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Abstract 

Following large scale radiation events individual dose assessment is essential in clinical management of the exposed subjects. The in vitro cytokinesis-block micronucleus (CBMN) assay is an established cytogenetic method for biodosimetry alternative to the dicentric test, considered as the “gold standard”. The CBMN test is more sensitive, but less specific than dicentric assay and doesn’t require extensive expertise in cytogenetics.  The validation of the CBMN as dosimetric tool in mass casualties events requires further research to the development of new scoring strategies, the automation of the scoring and the organization of cooperative networks between experienced laboratories. The aims of our project were to develop a triage mode for MN visual scoring and to validate the automated MN analysis. An original triage approach for MN scoring was developed taking advantage of the statistical properties of the Poisson distribution, widely used to model the results of MN assays.  Dose response calibration curves for seven doses (0-4 Gy) of gamma radiations for 18 healthy volunteers, established following standardized criteria were compared with those obtained in a ‘triage’ mode based on scoring 20, 30 and 50 binucleated micronucleated cells. Standardized procedure for slide preparation and staining using fluorescent dye (4’, 6-diamidino-2-phenylindole DAPI for the automated scoring were established.   A number of classifiers and parameters for the automated search were  tested  with the aim to optimize the analysis.   Dose- response curves at different doses of gamma radiations obtained by fully and semi-automated scoring of MN were compared with visual analysis performed by an experienced scorer. A good correlation (R2= 0,94) between visual and automated scoring with visual correction was observed over the dose range  0-4 Gy.  

1.0
Introduction

Biological dosimetry is an important step in the estimation of received doses in cases of accidental overexposure to ionizing radiation. The evaluation of chromosomal damage, as a direct result from the radiation itself or as an attempt to correct the damage caused by radiations is considered the most specific and sensitive biomarker after radiation exposure.

The micronucleus (MN) test in peripheral lymphocytes using the cytokinesis-block assay is one of  the  standardized cytogenetic techniques recommended by the International Atomic Energy Agency as a biodosimeter alternative to the dicentric test, for assessing  the exposure to ionizing radiations (1,2).  A number of studies showed a strong correlation between the radiation-induced MN frequency and the radiation dose (4-7). The MN frequency evaluated in peripheral blood lymphocytes from subjects exposed to unknown radiation doses is converted in absorbed dose by reference to a dose-response calibration curve.

The MN test was also successfully applied as a marker of exposure in a number of radiation accidents with dose estimates in close agreement with values obtained using the dicentric assay (8-10), although  the assay was not  validated  as a dosimetric tool in mass casualties.

The MN assay appeared more sensitive and less specific than dicentric assay. Interindividual variability in background level was observed in large biomonitoring studies based on age, sex, lifestyle factors, environmental exposure to genotoxic agents.  Due to these factors, the lower limit for dose detection of the MN assay is about  0,2 Gy.

Dose-response calibration curves for MN frequency were established in our lab at seven doses of gamma radiation (0.15-8 Gy)  in 21 healthy donors. A good level of accuracy over the dose range 0.15-8 Gy  was  detected by comparison of biologically estimated doses with actual physical doses for a number of blind samples. Large interindividual variability was observed at all doses, associated with the difference in cellular defenses and DNA repair. The age effect, impairing the estimation of low doses, was not appreciable at dose level higher than 1 Gy.  Toxic effects, evaluated as decrease of percent of binucleated cells and of the proliferation index, increased with the increasing radiation doses, but no inhibition of MN expression was observed (11). 

Two main limitations hamper a widespread application of the assay: the time needed for scoring procedure and the variability between scorers. The available strategies to overcome these limitations are: the validation of a triage mode of scoring and the use of automated scoring systems. 

We addressed both the approaches in order to develop a strategy for the application of MN test in emergency.

1.1 Triage mode for visual scoring

The number of binucleated cells (BN) to be scored in the MN analysis is still an open question. The available biomonitoring studies report the scoring of a number of BN cells ranging from 500 to 2000. The standardized protocol  recommend to score a minimum of 1000 cells, although for low MN frequency more cells have to be evaluated to maintain similar statistical power across the different groups of  exposed subjects.  

The triage approach to reduce the number of observations scored/ subjects on the basis of the frequency of the events is applied for dicentric analysis as an initial screening of subjects in a large scale radiological emergency (12,13). A recent paper proposes a triage version also for the cytokinesis-block micronucleus (CBMN ) assay where only 200 BN cells/ subject are to be scored for detection radiation doses > 1Gy (14).

Our approach to establish a triage mode for MN scoring is based on the statistical properties of the Poisson distribution.  This model is applied to describe the rate of occurrence of  events  when the variable of interest is a count, as the case of MN test.  The Poisson distribution  is used in the statistical analyses of of MN data (16). The same distribution was observed for specific chromosomal damage, such as acentric and dicentric chromosomes in peripheral human lymphocytes after in vitro irradiation  (15).   
A property of the Poisson distribution is that its variance is equal to its expected value. The consequence is the accuracy in the estimation of the rate of occurrence of a Poisson event depends only on the number of events. In the case of MN scoring the precision of MN determination depends on the number of BN cells with MN evaluated and not on the total number of BN cells scored. On this basis, we calculated the confidence intervals of the estimates of MN frequency scoring 20, 30 and 50 BNMN cells: the results showed that, in proportional terms, they are independent of the number of BN cells scored.
We validate this triage mode of MN scoring through the comparison between the rates estimated on 1000 cells, as suggested by the standardized protocol, and the rates estimated stopping after 20, 30 and 50 BNMN cells in peripheral lymphocytes samples from 18 healthy subjects obtained by in vitro irradiation at different doses of gamma radiations. 

Whole blood cultures were treated with increasing doses of ionizing radiations: 0.15; 0.30; 0.60; 1.0; 2.0; 4.0  Gy from a 137Cs gamma rays source at a dose rate of 0.10-0.15 Gy/s at room temperature.  Cytokinesis-block micronucleus protocol was applied as previously described (11).

The dose estimates based on the established dose-response calibration curve obtained by scoring 1000 BN cells and by using the triage mode stopping after scoring 20, 30 or 50 BNMN cells were compared with the actual physical doses.   

The results are shown in fig 1 where a high level of correlation is evident also by scoring 20 BNMN cells. 

Fig 1 Correlation between physical doses and estimated dose on 1000 cells (Panel A) and applying the triage mode of scoring by counting 20 BNMN cells (Panel B), 30 BNMN cells (Panel C) and  50 BNMN cells (Panel D)  
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1.2 Automated MN scoring

The automation of scoring is a most promising strategy to speed up the cytogenetic analyses achieving faster availability of the data and reducing the variability due to subjective evaluation. Several automated image analysis systems for MN scoring have been developed during the last two decades which were applied and/or are currently under validation in a number of labs.  

The automated system used in our validation study is the Metafer 4 MNscore (MetaSystem) which allows the automatic finding of  BN cells based on nuclei position and morphology, and the consequent automated detection  of micronuclei in a defined area of interest around the nuclei of the selected BN cells.  The parameter set (classifier) used to identify BN cells and micronuclei  in the automated scoring process is based on morphometric criteria (size, aspect ratio, concavity) for nuclei and micronuclei. A number of papers are available on the use of this system on radiation biodosimetry (17) and on radiosensitivity in cancer patients (18-20) Different protocols for sample processing and slide preparation were applied and different results were obtained in terms of accuracy of dose estimation to radiation exposure, reproducibility of the analysis and correlation with visual scoring.  

Our first approach to validate the Metafer  MNscore system was carried out through  the evaluation of the dose-effect calibration curve for MN frequency in peripheral lymphocyte from healthy subjects in vitro treated at six dose levels of  137 Cs gamma rays in the range 0-2 Gy. We applied standardized procedure for sample processing and slide preparation and we used fluorescent dye ( 4’, 6-diamidino-2-phenylindole DAPI).  A number of classifiers and parameters for the automated search were tested with the aim to optimize the analysis. The comparison between visual and automated scoring showed lower MN frequency levels in automated analysis than in visual counting.  We focused our exercise on the frequency of binucleated cells with micronuclei (BNMN cells), considering the low efficiency of the system in detecting more than one MN in a single BN cell. Dose-response curves at different doses of gamma radiations obtained by fully and semi-automated scoring of BNMN cells were compared with visual analysis performed by an experienced scorer. A good correlation (R= 0.705) between visual and automated scoring with visual correction was observed over the dose range. A low correlation (R= 0.584) was detected between the frequencies of BNMN detected by visual scoring and by automated system directly.  (Bolognesi et al 2011).  

The analysis of the overall results obtained with the Metafer  MNscore system allowed to identify the critical factors impairing the automated scoring. The presence of apoptotic nuclei and the cell size range decrease the efficiency of the system in detecting BN cells. In addition the system fails to identify MNi if they are close or attached to the main nuclei or if there are more than one MN in the same BN cell.  Critical steps in the protocol for sample processing are considered to be modified to improve the BN cell detection. New experimental protocols were tested for automated scoring: a better performance in dose prediction was observed showing a high correlation with the visual scoring (R2= 0.94).    Further exercises are ongoing in order to standardize the procedure for slide preparation and staining, the classifier and the system setup.

2. Conclusions
Overall our results showed that both the explored strategies are promising to improve the performance of micronucleus assay as radiation biodosimeter in mass casualties.
The triage mode of scoring, based on Poisson distribution, is suitable in the application for radiation biodosimetry, allowing to reduce the scoring time and to improve the accuracy of evaluation. The number of BNMN cells to be scored can be established on the basis of the required accuracy of the exposure estimation. 

Several automated image analysis systems are today available: the validation process in ongoing in a number of labs. Critical steps are identified in the sample preparation, slide staining and software settings (classifiers).  The HUMN project is planning a program with the aims: a) to standardize criteria for acceptable performance of automated image cytometry systems and b) to organize an inter-laboratory automated slide-scoring exercise in order to evaluate the performance characteristics compared to visual scoring and to determine the interlab variability using the same or different automation platforms.  
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