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Introduction 

The possibility to determine received radiation dose 
and the assessment of risk to injury is one of the key 
tasks of biological dosimetry, important not only 
to the people occupationally exposed to ionizing 
radiation, but to those of the general population as 
well. Individual dose assessment in clinical manage-
ment of exposed subjects is crucial, if it comes to 
large-scale radiation accidents, when the number of 
victims reaches hundreds. It is important to rapidly 
distinguish the severely exposed individuals, who 
require early medical treatment, from those less 
exposed or unexposed. 

Among the biodosimetry tools, the micronucleus 
(MN) test in human peripheral lymphocytes is one 
of standardized cytogenetic technique recommended 
by International Atomic Energy Agency (IAEA), as 
an alternative to the dicentric (DC) test for estimat-
ing effects of accidental overexposures [3, 4]. The 
micronuclei (MNi) are chromatin particles formed 
in cytoplasm, which originate from acentric frag-
ments or whole chromosomes. Many studies have 
shown that the number of radiation induced MNi 
is correlated with radiation dose and quality [4]. 
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Abstract. Mass casualty scenarios of radiation exposure require high throughput biological dosimetry techniques 
for population triage, in order to rapidly identify individuals, who require clinical treatment. Accurate dose es-
timates can be made by biological dosimetry, to predict the acute radiation syndrome (ARS) within days after 
a radiation accident or a malicious act involving radiation. Timely information on dose is important for the 
medical management of acutely irradiated persons [1]. The aim of the study was to evaluate the usefulness of 
the micronuclei (MNi) scoring procedure in an experimental mode, where 500 binucleated cells were analyzed 
in different exposure dose ranges. Whole-body exposure was simulated in an in vitro experiment by irradiating 
whole blood collected from one healthy donor with 60 MeV protons and 250 keV X-rays, in the dose range of 
0.3–4.0 Gy. For achieving meaningful results, sample scoring was performed by three independent persons, 
who followed guidelines described in detail by Fenech et al. [2, 3]. Compared results revealed no signifi cant 
differences between scorers, which has important meaning in reducing the analysis time. Moreover, presented 
data based on 500 cells distribution, show that there are signifi cant differences between MNi yields after 
1.0 Gy exposure of blood for both protons and X-rays, implicating this experimental mode as appropriate for 
the distinction between high and low dose-exposed individuals, which allows early classifi cation of exposed 
victims into clinically relevant subgroups. 
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For retrospective biological dosimetry purposes, the 
MNi frequency evaluated in peripheral blood lym-
phocytes drawn from subjects exposed to unknown 
radiation doses is converted to absorbed dose by 
reference to a dose-response calibration curve [5]. 
Since the number of potentially exposed individuals 
in large scale radiation accident is high, triage and 
medical management require a fast and reliable dose 
assessment [5]. The MN assay has been proposed as 
an alternative to the DC, as MNi scoring is relatively 
simple and less time consuming [5, 6]. To enhance 
the capacity of cytogenetic biodosimetry in case of 
emergency, three main strategies were proposed. 
Firstly, a triage mode with a reduced number of 
binucleated (BN) cells scored by visual counting. 
Secondly, the establishment of international labo-
ratory network and thirdly, the automation of the 
scoring [7, 8]. The very recent paper showed a triage 
version for MN assay, where only 200 BN cells per 
subject were proposed to be scored for detecting 
absorbed radiation doses [7, 8]. 

In the case of a large event, for example, Fukushi-
ma [4], Chernobyl [4], or a ‘dirty bomb’, there may 
be problems with infrastructure and power outages, 
as well as wide-spread panic, that stops emergency 
personnel from getting to the place where they are 
needed. There is also a risk that the samples might 
not be collected under the controlled conditions or 
sample tracking and processing may be delayed [9]. 
Yet, there are no reported studies about possibilities 
to score MNi by people without any cytogenetic ex-
perience, which might enhance the process of dose 
assessment in case of radiation accidents. 

The aim of presented study was to evaluate the 
usefulness of MN assay in a cytogenetic experiment, 
where only 500 BN cells, instead of 1000 were ana-
lyzed by three independent persons, which allows 
screening of many individuals within a shorter time 
interval. Another objective of this study was to 
examine the consistency of the results obtained by 
three scorers, where only one had a previous experi-
ence in performing MN assay. Throughout the whole 
experiment scorers did not have an opportunity to 
consult their results. 

Whole-body exposures were simulated in an in 
vitro experiment by irradiating whole blood. Dose 
response calibration curves for the measuring points 
in the dose range 0.3–4.0 Gy of 60 MeV protons and 
250 keV X-rays for one healthy donor, derived by 
following standardized criteria, were compared with 
those obtained in presented experimental mode. 
Point 0.0 Gy was also included in analysis in order 
to detect MNi background for examined individual. 

Materials and methods 

Radiation exposure 

Whole blood was drawn from one healthy, non-
-smoking donor (female, age 40 years) into hepa-
rinized syringes by phlebotomy and immediately 
divided into aliquots of 1.5 ml. Blood samples were 
irradiated at the H. Niewodniczański Institute of 

Nuclear Physics of the Polish Academy of Sciences, 
Kraków, Poland (IFJ PAN) with a 60 MeV protons 
and 250 keV X-rays separately. The Human Bio-
ethical Committee of the Regional Medical Board 
in Kraków, Poland approved the informed consent 
form used in this study (No. 124/KBL/OIL/2013). 

The dosimetry of the proton beam 

The AIC-144 isochronous cyclotron, designed at the 
IFJ PAN was recently adapted to medical applica-
tions and used in this study for proton irradiation 
experiments. The dosimetry of the proton beam was 
accomplished by using the PTW UNIDOS T10001 
instrument and the semi-fl ex ion chamber, PTW 
TM31010. The proton beam intensity was controlled 
by two transmission PTW ionization chambers, type 
TM7862, connected to the electrometers. During ir-
radiation the TM7862 ionization chambers carried 
out the function of dose monitors. The time and 
spatial stability of the beam were controlled on-line 
by a sixth sector dedicated ion chamber, which con-
sisted of four ion chambers in the form of quarters, 
a circle ion chamber and a ring one. 

The dose measurements were performed in 
the middle of spread out Bragg peak, using a solid 
phantom (PMMA – poly(methyl methacrylate)). The 
experiments were performed with a 40-mm diameter 
collimated beam. Overall uncertainty of dosimetry 
was about 3%, the precision of dose delivery was 
better than 0.5%. The average dose rate of the proton 
beam during irradiation was 0.075 Gy/s. Dosimetric 
equipment was calibrated at the IFJ PAN, accord-
ing to the TRS 398 protocol [10]. The therapeutic 
60Co unit – Theratron 780 E with the PTW Farmer 
ionization chamber type TM30010, a water phantom 
and the UNIDOS webline T10021 were used during 
calibration. 

Proton and X-ray irradiation 

For dose-response studies, in the range of 0.3–4.0 Gy 
(chosen doses were as follows 0.3, 0.5, 0.75, 1.0, 1.5, 
2.0, 2.5, 3.0 and 4.0 Gy), heparinized whole blood 
samples, were irradiated in Eppendorf vials of 2 cm 
long, set in a specially designed PMMA phantom 
located at the isocenter, at a distance of 93 mm from 
the fi nal collimator. The average dose rate used was 
0.15 Gy/s. Immediately after irradiation the vials 
with irradiated blood underwent the cytogenetic 
culturing procedures. 

To collect more data, all blood samples were irradi-
ated in the same dose ranges, using a Phillips X-ray 
machine (model MCN 323, 250 keV, 10 mA and a dose 
rate of 1.00 Gy/min). The vials were held in a polyeth-
ylene box. The dimensions of the radiation fi eld were 
20 × 20 cm2 and the source to the surface distance 
was 34.8 cm. After irradiation the tubes with blood 
were transferred to a box containing ice water and 
transported to the laboratory for cell culture straight 
away. Prior to irradiation of cells, the X-ray dose was 
measured by using the same ion chamber as for the 
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proton beam dosimetry. Both proton and X-ray irradia-
tions were carried out at room temperature (20°C). 
Unexposed samples served as control (0.0 Gy). 

Cultivation of human lymphocytes 

The culture technique was fully described by Fenech 
et al. [11, 12]. In brief, cultures were set up with 
0.5 ml whole blood added to 4.5 ml of RPMI 
1640 culture medium (PAA Laboratories GmbH, 
Pasching, Austria), supplemented with 10% 
heat-inactivated fetal calf serum (Gibco, Carls-
bad, U.S.A.), 2 mM L-glutamine and antibiotics 
(100 U/ml penicillin and 100 g/ml streptomycin 
Polfa Tarchomin, Warsaw, Poland). The lymphocytes 
were stimulated by the addition of 450 l of phyto-
hemagglutinin (PHA, PAA Laboratories GmbH, 
Pasching, Austria). The cultures were incubated for 
72 h at 37°C at 5% CO2  in a humidifi ed incubator. After 
44 h of culture time 6 g/ml cytocholasin-B in 
dimethylsulfoxide (Sigma-Aldrich, St. Louis, 
U.S.A.) was added to block the cytokinesis. When 
72 h of incubation passed, the cultures were harvest-
ed by centrifuging, re-suspended in a hypotonic solu-
tion of 0.075 M KCl and fi xed with methanol:acetic 
acid (3:1). Cells were three times washed with 
fi xative, than dropped onto clean microscope slides, 
air-dried and stained with 4% Giemsa. Prepared 
samples were stored in room temperature until the 
examination. 

Aberration scoring 

The slides were analyzed for the number of micro-
nuclei in (MNi frequency) BN cells according to the 
criteria described by Fenech [2]. Chromatin bodies 
that are round-shaped, similar in staining charac-
teristics and smaller than one-third the size of the 
main nucleus, not re-fractile and not connected to 
the main nucleus were counted as micronuclei [11]. 
All slides were coded and blinded to the scorers by a 
chosen individual. Each slide was scored by three in-
dependent persons manually, at 400× magnifi cation 
using the same model of Nikon light microscopes. 

Statistical methods 

The data analysis was performed using the Microsoft 
Offi ce Excel 2010 program and the MNi frequency, 
as well as dose-response curves were obtained by the 
OriginPro 9.0 32 bit (OriginLab Co., Northampton, 
MA, U.S.A.). A curve fi tting by linear-quadratic and 
cubic models was done by least square regression 
method and the goodness of fi t was tested by Chi-
-squared test. 

For each sample the MNi frequency (the ratio of 
the number of MNi and the chosen number of BN 
cells, multiplied by one hundred), given in percent, 
was assessed based on analysis of 500 and 1000 BN 
cells. The error given in each measurement point is 
the standard error (SD) of the mean. To investigate if 

the results obtained by three scorers are comparable, 
Pearsons’ correlation coeffi cient was calculated. For 
further understanding the mechanism of MNi for-
mation, the relative biological effectiveness (RBE) 
was derived as a ratio of MNi frequency induced by 
protons relative to X-rays. 

Results 

Frequency of micronuclei in experimental mode 

For experimental purposes, the analysis of 500 
and 1000 binucleated cells was performed. Figures 
1 and 2, show a comparison between the results 
derived by scoring 500 vs. 1000 BN cells induced 
by 250 keV X-rays or 60 MeV protons. The mea-
surement points represent the arithmetic mean of 
MNi frequency obtained by three different scorers. 
The error bars are shown as SD of the means with 
the 95% confi dence limits. 

The coeffi cients of the best fi tting polynomials 
are given in Tables 1 and 2, for both linear-quadratic 
and cubic models for X-rays and protons, respec-
tively. Because of the overlapping of the curves 
in Fig. 1 only coeffi cients for 500 BN cells are 
shown in Table 1. The results showed that studied 
beams have different effect on the MNi frequency. 

Fig. 2. The frequency of MNi induced by 60 MeV protons 
and derived by averaging the results for the donor by three 
independent scorers. The error bars indicate 95% confi -
dence limits and represent SD of the means.

Fig. 1. The frequency of MNi induced by 250 keV X-rays 
and obtained by averaging the results derived for the donor 
by three independent scorers. The error bars represent SD 
of the means and indicate 95% confi dence limits. 
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The response of lymphocytes presented as MNi fre-
quency was higher for protons than X-rays for both 
scenarios (where 500 or 1000 cells were scored) 
in whole dose range. Moreover, for both protons 
and X-rays, the ratio of MNi steeply increases with 
increasing radiation dose, in particular, whereby it 
is possible to discriminate doses below and above 
1.0 Gy using this endpoint in case of each studied 
types of radiation. 

Presented results revealed no statistically signifi -
cant differences in studied dose range (0.0–4.0 Gy) 
in cells exposed to 250 keV X-rays and 0.0–3.0 Gy 
for protons. Only for 4.0 Gy of protons a statisti-
cally signifi cant difference was observed between 
analyzed 500 vs. 1000 BN cells. Additionally, slightly 
higher measurement errors in dose 3.0 Gy (34.27 ± 
0.34 for 500 BN cells vs. 37.46 ± 0.35 for 1000 BN 
cells) were observed in Fig. 2. 

The Pearson correlation coeffi cient derived by 
comparing results of scoring 500 vs. 1000 BN cells 
was 0.99 (p < 0.05) for X-rays and 0.97 (p < 0.05) 
for protons, suggesting that the results are strongly 
correlated. Based on obtained results the mean value 
of RBE for protons was 1.69 ± 0.56 for 500 BN cells 
and 1.86 ± 0.48, when 1000 BN cells were analyzed. 
These RBE values are pointed in the error margin. 

Intra-comparison and validity of results based on 
scoring 1000 BN cells 

To examine the consistency of the results obtained 
by three independent scorers (scorer 1 and 2 had 
no previous experience in performing MN assay) 
an intra-comparison was performed. This evalua-
tion was done for scored 1000 BN cells. Figures 3 
and 4 show results of analysis of each single scorer 

in prepared experimental mode for lymphocytes ir-
radiated by X-rays or protons. 

In both studied cases (Figs. 3 and 4), the results 
revealed no signifi cant difference and a matching 
correlation between scorers. However, it is vis-
ible that inexperienced scorer 1 counts less MNi 
than scorers 2 and 3. Whereas, inexperienced scorer 2, 
scores more MNi, compared to results of remainder 
scorers. Only at the dose of 3.0 Gy in case of cells 
irradiated by protons a discrepancy in results was 
observed, which may explain the reason of increased 
error bars in Fig. 2 at the similar dose. The differ-
ence in obtained results in this measurement point 

Fig. 3. The intra-comparison of the results obtained by 
three independent scorers, calculated for 1000 BN cells 
irradiated with X-rays. Only scorer 3 had previous experi-
ence in performing MN assay. 

Fig. 4. The intra-comparison of the results derived by 
three independent persons for 1000 BN cells irradiated 
with protons. Scorer 1 and scorer 2 had no experience in 
MNi scoring.

Table 2. The coeffi cients of MNi frequency fi ts for the cubic model (protons) derived for 500 BN cells and 1000 BN cells 

Model 500 binucleated cells 1000 binucleated cells

Equation y = A + B*x + C*x^2 + D*x^3 y = A + B*x + C*x^2 + D*x^3

Reduced Chi-square 1.81192 3.40968

Adj. R-square 0.9528 0.9794

Value Standard error Value Standard error
A       0.98852 0.25565   1.02894 0.16896
B     13.04832 2.47545 12.79884 1.91914
C –2.726 2.29425 –2.30541 1.77288
D       0.28027 0.47465   0.37220 0.36211

Table 1. The coeffi cients of MNi frequency fi ts for the 
parabola model (X-rays) obtained for 500 BN cells 

Model 500 binucleated cells

Equation y = A + B*x + C*x^2

Reduced Chi-square 1.70316

Adj. R-square 0.9843
Value Standard error

A   0.91697 0.11745
B   6.73589 0.46867
C –0.82847 0.15099
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has been reanalyzed three times by each scorer. 
Nevertheless, the results remained similar and again 
a discrepancy was noticed. The same trends were 
observed when 500 BN cells were analyzed (data 
not shown). The mean value of Pearson correlation 
coeffi cient calculated for scorers, when 1000 BN 
cells are analyzed was the same for X-rays (0.95, 
p < 0.05) and for protons (0.95, p < 0.05). 

Discussion 

Management of large-scale radiation accidents 
requires a high throughput biological dosimetry 
technique for population triage, where rapid identifi -
cation of wounded persons is most urgent. For triage 
purposes several approaches might be considered. 
Clinical symptoms are useful in estimating radiation 
effects based on an organ level, while the assessment 
of radiation-induced effects upon cytogenetic tests 
presents a different approach. Naturally, each system 
has its benefi ts and limits, with respect to the useful-
ness for specifi c applications. The micronucleus assay 
is a well standardized and validated technique for in 
vivo evaluation of radiation exposure, which is used 
as an alternative to the dicentric chromosomes assay 
(DCA) [4, 5]. Due to the necessity of specialized 
expertise, devices or facilities, to which availability 
is limited, dicentric chromosome test has certain 
constrains [4, 5]. During last years, several improve-
ments of MN assay have been achieved, in order to 
make it suitable for simple and rapid analysis in case 
of radiation emergency [5]. There have been formed 
many algorithms to expedite MN image analysis in 
automated scoring procedure, but because of its costs 
and access limitations, laboratories are searching for a 
less constrained strategy of scoring based on manual 
analysis of reduced number of binucleated cells. 

Concerning the usefulness of the method in 
reasonable therapeutic decision making, the goal of 
this study was to verify the MNi scoring procedure in 
experimental mode, where only 500 BN cells, instead 
of 1000 were analyzed in a different dose ranges. 
Another study objective was to verify if persons 
without experience in performing MN assay, may 
analyze samples as well as an experienced person, 
which would speed up sample screening to clinically 
relevant subgroups of potentially overexposed indi-
viduals. In order to determine MN assay’s capability 
of distinguishing low from high-dose exposed, blood 
samples collected from one healthy donor have been 
irradiated in dose range 0.3–4.0 Gy using X-rays or 
protons. The experiment was designed in this way, to 
mimic the real scenario of a radiological event, that 
is, a radiation accident, which involves numerous 
overexposed individuals. 

Presented results showed no signifi cant differ-
ence in scoring 500 BN cells, instead of 1000 in 
whole dose range for X-rays and in 0.3–3.0 Gy for 
protons. Only for 4.0 Gy of protons statistically 
signifi cant difference was observed. Starting from 
dose 1.5 Gy all measurement points had lower 
value, when only 500 BN cells were scored in case 
of protons. Observed effects in our studies may 

be explained by a difference in the mechanism 
of damage induction by X-rays and protons. At 
higher doses proton beams produce dense ioniza-
tion tracks resulting from spatially localized energy 
deposition in ‘sequential bursts’. The dose dense 
energy deposition results in an increase in locally 
multiply damaged sites (LMDS) or ‘clustered DNA 
damage’, which increases with linear energy transfer 
(LET) and dose [13]. It is probable these effects, 
presented as a frequency of MNi (as BN cells with 
one MN, two, three MNi) are better seen, where 
1000 BN cells are analyzed. 

The number of BN cells scored in the MNi analysis 
in triage mode is still under investigation [5]. Our 
approach to establish a different triage mode for 
MNi scoring is based on the statistical properties of 
the Poisson distribution. One of the properties of the 
Poisson distribution is that its variance is equal to its 
expected value. In consequence the accuracy in the 
estimation of the rate of occurrence of a Poisson event 
depends only on the number of events. In our case, the 
MNi scoring precision of MNi determination depends 
on the number of BN cells with MNi evaluated and 
not on the total number of BN cells scored [5]. 

The standardized IAEA protocol [3, 12] recom-
mends scoring 1000 BN cells minimum, however 
presented results are in agreement with McNamee 
et al. observations [14]. In McNamee’s triage ver-
sion only 200 BN cells per subject were analyzed 
and happen to be enough for detection doses 
>1.0 Gy of gamma radiation [14]. Our results con-
fi rmed McNamee’s observation in whole dose range 
0.3–4.0 Gy for X-rays and 0.3–3.0 Gy for protons. 
Observations done by McNamee’s seem to be ex-
plained by relatively uniform distribution of energy 
with gamma rays in comparison to the ‘sporadic’ or 
non-uniform distribution of energy among cells with 
protons. The triage approach was also implemented 
in other cytogenetic test, for example, the dicentric 
chromosome assay as initial screening of subjects 
in case of radiation emergency [15, 16]. Analysis of 
50 metaphase spreads in DCA, instead of routinely 
500 or 1000, increases the threshold level of detec-
tion 1.0–2.0 Gy, which is still adequate to provide 
treatment of the ARS [15, 16]. 

Between May 2010 and April 2013, a collabora-
tive project within Framework Programme 7 of the 
European Union MULTIBIODOSE, was tasked 
with the aim of establishing a fully functional and 
ready to respond in case of a mass casualty situa-
tion biodosimetric network and succeed [6]. In the 
MULTIBIODOSE project, three triage categories 
were presented as: ‘low dose’ category with doses of 
1.0 Gy, requiring no direct treatment, then a ‘me-
dium dose’ category with doses ranging from 1.0 to 
2.0 Gy, for which medical follow-up or treatment is 
necessary and a class of a ‘high dose’ with doses ex-
ceeding 2.0 Gy requiring urgent medical intervention 
[6]. In our studies the laboratory staff was able not 
only to stratify of radiation-exposed individuals ac-
cording with these rules, but to identify each physi-
cal dose for X-rays and for 0.3–3.0 Gy for protons. 

To examine the consistency of the results obtained 
by three independent scorers (of whom only one: 



648 K. Rawojć et al.

scorer 3 had previous experience in performing cyto-
genetic tests) an intra-comparison of MNi frequency 
was performed, which was shown in Figs. 3 and 
4. Observation based on obtained results revealed 
matching correlation (the mean value of the Pear-
son correlation coeffi cient was: 0.95, p < 0.05) for 
all scorers in whole dose ranges for both X-rays and 
protons (Figs. 3 and 4). Higher dispersion in results 
of one measuring point of 3.0 Gy was detected in 
frequency of MNi induced by protons (Fig. 4), but 
yet shown values still indicate high dose estimation 
accuracy in both scoring modes. Presented practice 
confi rms that MN assay requires less expertise in 
scoring compared to DCA. The triage mode of MN 
assay appears to be a sensitive and reliable approach 
in large-scale radiation accidents. Furthermore, agree-
ment of the results obtained by three independent 
scorers encourages a mutual cooperation to prepare a 
validated mode for biodosimetry in case of emergency. 

The biological responses of irradiated cells are 
also dependent on the dose rate [17]. Due to techni-
cal limitations of the dose delivery, we were not able 
to deliver protons and photons at similar dose rates, 
therefore, a direct comparison of the dose rate effects 
in our model is diffi cult. However, the observed dif-
ferences in effects from proton vs. X-rays irradiations 
are likely to have been infl uenced by the differences 
in dose rates, to some extent, but we believe the dif-
ferences in energy spectrum are the primary reason 
for the observed difference to a large extent. 

The dose-response relationships of chromosome 
aberration frequencies induced by the proton beam 
irradiation have been reported in the literature, yet 
the frequencies have been found to be dependent on 
proton energy [18]. The radiation effects were infl u-
enced by the sites in which the cells were irradiated 
[19]. However, there was no reported comparison 
between X-rays and protons response curves. 

Despite the differences, our results are in good 
agreement with those reported by others. The 
observed variation can be explained by additional 
factors starting on the culture conditions, number 
of scored cells, scoring criteria and ending on the 
difference in experience of the scorers [20, 21]. 
Furthermore, this comparison justifi ed the recom-
mendations of preparing own dose-response curve 
by every laboratory, so that, in the case of overex-
posure all conditions are repetitive [22]. 

The RBE for protons is equal to the ratio of the 
dose of a reference radiation (X-rays) to that of 
protons necessary to produce the same biological 
effect. The RBE depends on the reference radiation, 
dose, dose rate, biological system and the biologi-
cal endpoint being analyzed. In our study the mean 
value of RBE for protons was presented (1.69 ± 
0.56 for 500 BN cells and 1.86 ± 0.48 for 1000 BN 
cells). For therapeutic proton beams (60–260 MeV) 
across various doses, the RBE is about 1.1–1.2 
(Fig. 4) in the centre of the spread out Bragg peak 
(SOBP, Fig. 2) [23–25]. The reported values for 
the RBE of a proton beam are ranging from 0.8 to 
2.0 [19]. However, in the presented study, the dose 
and depth at which the blood was irradiated were 
found to have a considerable infl uence upon the RBE 

values of the proton beam. These will be considered 
in the future work in order to determine the RBE 
of protons by cytogenetic abnormalities (CA), fl uo-
rescent in situ hybridization (FISH) and premature 
chromosome condensation (PCC) techniques. 

Given the complex nature of radiation, it is un-
likely that any single biodosimetry assay can be used 
as a one dedicated tool [26]. Physical dosimetry may 
not be available for a number of hours after an inci-
dent and clinical signs are not necessarily accurate 
[27]. It seems that, in the event of a radiological 
catastrophe, immediate triage would be accom-
plished through a combination of physical dosimetry, 
history of an individual’s location, clinical signs and 
symptoms and individual hematology assessment, 
with other methods such as the MN assay used for 
long-term risk assessment [27]. 

Overall, fi rst results showed proposed strategies as 
promising in improving performance of MN assay as 
a biodosimeter in mass casualties, allowing to reduce 
the scoring time to improve the accuracy of evalua-
tion. This study shows that analyzing 500 BN cells 
gives reliable and accurate individual dose estimation 
over whole, examined dose range 0.3–4.0 Gy for 
X-rays and 0.3–3.0 Gy for protons as a fi rst ap-
proach in large scale radiological accidents. In the 
near future, the laboratory is planning to improve 
triage mode and expand the dose range up to 5.0 Gy. 
Moreover, the laboratory is carrying out further re-
search using PCC assay, in order to defi ne even more 
signifi cant cut-off levels for quick classifi cation of 
overexposed persons in medical treatment categories. 
Further studies for more donors to identify potential 
differences in individual sensitivity are also required. 
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