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ABSTRACT

Introduction: In the event of a radiation accident detecting y-H2AX foci is being
accepted as fast method for triage and dose assessment. However, due to their
disappearance kinetics, published calibrations have been constructed at specific post-

irradiation times.

Objectives: To develop a surface, or tridimensional, model to estimate doses at times

not included in the calibration analysis, and to validate it.

Materials and methods: Calibration data was obtained irradiating peripheral
mononucleated cells from one donor with radiation doses ranging from 0 to 3 Gy, and y
-H2AX foci were detected microscopically using a semi-automatic method, at different
post-irradiation times from 0.5 to 24 h. For validation, in addition to the above-
mentioned donor, blood samples from another donor were also used. Validation was

done within the range of doses and post-irradiation times used in the calibration.

Results: The calibration data clearly shows that at each analyzed time, the y-H2AX foci
frequency increases as dose increases, and for each dose this frequency decreases with
post-irradiation time. The y-H2AX foci nucleus distribution was clearly overdispersed,
for this reason to obtain bidimensional and tridimensional dose-effect relationships no
probability distribution was assumed, and linear and non-linear least squares weighted
regression was used. In the two validation exercises for most evaluated samples, the
95% confidence limits of the estimated dose were between +0.5Gy of the real dose. No

major differences were observed between donors.

Conclusion: In case of a suspected overexposure to radiation, the surface model here

presented allows a correct dose estimation using y-H2AX foci as biomarker. The



advantage of this surface model is that it can be used at any post-irradiation time, in our

model between 0.5 and 24 h.

1. Introduction

In the case of a radiological accident affecting potentially irradiated victims and to deal
with possible adverse health consequences, an initial triage classifying between none,
mild, moderate and severe exposed individuals according to the degree of suspected
radiation exposure is required. This has to be followed by an accurate dose assessment.
To achieve accuracy in triage and dose assessment, both physical and biological based

dosimetry are needed.

The analysis of radiation induced chromosomal damage, such as dicentric
chromosomes, translocations or micronuclei, has long been used in biological dosimetry
in cases of known or suspected exposure to ionizing radiation (IR). The analysis of
dicentrics is considered the “gold standard” method, since this biomarker is specific for
IR, and its induction shows a good dose-effect correlation, its background is very low
(1-2 per thousand), and they are stable enough to be used for dose estimation until
months later (IAEA 2011; Grégoire et al. 2018). However, dicentric analysis has some
limitations. Although significant progress has been made in automating analysis (Gruel
et al. 2013; Romm et al. 2013; Subramanian et al. 2020) it requires trained personnel,
and there is a need to culture cells during two days. Rapid biomarkers of exposure have
been proposed, most of them based on radiation induced DNA damage (Roch-Lefévre

et al. 2010; Rothkamm et al. 2013) and modifications in gene expression (Manning et

al. 2013; Abend et al. 2014).



Among the DNA damage induced by IR, DNA double-strand breaks (DSBs) represent
the most biologically deleterious type of lesion, and in response to the induced DSBs,
the histone H2AX is rapidly phosphorylated on Ser-139 (y-H2AX). This
phosphorylation quickly spreads over several megabases on the adjacent chromatin and
can be microscopically detected by fluorescent specific antibodies as y-H2AX foci
(Rogakou et al. 1999). Although some foci may persist over time y-H2AX is mostly
dephosphorylated once DSB repair is achieved (Lobrich et al. 2010). The correlation
between the number of DSB produced after irradiation and the number of y-H2AX foci,
makes the number of foci a consistent marker of radiation-induced DSB in single cells
(Rothkamm & Lobrich 2003), allowing both the scoring of the foci for quantitative
evaluation and the assessment of the disappearance of DSB with post-irradiation times
(Rothkamm & Lobrich 2003; Leatherbarrow et al. 2006). The number of y-H2AX foci
induced by IR increases linearly with the radiation dose after both in vitro and in vivo
exposure (Lobrich et al. 2005; Leatherbarrow et al. 2006; Rothkamm et al. 2007; Horn
et al. 2011; Ivashkevich et al. 2012) Detection of y-H2AX foci is an assay accepted as

biological dosimetry tool (Ainsbury et al. 2014; Moquet et al. 2017).

Rapid blood sample processing for y-H2AX assay can produce dose estimations within
a few hours of receiving a blood sample (Roch-Lefévre et al. 2010; Mandina et al. 2011;
Horn et al. 2011; Rothkamm et al. 2013; Ainsbury et al. 2014; Moquet et al. 2017; Lee
et al. 2019). For this reason, y-H2AX assay has a great potential to be used as a rapid
triage in a population that has been potentially exposed to IR. In addition, the capacity
for batch processing on finger prick blood samples makes the assay ideal for early triage
categorization by quantifying radiation-induced foci in peripheral blood mononucleated

cells (PBMC) (Moquet et al. 2017; Lee et al. 2019). Additionally, y-H2AX foci assay
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have shown an improved sensitivity to detect exposures to low doses respect classical
cytogenetic biomarkers (Ainsbury et al. 2011, Basheerudeen et al. 2017). However, the
use of y-H2AX assay in biodosimetry needs a previous establishment of calibration
curves. For this, blood samples from healthy donors are irradiated under monitorized
conditions and the yield of y-H2AX foci is used to generate dose-effect curves. Due to
the transitional nature of the phosphorylation, the slopes of these calibration curves
show a strong dependency with the post-irradiation time (Roch-Lefévre et al. 2010;
Moquet et al. 2017). For this reason, when y-H2AX assay is used for biological
dosimetry purposes, it is mandatory to consider the elapsed time between exposure and
blood sample collection, and then to use an appropriate calibration that was established
for this particular time (Beels et al. 2010; Roch-Lefévre et al. 2010). This means that

laboratories should establish calibration curves for different post-irradiation times.

The aim of the present study is to propose a tri-dimensional or surface model that allows
to estimate an exposure using as input the frequency of y-H2AX foci and any post-
irradiation time during the first 24 h after the exposure. To validate this surface model,

blinded irradiated samples have been assessed at different post-irradiation times.

2. Material and methods

2.1  Peripheral blood samples and irradiation conditions

Peripheral blood samples from a 54-year-old healthy male were used to construct the
dose-effect curve. For the dose-effect curve validation, in addition to the above
indicated donor, blood from a 32-year-old healthy female was also used. Blood samples

were collected in heparinized tubes. Both donors have no history of exposure to
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clastogenic agents. This study has been performed in accordance to institutional,
national and international Ethical guidelines. Previous informed consent was obtained
for each donor. This project has been approved by Animal and Human Experimentation

Ethics Committee of the Universitat Autonoma de Barcelona (Reference: 2624).

Blood samples were mixed (1:1) with 1X phosphate buffered saline (PBS) (Sigma-
Aldrich Quimica, Madrid, Spain) and 6 mL of diluted blood was layered onto 3 mL of
Lymphocyte Separation Media (Biowest, Nuaille, France) and then centrifuged at
1200G for 20 min. Isolated PBMCs were washed in 1XPBS and resuspended in RPMI-

1640 (Biowest) and kept on ice till the irradiation.

Blood samples were irradiated with 6 MV photon beams from a TrueBeam linear
accelerator (Varian Medical Systems, California, USA) located at Hospital de la Santa
Creu i Sant Pau, Barcelona. An isocentric setup with two opposed 30 cm X 30 cm fields
(0° and 180°) was used to guarantee homogeneous irradiation of blood samples. To
irradiate blood samples, tubes were placed inside two holes drilled in a 20 cm X 20 cm
polymethyl metacrilate (PMMA) phantom with 20 cm thickness in the direction of the
beams. The holes, that fitted tightly the tubes, had been drilled at 2.5 cm distance from
the beam axis, and symmetrically placed one another. The PMMA phantom guaranteed
almost full scatter conditions, which allowed accurate dose estimations. The attenuation
of the carbon fiber table top of the linear accelerator was considered. Dose was
prescribed to the average value of the dose delivered to a structure defined by the tube
outline. The standard deviation of the dose within the samples, estimated by means of
the AAA algorithm as implemented in Eclipse 15.6 treatment planning system (Varian
Medical Systems), was 0.8%. LINAC radiation beams were daily checked by means of
two independent systems: Daily QA3 (Sun Nuclear, Wisconsin, USA) and Machine

Performance Check (Varian Medical Systems). Checks included tests on field size,
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beam homogeneity and beam symmetry and stability of the reference dose and the
energy. The tolerance level for the absorbed dose test was set at 1.5%. Absorbed dose
calibration was performed monthly by means of a PTW 30013 ion chamber traceable to
a secondary standard laboratory, CIEMAT, which is the reference laboratory in Spain.
The TAEA TRS 398 Code of Practice for absorbed dose determination in external
radiotherapy was followed. Before irradiation all samples were warmed up at 37°C and
placed inside the holes of the PMMA phantom. All irradiations were at the same dose

rate of 0.5 Gy min™.

To obtain calibration data, samples were irradiated at 0, 0.25, 0.5, 1, 1.5, 2, 2.5 and 3
Gy. After irradiation, cells were kept on ice during transportation to the laboratory.
Cells were incubated at 37 °C for 0.5, 1, 2, 4, 8 and 24 h. To validate the model, two
different experiments were done following the same protocol used to obtain calibration
data. In the first one, lymphocytes were irradiated at four blinded doses A, B, C and D,
that corresponded to 0.5, 0.75, 1 and 1.25 Gy, and evaluated at different post-irradiation
times already used for the calibration curves (0.5, 2, 4 and 24 h). In the second
experiment, cells were irradiated at five blinded doses E, F, G, H and I, that
corresponded to 1, 1.25, 2, 2.75 and 3 Gy, and evaluated at 0.5, 1.5, 3, 6 and 10 hours

post-irradiation.
2.2.  Immunofluorescence staining and microscopic analysis

First, cell suspensions at a concentration of 35,000 cells'mL-1 were placed in
Cytofunnel sample chambers mounted with the Cytoclip slide, containing a poli-D-
lysine glass slide. Suspensions were then centrifuged at 500 g for 5 min using a
Cytospin centrifuge (Thermo Shandon Cytospin 3, Life sciences International, UK).
Then, cells were fixed in 2% paraformaldehyde (Sigma-Aldrich) for 10 min, rinsed with

I1XPBS for 5 min, and permeabilized using 1XPBS-0.5% TritonX100 (Sigma-Aldrich)
8



for 15 min. After two washes with 1XPBS, blocking was carried out for 30 min with a
solution containing 1xPBS-0.1% Tweeen20 (Sigma-Aldrich) and 2% fetal bovine serum
(GIBCO, Life Technologies, Madrid, Spain). Cells were incubated overnight with a
1:500 dilution of mouse monoclonal anti-y-H2AX (Ser139) antibody (Abcam,
Cambridge, UK) in a humid chamber at 4°C. Slides were then washed twice with
1XPBS-0.1% tween 20 at RT, 5 min each, and incubated for 1 h at RT with a 1:1000
dilution with the secondary anti-mouse antibody, labeled with cyanine 3 (Cy3)
(Amersham Biosciences, Uppsala, Sweden). After washing, slides were rinsed with
distilled water, dehydrated with serial ethanol dilutions (70, 85 and 100%) and dried
out. Finally, nuclear staining was performed with 4',6-diamidino-2-phenylindole

(DAPI) in Vectashield Mounting Medium (Vector Laboratories, Barcelona, Spain).

Immunofluorescence analysis and image acquisition was performed by automatic
microscopy using a Metafer Scanning System (MetaSystems Hard & Software GmbH,
Altlussheim, Germany) coupled to a motorized Zeiss Axiolmager.Z2. Metafer4
software (MetaSystems Hard & Software GmbH) v 3.10.2. The images were captured
using a 63X Plan Apo objective. The foci signals in the selected nuclei were captured
using the SpOr filter (red channel). All the SpOr signals were acquired as a z-stack with
a total of 10 focal planes and a z-step size of 0.35 mm between plane and automatically
analyzed with MetaCyte software (MetaSystems) with a custom-made evaluation
algorithm (classifier) optimized previously (Borras et al 2015). A unique classifier was
used to count foci in all samples. The minimum integration time was set to 0.04 s and
the maximum one was 0.36 s. The threshold for foci intensity was set to 30% with a
maximum gain of 500%. The range area to capture nuclei was established between 30

and 400 pm?’. After automatic capture and analysis, clustered or damaged nuclei were



manually excluded. Both for obtaining the dose-effect relationship and in the two

validation exercises, 500 nuclei were recorded in each sample.

2.3.  Statistical Analyses

In all cases foci cell distribution was explored using the dispersion index
(variance/mean). Dispersion index values greater than one indicate overdispersion,
while values less than one indicate underdispersion. To obtain bidimensional and
tridimensional dose-effect relationships, linear and non-linear least squares weighted
regression was used. Weight-fitting was done using the inverse of variances in all cases,
and dose estimation was performed using R (R Core Team 2020). The delta method was
used to calculate the 95% confidence limits of the estimated doses (see supplemental

file). To compare differences between donors student’s t-test was applied.

3. Results

The y -H2AX foci frequencies obtained for calibration are shown in Table 1. As can be
seen at each post-irradiation time evaluated, the frequency of foci per nucleus increases
with dose, with values ranging to close to 1 foci per nucleus in the sham irradiated
samples to 28.61+0.52 observed 0.5 h after 3 Gy irradiation. Table 1 also shows that for
each dose, the foci frequency decreased with post-irradiation time. For the lowest doses,
0.25 and 0.5 Gy, and after 24 h post-irradiation, the foci frequency reached background
values, while residual radioinduced foci were still detected at the higher doses: 1, 1.5, 2,
2.5 and 3 Gy. Figure 1 shows foci disappearance kinetics. When the distribution of foci
per nucleus was investigated, overdispersion was observed in all samples. The
dispersion index did not have a constant value, nor did it show any tendency to increase
or decrease with dose or post-irradiation time. When all irradiation doses were

considered, higher values of the dispersion index were observed in the middle doses (1,
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1.5, and 2 Gy) at all post-irradiation times, while lower values were obtained at 24 h

after irradiation.

Results obtained for each of the six post-irradiation times analyzed (0.5, 1, 2, 4, 8 and
24 h) were adjusted to the linear model Y=c+a'D (Figure 2). As can be seen, linear
coefficients were higher in the shorter post-irradiation times, 9.64+0.46 at 0.5 h, and
then this coefficient steeply decreased achieving the lowest values after 24 h, 1.38+0.19.
Considering all doses and all post-irradiation times, foci frequencies observed were
fitted to a single surface model, Y=c-t"+a-t"- D (Figure 3). Note that for a defined time

the surface model results in a linear equation.

Dose-effect curves adjusted to the linear model as well as surface model were validated
in two independent experiments with two donors. The observed results from the first
validation exercise are presented in Table 2. For both donors, the foci frequency
decreased over post-irradiation time. When both donors were compared, no major
differences were obtained neither at each dose nor for each post-irradiation time
(Student’s t-test). In this first validation exercise, dose-estimations were done using the
linear coefficients (Figure 4A), and the surface model (Figure 4B). When linear models
were used, in all cases, the 95% confidence intervals of the estimated doses did not
include the 0 Gy dose, and in most of the cases, the estimated dose fell within the region
of the delivered doses + 0.5 Gy. This was not the case for 24 h after irradiation. The
samples evaluated 24 h after irradiation were those that showed the less accurate
estimation. When dose estimations were done using the surface model similar results

were obtained. In any of the samples, the estimated doses were 0 Gy, and for most of
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the samples the 95% of the confidence interval of the estimated doses fell in the region
of £ 0.5 Gy of the delivered dose. When dose estimations using the linear models were
compared to those obtained with the surface model, except for 0.75 Gy, dose
estimations obtained with the linear models were slightly more accurate. When the
linear models were used, the largest difference was observed in the sample irradiated at
0.5 Gy and analyzed 2 h post-irradiation (sample A). For donor 1 the difference between
the irradiated dose and the estimated one was 0.60+0.10 Gy using the linear approach
and 0.98+0.13 Gy using the surface model, and for donor 2, 0.62+0.10 Gy and

1.04+0.04 Gy respectively.

The results obtained in the second validation exercise are shown in Table 3; in this case,
only values obtained after 0.5 h of incubation after 1 and 1.25 Gy irradiation were
repeated from the exercise 1. For donor 2 similar frequencies of foci were obtained in
the two experiments, around 13 foci per nucleus after 1.25 Gy and 10 after 1 Gy. For
donor 1 the obtained frequencies of foci were higher in the second exercise, 15.12+0.25
vs 12.9740.39 after 1.25 Gy (p<0.01, t-test with Welch’s correction) and 13.87+0.37 vs
9.28+0.36 after 1 Gy (p<0.01). In the second exercise, and contrary to what was
observed in the first exercise in which no differences were observed between the two
donors, at the initial post-irradiation times (0.5 and 1.5 h) donor 1 showed a tendency to
have higher foci frequencies than donor 2. For the remaining post-irradiation times there
were no differences, except for 3 Gy and after 10 h post-irradiation where donor 2

showed a higher frequency than donor 1 (p<0.03).
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Dose-estimations in the second exercise were performed using the surface model
(Figure 5). In most of the cases the 95% confidence limits of the estimated doses fell
between the +£0.5 Gy interval of the actual dose. Only donor 1 for 1.25 Gy irradiation
and after 1.5 h the dose was overestimated (95% interval ranged from 1.81 to 2.02 Gy).
In spite of the differences observed between the two donors, when for each dose all
estimations were considered, a similar pattern over post-irradiation time is observed.
For example, after 1 Gy irradiation, the highest estimated dose was after 1.5 h, and then
the estimated doses showed a gradual decrease through post-irradiation time. Similar
behavior could be observed after 1.25 Gy. After 1.75 and 2 Gy the estimated doses

gradually increased up to 3 h post-irradiation and then gradually decreased.

4. Discussion

After a radiation accident, an estimation of the dose received needs to be provided as
soon as possible to support medical decision making and help manage concerns among
the potentially exposed individuals. In the last years y -H2AX assay has been proposed
as a very useful triage tool following a recent acute radiation exposure (Barnard et al.
2015), and efforts have been done by the European biodosimetry laboratories network
(RENEB) to harmonize the use of this biomarker (Barnard et al. 2015; Kulka et al.
2017; Moquet et al. 2017), or to automate a high throughput system of analysis (Parris
et al. 2015; Garty et al. 2015; Durdik et al. 2015; Lee et al. 2019). As it occurs with
dicentrics and other biomarkers used in biodosimetry, calibration curves need to be pre-

established in each laboratory.
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As can be seen in Table 1, the observed frequency of foci at each dose decreased as time
after irradiation increased, except at 8 and 24 hours, where no differences were
observed between the 0.25 and 0.5 Gy radiation dose. It should be noted that at 8 h both
doses (0.25 and 0.5 Gy) differ statistically from 0 Gy. These results indicate that at
larger post-irradiation times, and after low dose exposures it would be difficult to

precisely estimate the received dose.

All the analyzed samples showed overdispersion (values of the dispersion index higher
than 1). Most of the radiation accidents result in partial or heterogeneous exposures, and
the use of a discrete probability distribution, such as the Poisson, allows a better
estimation of the dose received by the irradiated fraction. This is the case for dicentrics,
where zero-inflated or mixed Poisson models have demonstrated their ability to
accurately estimate partial and heterogenous exposures (IAEA 2011; Pujol et al. 2016).
For y-H2AX, and considering that the overdispersion in partially irradiated samples is
much higher than that observed in uniformly irradiated ones, the zero contaminated
Poisson method has been previously used to estimate partial irradiations (Horn et al.
2011). Some authors have described that foci distribution follows a Poisson (Rothkamm
& Lobrich 2003; Rothkamm et al. 2007; Lisowska et al. 2013; Zahnreich et al. 2015),
many other authors also observed overdispersion in foci distribution (Kato et al. 2006;
Lloyd-Smith 2007; Riibe et al. 2008; Martin et al. 2013; Ding et al. 2016; Einbeck et al.
2018). A possible explanation for this overdispersion is that with the present technique
we analyze several blood cell types that might differ in their radiation response. An
effort should be done in evaluating which discrete probability distribution shows de best
match. To deal with the overdispersion some authors have assumed different

distributions: negative binomial (Lloyd-Smith 2007; Chilimoniuk et al. 2021), bimodal
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Poisson (Kato et al. 2006; Riibe et al. 2008; Martin et al. 2013) or quasi-Poisson models
(Errington et al. 2021). In our case, none of the tested distributions gave us satisfactory

results, for this reason we did not assume any distribution.

In Table 1 it can also be seen that for sham irradiated samples foci frequency decreased
as time of incubation increased. Several tests have been done to elucidate the origin of
these foci. Isolation and ice keeping procedures were evaluated (see supplemental data),
and while no changes were observed after different times of ice incubation, after
lymphocyte isolation there was a significant decrease with incubation time. The lowest
value observed in the sham irradiated cells was at 24 h timepoint 0.71 + 0.04 while the
highest one was detected 30 min after irradiation (1.35+ 0.06). This is because the foci
induced due to isolation cannot be repaired while samples are kept on ice, while after 24
h at 37°C incubation these foci are repaired. The decrease between 0.5 h and 24 h
represents a 50% reduction although in terms of absolute numbers this represents less
than 1 foci per cell reduction. Several background foci values have been previously
described, these ranged from 0 to 1.05 foci per nucleus (Beels et al. 2010; Mandina et
al. 2011; K. Rothkamm et al. 2013; Chaurasia et al. 2021). In addition, to the
interindividual differences and the way foci are scored (manually or semi-automatic),
our results suggest that in a radiation accident or in an intercomparison, when
lymphocytes are isolated just before fixing the sample, a small amount of foci can be
produced. However, our study suggests that this induction should not be higher than 1
foci per nucleus. This effect should only be considered when blood samples are

obtained after 24 or more hours.
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Dose-effect curves based on y-H2AX foci has been classically adjusted to the linear
model Y = cta‘D. (Andrievski & Wilkins 2009; Redon et al. 2009; Roch-Lefévre et al.
2010; Mandina et al. 2011; Horn et al. 2011; Lisowska et al. 2013; Rothkamm et al.
2013; Zahnreich et al. 2015; Ding et al. 2016; Moquet et al. 2017; Lee et al. 2019;
Chaurasia et al. 2021). In the present study adjustment to the linear model can be seen in
Figure 2, which shows that slope of the curves decreases over time after irradiation.
This is due to the fact that foci frequencies reach the maximum 30 min after irradiation
and decrease progressively with time after irradiation. In the present study slopes range
from 9.64 + 0.45 after 0.5 h to 1.39 £ 0.29 after 24 h. Since published data show a great
variability in different methodological steps, direct comparisons with published
calibration data can be misleading. However, if only curves obtained after 0.5 and 24 h
are considered, the slopes published range from 10-15 to 1-2 foci per nucleus and per
Gy respectively. These values are in agreement with the ones obtained in the present
study (Redon et al. 2009; Roch-Lefévre et al. 2010; Mandina et al. 2011; Lisowska et al.

2013; Rothkamm et al. 2013; Chaurasia et al. 2021).

After a radiation accident a relatively wide window of time lapse to collect the blood
sample exists, and some authors agree that this window could fit in the interval of 8-24
(Roch-Lefévre et al. 2010; Barnard et al. 2015; Moquet et al. 2017). In case of an
accident, and to perform reliable dose estimations, blood samples should be collected at
the same timepoints at which the calibrations curves have been elaborated. However, to
collect samples at specific times can represent a logistic problem difficult to solve. In
the present study this problem was addressed by proposing a surface model. The model
assumes that the moment of exposure is known, so blood can be collected any time

between 0.5 and 24 h.
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Two independent validation exercises were done. In the first one, post-irradiation times
of sample processing were the same of the ones used to construct both the linear curves
and the surface model. Although estimations using the linear curves were a little more
accurate than those estimated using the surface model, all of them were correctly placed
between >0 Gy and <1.5 Gy. Values further of the actual doses were those assessed 24
h after irradiation. This is probably due to the fact that around 15 to 24 h post-irradiaton
the frequency of foci decreases very lightly (Figure 1), and that at these times the foci
frequency induced at different doses tend to converge to low values, in our case about 1
to 6 foci per nuclei. These two conditions produce that in longer times the slopes are
fairly flat, and consequently small changes in foci frequencies have higher impact in the
estimated dose. In the second exercise, and because the timepoints chosen were
different to the ones used to construct the dose-effect curves, dose-estimations were
performed only with the surface model. The estimated doses were quite accurate, and
only two dose estimations for donor 1 were out of the £0.5 Gy interval. This result

indicates the robustness of the surface model and its applicability.

Some authors have detected a strong interindividual difference in the induction of y -
H2AX foci, which compromises its use as a radiation biomarker (Hamasaki et al. 2007;
Ismail et al. 2007; Andrievski & Wilkins 2009). In the present study, the results
obtained by the two donors and in the two validation exercises were very similar, even
at longer post-irradiation times. When estimated doses were evaluated, something
noticeable is that for most of the doses a similar pattern along post-irradiation time was
observed in both donors. A possible explanation of this behavior is that small changes in

some of the initial steps of the protocol when the repair kinetics is faster (during the first
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two hours), like temperature monitoring or time precision, can slightly affect the foci

observed.

In conclusion, the surface model here presented, that comprises the first 24 h post-
irradiation, allows to reliably estimate the received dose, with a similar accuracy than
linear dose-effect curves but with the advantage that dose estimation can be assessed at

any post-irradiation time.
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Figure legends

Figure 1. In the irradiated samples used to obtain calibration data, kinetics

disappearance of y-H2AX foci through post-irradiation time: For each dose lines shows

the one-phase decay approximation.

Figure 2. From the calibration data, observed frequencies of y-H2AX foci £SE, and
linear dose-effect curves for each post-irradiation time. Obtained slopes are; for 0.5 h
Y= 1.4740.25 + 9.46+0.46D; for 1 hr Y= 1.01£0.28 + 8.58+0.60D; for 2 h Y=
0.89+0.20 + 7.33+0.44D; for 4 h Y= 0.9140.19 + 4.16+0.34D; for 8 h Y= 0.63+0.56 +

2.06+0.40D; for 24 h Y=0.26+0.14 + 1.38+0.19D

Figure 3. Surface model obtained when all calibration data was considered jointly. The
obtained calibration is Y=ct'+a-t'"*-D where c¢=1.15£0.17; u=-0.29+0.11;

a=7.73+0.33; v=-0.50+0.04.

Figure 4. Estimated doses in the first validation exercise. For each donor (black circles
donor 1, and black squares donor 2) and dose (0.5, 0.75, 1, and 1.25 Gy) estimations

after 0.5, 2, 4 and 24 h are represented consecutively. Horizontal lines represent the

26



actual doses, and the shaded area represents the £0.5Gy of the actual dose. A, estimated

doses using the linear dose-effect curves. B, estimated doses using the surface model.

Figure 5. Estimated doses in the second validation exercise. For each donor (black
circles donor 1, and black squares donor 2) and dose (1, 1.25, 2, 2.75, and 3 Gy)
estimations after 0.5, 1.5, 3, 6 and 10 h are represented consecutively. Horizontal lines
represent the actual doses, and the shaded area represents the £0.5Gy of the actual dose.
A, estimated doses using the linear dose-effect curves. B, estimated doses using the

surface model.
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Table 1: Frequency of foci observed for dose and post irradiation time.

Dose Post-irradiation time (h)
(Gy)

0.5 1 2 4 8 24

y+SE s’y y+SE s’y y+SE s’y y+SE s’y y+SE s’y y+SE s’y

0 1.35£0.06 1.45 0.86+0.05 1.61  0.80+0.05 1.29  0.84+0.05 148  0.68+0.04 1.26 0.71+0.04 1.33
025 5.75+0.28 6.93 5.01+0.27 7.30  4.10+0.20 479  2.99+0.18 555 1.44+0.10* 3.63 0.83+0.07*  2.68
0.5 7.98+0.38 9.07 7.85+0.24 3.79  5.95+0.25 545  3.84+0.20 531 1.57£0.13* 5.31 0.86+0.08"  3.56
1 11.70+0.40 6.87 9.37+0.38 7.86  7.73+0.34 7.51  4.40+0.28 9.02  2.02+0.14  5.11 1.89+0.12  4.11
1.5 144304 7.67 12.83+0.42 6.83 10.62+039  7.11  5.86+0.26  5.89  2.30+0.18 7.30 2.12+0.17  6.92
7

2 22.16+0.6 845 18.11+0.59 9.54 17.54+0.51 7.28 9.22+043 994  3.30+0.23  8.18 3.00£0.20  6.34
1

2.5 2636+0.5 5.64 23.06+0.57 7.12  20.13+0.52  6.77 10.89+0.40 7.39  7.20+£0.27  4.89 4.15£0.22  5.86
5

3 28.61+0.5 4.81 25.06+0.48 4.65 21.29+043 429 15.16£0.45 6.79 10.73+035 5.73 6.25+0.25  5.09
2

Frequency = standard error (y = SE) and dispersion index= variance/mean(s*/y).* indicates non statistically significant differences between foci
frequencies of the previous timepoint and the current one.



Table 2: Frequency of foci in the first validation exercise

Sample Post-irradiation time (h)
0.5 2 4 24
y+SE y+SE y+SE y+ SE
Donor 1 Donor 2 Donor 1 Donor 2 Donor 1 Donor 2 Donor 1 Donor 2
A 8.69+0.30 8.40+0.29  6.30+0.29 6.63+0.27 4.29+0.24  4.07+0.93 0.95+0.11 0.93+0.10
B 7.24+0.29 7.73+0.30  5.27+0.23  5.41+0.22 4.49+0.25  4.47+0.25 1.06 +£0.13 1.01+0.12
C 9.28+0.36 9.57+0.33  6.01+£0.29 6.19+0.30 4.94+0.25  4.95+0.22 1.20+0.13 1.21+0.10
D 12.97+0.39  13.50+0.35 9.27+0.34 9.58+0.33  5.80+0.24  6.03+0.25 1.37+0.11 1.38+0.12
A. B.C and D correspond to blinded samples that were irradiated with 0.75. 0.5. 1.00 and 1.25 Gy.



Table 3: Frequency of foci in the second validation exercise

Sampl Post-irradiation time (h)
e
0.5 1.5 10
y =SE y =SE y=SE y =SE y=SE
Donor 1 Donor 2 Donor 1 Donor 2 Donor 1 Donor 2 Donor 1 Donor 2 Donor 1 Donor 2

E 15.12+0.5 13.00+£0.40 13.80+0.4 10.33+0.41 6.05+0.23 5.50+0.21 3.38+0.20 3.44+0.19 2.55+0.1 2.89+0.19
0 * 8 * 5

F 19.06£0.4 15.86+0.47 15.35+£0.4 12.80+0.41 12.15£0.36  9.39+0.40 6.17£0.22 5.87+0.28 4.04+0.2 3.844+0.22
7 * 4 * * 0

G 13.87£0.3 10.43+0.33 10.21+£0.3  8.07+0.38* 5.04+0.29 4.31+0.26  2.85+0.12  2.59+0.16 1.90+0.1 1.954+0.15
7 * 8 2

H 27.18+0.3 26.69+0.41 16.73+£0.4 15.95+0.44 12.9240.39 13.43+0.4  9.06+0.35 9.22+0.35 7.06%0.2 7.15+0.24
0 5 7 4

I 28.95+0.3 26.64+0.20 17.38%0.4 17.79+0.50 15.984+0.47 16.02+0.4 11.28+0.44 12.00+£0.4 7.12£0.2 7.96+0.30*
1 * 6 2 3 4 *

E,. F,.G, H and I and D correspond to the irradiated samples to doses of 1.25, 2, 1, 2.75 and 3 Gy. Significant differences between both donors, * P<0.01,

**p<0.03 (Student’s t-test).
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