24 cells. Sphere VR and sphere ratio (SR) values were then plotted against each other demonstrating a linear correlation between volume and number with RT4 and UM-UC-3 cell lines, but not T24. Lastly, multiple regression model was employed to evaluate the possibility of obtaining a function combining both 3D parameters, SR and VR, with the surviving fraction (SF) in 2D, and showed a linear regression for T24 cells only, with a correlation coefficient of 0.97 for the combined parameters.

Conclusion: We were able to radiobiologically characterize 3 human bladder cancer cell lines showing differential effects of radiation between 2D and 3D culture systems, paving the way for achieving better assessment of radiosensitivity of bladder cancer in vitro.
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INTRODUCTION

Bladder cancer is one of the most commonly diagnosed cancers among men worldwide (1). Although cystectomy is still considered the mainstay of treatment, recent advances in radiation delivery have increased the importance of bladder preserving strategies, while also improving patients' quality of life (2–7). The introduction of radiotherapy treatments in this context highlighted the need for a radiobiological characterization of bladder cancer. Indeed, many studies have focused on the in vitro radio-response of bladder cancer cells. These have included DNA damage assessments, apoptosis tests, genomic analyses, and clonogenic assays; however, to date there is still no reliable bladder radiosensitivity predictive test (2, 8–11). In fact, intrinsic radiosensitivity is generally correlated with loss of clonogenicity which is directly linked to the ability of the cell to repair radiation-induced DNA damage. Specifically, DNA double-strand breaks are currently considered the key lesions responsible for radiation-induced cell death (12–14).

Out of all the radiosensitivity tests, clonogenic assay is still considered as the main reference for cells' response to ionizing radiation (IR), as it allows the quantification of radio-induced cell death (15–17). In 1981, Fertil and Malaise showed that the surviving fraction (SF) at 2 Gy can be correlated with tumor control (16). Since then, many models have been developed to describe radio-induced cell death with the linear-quadratic model still being used in daily clinical routine as it shows the best fitting quality (18–24).

On the other hand, many studies have shown that treatment failures, recurrence and metastasis can be correlated particularly to the presence of surviving subpopulation of cancer stem cells (CSCs) within tumors, that are resistant to conventional treatments (25–27). The identification of the first CSCs from acute myeloid leukemia in the haematopoietic system in 1994 (28) has given way to potential isolation of similar tissue-specific CSCs and progenitor cells from any other tumor in the body (29). Those CSCs, also referred to as tumor initiating cells, are a small subpopulation of cells residing within the tumor bulk that have similar characteristics to normal stem cells including tumor initiation, multiple differentiation, and self-renewal capabilities (30–32). It has been validated that CSCs possess the capability of forming multicellular 3D spheres in vitro when grown in non-adherent serum-free conditions (33–38). Such tumorosphere formation assays in 3D culture favor the growth and propagation of CSCs from various stages of the disease and allow for screening of different conventional and novel drugs that may focally eradicate these cells (33, 36–39). The importance of these 3D cell culture models is that they enable cell growth in a more physiologically relevant environment than conventional 2D cell cultures (40, 41).

Although the assessment of radiosensitivity in both 2D (the clonogenic assay) and in 3D (sphere formation assay) culture systems can be relevant, very few studies have focused on finding a correlation between them, particularly in the case of bladder cancer (42–45). The purpose of this study is to analyze the response to IR of 3 human bladder cancer cell lines, in 2D and 3D, and to find the correlations between the:

- surviving fraction (SF), or the capacity of irradiated cells to form colonies

- sphere volume (SV), or the capacity of irradiated cells to form spheroids

- and sphere ratio (SR)

while improving our knowledge in the radiobiology of bladder cancer.

MATERIALS AND METHODS

Cell Culture

Three bladder cancer cell lines were used: RT4 (transitional cell papilloma), T24, and UM-UC3 (transitional cell carcinoma). Cells were purchased from the American Tissue Culture Collection (ATCC). Characteristics of each cancer cell line are shown in Supplementary Table 1.

All cells were cultured and maintained in Dulbecco's Modified Eagle Media (DMEM) Ham's F-12 (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich), 1% Penicillin/Streptomycin (Sigma-Aldrich), and 0.2% plasmocin prophylactic. Cells were incubated at 37°C in a humidified incubator containing 5% CO2.

Irradiation

Cells were irradiated with a 225 kV Precision X-Ray (PXi) irradiator model No X-RAD 225. Irradiation was performed at 3 Gy.min−1 and a 1.5 mm Aluminum filter was used.

Cell Survival Clonogenic (2D) Assay

Cells were plated in 6-well culture plates and incubated at 37°C in a humidified incubator containing 5% CO2. After reaching 70% confluency, cells were irradiated at different doses (0 to 10 Gy). Delayed plating technique was performed: 24 h post irradiation, cells were collected and plated in T25 flasks at two different concentrations. The two concentrations were chosen based on the best plating efficiency for each cancer cell line. After incubation for ~10–14 days, cells were fixed with 95% ethanol for 1 min, stained with crystal violet for 3 min, and then washed twice with distilled water. Stained colonies were counted, and each colony was considered as such if formed by more than 50 cells (15, 16, 46, 47).

Surviving fraction (SF) was calculated using the following formula:
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SF results were fitted to the Linear-Quadratic model (15–17, 24):

[image: image]

With SF being surviving fraction at a dose D (in Gy) and α(Gy−1) and β(Gy−2) denoting the adjustment parameters.

Sphere Formation Assay and Assessing the Ability of Irradiated Cells to Form Spheres (3D Assay)

Although the clonogenic assay is the mainstay of radiosensitivity tests, its main purpose is to assess cells' intrinsic radiosensitivity. Recent advances in cell culture techniques have yielded novel volumetric parameters to characterize cells by growing them in 3D Matrigel™-based cultures and allowing them to form spheres via sphere-formation assay. This commonly used method allows for identifying CSCs and studying their properties in vitro (37). Cells' response to radiation can therefore be evaluated by counting the number of spheres as well as the mean volume of spheres after different doses of IR.

Cells were plated in 12-well culture plates at a concentration of 5 × 104 cells per well. After reaching 70% confluency, each plate was treated with a different radiation dose (0 to 10 Gy). Twenty-four hours post-irradiation, cells were trypsinized, collected, counted, and seeded as single cells in Matrigel™/DMEM Ham's F-12 (serum-free) (1:1) at a concentration of 2 × 103 cells/well in a total volume of 50μl in duplicates, as previously described (34, 36–38). Cells were then plated around the rim of the wells of 24-well culture plates and allowed to solidify in the incubator for 45 min. DMEM Ham's F-12 media with 3% heat-inactivated fetal bovine serum was then added to the center of the wells.

Depending on the cell line, the spheres were counted on a Zeiss Axio Vert.A1 microscope, and their sizes were measured 5–7 days post irradiation with the Zen 2.3 lite blue edition software. Sphere numbers and diameter sizes were assessed for each sphere with a minimum diameter of 40μm, as previously described by Sart et al. (48). Sphere ratio (SR) was calculated using the following equation:
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Sphere Forming Unit (SFU) Definition

SFU was calculated based on this formula (37):
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For example, the formation of 80 spheres after plating 2,000 cells indicates an SFU of 4%.

Sphere Formation Inhibition

Sphere formation inhibition was calculated using the below equation:
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SI, as a function of dose, was fitted to the below equation:
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With SI being the percentage of sphere inhibition at a dose D in Gy, and a (Gy−1) denoting a fitting parameter that describes the increase in inhibition with the dose.

Sphere Volume Assessment

Volume was then calculated using the below equation:
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With V being the volume and d the diameter

Volume as a function of the dose was fitted to a negative exponential model:
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With V being the volume in μm3 at a dose D (in Gy), and b (Gy−1) denoting a fitting parameter that describes the decrease rate with the dose.

VR was calculated using the following equation:
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With V0 being the volume without exposure to IR, V(D) the volume after a treatment with a dose D in Gy.

VR, as a function of dose, was fitted to a curvilinear model:
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With VR being the percentage of volume reduction, VRmax being the maximal volume reduction, and e (Gy−1) being a fitting parameter.

Statistical Analysis

Data and statistical analysis was done using MATLAB R2016a (MathWorks, Natick, MA). ANOVA test was performed to validate the differences between volumes after irradiation.

A linear regression was performed to assess the potential correlation between 2D and sphere results. A multiple regression model correlating survival fraction (SF), sphere ratio (SR) and volume reduction (VR) was modeled with the following function:
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The data fit for SF(D), SR(D), V(D), and VR(D) by Equations (2), (6), (8), and (10) was obtained by minimizing the least squares residual. The algorithm used was the trust-region-reflective optimization which is based on the interior-reflective Newton method (49). The least squares calculations were obtained by using the lsqcurvefit command in Matlab Software (The Mathwork, Natick, MA, USA), and were stopped when the final change in the sum of squares relative to its initial value became less than the default value of the function tolerance.

R2 values, also known as the coefficient of determination, a statistical measure of how close the data are to the fitted regression line, were calculated automatically with the cited algorithm for all fits: values range from 0 to 1, with 1 being the perfect fit.

RESULTS

Cell Survival Results: Clonogenic (2D) and Spheres-Formation (3D) Assays

In order to assess the radio-induced cell death of the three human bladder cancer cell lines, clonogenic assay was employed.

Our results were in consonance with this model (Figure 3) with R2 values of 0.99, 0.99, and 0.98 for RT4, T24, and UM-UC-3, respectively. It is also noteworthy mentioning that RT4 was the most resistant bladder cancer cell line with a SF of 0.54 ± 0.07 at 2 Gy (SF2), whereas T24 and UM-UC-3 cells had SF2 values of 0.38 ± 0.09 and 0.35 ± 0.07, respectively. Fitting parameters and coefficients are shown in Supplementary Table 2. To ensure the phosphorylation of H2AX histone variants (γ-H2AX) following IR, immunofluorescence was used. Representative examples of nuclei stained by γ-H2AX antibodies and counterstained by DAPI at 2 Gy (10 min) vs. 0 Gy for RT4, T24, and UM-UC-3 cells are shown in Supplementary Figure 1.

Next, we sought to determine the relationship between the number of spheres and the dose. Without IR, SFU was 3.83 ± 0.4%, 2.43 ± 0.22%, and 3 ± 0.5% for RT4, T24, and UM-UC-3, respectively (Figures 1 and 2). After IR, a clear difference was observed in reduction of the SR (Figure 3). The outcomes of 3D cultures displayed a proper fit with the Linear-Quadratic model, whereby the equation used for cell survival in 2D was found to be relevant for the 3D results as well, with R2 values of 0.85, 0.9, and 0.84 for RT4, T24 and UM-UC-3 cells, respectively. Nonetheless, the radiosensitivity status evinced here contradicts that of the clonogenic assay results, where UM-UC-3 exhibited the highest radioresistance in its capacity to form spheres with 57 ± 7% remaining spheres in response to 2 Gy (Figure 3C), while this value was 22 ± 5% and 21 ± 3.5% for RT4 and T24, respectively (Figures 3A,B). This effect can be also observed when plotting sphere inhibition with the dose [Equation (6) and Figure 4], where RT4 and T24 spheres formation was completely inhibited after a 10 Gy dose, while only 82 ± 6% of the UM-UC-3 spheres was inhibited at this high dose. Besides, even when the SF reached the 0 value, UM-UC-3 cells were able to maintain 30% of the spheres at 8 Gy and 18% at 10 Gy.
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FIGURE 1. Morphology of human bladder cancer cells in 3D. Representative bright-field images of RT4, T24, and UM-UC-3 spheres with or without radiation treatment (at 0, 2, and 10 Gy). Images were visualized by Zeiss Axiovert inverted microscope at 10x magnification and analyzed by Carl Zeiss Zen 2012 image software. Scale = 50 μm.
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FIGURE 2. SFU of the 3 human bladder cancer cell lines without IR. Results represent the mean of at least three independent experiments of sphere-formation assay ± standard error of the mean (SEM).
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FIGURE 3. Radia-induced cell death in 2D (SF) and 3D (SR) for the 3 human bladder cancer cell lines. SR was calculated using the equation [image: image]. Each data point represents the mean value of at least three independent experiments ±SEM. Data are fitted to a linear quadratic (LQ) model. Fitting parameters and the corresponding R2 values are shown in Supplementary Tables 2,3.
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FIGURE 4. Radiation-induced decrease of number of spheres for the 3 human bladder cancer cell lines. Each data point represents the mean value of at least three independent experiments ±SEM. Sphere formation inhibition was calculated using the equation [image: image]. Data are fitted to a curvilinear model SI(D) = 100 × (1 − exp(−aD)). R2 values for RT4, T24, and UM-UC-3 are respectively, 0.94, 0.96, and 0.84. Fitting parameters and the corresponding R2 values are shown in Supplementary Table 4.



In addition, results showed that the difference in radiosensitivity between the 2D and 3D culture systems is highly dependent on the cell line:

- For RT4, cells were more sensitive in 3D at lower doses but became more resistant at higher doses (Figure 3A).

- For T24, cells were more sensitive when cultured in 3D (Figure 3B).

- For UM-UC-3, cells were more resistant in 3D (Figure 3C).

After showing the evolution of SF and SR with the dose, a linear regression was performed to assess the potential correlation between 2D and sphere results. A linear correlation was found between SR and SF for the 3 cancer cell lines, with R2 coefficients of 0.84, 0.85, and 0.92 for RT4, T24, and UM-UC-3, respectively (Figure 5).
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FIGURE 5. Linear correlation between SF and sphere ratio for each cell line. Each data point represents the mean of at least three independent experiments ±SEM. (A) RT4 cell line (R2 = 0.84). (B) T24 cell line (R2 = 0.85). (C) UM-UC-3 cell line (R2 = 0.92). Data are fitted to a linear model. Fitting parameters and the corresponding R2 values are shown in Supplementary Table 5.



The Effect of Sphere Volume Without Irradiation Is Dominant When Assaying Volume Reduction (VR)

Since sphere formation assay has been widely used in different cancers for the isolation and enrichment of CSCs, phenotypes of those CSCs differ among the various cell lines used yielding a heterogeneity in the average number, i.e., SFU, as well as the mean size of spheres formed (50). In our study, without irradiation, RT4 and T24 cancer cell lines were able to form spheres of comparable volume sizes, 24 ± 3.2 × 104 and 24 ± 2 × 104 μm3, respectively, while much smaller spheres were formed in UM-UC-3 cells, with an average volume of 5 ± 0.58 × 104 μm3 (Figures 1 and 6A).
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FIGURE 6. Radiation-induced sphere volume decrease for the 3 human bladder cancer cell lines. Each data point represents the mean value of at least three independent experiments ±SEM. (A) spheres volume. Data are fitted to a negative exponential model: y = V(0)exp(−bx). R2 values for RT4, T24, and UM-UC-3 are respectively, 0.82, 0.97, and 0.88. Fitting parameters and the corresponding R2 values are shown in Supplementary Table 6. (B) sphere volume reduction ([image: image]). Data are fitted to a curvilinear model: y = VRmax × (1 − exp(−ax)). R2 values for RT4, T24, and UM-UC-3 are respectively, 0.9, 0.99, and 0.81. Fitting parameters and the corresponding R2 values are shown in Supplementary Table 7.



For the 3 cancer cell lines, volume followed a negative exponential model [Equation (8)].

R2 values for RT4, T24, and UM-UC-3 cells were as follow: 0.82, 0.97 and 0.88, respectively (Figure 6A).

On the other hand, VR(D) followed a curvilinear shape [Equation (10)] for the three cell lines with R2 coefficients for RT4, T24, and UM-UC-3 of 0.9, 0.99, and 0.81, respectively (Figure 6B).

The effect of the initial sphere size on VR with the dose was very dominant, with UM-UC-3 having the least efficient VR, while the volume decreased significantly for both RT4 and T24 (Figures 6A,B). This is probably due to the fact that the diameter limit for a spheroid to be considered as such was 40 μm, as previously described by Sart et al. (48), which corresponds to a volume of 3.3 × 104 μm3. This means that any UM-UC-3 sphere with a reduction of more than 30% will not be taken into account.

To confirm this observation, we pooled the sphere volume data for each dose and each cancer cell line to be able to perform an ANOVA analysis and verify the volume decrease with the dose. A significant sphere VR was observed for RT4 and T24 cancer cell lines at all the doses and the control (P < 0.01). For UM-UC-3 cells, however, no significant decrease was observed between the different irradiation doses (P > 0.05), and the only acceptable difference was between the control (0 Gy) and the irradiated cells (P = 0.03).

It is also noteworthy mentioning that the reduction percentage was higher for RT4 at lower doses ranging between 1 and 4 Gy. On the other hand, VR was more pronounced at higher doses for T24 cells, reaching a value of 100% at 8 and 10 Gy (Figures 6A,B).

Correlation Between Sphere Ratio (SR) and Sphere Volume

To check whether sphere VR and SR values are independent or proportional, both variables were plotted against each other (Figure 7). RT4 and UM-UC-3 showed a linear correlation between volume and number with R2 = 0.9 for both cancer cell lines. Although the volume data for UM-UC-3 were not significant as mentioned previously, at least for RT4, sphere volume and sphere number are responding in the same way to IR (Figures 7A,C). On the other hand, correlation coefficient of T24 (R2 = 0.64) showed no linear correlation between those 2 parameters (Figure 7B).
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FIGURE 7. Linear correlation between sphere volume reduction and sphere ratio for each cell line. Each data point represents the mean value of at least three independent experiments ±SEM. (A) RT4 cell line (R2 = 0.9). (B) T24 cell line (R2 = 0.64). (C) UM-UC-3 cell line (R2 = 0.9). Data are fitted to a linear model. Fitting parameters and the corresponding R2 values are shown in Supplementary Table 8.



Combining Sphere Ratio (SR) and Volume Regression (VR) to Predict Radiosensitivity

Lastly, we evaluated the possibility of correlating a function combining both 3D parameters, SR and VR, with the SF in 2D, and how this function can improve the quality of the correlation. As previously mentioned, SR and VR are proportional for RT4 and UM-UC-3, so combining both can add little to no value. However, it was interesting to perform a linear regression for T24, knowing that the radiosensitivity information that was obtained from the volume differs from that obtained from the SR. Accordingly, we developed a multiple regression model with Equation (9).

R2 coefficient was improved and had a value of 0.97 for the combined parameters, while it was 0.85 when taking the SR alone and 0.89 when taking the VR alone. In addition to that, both parameters demonstrated a significant impact as the p-values were lower than 0.05 (Supplementary Table 9).

The same model was applied for RT4 and UM-UC-3 but no significant improvement was observed and only one out of the 2 parameters had a significant impact (P < 0.01, data not shown).

DISCUSSION

Individual radiosensitivity of tumors and normal tissues have always been a big challenge for clinicians and radiobiologists (51). For normal tissues, radiosensitivity is defined by radio-induced toxicities, while for tumors the main parameter is tumor control. Many predictive tools are still being developed today with the main purpose of trying to understand a patient's response to the treatment (13, 23, 52–59). Those involve functional assays that are mainly based on DNA repair (56–58), apoptosis (60), proteomics (61), and radiogenomics (62).

On the other hand, cellular radiosensitivity is defined by the capacity of irradiated cells to produce colonies, which is measured by performing the clonogenic assay (15). The LQ model is considered as the best-fitting model to describe survival and of great interest in radiation oncology through the link existing between the α/β ratio and the nature of radiotherapy-induced tissue (early or late) reactions and tumor response to fractionation (63–67). Recently, a new interpretation of the LQ model was proposed based on the nucleo-shuttling of the ATM protein (17, 24).

By considering that the clonogenic assay shows only the intrinsic radiosensitivity of a given cell line, one can argue that the radio-response might be modified by adding other factors and constraints. Indeed, cells grown in 2D monolayers might respond in a different manner if they were grown in 3D, and for different reasons like hypoxia, cell density, and most of all stem cells radiosensitivity. It was therefore interesting to understand the relationship between the response to IR of cells grown in 2D and 3D.

With the emergence of new bladder preserving cancer treatment strategies relying on radiotherapy, a radiobiological characterization of bladder cancer is becoming a necessity (4, 68–70). Many studies focused on the effects of IR on bladder cell survival in 2D or on bladder chemosensitivity in 3D cell culture, but to date there is no biological endpoint to predict bladder cancers' response to IR (2, 11, 71, 72). In this study we showed that implementing 3D cell cultures can be a useful tool to assess tumor radiosensitivity by taking into account the volumetric constraints.

When cultured in monolayers, RT4 cancer cell line (transitional cell papilloma) was shown to be the most radioresistant, while the two transitional cell carcinoma cell lines were more sensitive and had a comparable response to radiation. Results in 3D were different, as the UM-UC-3 cancer cell line was the most resistant in both VR and SR, followed by RT4 and T24. While VR for UM-UC-3 was not statistically significant, it was interesting to see that, even after 8 or 10 Gy, more than 20% of the spheres survived. The modification of radiosensitivity status can also be seen in Figure 4C: even when SF was equal to zero, we still have surviving spheres for this specific cell line. This can be explained by the effect of multiple additional factors. The effect of Matrigel™ in facilitating cell growth has been observed in many studies and might help the cells proliferate after IR (73, 74). The relative effect of Matrigel™ might vary from one cell line to the other. Another factor that must be taken into account is that in 3D cell culture, the specific population of stem cells is targeted, which is not necessarily the case in the clonogenic assay (42, 75). Radiosensitivity of bladder stem cells can be different than that of other cells (42, 68, 75, 76).

Another interesting observation is that in the case of both RT4 and UM-UC-3, spheres were more resistant than cells in monolayers for doses higher than 2 Gy, while it was the other way around for T24. This can also be explained by the difference in radiosensitivity of CSCs, as they were shown to be more radioresistant than the average cell in RT4 and UM-UC3, and more sensitive in T24. This finding can help us in finding the best compromise for tumor control and cancer recurrence by combining 2D and 3D results: indeed, as it was mentioned previously, SF is correlated with tumor control dose, while the radiosensitivity of CSCs is generally correlated with recurrence and treatment failures (77, 78). For instance, a fraction of 4 Gy shows close survival in 2D and 3D for RT4 and T24 cancer cell lines (0.1 ± 0.02 vs. 0.16 ± 0.04 and 0.11 ± 0.02 vs. 0.17 ± 0.01, respectively), while spheroids were more sensitive for both cell lines at lower doses. For higher doses however, RT4 spheres became more resistant, leading therefore to a higher possibility of recurrence when compared with tumor control. The case of UM-UC-3 was different as it spheres were more resistant at all doses.

Another interesting endpoint for 3D spheroids is the sphere volume after IR. The volume might highlight the capacity of the stem cell to regenerate, and from a clinical perspective, it might be translated into the speed or severity of the recurrence. Our results are showing that RT4 is the most radiosensitive when it comes to VR, followed by T24 and finally UM-UC-3.

Lastly, we asked whether radiosensitivity in 3D can be described by sphere volume or SFU. Cells cultured in 3D have a more complex micro-environment than when cultured in monolayers. In addition to the ratio of surviving spheres, VR gives us additional information about the cell's response to IR. Interestingly, our results are showing that radiosensitivity can be described in terms of VR and sphere formation in different manners that are also intrinsic to the cell line:

- For RT4: Either SR or VR can be used to describe the radio-response.

- For T24: Both parameters are required to explain the response to radiation (Figure 7B).

- For UM-UC-3: Only SR must be considered to describe radiosensitivity (Figure 7C).

Indeed, even though 3D culture is promising, it still requires more extensive research. In particular, a 3D model that better represents the in vivo environment must be developed in order to take in consideration cell-cell signaling, cell-ECM interaction, the heterogeneous nature of tissues and the vascular network that supplies a tissue (79).

Collectively, our findings indicate that in addition to the differences in intrinsic radiosensitivity, the outcome of the different parameters assessed in 3D also varies with the cell line, and therefore we propose that both 2D and 3D model assays should be performed to better assess and predict response to ionizing radiation. Those results presented here depict a cornerstone for future assays looking at radiosensitivity of primary cultures from bladder cancer patients. Such tests might help clinicians in choosing the most adapted treatment for each patient: patients with radiosensitive tumors can be candidates to bladder cancer preserving strategies involving radiotherapy, while those with more radioresistant cancers will have to undergo cystectomy.

To conclude, bladder cancer patients are usually treated with multi-fractionated radiotherapy (i.e., dose fractionation), with fractions ranging between 1.8 and 2.5 Gy and total treatment doses reaching 70 Gy in some cases (80); this underscores the need for future studies to assess radiosensitivity of bladder cancer cells while taking into consideration dose-fractionation as a mode of treatment. Besides, evaluating bladder cancer radiosensitivity using in vivo could also be performed to validate our results in pre-clinical animal models.

STUDY LIMITATIONS

Limitations in our study reside in the diameter limit for a spheroid to be considered as such, where spheres <40 μm diameter (corresponding to a volume of 3.3 × 104 μm3) were not included in the analysis (48). Therefore, UM-UC-3 spheres that had a volume reduction of more than 30% were not taken into account. However, this limit was applied for all the doses and all the cell lines. Although one would argue that if we lowered the limit to 30 μM for example, the number of spheres would grow, and the mean volume would decrease. Yet, this will be proportional for all doses, leading to the same SR and VR after normalization.
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Supplementary Table 6. Volume results and fitting parameters. The model used was V(D) = V(0)exp(−bD). Coefficients are shown with with 95% confidence bounds.

Supplementary Table 7. VR results and fitting parameters. The model used was VR(D) = VRmax(1 − exp(−eD)). Coefficients are shown with with 95% confidence bounds.

Supplementary Table 8. VR vs SR linear correlation parameters. The model used was R(D) = h × SR(D) + k. Coefficients are shown with with 95% confidence bounds.

Supplementary Table 9. Multiple regression model correlating SF, SR and VR for T24 cell line. The model used was: SF(D) = X0 + X1 × SR(D) + X2 × VR(D).

ABBREVIATIONS

ATCC, American Tissue Culture Collection; CSC, cancer stem cells; DMEM, Dulbecco's Modified Eagle Media; IR, ionizing radiation; SF, surviving fraction; SFU, sphere forming unit; SR, sphere ratio; VR, volume reduction/regression; 2D, two-dimension; 3D, three-dimension.

REFERENCES

 1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin. (2018) 68:7–30. doi: 10.3322/caac.21442

 2. Colquhoun AJ, Jones GDD, Moneef ML, Bowman KJ, Kockelbergh RC, Symonds RP, et al. Improving and predicting radiosensitivity in muscle invasive bladder cancer. J Urol. (2003) 169:1983–92. doi: 10.1097/01.ju.0000067941.12011.40

 3. Rödel C, Weiss C, Sauer R. Organ preservation by combined modality treatment in bladder cancer: the European perspective. Semin Radiat Oncol. (2005) 15:28–35. doi: 10.1016/j.semradonc.2004.07.010

 4. Shipley WU, Zietman AL, Kaufman DS, Coen JJ, Sandler HM. Selective bladder preservation by trimodality therapy for patients with muscularis propria-invasive bladder cancer and who are cystectomy candidates—the Massachusetts general hospital and radiation therapy oncology group experiences. Semin Radiat Oncol. (2005) 15:36–41. doi: 10.1016/j.semradonc.2004.07.008

 5. Zapatero A, Martin De Vidales C, Arellano R, Bocardo G, Pérez M, Ríos P. Updated results of bladder-sparing trimodality approach for invasive bladder cancer. Urol Oncol Semin Origin Invest. (2010) 28:368–74. doi: 10.1016/j.urolonc.2009.01.031

 6. Gakis G, Efstathiou J, Lerner SP, Cookson MS, Keegan KA, Guru KA, et al. ICUD-EAU international consultation on bladder cancer 2012: radical cystectomy and bladder preservation for muscle-invasive urothelial carcinoma of the bladder. Eur Urol. (2013) 63:45–57. doi: 10.1016/j.eururo.2012.08.009

 7. Arcangeli G, Arcangeli S, Strigari L. A systematic review and meta-analysis of clinical trials of bladder-sparing trimodality treatment for muscle-invasive bladder cancer (MIBC). Critic Rev Oncol Hematol. (2015) 94:105–15. doi: 10.1016/j.critrevonc.2014.11.007

 8. Ruiz De Almodovar JM, Nunez MI, Mcmillan TJ, Olea N, Mort C, Villalobos M, et al. Initial radiation-induced DNA damage in human tumour cell lines: a correlation with intrinsic cellular radiosensitivity. Br J Cancer. (1994) 69:457–62. doi: 10.1038/bjc.1994.83

 9. Hinata N, Shirakawa T, Zhang Z, Matsumoto A, Fujisawa M, Okada H, et al. Radiation induces p53-dependent cell apoptosis in bladder cancer cells with wild-type- p53 but not in p53-mutated bladder cancer cells. Urol Res. (2003) 31:387–96. doi: 10.1007/s00240-003-0355-9

 10. Moneef ML, Sherwood BT, Bowman KJ, Kockelbergh RC, Symonds RP, Steward WP, et al. Measurements using the alkaline comet assay predict bladder cancer cell radiosensitivity. Br J Cancer. (2003) 89:2271–6. doi: 10.1038/sj.bjc.6601333

 11. Rajab NF, Mckenna DJ, Diamond J, Williamson K, Hamilton PW, Mckelvey-Martin VJ. Prediction of radiosensitivity in human bladder cell lines using nuclear chromatin phenotype. Cytometry A. (2006) 69A:1077–85. doi: 10.1002/cyto.a.20329

 12. Joubert A, Foray N. [Intrinsic radiosensitivity and DNA double-strand breaks in human cells]. Cancer Radiother. (2007) 11:129–42. doi: 10.1016/j.canrad.2007.01.003

 13. Joubert A, Zimmerman KM, Bencokova Z, Gastaldo J, Rénier W, Chavaudra N, et al. DNA double-strand break repair defects in syndromes associated with acute radiation response: at least two different assays to predict intrinsic radiosensitivity? Int J Radiat Biol. (2008) 84:1–19. doi: 10.1080/09553000701797039

 14. Jeggo PA, Lobrich M. DNA double-strand breaks: their cellular and clinical impact? Oncogene. (2007) 26:7717–9. doi: 10.1038/sj.onc.1210868

 15. Puck TT, Marcus PI. Action of x-rays on mammalian cells. J Exp Med. (1956) 103:653–66. doi: 10.1084/jem.103.5.653

 16. Fertil B, Malaise EP. Inherent cellular radiosensitivity as a basic concept for human tumor radiotherapy. Int J Radiat Oncol Biol Phys. (1981) 7:621–9. doi: 10.1016/0360-3016(81)90377-1

 17. Bodgi L, Foray N. The nucleo-shuttling of the ATM protein as a basis for a novel theory of radiation response: resolution of the linear-quadratic model. Int J Radiat Biol. (2016) 92:117–31. doi: 10.3109/09553002.2016.1135260

 18. Chadwick KH, Leenhouts HP. A molecular theory of cell survival. Phys Med Biol. (1973) 13:78–87. doi: 10.1088/0031-9155/18/1/007

 19. Tobias CA. The repair-misrepair model in radiobiology: comparison to other models. Radiat Res Suppl. (1985) 8:S77–95. doi: 10.2307/3583515

 20. Curtis SB. Lethal and potentially lethal lesions induced by radiation–a unified repair model. Radiat Res. (1986) 106:252–70. doi: 10.2307/3576798

 21. Curtis SB. Mechanistic models. Basic Life Sci. (1991) 58:367–82; discussion 382–66. doi: 10.1007/978-1-4684-7627-9_13

 22. Fertil B, Reydellet I, Deschavanne PJ. A benchmark of cell survival models using survival curves for human cells after completion of repair of potentially lethal damage. Radiat Res. (1994) 138:61–9. doi: 10.2307/3578847

 23. Deschavanne PJ, Fertil B. A review of human cell radiosensitivity in vitro. Int J Radiat Oncol Biol Phys. (1996) 34:251–66. doi: 10.1016/0360-3016(95)02029-2

 24. Bodgi L, Canet A, Pujo-Menjouet L, Lesne A, Victor JM, Foray N. Mathematical models of radiation action on living cells: from the target theory to the modern approaches. A historical and critical review. J Theor Biol. (2016) 394:93–101. doi: 10.1016/j.jtbi.2016.01.018

 25. Dean M, Fojo T, Bates S. Tumour stem cells and drug resistance. Nat Rev Cancer. (2005) 5:275–84. doi: 10.1038/nrc1590

 26. Donnenberg VS, Donnenberg AD. Multiple drug resistance in cancer revisited: the cancer stem cell hypothesis. J Clin Pharmacol. (2005) 45:872–7. doi: 10.1177/0091270005276905

 27. Abdullah LN, Chow EKH. Mechanisms of chemoresistance in cancer stem cells. Clin Transl Med. (2013) 2:3. doi: 10.1186/2001-1326-2-3

 28. Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang T, Caceres-Cortes J, et al. A cell initiating human acute myeloid leukaemia after transplantation into SCID mice. Nature. (1994) 367:645–8. doi: 10.1038/367645a0

 29. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer stem cells. Nature. (2001) 414:105–11. doi: 10.1038/35102167

 30. Kitamura H, Okudela K, Yazawa T, Sato H, Shimoyamada H. Cancer stem cell: implications in cancer biology and therapy with special reference to lung cancer. Lung Cancer. (2009) 66:275–81. doi: 10.1016/j.lungcan.2009.07.019

 31. Anderson K, Lutz C, Van Delft FW, Bateman CM, Guo Y, Colman SM, et al. Genetic variegation of clonal architecture and propagating cells in leukaemia. Nature. (2011) 469:356–61. doi: 10.1038/nature09650

 32. Codony-Servat J, Rosell R. Cancer stem cells and immunoresistance: clinical implications and solutions. Transl Lung Cancer Res. (2015) 4:689–703. doi: 10.3978/j.issn.2218-6751.2015.12.11

 33. Abou-Kheir WG, Hynes PG, Martin PL, Pierce R, Kelly K. Characterizing the contribution of stem/progenitor cells to tumorigenesis in the Pten−/− TP53−/− prostate cancer model. Stem Cells. (2010) 28:2129–40. doi: 10.1002/stem.538

 34. Abou-Kheir W, Hynes PG, Martin P, Yin JJ, Liu YN, Seng V, et al. Self-renewing Pten−/− TP53−/− protospheres produce metastatic adenocarcinoma cell lines with multipotent progenitor activity. PLoS ONE. (2011) 6:e26112. doi: 10.1371/journal.pone.0026112

 35. Morrison BJ, Steel JC, Morris JC. Sphere culture of murine lung cancer cell lines are enriched with cancer initiating cells. PLoS ONE. (2012) 7:e49752. doi: 10.1371/journal.pone.0049752

 36. Mouhieddine TH, Nokkari A, Itani MM, Chamaa F, Bahmad H, Monzer A, et al. Metformin and Ara-a effectively suppress brain cancer by targeting cancer stem/progenitor cells. Front Neurosci. (2015) 9:442. doi: 10.3389/fnins.2015.00442

 37. Bahmad H, Cheaito K, Chalhoub R, Hadadeh O, Monzer A, Ballout F, et al. Sphere-formation assay: three-dimensional in vitro culturing of prostate cancer stem/progenitor sphere-forming cells. Front Oncol. (2018) 8:347. doi: 10.3389/fonc.2018.00347

 38. Bahmad HF, Mouhieddine TH, Chalhoub RM, Assi S, Araji T, Chamaa F, et al. The Akt/mTOR pathway in cancer stem/progenitor cells is a potential therapeutic target for glioblastoma and neuroblastoma. Oncotarget. (2018) 9:33549–61. doi: 10.18632/oncotarget.26088

 39. Casey OM, Fang L, Hynes PG, Abou-Kheir WG, Martin PL, Tillman HS, et al. TMPRSS2- driven ERG expression in vivo increases self-renewal and maintains expression in a Castration resistant subpopulation. PLoS ONE. (2012) 7:e41668. doi: 10.1371/journal.pone.0041668

 40. Bissell MJ. Goodbye flat biology–time for the 3rd and the 4th dimensions. J Cell Sci. (2017) 130:3–5. doi: 10.1242/jcs.200550

 41. Riedl A, Schlederer M, Pudelko K, Stadler M, Walter S, Unterleuthner D, et al. Comparison of cancer cells in 2D vs 3D culture reveals differences in AKT-mTOR-S6K signaling and drug responses. J Cell Sci. (2017) 130:203–18. doi: 10.1242/jcs.188102

 42. Goodwin Jinesh G, Daniel Levi W, Ashish MK. Bladder cancer stem cells: biological and therapeutic perspectives. Curr Stem Cell Res Ther. (2014) 9:89–101. doi: 10.2174/1574888X08666131113123051

 43. Wang J-L, Yu J-P, Sun Z-Q, Sun S-P. Radiobiological characteristics of cancer stem cells from esophageal cancer cell lines. World J Gastroenterol. (2014) 20:18296–305. doi: 10.3748/wjg.v20.i48.18296

 44. Chou R, Selph SS, Buckley DI, Gustafson KS, Griffin JC, Grusing SE, et al. Treatment of muscle-invasive bladder cancer: a systematic review. Cancer. (2016) 122:842–51. doi: 10.1002/cncr.29843

 45. Nagle PW, Hosper NA, Ploeg EM, Van Goethem M-J, Brandenburg S, Langendijk JA, et al. The in vitro response of tissue stem cells to irradiation with different linear energy transfers. Int J Radiat Oncol Biol Phys. (2016) 95:103–11. doi: 10.1016/j.ijrobp.2016.02.020

 46. Deschavanne PJ, Debieu D, Fertil B, Malaise EP. Re-evaluation of in vitro radiosensitivity of human fibroblasts of different genetic origins. Int J Radiat Biol Relat Stud Phys Chem Med. (1986) 50:279–93. doi: 10.1080/09553008614550661

 47. Granzotto A, Joubert A, Viau M, Devic C, Maalouf M, Thomas C, et al. Individual response to ionising radiation : what predictive assay(s) to choose? Comptes Rendus de l'Académie des Sci. (2011) 334:140–57. doi: 10.1016/j.crvi.2010.12.018

 48. Sart S, Tomasi RFX, Amselem G, Baroud CN. Multiscale cytometry and regulation of 3D cell cultures on a chip. Nat Commun. (2017) 8:469. doi: 10.1038/s41467-017-00475-x

 49. Coleman T, Li Y. An interior trust region approach for nonlinear minimization subject to bounds. SIAM J Optimiz. (1996) 6:418–45. doi: 10.1137/0806023

 50. Zhou X, Wang G, Sun Y. A reliable parameter to standardize the scoring of stem cell spheres. PLoS ONE. (2015) 10:e0127348. doi: 10.1371/journal.pone.0127348

 51. Peters LJ. The ESTRO Regaud lecture Inherent radio sensitivity of tumor and normal tissue cells as a predictor of human tumor response. Radiother Oncol. (1990) 17:177–90. doi: 10.1016/0167-8140(90)90202-8

 52. Tucker SL, Turesson I, Thames HD. Evidence for individual differences in the radiosensitivity of human skin. Eur J Cancer. (1992) 28A:1783–91. doi: 10.1016/0959-8049(92)90004-L

 53. Hannan MA, Sackey K, Sigut D. Cellular radiosensitivity of patients with different types of neurofibromatosis. Cancer Genet Cytogenet. (1993) 66:120–5. doi: 10.1016/0165-4608(93)90240-M

 54. Gatti RA. The inherited nasis of human radiosensitivity. Acta Oncol. (2001) 40:702–11. doi: 10.1080/02841860152619115

 55. Massart C, Joubert A, Granzotto A, Viau M, Seghier F, Balosso J, et al. Prediction of the human radiosensitivity : what is the most relevant endpoint? Gene expressions, mutations or functions? In: Hauppauge NY, editor. Genotoxicity, Testing and Prediction. New York, NY: Nova Science Publishers, Inc. (2009). p. 1–17.

 56. Granzotto A, Benadjaoud MA, Vogin G, Devic C, Ferlazzo ML, Bodgi L, et al. Influence of nucleoshuttling of the atm protein in the healthy tissues response to radiation therapy: toward a molecular classification of human radiosensitivity. Int J Radiat Oncol Biol Phys. (2016) 94:450–60. doi: 10.1016/j.ijrobp.2015.11.013

 57. Ferlazzo ML, Bourguignon M, Foray N. Functional assays for individual radiosensitivity: a critical review. Semin Radiat Oncol. (2017) 27:310–5. doi: 10.1016/j.semradonc.2017.04.003

 58. Vogin G, Bodgi L, Canet A, Pereira S, Gillet-Daubin J, Foray N. OC-0221: high-performance radiosensitivity assay to predict post radiation overreactions. Radiother Oncol. (2017) 123:S110–1. doi: 10.1016/S0167-8140(17)30664-3

 59. Pereira S, Bodgi L, Duclos M, Canet A, Ferlazzo M, Devic C, et al. Fast and binary assay for predicting radiosensitivity based on the theory of the ATM nucleoshuttling: development, validation and performances. Int J Radiat Oncol Biol Phys. (2018) 100:353–60. doi: 10.1016/j.ijrobp.2017.10.029

 60. Brengues M, Lapierre A, Bourgier C, Pèlegrin A, Özsahin M, Azria D. T lymphocytes to predict radiation-induced late effects in normal tissues. Expert Rev Mol Diagn. (2017) 17:119–27. doi: 10.1080/14737159.2017.1271715

 61. Azimzadeh O, Tapio S. Proteomics approaches to investigate cancer radiotherapy outcome: slow train coming. Transl Cancer Res. (2017) S779–88. doi: 10.21037/tcr.2017.03.83

 62. Chattopadhyay I. Application of radiogenomics in radiation oncology. J Radiat Cancer Res. (2017) 8:74–6. doi: 10.4103/jrcr.jrcr_8_17

 63. Barendsen GW. Dose fractionation, dose rate and iso-effect relationships for normal tissue responses. Int J Radiat Oncol Biol Phys. (1982) 8:1981–97. doi: 10.1016/0360-3016(82)90459-X

 64. Dale RG. The application of the linear-quadratic dose-effect equation to fractionated and protracted radiotherapy. Br J Radiol. (1985) 58:515–28. doi: 10.1259/0007-1285-58-690-515

 65. Barendsen GW. Parameters of linear-quadratic radiation dose-effect relationships: dependence on LET and mechanisms of reproductive cell death. Int J Radiat Biol. (1997) 71:649–55. doi: 10.1080/095530097143653

 66. Barendsen GW, Van Bree C, Franken NP. Importance of cell proliferative state and potentially lethal damage repair on radiation effectiveness: implications for combined tumor treatments. Rev Int J Oncol. (2001) 19:247–56. doi: 10.3892/ijo.19.2.247

 67. Brenner DJ, Sachs RK, Peters LJ, Withers HR, Hall EJ. We forget at our peril the lessons built into the alpha/beta model. Int J Radiat Oncol Biol Phys. (2012) 82:1312–4. doi: 10.1016/j.ijrobp.2011.12.045

 68. Sengeløv L, Von Der Maase H. Radiotherapy in bladder cancer. Radiother Oncol. (1999) 52:1–14. doi: 10.1016/S0167-8140(99)00090-0

 69. Muren LP, Jebsen N, Gustafsson A, Dahl O. Can dose–response models predict reliable normal tissue complication probabilities in radical radiotherapy of urinary bladder cancer? The impact of alternative radiation tolerance models and parameters. Int J Radiat Oncol Biol Phys. (2001) 50:627–37. doi: 10.1016/S0360-3016(01)01464-X

 70. Muren LP, Smaaland R, Dahl O. Conformal radiotherapy of urinary bladder cancer. Radiother Oncol. (2004) 73:387–98. doi: 10.1016/j.radonc.2004.08.009

 71. Powell SN, Whitaker SJ, Edwards SM, Mcmillan TJ. A DNA repair defect in a radiation-sensitive clone of a human bladder carcinoma cell line. Br J Cancer. (1992) 65:798–802. doi: 10.1038/bjc.1992.171

 72. Pettiford J, Rashid S, Balyimez A, Radivoyevitch T, Koshkin VS, Lindner DJ, et al. Identification of gene expression determinants of radiosensitivity in bladder cancer (BC) cell lines. J Clin Oncol. (2018) 36:e16507. doi: 10.1200/JCO.2018.36.15_suppl.e16507

 73. Desai BJ, Gruber HE, Hanley EN Jr. The influence of Matrigel or growth factor reduced Matrigel on human intervertebral disc cell growth and proliferation. Histol Histopathol. (1999) 14:359–68.

 74. Mullen P. The use of matrigel to facilitate the establishment of human cancer cell lines as xenografts. In: Langdon SP, editor. Cancer Cell Culture: Methods and Protocols. Totowa, NJ: Humana Press (2004). p. 287–92.

 75. Ott OJ, Rödel C, Weiss C, Wittlinger M, St Krause F, Dunst J, et al. Radiochemotherapy for bladder cancer. Clin Oncol. (2009) 21:557–65. doi: 10.1016/j.clon.2009.05.005

 76. Seifert H-H, Meyer A, Cronauer MV, Hatina J, Müller M, Rieder H, et al. A new and reliable culture system for superficial low-grade urothelial carcinoma of the bladder. World J Urol. (2007) 25:297–302. doi: 10.1007/s00345-007-0166-7

 77. Rich JN. Cancer stem cells in radiation resistance. Cancer Res. (2007) 67:8980. doi: 10.1158/0008-5472.CAN-07-0895

 78. Chamie K, Litwin Mark S, Bassett Jeffrey C, Daskivich Timothy J, Lai J, Hanley Jan M, et al. Recurrence of high-risk bladder cancer: a population-based analysis. Cancer. (2013) 119:3219–27. doi: 10.1002/cncr.28147

 79. Fennema E, Rivron N, Rouwkema J, Van Blitterswijk C, De Boer J. Spheroid culture as a tool for creating 3D complex tissues. Trends Biotechnol. (2013) 31:108–15. doi: 10.1016/j.tibtech.2012.12.003

 80. Zhang S, Yu YH, Zhang Y, Qu W, Li J. Radiotherapy in muscle-invasive bladder cancer: the latest research progress and clinical application. Am J Cancer Res. (2015) 5:854–68.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Bodgi, Bahmad, Araji, Al Choboq, Bou-Gharios, Cheaito, Zeidan, Eid, Geara and Abou-Kheir. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/math_11.gif





OPS/images/math_10.gif





OPS/images/math_3.gif
SR(D) =

Number of spheres at dose D
“Number of spheres at 0Gy

@)





OPS/images/math_2.gif





OPS/images/math_1.gif
Colonies counted

SF(D) = ol soeded < PE/100

m





OPS/images/inline_3.gif
V(0% V(D)
V(0Gy,

x100





OPS/images/cover.jpg
, frontiers
in Oncology

Assessing Radiosensitivity of
Bladder Cancer in vitro: A 2D vs. 3D
Approach









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





OPS/images/fonc-09-00153-g005.gif
ALz RT4
10 B

os

o0

ul

ol 4

A
sty

812
10
08
04
02

umucs

c 12

08

06

02

00 ¥

o o2 o o5 o3 1
spheres ratio.






OPS/images/fonc-09-00153-g006.gif





OPS/images/fonc-09-00153-g003.gif
2

o1

Survival

oot

* oo O s
EEON
oont
umues
. ooset6n)

el g0
M <

oo

Survival

oo

oot





OPS/images/fonc-09-00153-g004.gif





OPS/images/inline_2.gif
SFUOG) - SFUD)
SFU0G)

x100
S0y =





OPS/images/fonc-09-00153-g007.gif
o6 os

RT4.
o1

sphererato
umucs

gess=a-°

g28ss°

- (Xonnpes swmon - Supanpes sumpen. © Biuopenpa: sampea






OPS/images/inline_1.gif
R(D)=

SFUD)
SFUOG)






OPS/images/fonc-09-00153-g001.gif
10Gy

2Gy

0Gy

iy

R rd N

€IN-AN





OPS/images/math_8.gif





OPS/images/fonc-09-00153-g002.gif
e

oMUes





OPS/images/math_9.gif
VR (D)

Yoo

v,
o

100

©





OPS/images/math_5.gif
SI(D) =

SFU (0Gy) — SFU(D)

SFU(0Gy)

x 100

®)





OPS/images/math_4.gif
‘number of spheres counted

SEU () = e oF soheres seeded

100 @





OPS/images/math_7.gif





OPS/images/math_6.gif





