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Importance of dosimetry protocol for cell irradiation on a low X-rays

facility and conséquences for the biological response

Purpose: The main objective of radiobiology is to establish links between doses and 

radiation-induced biological effects. In this context, well-defined dosimetry protocols are 

crucial to the determination of experimental protocols. This work proposes a new dosimetry 

protocol for cell irradiation in a SARRP and shows the importance of the modification of 

some parameters defined in dosimetry protocol for physical dose and biological outcomes. 

Materials and methods: Once all parameters of the configuration were defined, dosimetry 

measurements with ionization chambers and EBT3 films were performed to evaluate the dose 

rate and the attenuation due to the cell culture medium. To evaluate the influence of changes in 

cell culture volume and/or additional filtration, 6-well plates containing EBT3 films with 

water were used to determine the impact on the physical dose at 80 kV. Then, experiments 

with the same irradiation conditions were performed by replacing EBT3 films by HUVECs. 

The biological response was assessed using clonogenic assay.

Results: Using a 0.15 mm copper filter lead to a variation of+1% using medium thickness of 

0.104 cm to -8% using a medium thickness of 0.936 cm on the physical dose compare to the 

reference condition (0.313 cm). For the 1 mm aluminum filter, a variation of +8% to -40% for 

the same medium thickness conditions has been observed. Cells irradiated in the same 

conditions showed significant differences in survival fraction, corroborating the effects of 

dosimetric changes on physical dose.

Conclusion: This work shows the importance of dosimetry in radiobiology studies and the 

need of an accurate description of the dosimetry protocol used for irradiation.

Keywords: dosimetry, low-energy X-rays, SARRP, clonogenic assay, HUVECs

Introduction

During the last three decades, the importance of dosimetry in radiobiology studies and the 

standardization and harmonization of dosimetry formalism have been highlighted (Zoetelief et 

al., 1985; Zoetelief and Jansen, 1997; Zoetelief et al., 2001; Coleman et al., 2003; Desrosiers 

et al., 2013; Trompier et al., 2016). As radiobiology aims to establish a relationship between 

delivered doses and biological effects, dosimetry is an essential part of experimental designs.



Different dosimetry protocols have been established to define a reference dose-rate in low 

energy X-rays facilities. At least six different protocols can be used to establish a reference 

dose-rate ((DIN), 1988; (DIN), 1996; (NCS), 1997; IAEA, 2000; Ma et al, 2001). The 

difference in terms of reference dose rate values between these protocols can reach 7% 

according to Peixoto and Andreo (Peixoto and Andreo, 2000), depending on the dosimetric 

approach (air kerma versus dose to water). Moreover, the reference dose-rate, because 

evaluated in air or in a water equivalent phantom, does not always allow estimating accurately 

the real dose delivered to the biological system considered. The non-representativeness of the 

reference dose-rate has been specially highlighted in the past for small animal irradiations 

(Zoetelief and Jansen, 1997; Peixoto and Andreo, 2000; Zoetelief et al., 2001; Yoshizumi et 

al., 2011; Noblet et al., 2014; Pedersen et al., 2016), even if nowadays Treatment Planning 

System coupled with imaging system allow overcoming this difficulty for most of irradiation 

configurations. However, cell-culture irradiation was never identified as being possibly 

problematic regarding the representativeness of the reference dose rate. In this paper, we show 

that even for cell-culture irradiation, the use of the established protocols of dosimetry do not 

always allow estimating the real dose delivered to the cells and that the dose difference is 

sufficient to generate observable biological difference. For example, difference in set-up as 

volume of cell-culture media or in the type of container may generate significant dose 

differences, especially for voltage below 100 kV. Thus, we propose a new protocol for 

dosimetry that takes into account the influence of the set-up and allows estimating accurately 

and reproductively the real dose delivered to cell.

The aim of the present work was to define a new dosimetry protocol for cell irradiation 

in a low X-ray irradiation facility in order to have robust and reproducible protocols and to be 

able to compare and interpret experiments. With existing dosimetry protocols reference dose 

rate are determined free in air on in a water phantom depending on the selected protocol. But



with low X-ray energy, a second step is necessary to take into account the influence of the 

irradiation set-up (container, cell culture volume, number of containers...), to estimate the real 

dose delivered to cells. We demonstrate in this paper, that the difference, in terms of dose rate 

between the actual dose rate to the cells and the reference dose-rate is not always negligible, 

especially for light additional filtrations. At IRSN, a dedicated dosimetry is performed for 

each set-up, even for identical beam conditions. Moreover, to highlight the importance of 

maintaining identical conditions of irradiations (as cell culture volume for example), we 

assessed the impact of manual errors/protocol changes in terms of biological effects on cell 

populations. To show this, cells were irradiated at 80 kV with different cell culture volume 

and/or filtrations (aluminum or copper) and the impact of these parameters on the surviving 

cell fraction was experimentally verified using the clonogenic assay.

Material and methods 

X-rays irradiation facility

All irradiations described in this paper were performed at the Small Animal Radiation 

Research Platform (SARRP) from XSTRAHL (XSTRAHL Ltd., UK) at IRSN (Fontenay- 

aux-Roses, France). SARRP is an image guided micro irradiator composed of a Varian X-ray 

tube (NDI-225-22) attached to a gantry that can be rotated between -180 and 180 degrees 

(Deng et al., 2007; Wong et al., 2008). The X-ray tube specifications are an inherent filtration 

of 0.8 mm of Beryllium, a large focal spot size about 3 mm, a high voltage (HV) range about 

30 to 225 kV and a maximum current of the machine can reach 30 mA (depending on the HV 

applied). This device has been originally designed for small animal irradiation, but it could be 

also used for other applications, such as cell irradiations, even if its limited beam size is not 

optimum for that type of application. The irradiation field is limited to roughly 20 by 20 cm2 

at the isocenter (Source detector distance about 35 cm) including the penumbra region (see



section Homogeneity of irradiation field). At IRSN, the SARRP is also used in routine for 

irradiation of cell culture at doses at HV below 100 kV. In this work, cells were irradiated at 

doses ranging from 0 to 4 Gy at 80 kV and at a dose-rate of 0.63 Gy.min-1 in terms of air 

kerma (using copper or aluminum additional filtration, named configurations 1 and 2, 

respectively).

Protocols used for implémentation of dosimetry on SARRP

In implementing dosimetry protocols on SARRP at IRSN and in ensuring the reproducibility 

of irradiation conditions from one experiment to another, some parameters have to be fixed 

for each case. These parameters are: HV of the X-rays tube (30 - 220 kV), additional 

filtration (0.15 mm copper or 1 mm aluminum), detectors used, source-sample distance, field 

size, shape and geometry, dosimetry method/protocol, dose quantity (Kair, Kwater, Dwater), cell 

containers, type and volume of medium and uncertainties.

The dosimetry protocol was carried out in two steps as illustrated in the schema 

reported in figure 1. The first step consisted of the measurement of absolute dosimetry with an 

ionization chamber, calibrated in air kerma free-in-air conditions. As the quantity of cell 

culture medium was small in the containers, we chose to perform the measurements of 

absolute dosimetry not on a phantom but on the different cell culture supports used for 

biological experiments, as illustrated in figure 1 in terms of air kerma. To avoid the effect of 

the attenuation due to the base of microplate, a little square having the dimension of the 

detection surface of the ionization chamber was removed within the center of the well. The 

measured air kerma (Kair) was converted to water kerma free in air, using the ratio of mean 

mass energy transfer coefficients for water to air, with respect to the photon fluence spectrum 

considered. Thanks to these measurements, we were able to determine the dose rate for each 

irradiation configurations and determine the time needed to administer a certain dose.



Then, the second step consists in the quantification of the atténuation due to cell culture 

medium. For this, EBT3 radiochromic films were placed inside cell container and irradiation 

with and without the exact quantity of the cell culture medium for each configuration were 

performed. For this, small pieces of radiochromic film were placed inside the support used for 

cell irradiation: T25, T75, 6- to 24-well plates, Nunc™ Lab-Tek™ Chamber Slide System. At 

least three pieces of radiochromic films were irradiated for each condition. Finally, the 

radiochromic films were analyzed by the method described in the section called Relative 

dosimetry with radiochromic films. From these results, attenuation of the cell culture medium 

was taken into account in calculating dosimetry.

Absolute dosimetry with ionization chamber

Absolute dosimetry was performed by using a calibrated ionization chamber, which confers 

various advantages, especially high precision, accuracy, and reproducibility. Two types of 

ionization chamber were used in this work: the semiflex 31002 and the soft X-ray 23342. The 

semiflex ionization chamber 31002 is cylindrical with a cavity volume of 0.125 cm 

calibrated here in the range of 100-300 kV X-rays. The second ionization chamber was a TM 

23342 plane parallel chamber with a cavity volume of 0.02 cm calibrated here in the range of 

30-100 kV. These two ionization chambers were calibrated in air kerma free in air at the 

IRSN reference facility FP-15-142 for the soft X-ray 23342 (H30, H60 and H100 beams) and 

FP-15-126 for the semiflex 31002 (H60, H100 and H200 beams). The characteristics of these 

X-ray beams are given in ISO standard 4037-1 ((ISO), 1996). For measurements, the two 

ionization chambers were connected to a UNIDOSwebline Universal Dosemeter / Electrometer

and a high-voltage supply of 300 or 400 V depending on calibrations.



The measurements were performed by following as closely as possible the 

recommendations compiled in the AAPM protocol for 40-300 kV X-ray beam dosimetry in 

radiotherapy and radiobiology (Ma et al., 2001) and the TRS398 (IAEA, 2000).

Determination of the dose in air kerma free-in-air conditions is given by:

^air — M X NKair X Kq

Where:

NKair is the calibration factor in terms of air kerma provided by the calibration laboratory.

M is the reading of the dosemeters corrected for temperature and pressure, polarity effect, ion 

recombination and electrometer calibration.

Kq is the correction factor for the radiation quality Q depending on the beam quality 

specification.

Concerning determination of the beam quality specification, so of the Kq factor, it has 

long been known that the usual quantities are the kilovoltage (kV) generating potential and 

the half-value layer (HVL) determined in copper or aluminum (mm) (IAEA, 2000). For each 

HV used with our SARRP, the corresponding HVL value was measured by following as 

closely as possible the method described in section II.B of the AAPM protocol (Ma et al., 

2001). As the distance of 1 meter between the irradiation source and the detector cannot be 

achieved with the SARRP, we chose a distance of 70 cm for the measurements, thanks to 

which we are able to determine with accuracy the calibrated factor for each HT and filtration 

used on the SARRP. Calibration factors of each ionization chambers were also measured 

following the AAPM protocol.

Uncertainty in the ionization chamber measurements is mainly related to the calibration 

factor, which ranged between 1.64 and 2.10% at a 66% confidence level (2.7 - 4.4% at a 95% 

confidence level), depending on the ionization chamber used and calibration. Other sources of



uncertainty were: measurements (from 0.01 to 0.1%), warm-up effect and the correction 

factors kpoi, kelec, kT,P (from 0.01 to 0.1%). The maximum overall uncertainty ranged from 2.8 

to 4.5% at a 95% confidence level. To incorporate other possible sources of uncertainty, a 

conservative value from 3 to 5% was considered (k=2).

The measured air kerma (Kair) was converted to water kerma, free in air, using the ratio 

of mean mass energy transfer coefficients for water to air, evaluated over the photon fluence 

spectrum free in air calculated with SpekCalc software (Poludniowski et al., 2009), in the 

absence of a phantom. This coefficient was calculated for each configuration from the energy 

spectrum and the NIST table (Hubbell and Seltzer, 2004).

Relative dosimetry with radiochromic films

To quantify the attenuation due to cell culture medium, relative dose measurements were 

performed with EBT3 self-developing Gafchromic® film (Ashland ISP Advanced Materials, 

NJ, USA) composed of an active radiochromic layer 28 pm thick laminated between two 

polyester layers 125 pm thick (Devic et al., 2005). EBT3 films were scanned in a 48 bit red- 

green-blue TIFF format using an Epson Perfection V700 scanner at 150 dpi in transmission 

mode with no image correction. For each scan, the films were placed at the same position at 

the center of the bed scanned and in the same orientation. Pieces of film were cut at least 

24 hours before irradiation in order to allow mechanically created disturbances to relax and 

were read at least 24 hours after irradiation. Images were converted to optical density (OD) 

and then to doses using a homemade C program using the red channel method (Devic et al., 

2005; Micke et al., 2011). EBT3 films were calibrated between 0 and 5 Gy by steps of 0.5 Gy, 

and the points of the calibration curve were fitted with a 4th degree polynomial curve.

W



Uncertainties in film dose measurements were evaluated and the main contribution to

the overall uncertainty was due to the absolute dose measurement with the ionization chamber 

and ranged from 2.1 to 3.5% at a 95% confidence level, depending on the ionization chambers 

and calibration. The other sources of uncertainties were: warm-up effect and reproducibility 

of the scanner (around 0.05% after at least 25 pre-scans), measurement of the film optical 

density (around 0.5%) and film calibration (around 1.5%). The maximum overall uncertainty 

was 3.81% at a 95% confidence level. To incorporate other possible sources of uncertainty, a 

conservative value of 4% was considered (k=2).

Cell culture

Human umbilical vein endothelial cells (HUVECs, C2519A) from Lonza were cultured in 

EGM-2 MV culture medium (Lonza) according to the manufacturer's instructions and placed 

in an incubator at 37°C with 5% CO2 and 95% humidity. For all the experiments, HUVECs at 

passage 2 were routinely seeded in 6-well microplates 3 hours before irradiation. This interval 

before irradiation was previously determined to be sufficient to allow cell adhesion and at the 

same time to avoid a restart in proliferation i.e. avoiding cell division just before irradiation 

(Abderrahmani et al., 2012).

Clonogenic assays

The radiosensitivity of HUVECs was assessed by clonogenic assay (Franken et al., 2006). 

Briefly, cells were seeded in 6-well culture plates (1000 cells/well for doses from 0 to 1 Gy 

and 2000 cells/well for doses from 2 to 4 Gy) and, three hours after plating (adhesion step), 

microplates containing adherent HUVECs were irradiated at different doses (0 (control), 0.5, 

1, 2, 3, 4, 5 and 6 Gy) on the SARRP at 80 kV and 0.63 Gy.min-1 (using additional copper or 

aluminum filtration, named configurations 1 and 2, respectively). Nine days after irradiation, 

cells were fixed for 15 min with 4% final (v/v) paraformaldehyde (in PBS without Ca and



Mg ) and then stained for 30 minutes with Giemsa (Sigma Aldrich) at a final concentration 

of 10% (v/v) (in milliQ water). Colonies containing more than 60 cells (corresponding to at 

least 6 doubling times) (Franken et al., 2006) were counted using an automatic counting 

“colony counter pen” while clone size was checked under microscope.

Statistical analysis

The number of scored colonies yi(d) at each dose d and plate i was modeled using the 

following binomial distribution:

yi(d)~~8(Ni{d) ,S(d))

Where Nt(d) is the number of seeded cells and S(d) the “success” probability for a cell to 

grow into a colony.

More precisely, the survival fraction S(d) is modeled according to the linear quadratic model: 

S(d) = exp(—c — ad — fid2) = PE x exp(—ad — fid2) (1)

Or equivalently in a log scale:

log(S(d)) = —c — ad — fid2 = log(PE) — ad — fid2 

Where c, a and fi are the model parameters and PE = S(0) = exp(—c) represents the plating 

efficiency, i.e. the surviving fraction of unirradiated cells. This Bernoulli trials representation 

was recently shown to be suitable for modeling clonogenic survival data (Shuryak et al., 

2016).

According to filtrations and volumes, the survival fractions among two experimental groups 

G0 (reference) and Gx were compared using a likelihood ratio test (LRT) for generalized 

linear models (here a binomial regression). With the same notations as above, the idea is to 

test the hypothesis:

2+

H0: S0(d) = S1(d) for all doses d



against its alternative:

H1:S0(d) ^ S1(d) for some dose d.

In the pooled G0 and G1data and under H0 , the parameters in model (1) are estimated in a 

“free-group” way:

log(SH°(d)) = — c0 — a0d — fi0d2

In the pooled G0 and G1data and under H1s the radiation-related parameters a and fi can be 

different in the two groups, and this can be formulated by introducing an “interaction” 

covariate Xi equal to 0 in group 0 and 1 in group 1:

log(SHl(d)) = —C0 — («0 + aiXi)d — (fo + PiXi)d2

= —C0 — a0d — aIxId—fi0d2 — faXid2

Where c0, a0 and fi0 are the reference group parameters and ah fi are interaction parameters. 

We reject H0 in favor of H1 for large values of the LRT-statistic

T=—2( LLHo—LLHJ

Where LL denotes the logarithm of binomial regression likelihood:

LL= [yt(d) log(S(d)) + (Ni(d) — yi(d)) log(l — S(d))]

The null distribution (under H0) of the test statistics T is approximated using a permutation 

method (Good, 2005; Pesarin and Salmaso, 2010) where a permutation sample is generated by 

randomly partitioning the clonogenic survival data within each dose into groups of the same 

size as G0 and G1.

Computations for this study were carried out using MATLAB Software, version 8.2.0.701 

(Mathworks R2013b).



Results

Dosimetry measurements on the SARRP irradiator

Measurements of beam quality index: HVL

For the measurements of beam quality index, the procedure described in the AAPM protocol 

(Ma et al., 2001) was followed. Nevertheless, as the distance between the irradiation source 

and the floor of the irradiator is limited, it was not possible to achieve a distance of 1 meter 

between the source and the ionization chamber as recommended (Ma et al., 2001). Due to this 

limitation, we chose a detector-source distance of 70 cm. HVL value were measured for HV 

between 40 and 220 kV for the two additional filtrations available on the SARRP 

(supplementary data II). On the following of this work, where irradiations were performed at 

80 kV, HVL values about 0.056 and 0.138 mm of copper were measured for 1 mm or 0.15 

mm of Aluminum or Copper additional filtrations respectively.

Homogeneity of irradiation field

As the SARRP irradiator is mainly used for small animal irradiation with very small 

irradiation fields (less than 10 x 10 mm2), the irradiation field at the reference position 

(source-sample distance 35 cm) in open field conditions, is limited to roughly 20 x 20 cm2 

including penumbra regions and roughly 12 x 12 cm2 without penumbra regions, and by 

taking into account margins to avoid errors induced by plate positioning. In order to have the 

same dose in all our cells, we decided to limit the efficient irradiation field at the central 

region materialized by black lines in figure 2.

One way to increase the irradiation field is to increase the source-sample distance, but 

because of dose rate limitations for some configurations, we had to irradiate at the reference 

position. For small containers like Nunc™ Lab-Tek™ or T25, the irradiation field is much



larger than the cell culture support. Nevertheless, for 6-, 12-, 24- or 96-well plates, it is not 

possible to irradiate the whole cell culture support at the same dose as the dimensions of the 

plate are about 12.7 x 8.5 cm2. Thus, in order to deliver the same dose to all cells, we removed 

columns that were not completely covered by the irradiation field, as illustrated in figure 3 for 

the 6-plate well. The wells outside our irradiation field were filled with water to maintain 

humidity and scattered radiation compare with fully irradiated plates. Thanks to these 

considerations, we are able to irradiate cells at 98% isodose. The same procedure was 

followed for the 12-, 24- and 96-well plates.

Dose rate measurement

As previously mentioned, absolute dose rate measurements were performed with two 

ionization chambers. The specificity of our protocol is that air kerma dose rate is measured in 

each experiment in the container used for cell irradiation in order to take into account the 

container effect. In order to determine the dose rate on cells, this value is converted into water 

kerma using the ratio of mean mass energy transfer coefficients for water to air for the energy 

spectrum considered and by also taking into account the attenuation of the cell culture 

medium. On the following of this work, for irradiations at 80 kV, dose rate was measured in 

six well plate, where lids were replaced by sterile films (Breathe-EASIER™ Diversified Biotech, 

ref BERM-2000), with the TM23342 ionization chamber at the isocenter (source-sample 

distance = 35cm). The dose rate obtained is 0.63 Gy/min in air kerma. In order to have the 

same dose rate for each filtration, the current of the SARRP platform was 6.8 mA for the 1 

mm aluminum filtration and 20.7 mA for the 0.15 mm copper filtration.

Here we propose a protocol that differs somewhat from the reference dosimetry 

protocol. We performed dosimetry measurements under conditions as close as those of 

irradiations in order to take into account all parameters that may influence the physical dose to



cells, especially at low X-ray energy, like material of containers or the quantity of cell culture 

medium. Measurements free in air without the container were also performed to evaluate its 

influence. As an example in relation with results presented after, at 80 kV with copper 

filtration, the presence of the container increases the dose rate by 4.3%. Therefore, for this 

type of configuration, the representativeness of a free in air measurements could be 

questioned.

Influence of the variation of parameters on the physical dose

To highlight the importance of accurate dosimetry protocols and irradiation conditions, two 

experiments at 80 kV were performed with the two additional filtrations available with the 

SARRP (0.15 mm copper and 1 mm aluminum), and by varying the quantity of media on the 

container. All our results are compared to our reference irradiation condition which is a 6-well 

microplate filled with 3 mL of cell culture medium, thus taking into account the attenuation 

due to the cell culture medium.

In both cases, dosimetry was performed using ionization chamber TM23342 and 

radiochromic EBT3 films. Twelve pieces of radiochromic film were irradiated with 3 mL, 

9 mL and 1 mL per well corresponding respectively to 0.313, 0.936 and 0.104 cm of 

thickness. As our reference condition is 3 mL per well, all well plates were irradiated for the 

same time, corresponding to a dose of 2 Gy received by the cell for the reference 

configuration. These films were analyzed by following the method explained in section 

Relative dosimetry with radiochromic films and the results are reported in Table 1.

As expected, these results show that dose increases when medium volume decreases. 

These variations with respect to the reference configuration were greater in the case of 

aluminum filtration due to a higher proportion of very low-energy X-rays. If we compare the 

energy spectrum obtained with the two additional filtrations, a greater proportion of very low-



energy X-rays pass through the aluminum filtration (figure 4). These very low-energy X-rays 

are quickly attenuated and stopped in the media, so as the quantity of media increases, less X- 

ray energy reaches the radiochromic films, leading to dose diminution. For a given dose rate 

determined with a reference protocol (AAPM, IAEA,..), the dose really delivered to cells can 

significantly varied depending of the cell container and the volume of cell culture medium use 

by the experimenter. These data questioned again the representatives of reference 

measurements performed free in air. Therefore, especially for the irradiation with HV below 

100 kV, we have implemented a protocol to take into account the influence of the container 

and of the cell culture medium to provide a reference dose closer to the dose received by cells.

Influence on the biological response measured by the clonogenic assay 

Clonogenic assay was used to evaluate changes in the set-up parameters in cell-irradiation 

configuration (filtration and/or volume of cell culture medium). HUVECs were irradiated 

from 0 to 4 Gy at 80 kV and 0.63 Gy.min-1 (using copper or aluminum additional filtration, 

named configurations 1 and 2, respectively). Cell survival fractions were calculated for each 

dose of irradiation. The two reference conditions (3 mL/well in configurations 1 and 2) are 

depicted by green curves (Panels A and B, figure 5). Strictly similar experiments were 

conducted with 1 or 9 mL/well for configurations 1 and 2 (Panels A and B, figure 5, 

respectively). These modified volumes (1 and 9 mL) were used only during the irradiation 

step. Indeed each well contains 3 mL during the three hours adhesion step prior irradiation. 

Just before irradiation step, 2 mL were removed on wells wich will contain 1 mL, and 6 mL 

were added into wells which will contain 9 mL. Then, just after irradiation step, 2 mL were 

added on wells containing 1 mL, and 6 mL were removed from wells containing 9 mL. Thus, 

during the next 9 days, each condition is performed with the same amount of medium per

well.



We observed that only the 9 mL condition significantly impacted the survival fraction 

curve in configuration 1 (P<0.001) (figure 5. Panel A). The 1 mL condition (red dotted curve, 

Panel A, figure 5) was still significantly different (P=0.03) from the reference condition 

(green curve, Panel A, figure 5) at the highest doses, in the neighborhood of 4 Gy. On the 

other hand, in configuration 2, the survival curves for 1 and 9 mL were significantly different 

from the reference condition (P<0.001 both) (figure 5 Panel B). These observations are in 

accordance regarding the dose variations measured on EBT3 radiochromic films (refer to 

Table 1) for two conditions of irradiation (configurations 1 and 2)

Based on these measured variations compared to the reference condition, we corrected 

the “wrong dose” to the “right deposited dose” by taking into account the atténuation of the 

cell culture medium to visualize more easily the impact of such variations (figure 6), where 

the green curve represents the reference condition, the red curve represents the biological 

response measured with the “wrong dose” and the blue curve represents the same data as the 

red curve but after correction of the abscissa (dose) with the “right deposited dose” values 

according to the results in Table 1.

We observed that compared to the reference condition (3 mL/well), volume errors in 

configuration 2 strongly impact the survival fraction curves (Panels C and D in figure 5),

decreasing the survival fraction for 1 mL/well (Panel C, figure 5) and increasing the survival 

fraction in the case of 9 mL/well (Panel D, figure 5). Finally, we also observed an atypical 

curve for the 9 mL condition in configuration 2 (Panel D, figure 5). In this condition, the 

survival curve has a negative P factor instead of being positive and fitting an LQ-model (red 

and blue curves, Panel D, Figure 5). An example of clones obtained at 2 Gy for this particular 

condition (9 mL/well in configuration 2) is depicted in Supplementary data III.

Discussion



This work was initiated in the framework of the implémentation of dosimetry protocols for 

cell irradiation on the SARRP platform. With the development and democratization of the use 

of cost-effective equipment like small X-ray irradiators, which are easy to use, self-protected 

and have fewer radioprotection constraints than cesium or cobalt sources, adapted dosimetry 

protocols are needed. Several studies have highlighted the importance of the description and 

formalism of dosimetry protocols, and well-defined dosimetry protocols, especially at low- 

energy, appear to be crucial in establishing links between doses and radiation-induced 

biological effects (Zoetelief et al., 2001; Desrosiers et al., 2013; Trompier et al., 2016). 

Nevertheless, although some protocols have already been described in the literature for this 

type of irradiation (Zoetelief et al., 1985; Desrosiers et al., 2013), where dosimetry 

measurements are performed with ionization chambers and calibrated in dose to water or in 

air kerma, at the surface of a solid water phantom or free in air, we implemented a new 

protocol in order to perform dosimetry measurements as close as possible to real cell 

irradiation conditions. For this, measurements were made of absolute dosimetry with an 

ionization chamber and relative dosimetry with EBT3 radiochromic films in each cell 

container, to evaluate dose rate and attenuation due to the cell culture medium. Especially 

with low-energy X-rays, the quantity of cell culture medium (attenuation), containers and the 

use of a phantom (quantity of secondary electrons created) can influence the physical 

dose (Noblet et al., 2014).

To highlight the importance of all parameters of a dosimetry protocol, we evaluated 

the impact of change in the quantity of cell culture medium on the physical dose at 80 kV for 

aluminum and copper filtration. Change in volume and/or filtration led to significant 

variations in the physical doses measured by EBT3 films, which illustrates the importance of 

rigorous adhesion to the protocol to avoid introducing errors in the dose delivered to cells. To 

verify the possible effects on the biological response, we measured the survival fraction of



HUVECs using the clonogenic assay. HUVECs were chosen as a biological model due to 

their capability to form clones in dishes (Abderrahmani et al., 2012). Moreover we currently 

use these cells as biological model to evaluate the effects of ionizing radiations since many 

years in several of our research project, vascular injury being one of the most common effects 

of radiotherapy on normal tissues (Corre et al., 2013; Korpela and Liu, 2014). The clonogenic 

assay was chosen since the evaluation of radiosensitivity is historically linked to the survival 

fraction measured by the clonogenic assay, which is the gold standard in such evaluations 

(Puck and Marcus, 1956). This assay is based on the ability of a single cell to grow into a 

colony after a stress (Munshi et al., 2005; Franken et al., 2006; Rafehi et al., 2011). The 

representation of the survival fraction as a function of the dose leads to survival curves, which 

are modeled by the linear-quadratic model (LQ-model) (Chadwick and Leenhouts, 1981). 

Based on this approach, we used the LQ-model to fit our cell survival curves in each set of 

irradiation conditions (figure 5). The results indicate that, the survival fractions for cells 

exposed to X-ray at 80 kV for 1 mm aluminum filtration is higher than for the 0.15 mm 

copper filtration at a same dose (figure 5c). Referring to the energy spectra of these two 

configurations of irradiation, we observed a shift of the energy spectrum towards low-energy 

X-rays for aluminum filtration, leading to a lower mean energy of the energy spectrum of 

about 37.8 keV versus 47 keV for copper filtration. This could explain why photons are more 

easily attenuated by the medium with aluminum filtration than with copper filtration, thus 

leading to more clones in aluminum filtration compared to cooper filtration (figure 5).

Filtration mistakes are possible as they are manually set up by the experimenter at 

SARRP, but this is not the only potential source of error when performing an experiment on 

such irradiator device. The volumes used in cell culture dishes vary greatly in the literature, 

but also handling errors in cell culture volumes can occur when performing the experiment. 

We therefore decided to change the volume for the two conditions of irradiation to



demonstrate by proof of concept the importance of dosimetry formalism for cell irradiation on 

a SARRP platform and the effects on the biological response. The dose variation 

measurements performed with EBT3 films when the cell culture volume was changed were 

perfectly verified by clonogenic assay. Using additional copper filtration, when the reference 

volume 3 mL/well was replaced by 1 or 9 mL/well, EBT3 films indicated dose variations of 

+1% and -8%, respectively. The clonogenic assay for 1 mL/well showed a significant 

difference (p=0.03) mainly for the 4 Gy data, which could be partly explained by the higher 

distribution of the survival fraction values obtained at 4 Gy in the reference conditions. 

Moreover, we detected a significant difference for the 9 mL/well condition, the survival 

fraction being significantly greater (p<0.001) than in the reference condition from 0 to 4 Gy. 

These biological data fully corroborate the dosimetric measures of EBT3 films when 

considering the 9 mL/well condition. Concerning the configuration using additional aluminum 

filtration, the physical doses measured by EBT3 indicated an increase of around 8% when 

3 mL/well was replaced by 1 mL of cell culture medium. These differences were confirmed at 

the biological level. Clonogenic assay performed with 1 mL/well led to a decrease of the 

survival fraction compared to the reference condition. Cells received a higher dose than 

expected, leading to the shift observed in the survival fraction curve. On the other hand, we 

obtained an atypical curve for the 9 mL/well condition (compared to the reference curve). 

Even though we observed a higher cell survival fraction, the linear quadratic part of the curve 

had a negative P coefficient. A possible explanation is provided in Supplementary data III. 

According to the literature, the colony size cut-off is set to 60 cells per clone in our 

clonogenic assay experiments (Franken et al., 2006). When we carefully observed the wells in 

the 2 Gy condition, there were higher numbers of small clones (below 60 cells per clone) in 

the 9 mL condition than in the reference condition and even more than in the 1 mL condition.

This could explain why the survival fraction at 2 Gy was lower than that expected for a more



classic dose-response curve, fitting with the conventional LQ-model or at least a linear one. 

Indeed, 9 mL instead of the 3 mL per well leads to a lower dose received by the cells and 

possibly changing the adverse effects on exposed cells e.g. changing the nature of damages 

induced within cell population allowing more survey along the cell divisions even though 

these clones remain below the “size” cut-off at the end of the experiment. To verify this 

hypothesis, it should be interesting to characterize the phenotype of surviving cells within 

these “smaller clones” for both conditions (1, 3 and 9 mL). Finally, this observation is quite 

disturbing in terms of biological response. Moreover, it emphasizes the importance of correct 

and accurate physical/biological set-ups for irradiation in order to avoid inappropriate results 

and a lack of robustness and reproducibility of the data.

Our findings highlighted the importance of the dosimetry formalism for cell irradiations 

and show that a variation on setup parameters, like cell culture medium or cell container, is 

sufficient to induce observable biological difference, especially for experimentations 

performed with low X-rays facility. Aware of this problem, recommendations have been 

made to the experimenter to not change the cell container or the volume of cell culture 

medium in order to avoid incorrect dose delivered to cell. Obviously on SARRP facility, one 

could propose in order to limit the influence of volume cell culture media, the X-ray tube 

could be rotated by 180 degrees in order to irradiate the cell from below. This is not done at 

IRSN to avoid problem with the tube in case of leakage of flask and tube. Moreover, in a 

more general way, for classical X-rays cabinet dedicated to cell irradiation, irradiations are 

always performed from the top. Therefore, for this kind of facility, which is much more 

widely used than SARRP for cell irradiation, the recommendations proposed for the SARRP 

by IRSN are fully relevant.

Conclusion



Taken together, these results strongly support the fact that a dosimetry is needed for each 

irradiation set-up and that all the parameters defined for one set of irradiation conditions 

should be monitored to avoid errors in the dose delivered to the sample, e.g. do not change the 

volume of cell culture medium, and use the correct filtration. For low HV (< 100 kV), a single 

kerma-rate measurement in air in the center of the irradiation volume does not allow 

estimating the actual delivered dose to the biological target: each irradiation configuration 

necessitates a specific dosimetry. This present work highlights the importance of the 

dosimetry formalism and description for radiobiology studies to be able to compare and 

interpret experiments, particularly when important resources are put in place for inter- 

laboratory comparison programs. Thus, a new formalism, applicable to many low X-rays 

facility, is proposed to take into account parameters influencing the delivered dose.
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Table 1. Variation of the dose measured on radiochromic films for three conditions of

irradiation

Figure 1. Dosimetry protocol takes in place on the SARRP irradiator.

Figure 2. Dose profile obtained with the SARRP irradiator without a collimator at the 

reference position.

Figure 3. Panel A: Irradiation field at the reference position for the 6-well microplate 

configuration. Panel B: Irradiation field at the reference position measured with EBT3 

radiochromic film. To avoid errors induced by plate positioning, only 4 wells have been 

considered for irradiation. The two remaining wells are filled with water.

Figure 4. Simulated energy spectra obtained at 80 kV with SpekCalc software for the two 

additional filtrations available on the SARRP, 1 mm aluminum (red curve) and 0.15 mm 

copper (blue curve).

Figure 5. Panel A: Survival curves of HUVECs irradiated from 0 to 4 Gy at the SARRP 

(80 kV, 0.63 Gy.min-1 and copper filtration: configuration 1). Panel B: Survival curves of 

HUVECs irradiated from 0 to 4 Gy at the SARRP (80 kV, 0.63 Gy.min-1 and aluminum 

filtration: configuration 2). For both panels, green curves correspond to the reference 

condition (3 mL/well), dotted red curves to 1 mL/well and plain red curves to 9 mL/well. 

Panel C: plain green curve represents the reference condition (3 mL/well) for configuration 1, 

dotted green curve represent the reference condition (3 mL/well) for configuration 2. For all 

the panels, each curve represents data from 4 independent experiments, each experiment 

including 4 wells per dose.

Figure 6. Panels A and B: Survival curves of HUVECs irradiated from 0 to 4 Gy at the 

SARRP (80 kV, 0.63 Gy.min-1 and copper filtration: configuration 1). For both panels, green 

curves represent the reference condition (3 mL/well). Red curves represent data measured for



1 mL/well (Panel A) or 9 mL/well (Panel B) while blue curves represent the same data as red 

curves but taking into account the error in the physical dose for 1 mL/well (Panel A) or 

9 mL/well (Panel B). Panels C and D: Survival curves of HUVECs irradiated from 0 to 4 Gy 

at the SARRP (80 kV, 0.63 Gy.min-1 and aluminum filtration: configuration 2). For both 

panels, green curves represent the reference condition (3 mL/well). Red curves represent data 

measured for 1 mL/well (Panel A) or 9 mL/well (Panel B) while blue curves represent the 

same data as red curves but taking into account the correction of the physical dose for 

1 mL/well (Panel C) or 9 mL/well (Panel D). Each curve represents data from 4 independent 

experiments, each experiment including 4 wells per dose.

Supplementary data I: Calibration curves obtained with EBT3 films for aluminum and copper 

filtration.

Supplementary II: HVL values obtained on the SARRP irradiator for the two additional 

filtrations for different HT.

Supplementary data III: Example of HUVEC clones obtained after irradiation at 2 Gy with 

configuration 2 in reference condition at 3 mL/well (Panel A), with 1 mL/well (Panel B) and 

9 mL/well (Panel C). Microplates represent one representative experiment among four 

independent experiences.



Figure 1
Step 1: Dose rate measurement in cell container with ionization 

chamber calibrated in Air Kerma

Step 2: Quantification of 
with EBT3 films

Figure 1. Dosimetry protocol takes in place on the SARRP irradiator
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Figure 2. Dose profile obtained with the SARRP irradiator without a collimator at the reference 

position.



Figure 3

Figure 3. Panel A: Irradiation field at the reference position for the 6-well microplate 

configuration. Panel B: Irradiation field at the reference position measured with EBT3 

radiochromic film. To avoid errors induced by plate positioning, only 4 wells have been 

considered for irradiation. The two remaining wells are filled with water.



Figure 4

Figure 4. Simulated energy spectra obtained at 80 kV with SpekCalc software for the two 

additional filtrations available on the SARRP, 1 mm aluminum (red curve) and 0.15 mm copper 

(blue curve).
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Figure 5. Panel A: Survival curves of HUVECs irradiated from 0 to 4 Gy at the SARRP (80 kV, 

0.63 Gy.min-1 and copper filtration: configuration 1). Panel B: Survival curves of HUVECs 

irradiated from 0 to 4 Gy at the SARRP (80 kV, 0.63 Gy.min-1 and aluminum filtration: 

configuration 2). For both panels, green curves correspond to the reference condition 

(3 mL/well), dotted red curves to 1 mL/well and plain red curves to 9 mL/well. Panel C: plain 

green curve represents the reference condition (3 mL/well) for configuration 1, dotted green 

curve represent the reference condition (3 mL/well) for configuration 2. For all the panels, each 

curve represents data from 4 independent experiments, each experiment including 4 wells per 

dose.
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Figure 6. Panels A and B: Survival curves of HUVECs 
irradiated from 0 to 4 Gy at the SARRP (80 kV, 
0.63 Gy.min-1 and copper filtration: configuration 1). 
For both panels, green curves represent the reference 
condition (3 mL/well). Red curves represent data 
measured for 1 mL/well (Panel A) or 9 mL/well 
(Panel B) while blue curves represent the same data as 
red curves but taking into account the error in the 
physical dose for 1 mL/well (Panel A) or 9 mL/well 
(Panel B). Panels C and D: Survival curves of HUVECs 
irradiated from 0 to 4 Gy at the SARRP (80 kV, 
0.63 Gy.min-1 and aluminum filtration: configuration 2). 
For both panels, green curves represent the reference 
condition (3 mL/well). Red curves represent data 
measured for 1 mL/well (Panel A) or 9 mL/well 
(Panel B) while blue curves represent the same data as 
red curves but taking into account the correction of the 
physical dose for 1 mL/well (Panel C) or 9 mL/well 
(Panel D). Each curve represents data from 4 
independent experiments, each experiment including 
4 wells per dose.
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Supplementary data I:

Calibration curves obtained with EBT3 films for aluminum and copper filtration.



HVL values obtained on the SARRP irradiator for the two additional filtrations for different HT.

Supplementary data II:

Additional filtration: 1 mm Additional filtration: 0.15 mm copper

aluminum

High Voltage HVL mm Cu HVL mm Al HVL mm Cu HVL mm Al

(HV)

40 0.028 0.852 0.055 1.344

70 0.044 1.339 - 3.218

80 0.056 1.520 0.138 3.724

100 0.070 1.908 0.198 4.748

120 0.103 2.525 0.276 5.852

150 0.128 3.302 0.366 -

180 0.187 4.173 0.461 -

220 0.282 5.420 0.667 -



Supplementary data III:

Example of HUVEC clones obtained after irradiation at 2 Gy with configuration 2 in reference 
condition at 3 mL/well (Panel A), with 1 mL/well (Panel B) and 9 mL/well (Panel C). Microplates 

represent one representative experiment among four independent experiences


