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Abstract

The risk of accidental human exposure is linked to the use of ionizing radiation sources in medical, research and industrial areas. Furthermore, the possibility of terrorist attack using radiological or nuclear devices must be considered. Dose estimation is the first important step for medical treatment of subjects exposed to ionizing radiation. For this purpose, clinical signs /symptoms and biological dosimetry are the two main approaches to assess radiation exposure. Biodosimetry is a method to measure the ionizing radiation dose absorbed by an individual using biological markers. This type of approach is useful when an individual is accidentally exposed and physical dosimetry is not available or uncertain. The most validated assay for biodosimetry and radiation injury assessment is the gold standard Dicentric Chromosome Assay (DCA). Prerequisite for dose assessment is the establishment of a dose-effect calibration curve. Based on the principle of the comparability of in vitro and in vivo irradiation effects, it is possible to generate calibration curves (dose-response) by in vitro exposure of peripheral blood lymphocytes at sequential increasing doses. For this purpose, blood samples collected from a healthy donor were irradiated with increasing doses of X-rays (0.25-4Gy). The blood was cultured for 48h in RPMI medium supplemented with phytohaemagglutinin (PHA) and the stimulated lymphocytes was metaphase blocked with colcemide for the study of dicentric chromosomes. All scorers analysed at least 500 well spread metaphases with 46 centromeres to construct the own personal calibration curve. Each generated calibration curve was compared with each other to test the inter-scorers goodness of fit. Then the three different curves were matched to generate a laboratory calibration curve for dose estimation purpose. All these calibration curves were validated evaluating the dose prediction accuracy through the analysis of blind samples irradiated with single different doses of X-rays.
1.0
INTRODUCTION
Due to an increasing concern about the threat of radiological or nuclear terrorism, the preparedness for medical management of radiation events is of great importance [1-2]. Appropriate medical management of a radiation accident encompasses various factors such as the number of victims and the level of radiation exposure [3]. Particularly in mass-casualty events, a rapid classification of victims in medical treatment groups has to be done. For this purpose, clinical signs /symptoms and biological dosimetry are the two main approaches to assess radiation exposure. The first method used to correlate human biological parameters with absorbed dose is based on the observation of intensity, frequency and duration of some symptoms displayed after radiation overexposure [4]. Those symptoms characterize the so-called prodromal phase of the acute radiation syndrome (ARS), which involve hematopoietic, gastrointestinal and neurovascular systems. The first symptoms of ARS only appear after whole-body acute exposures greater than 1Gy. Screening and more accurate classification of irradiated population with doses above 2Gy are carried out by haematological counts of lymphocytes, polymorphonucleated leucocyte and platelets levels. These data are supported by a well-known relationship between a large exposure levels and ARS’s hematopoietic disturbances, by which the production of one or more blood components is stopped or intensely reduced (so-called cytopenia) [5]. Individuals with little or no exposure, not facing acute health impairments, have to be distinguished from those with mild, moderate or severe doses in order to allocate the best medical resources [6]. 
It has been known since the last century that ionizing radiation causes DNA damage and that DNA misrepair can induce chromosome aberrations: stable (translocations, deletions, insertions) or unstable (dicentrics, centric rings, acentric fragments). These aberrations are observed in metaphase cells. A misrepair can be also observed after anaphase in the form of micronuclei. The applicability of the available assays of biodosimetry is based on the analysis of the chromosome damage present in peripheral blood lymphocytes, which is convenient because its collection is non-invasive and it is easy to obtain. The occurrence frequency of unstable aberration, namely dicentric [7], is most often used to estimate absorbed doses. Sometimes the analysis takes into account centric rings, but their frequency is insignificant in comparison with the frequency of dicentrics (approximately 5-10%) [8]. The dicentric chromosome assay (DCA) provides dose estimates in acutely irradiated individuals based on the frequency of radiation-specific dicentric chromosomes in irradiated subject’s peripheral blood lymphocytes. DCA is very sensitive due to a low and stable background dicentrics frequency (1-2 per 1000 metaphase spreads). Laboratory protocols have been standardized by the International Organization for Standardization [9-10] and dose levels as low as 0.1-0.2Gy can be detected, when 500-1000 metaphase spreads are analysed [11]. Analysis of 500-1,000 metaphase spreads per irradiated subject, however, is neither practical as it is labour-intensive, nor essential in a radiation mass casualty event, where acute risk of ARS development needs to be assessed for potentially a large number of individuals to making treatment decisions. Therefore, in these situations, the precision of estimated doses may be decreased to improve throughput by reducing the number of metaphases analysed. Analysing only 50 metaphase spreads, contrary to the routine analysis of 500-1,000 metaphases, increases the threshold level of detection to 1-2Gy, which is still adequate to guide treatment of ARS [12-15], while vastly increasing the speed of analysis and hence dose estimations [13]. A recently published International Organization for Standardization (ISO) standard specifically addresses the use of the DCA for triage dose estimation applications for radiological mass casualties [15]. For cytogenetic triage, only 20-50 metaphases spreads per subject are scored instead of the 500-1,000 scored for routine analysis [13]. Provided results allow a stratification of exposed individuals into broad 1.0Gy categories, which is considered to be sufficient for preliminary medical triage [13-14]. Due to the necessity of a rapid individual dose assessment allowing categorization of victims as soon as possible after a radiation accident, a high-throughput chromosome analysis is required, especially after a mass-casualty event.
In this study we have establish three different X-rays calibration curves from three scorers. Each generated calibration curve was compared with each other to test the inter-scorers goodness of fit. The three different curves were matched to generate a laboratory calibration curve for dose estimation purpose. All these calibration curves were validated evaluating the dose prediction accuracy through the analysis of blind samples irradiated with single different doses of X-rays.

2.0
Materials and methods

2.1
Blood Samples Irradiation And Culture
The blood withdrawals and irradiations were performed at Bundeswehr Institute of Radiobiology (Germany) and provided us for a recent NATO inter-laboratory/inter-assay exercise for whole body dose assessment after X-rays exposure. Briefly, blood was sampling from a healthy volunteer and splitted in 2ml aliquots into heparinized vacutainer vials. Blood samples were irradiated immediately at approximately 37°C using single doses of X-rays with a mean photon energy of 100 keV (240 kV accelerating potential, maximum photon energy: 240 keV; X-rays tube type MB 350/1 in Isovolt 320/10 protection box; Agfa NDT Pantak Seifert GmbH & Co.KG, Ahrensburg Germany) filtered with 7.0 mm Beryllium and a 2.0 mm Aluminium layer. The absorbed dose was measured using a duplex dosimeter (PTW, Freiburg, Germany). The dose-rate was approximately 1Gy min-1 at 13 mA.  The samples were incubated for 2 h at 37°C after irradiation and shipped samples at room temperature according to United Nation Regulation 650. For dose-effect calibration curve the blood was unirradiated (11 health donors) and irradiated at 0.25-0.5-0.75-1-2-3-4Gy. For dose estimation purpose 5 doses were used in a coded sample way. 

Each blood sample was cultured in triplicate in 10ml total volume, adding 0.6/0.7ml of whole blood to RPMI 1640 (Gibco) medium supplemented with 10% foetal calf serum, 0.2ml phytohemagglutinin (PHA), 1% L-glutamine and 1% penicillin/streptomycin (Gibco). After 45h of culture at 37°C, 0.2ml of colcemid (Kariomax, Gibco) were added and the cultures were leaved for other 3h at 37°C.

2.2
Metaphases Fixation Procedure
At the end of culture time the blood cell suspensions were transferred in 15ml conical tube and centrifuged 10’ at 1300 RPM. After discarding the supernatant, 10ml of prewarmed hypotonic solution (KCl, 75mM) were added at each tube, resuspended and leaved for 20’ at 37°C. At the end of incubation time 1.5ml of precooled fixative solution (3:1 Methanol: Glacial acetic acid) was added, the cell mixture was resuspended and centrifuged 10’ at 1300 RPM. After discard of supernatant, 10ml of precooled fresh fixative solution were added at each tube and centrifuged 10’ at 1300 RPM. This final step was repeated for at least other 4 times.

2.3
Slide Preparation, Staining And Scoring 
The cell suspensions were spotted into coded clean glass slide and air-dried at room temperature. After checking the metaphase spreading at microscope the slides were stained by immersion in HCl solution (1:1 37% HCl:distilled water) for 50’’ and immediately in Giemsa solution (10% Giemsa in distilled water) for 10’. The slides air-dried were mounted with coverslips using Eukitt mounting medium. For scoring of aberration three experienced scorer were employed. Scorer 1 used a semiautomatic mode by automated metaphases search module MSearch Metafer4 (Metasystems, Germany) and relocation on screen for visualization or, if metaphase was not definite, under microscope at 63X magnification for study of chromosomal aberrations. Scorers 2 and 3 used a total manual search of metaphases at 10X magnification and aberration study at 100X magnification. All scorers considered only metaphases with 46 centromeres and dicentric chromosomes, excess acentric fragments, centring rings and other chromosomal aberration were recorded in a data sheet in agreement with [16].

2.3
Statistical Analyses 
The dose-effect relationship was determined for dicentric chromosomes and excess acentric fragment fitting the frequencies with a linear-quadratic method of maximum likelihood using the Dose Estimate software kindly provided from Dr Ainsbury (Health Protection Agency, UK). The u test of the goodness of fit was used to evaluate the yield of dicentrics and excess acentrics with dose for Poisson distribution [17]; if the u value is included between ±1.96 the aberrations are Poisson distributed. For inter-scorer analysis of fit the ANOVA test for repeated measurement was performed both for the dicentrics frequency and for each dose estimation curve coefficient.

3.0
RESULTS

3.1
Dose-effect Calibration Curves 
In order to achieve a retrospective dose assessment capability, X-ray dicentric dose-effect calibration curves were establish in our laboratory from three different scorers. In table 1a are reported the results of analysis of dicentrics and excess acentrics for scorer 1. The background aberration frequency was 0.4 dicentrics per 1,000 cells. After X-ray exposure ranging from 0.25 to 4Gy a total of 2,600 metaphases analysed revealed 660 dicentric chromosomes (including 10 tricentrics chromosomes, that were considered as two dicentrics) and 59 centric rings. The trend of dicentrics frequency increased with dose ranging from 0.022 at 0.25Gy to 1.49 at 4Gy exposure of X-rays. In table 1b are reported the distribution, the u-value and the dispersion factor of dicentric chromosomes for scorer 1. The cells containing dicentrics increase with absorbed dose and the distribution follows the Poisson distribution with u-values between ±1.96. 
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In table 2a are reported the results of analysis of dicentrics and excess acentrics for scorer 2. The background aberration frequency was 0 dicentrics per 1,000 cells. After irradiation exposure ranging from 0.25 to 4Gy a total of 3,284 metaphases analysed showed 1,418 dicentric chromosomes (including 15 tricentric chromosomes, that were counted as two dicentrics) and 83 centric rings. In table 2b are reported the distribution, the u-value and the dispersion factor of dicentric chromosomes for scorer 2. The cells containing dicentrics increase with absorbed dose and the distribution follows the Poisson distribution with u-values between ±1.96.
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In table 3a are reported the results of analysis of dicentrics and excess acentrics for scorer 3. The background aberration frequency was 0.4 dicentrics per 1,000 cells. After X-rays exposure ranging from 0.25 to 4Gy a total of 2,971 metaphases analysed revealed 1,088 dicentric chromosomes (including 13 tricentric chromosomes, that were counted as two dicentrics) and 81 centric rings. In table 3b are reported the distribution, the u-value and the dispersion factor of dicentric chromosomes for scorer 3. The cells containing dicentrics increase with absorbed dose and the distribution follows the Poisson distribution with u-values between ±1.96.
Table 4 shows the coefficient of dose-effect curve calculated from dicentrics frequency for each scorer. Each dose-effect curve was analysed for goodness of fit with linear-quadratic model y=C+αD+βD2 and the p value for coefficient α and β was also calculated. For scorer 1 a weighted chi squared of 4.28 was observed with 5 degree of freedom that resulted in a p value of 0.51. The z-test for alpha and beta coefficient of dose-effect curve returned a p<0.01. For scorer 2 a weighted chi squared of 10.17 was observed with 5 degree of freedom that resulted in a p value of 0.07. The z-test for alpha coefficient resulted a p<0.05 and for beta coefficient a p<0.01. About scorer 3 we have observed a weighted chi squared of 1.89 that resulted in a p value of 0.86. The z-test for alpha and beta coefficient of dose-effect curve returned a p<0.01. In figure 1 are reported the dose-effect curves from dicentric chromosomes frequency for each scorer with their standard error of the mean and the 95% upper and lower confidence intervals.
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To test the concordance between each scorer we applied the ANOVA test for repeated measurement both for the dicentric chromosomes frequency and for C, α and β coefficients of dose-effect curves. About the dicentrics frequency we have observed a p value of 0.25 (F=1.529 for 2 degree of freedom and R2=0.18) and a p<0.0001 for pairing significantly effective (F=343.7 for 2 degree of freedom and R2=0.99). For the dose-effect curves coefficient we have observed a p=0.56 (F= 0.6782 for 2 degree of freedom and R2=0.25) and a p<0.0001 for pairing significantly effective (F=710.9 for 2 degree of freedom and R2=0.99).
After obtaining the inter-scorer correlation, we have elaborated the laboratory dicentrics calibration curve for dose estimation purpose by the sum of each scorer contribution. In table 5a are reported the results of analysis of dicentrics and excess acentrics for all scorers. The background aberration frequency was 0.3 dicentrics per 1,000 cells. After irradiation exposure ranging from 0.25 to 4Gy a total of 8,855 metaphases analysed revealed 3,166 dicentric chromosomes (including 38 tricentric chromosomes, that were counted as two dicentrics) and 223 centric rings. In table 5b are reported the distribution, the u-value and the dispersion factor of dicentric chromosomes. The cells containing dicentrics increase with absorbed dose and the distribution follows the Poisson distribution with u-values between ±1.96. Figure 2 shows the dicentrics and acentrics dose-effect calibration curves established by the data derived from all scorers. For dicentrics dose-effect calibration curve a weighted chi squared of 5.91 was observed with 5 degree of freedom that resulted in a p value of 0.32. The z-test for alpha and beta coefficient of dose-effect curve returned a p<0.001. For acentrics data a weighted chi squared of 12.1 was observed with 5 degree of freedom that resulted in a p value of 0.03. The z-test for alpha coefficient resulted a p<0.01 and for beta coefficient a p<0.001.
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3.1
Dose Estimations
To test the new established calibration curve for dose prediction accuracy, we have analysed 5 irradiated blood aliquots in a blind mode. In table 6 are reported the results of biological dose estimations based on the analysis of dicentric chromosomes in 500 metaphases and their 95% upper and lower confidence limit estimated by comparing the observed dicentrics frequencies with the fitted dose-effect calibration curve. All physical doses used were included within the 95% upper and lower confidence intervals and the percentage errors of prediction ranged from -7.1 to 14.3 indicating under and over estimation of the physical absorbed dose.
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4.0
discussion

The dicentric chromosome assay (DCA) is the ”gold standard” biodosimetry method for radiation dose assessment. DCA can be used for rapid dose assessment of individuals in the early period followed by radiological or nuclear incident for optimum medical aid. DCA application in radiation mass casualties needs great sample processing and chromosome aberration analysis capability. The usefulness of DCA to assess health risks and to guide medical treatment decisions has been demonstrated in several radiation accidents involving mass casualties, such as those in Chernobyl, Goiania, and Tokaimura. Estimated doses using DCA are in good correlation with the severity of acute radiation syndrome [18]. In the Chernobyl accident, an approximate dosimetry was achieved by rapid preliminary examination of 50 lymphocyte metaphases per person for several individuals [19]. More recently, dose estimation was done using the DCA in the Tokaimura criticality accident in three severely exposed workers [20] and 43 resident workers [21-22]. 

In this work we produced a dicentric chromosomes dose-effect calibration curve as a fundamental prerequisite for dose estimation purpose in case of radiological/nuclear adverse events. The curve was elaborated from blood samples derived from 11 healthy donors for background level of dicentrics and one sample exposed to 7 different dose of X-rays. This curve was obtained by comparison of three different scorers analyses to assess an inter-scorer evaluation. We have obtained consistent similar results between scorers, demonstrating   good technical skills. Furthermore, we applied a semiautomated detection mode of dicentrics chromosome that consist in an automated search of metaphases by motorized microscope and the visual scoring of aberration by the relocation of metaphases in the PC monitor. The dicentrics frequency observed using this method did not show differences with the conventional manual method. However, the semiautomated approach allowed to drastically reduce the time necessary to carry out the dicentrics screening. In fact, a trained scorer can read 500 metaphases in 2 days in manual mode and in only half of that time (one day) by semiautomated mode. All scorers had a good linear quadratic model fit for curve and similar results about the frequency of dicentrics observed at each dose analysed. The inter-scorer analysis for dicentrics frequency and for dose-effect curves coefficients by ANOVA test returned a good correlation between scorers. This result allowed us to combine each scorer results generating a laboratory calibration curve that was used to dose assessment scope. A low level of dicentrics background was found (0.3 per 1,000 cells). This is consistent with other published data [16, 23]. About the low doses  (0.25-0.5-0.75Gy) more data will be added to reach a number between 3,000 and 5,000 scored cells to improve the statistical value for these points [16]. The distribution of dicentrics chromosome follows the Poisson distribution for all doses as previously reported [25]. The α and β coefficients obtained are in agreement with previously published ones [26-30]. The excess of acentric fragment frequency fit well with linear quadratic model and this is a requisite for dose assessment in case of partial body exposure [24]. The evaluations of 500 metaphases in 5 blind X-rays exposure blood samples to simulate whole body exposure have showed the consistency of derived dose estimation data. All physical doses were within the 95% estimated confidence limits demonstrating the usefulness of the new established dicentrics dose-effect curve, the technical competence and the good practice performance in metaphases scoring by all scorers involved.

In conclusion, thanks to a recent NATO inter-laboratory exercise, we have established, by an intra-laboratory calibration between three different scorers, our own laboratory X-rays dose-effect calibration curve based on the analysis of the dicentric chromosomes. The prerequisites for biological dosimetry after real or suspected X-rays exposure have been created with the establishment of a robust dose-response calibration curve for dicentrics chromosome. Applying the calibration curve in an in vitro experiment simulating whole-body exposures, good results of radiation dose assessment were obtained supporting a good technical expertise of personnel employing. In the future more data will be added to reach a greater statistical significance especially for low doses and other inter-laboratory exercises will be done to maintain the acquired capability.
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Table � SEQ Tabella \* ARABIC �1�: Analysis of dicentrics and excess acentrics (A) and distribution, u-value and dispersion factor of dicentric chromosomes for scorer 1 (B). SEM: standard error of the mean.
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Table � SEQ Tabella \* ARABIC �2�: Analysis of dicentrics and excess acentrics (A) and distribution, u-value and dispersion factor of dicentric chromosomes for scorer 2 (B). SEM: standard error of the mean.
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Table � SEQ Tabella \* ARABIC �3�: Analysis of dicentrics and excess acentrics (A) and distribution, u-value and dispersion factor of dicentric chromosomes for scorer 3 (B). SEM: standard error of the mean.
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Table � SEQ Tabella \* ARABIC �4�: Coefficients of dose-effect curve calculated from dicentrics frequencies for each scorer. S.E.: standard error; dF: degrees of freedom.





Figure 1: Dose-effect curves from dicentric chromosomes frequency for each scorer with their standard error of the mean and the 95% upper al lower confidence intervals.








Table � SEQ Tabella \* ARABIC �5�: Analysis of dicentrics and excess acentrics (A), distribution, u-value and dispersion factor of dicentric chromosomes from all scorers contribution. SEM: standard error of the mean.
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Figure 2: Dicentric and acentric dose-effect calibration curves established by the data derived from all scorers (above) and their respective coefficients of the curve (below). S.E.: standard error; dF: degrees of freedom.





Table � SEQ Tabella \* ARABIC �6�: Biological dose estimations based on the analysis of dicentrics chromosomes in 500 metaphases. LCL: 95% lower confidence limit; UCL: 95% upper confidence limit.
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