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1. List of Abbreviations 

BN  Binucleated cell 

CA  Chromosome aberration assay 

CBMN  Cytokinesis-blocked micronucleus assay 

DIC  Dicentric chromosome aberration  

ET  External radiotherapy (same as teletherapy) 

FISH  Fluorescent in situ hybridization 

HDR  High dose rate brachytherapy 

Hw  Hardware 

IAEA  International Atomic Energy Agency 

LDR  Low dose rate brachytherapy (seed) 

MN   Micronucleus (plural: MNi = micronuclei) 

PTMN  Project of the MN samples of prostate tumorous patients (4.3.3) 

RM V10 Radosys Radometer V10 automated microscopic system version used 

for the evaluation of alpha tracks on solid state nuclear detectors 

RS-MN  Radosys Radometer MN-Series automated MN scoring system 

Ref1, Ref2 Reference biodosimetry laboratories participating in my work 

SA  SemiAutomatic software add-in 

Sw  Software 

TT  Teletherapy (same as external radiotherapy) 

WBE  Whole-body equivalent (dose, for example)



2. Introduction 

In case of a radiation or nuclear emergency the workers and inhabitants may be 

affected by unintended and unknown radiation dose. In those situations, where the victims 

were not monitored by a physical personal dosimeter, biodosimetry methods are used for 

assessing the received dose retrospectively. Although, the gold standard method is the 

dicentric chromosome assay, due to its smaller evaluation time the micronucleus (MN) assay 

also plays a fundamental role in the fast estimation of exposure and the radiation injury. Both 

methods are based on the phenomena that the number of specific chromosome damages 

induced by ionization radiation is proportional to the received dose.  

Europe- and also worldwide intercomparison projects [1], [2] are working on the 

harmonization of the biodosimetry laboratories in order to be able to combine their sample 

processing capacity in case of a large-scale nuclear accident. In parallel, the development of 

automatic systems is emerging. There are several well-established automatic object 

recognition techniques for speeding up the otherwise time-consuming procedure of visual 

scoring [3]–[9]. Another benefit of the automatization is that it excludes the subjectivity of 

visual scoring. These automatic systems differ in the used staining, chosen concept of image 

segmentation algorithm and accuracy. But their common feature is that the system consists of 

two parts: the scanning of the slides is done by a commercially available all-purpose digital 

microscope while the scoring is done separately with a designated image processing software.  

Following the International Atomic Energy Agency protocol [10] for the sample 

preparation of the cytokinesis-blocked micronucleus assay the appearance of the slides are 

similar enough to assure the reproducibility of the visually scored results. However, the 

definition of a stable sample quality demanded by a certain automated scoring system can 

significantly differ from the requirement of the traditional visual scoring. Generally, the first is 

stricter than the latter and strongly depends on the applied segmentation method. The 

solution of the manufacturers was to optimize some parts of the sample preparation [3], [4], 

[6], [11]. 
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The overall conclusion on the automatization of the MN assay is that their speed is a 

great advantage over the traditional visual scoring. The accuracy is suitable for triage purposes 

for the majority of available systems. The uncertainties can be lower if an extra revision step is 

added and as a result a so-called semi-automatic scoring is introduced. This is of utmost 

importance towards the lower dose ranges, where the signal to noise ratio is higher.  

Radosys Ltd., a company with a 23 year of practice on the field of the scoring nuclear 

tracks by digital microscopy. In 2012, they decided to explore the possibility to extend the 

applicability of their microscopes to other fields close to radioprotection and so a basic 

prototype of MN scorer was developed. Its design makes it robust and cost-effective compared 

to the concurring systems. The first part of this PhD work was the adaptation, optimization and 

validation of this prototype on hardware and software level. Attempts were made for 

improvement by sample preparation also. In the second part of my work presented here, I 

concentrated on the automatic evaluation of lower dose samples where the measured signal 

is around the lowest level of detection (< 1 Gy).  
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2.1. Overview on biological dosimetry assays 

There is an increasing tendency in the application of nuclear technologies: medical 

applications (nuclear medicine, radiation therapy) and power production (nuclear power 

plants) became part of our common life. Unfortunately, the chance of terrorism (dirty bomb) 

cannot be neglected either. Thus, the improvement of the preparedness for accidental 

irradiation of occupational workers, patients and public has utmost importance. There is a wide 

scale of physical (electron paramagnetic resonance - EPR, thermoluminescence - TLD, optically 

stimulated luminescence - OSL) and clinical (irradiation symptoms and hematological 

variations) dosimetry tools that are at service in case of nuclear accident (loss of the sources, 

abnormal/unsuitable use and storage, clinical overexposure) for the assess of the exposure 

affected the victims. However, in a real scenario it is not sure that at least one of the mentioned 

methods is applicable. Apart from the occupational workers, the affected individuals are not 

wearing physical dosimeters and due to stress, many people may show symptoms like nausea 

or diarrhea that can be misinterpreted as signs of severe radiation exposure. The main idea in 

similar situations is to use biodosimetry which is generally a measurement tool of the changes 

in the tissue of individuals caused by irradiation as a quantity of absorbed dose. In this chapter 

the main currently available or emerging technics and the present state of their international 

harmonization are overviewed. 

2.1.1. Requirements for an ideal biodosimetry method 

In the international literature several slightly different definitions of biodosimetry can 

be found. The most general is the following: biodosimetry is the use of physiological, chemical 

or biological markers of exposure of human tissues to ionizing radiation for the purpose of 

reconstructing doses to individuals or populations [12]. Although strictly speaking it also 

implies the clinical dosimetry methods, hereinafter we exclude them and concentrate on 

cytogenetic, genetic techniques and protein biomarkers. It is important to emphasize the 

difference between biodosimetry and radiation bioassays. The latter should be used whenever 

an internal contamination have been occurred. They measure radioactivity directly in biological 

specimens (e.g. blood, urine, feces, sweat), while biodosimetry assays examine the indirect 

effects through biological end-points. Ainsbury and Swartz [13], [14] also published the 

requirements of an ideal biodosimeter. Their main observations are the following: The ideal 
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assay would be fast, specific for ionizing radiation, cover a large dose range, produce a well-

characterized dose-response curve affected by the inter-individual variation as small as 

possible. They mention the standardization also among the necessities.  

2.1.2. Short description of most frequent biodosimetry assays 

2.1.2.1. Chromosome aberration assay (CA) 

Dicentric chromosome aberration (DIC) forms when two radiation induced broken 

chromosomes are misrepaired in such a way that the two centromeric pieces are joint together 

instead of connecting the elements of original pairs (one fragment with centromere, one 

without). Such a complex is always accompanied by the two remaining fragments that do not 

contain the centromeres (acentric). These formulations can be almost exclusively observed as 

the result of ionization radiation. This and the fact that the spontaneous frequency of dicentrics 

is very low in healthy population are the main points that make dicentric assay the gold 

standard of biodosimetry. Its downside is the complexity of the possible aberrations besides 

this special one (Figure 1.). It demands not only an enormous amount of analysis time but 

highly qualified expertise as well. A few examples are shown on Figure 1. from [15]. 

 

Figure 1. (left) A variety of possible chromosome aberrations 
(http://atlasgeneticsoncology.org/Deep/MicronucleiID20016.html), (right) Example for a lymphocyte in metaphase with 

23 pairs of chromosomes. The dicentric chromosomes are marked with red frame [15]. 

     

http://atlasgeneticsoncology.org/Deep/MicronucleiID20016.html
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2.1.2.2. Micronucleus assay 

The micronucleus (MN) assay is a well-established method for the retrospective 

assessment of exposures to cytotoxic agents. Micronuclei (MNi) form due to DNA or 

microtubule damage, when a piece or a whole chromosome cannot be incorporated into one 

of the two daughter nuclei created during cell division. A well-established protocol for the 

visualization of MN is the cytokinesis-block micronucleus (CBMN) assay which was worked out 

by Michael Fenech [16], [17]. The basic principle of the method is to induce peripheral 

lymphocytes to quit their quiescent state and to start proliferating, then to arrest the cells in 

telophase. As a result, the affected cells are binucleated (BN) and structures may be present 

resembling microscopic nuclei. Micronucleus has the same staining properties and morphology 

of nuclei, within the cytoplasm of the daughter cell. The frequency of MN in BN cells strongly 

correlates with the dose of damaging agent. Vast different types of aberrations can end in MN 

creation, opposed to the dicentrics.  

 

In the past decades, numerous studies have examined the huge potential of MNi as a 

biological dosimeter of in vivo ionizing radiation exposures [18] and as a biomonitor for 

assessing the effect of chemicals causing cytogenetic damage [6]. It has also been suggested 

that the MN frequency in peripheral lymphocytes may correlate with the risk of cancer in 

humans [19]. The viability of MN as biomarker for many different agents (radiological, chemical 

and biological) is at the same time an advantage and a limitation of the MN assay: we cannot 

separate the individual contributions of the different damaging agents. Thus, if a specific type 

of exposure is of interest, the possible presence of other contributors will increase the 

Figure 2. GIEMSA stained Binucleated cell a with micronucleus [17] 
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background MN frequency, resulting in poorer specificity. For this reason, the accuracy of 

CBMN assay does not match the dicentric assay [13] that is the gold standard specific for 

ionizing radiation. On the other hand, the feasibility of automated scoring methods for 

micronuclei provides a good compromise between the speed of evaluation and the accuracy 

of results. In a mass nuclear accident it is still one of the first tool used for triage dose 

estimation. 

2.1.2.3. Fluorescent in situ hybridization (FISH) 

The preceding methods dealing with approaches that are applicable if the sampling 

happens within few months after exposure, because those aberrations are unstable. It means 

that their number are changing with time (increase or decrease). On the other hand, the 

reciprocal translocations are suitable for retrospective biodosimetry several years after an 

exposure has occurred. This type of damage is the exchange of terminal portions of two 

separate chromosomes. These balanced translocations (or the rear intra-chromosomal 

rearrangements) are observable by fluorescent chromosome painting (Figure 3.). The handicap 

of FISH is the significant background frequency increasing with age and small variation between 

individuals having similar age and dose history. The expense of the method is also significantly 

higher than the cost of the former techniques. 

Figure 3. (left) Example of reciprocal translocation between chromosome 4 and 20), (right) Four painted chromosome 
sections. (www.wikipedia.org) 

         

http://www.wikipedia.org/
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2.1.2.4. Gene expression assays 

Cellular damages generally induce stress in the cell which results in the up or down 

regulation of gene expression as the part of the damage-response pathway. There are different 

improvements using microarrays on identifying groups of genes whose expression is 

unequivocally associated with radiation exposure. Moreover, their pattern is uniquely related 

to radiation quality, dose rate and elapsed time after exposure. Although gene expression is a 

very promising technique because of its speed and high sensitivity (few millisievert), 

unfortunately, the different studies are too heterogeneous concerning experiment conditions 

(doses, time between exposure and analysis). So in case of a complex exposure scenario it 

cannot be used trustworthily. Figure 4. demonstrates the conclusion of a microarray study 

testing which genes are expressed more willingly than others after irradiation [20]. 

 
 

Figure 4. Results from a marker gene analysis: the heatmap of the expression levels of 100 significantly up- or 
downregulated genes 24 h after exposure to gamma rays and their control [20]. 
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2.1.2.5. Protein biomarker: Gamma-H2AX 

H2AX is the part of DNA repair protein complex which phosphorylates in response to a 

DNA double-strand break. This new form is called gamma-H2AX which can be visualized by 

binding fluorescent antibodies to this protein. The number of the foci correlates with the 

absorbed dose. This method's utmost advantage is that the gamma-H2AX foci formulates 

immediately after exposure independently from the dose. 

2.1.2.6. Comparison 

To sum it up, there is no perfect biodosimetry tool. The choice between them should 

always depend on the actual situation. On the assumption of small-scale event triage is not 

needed. All the possible victims can be monitored and be provided with the information of the 

necessity of therapeutic intervention. On the contrary, in case of large-scale nuclear accident 

the initial triage severely reduces the number of people who must enter the healthcare system.  

The main issue of a typical acute radiation accident is that the circumstances are often 

very complex (exposure time, distance, position, etc.), which leads to the usage of a multi-

technique approach. The dicentric assay remains the “gold standard” with its capability of 

allowing some indications even on the dose heterogeneity, but if it is possible, it should be 

accompanied with local measurement of retrospective physical dosimeters. For long-term risk 

assessment the ultimate method is FISH whose results remain valid for many years. Unlike the 

requirements for dosimetry for acute irradiation, the techniques can involve considerable 

processing and special expertise. 

Figure 5. shows the recommendation of MULTIBIODOSE project for deciding based on 

the known time of exposure [21]. 

My thesis focuses on the CBMN technique. It is put into use on the field of emergency 

preparedness (mass radiation causalities) and as well as a tool for the radiation therapy 

research. The first requires fast and high-throughput evaluation method, the latter rather 

accuracy. But its most frequent place of appliance is the regular biomonitoring of workers. 

Since this kind of fragment formulation is not restricted to irradiation exposure, the area of the 
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application of the micronucleus assay is versatile. It can quantify the cell damaging effect of 

chemical agents, which makes it a crucial part of pharmaceutical testing. However, this 

versatility also causes its major drawback. Since the micronucleus, as the final product of the 

above listed cytotoxic effects don't wear any sign on itself which process triggered it, we cannot 

separate the individual contributions of the effects. Thus, when we intend to examine only one 

single type of dose the possible occurrence of other contributors will increase the background 

MN frequency, which results in poorer sensitivity. So its accuracy does not reach up to the gold 

standard dicentric assay [13] that is specific to ionizing radiation. However, it gives a fairly good 

compromise between the speed of process and its accuracy [21]–[23]. 

 

Figure 5. Decision tree on the use of the biodosimetric tools when the time of exposure is known. [21] 
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Table 1. Comparison of biodosimetrers based on [13] and [21] 
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2.2. Overview on automatized MN scoring systems 

2.2.1. Available systems 

Reviewing other automated MN scorer systems, one finds versatile realizations of the 

same image processing task achieved by slightly different approaches due to their different 

demands. Metafer MNScore System [5], [24], [43]–[46] armed itself with flexible classifier 

settings, so the scoring criteria are adjustable to laboratory preparation differences and to 

various cell-line specific shape variations as well. RABIT [7], [27], [47]–[49] specialized in 

minimizing the required amount of blood by using fingerstick-derived sampling. The complex 

image processing capabilities of ROBIAS [50] were developed to cope with the effects of a 

strong cytotoxicity (cell deformity and a high number of MN within one cell). The specialty of 

IMSTAR [6], [8] is that besides BN, the PathFinder detects mono- as well as multi-nucleated 

cells. Thus, the PathFinder is able to calculate the proliferation index which is important in the 

examination of the damages caused by their target group that includes not only ionizing 

radiation but also other clastogen, aneugen and apoptogen agents. During the development 

of Radometer MN-Series the purpose of Radosys was to develop a robust, objective and 

automatic MN assay evaluation system which is as insensitive as possible to the presence of 

dust and stain residues or other contaminations. 

The following restrictions are reported by more than one sources of the literature and 

by users of automated scoring systems: 

1) the dose underestimation at higher doses [Metafer: [43], IMSTAR: [6]] due to the 

poor identification rate of the touching MN (either with another MN or with one of 

the nucleus). 

2) the varying staining intensity of cytoplasm [ROBIAS: [9]]. It is a difficulty related only 

to non-fluorescent staining (typically to GIEMSA). 

3) the inhomogeneous staining intensity of MN, nucleus and cytoplasm. The report of 

the Human Micronucleus Project (HUMN) emphasizes among its criteria that during 

automated system development slide protocol optimization should be essential in 

order to achieve reproducibly [17]. 

4) The high cost of image scanning and scoring systems. 
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5) The elevated background MN frequency levels caused by stain residue artifacts 

identified as false positive MN. This has utmost importance at low doses where the 

noise to signal ratio comparable with the statistical uncertainty of MN frequency. 

[42], [48], [50] 

2.2.2. Novelty of RS-MN system 

RS-MN gives technical solutions to some of the weaknesses of automated scoring 

mentioned in the previous section. The goal with the development of RS-MN was to create an 

instrument which enables automatic MN scoring for a wide group of users. The two pillars of 

this concept are the robustness and cost-effectiveness. One way to make the scoring system 

robust is to keep the effect of the factors that contribute to the uncertainty of the dose 

estimation as low as possible. The key advantage of the Radosys integrated system concept is 

that the developers had access to the entire firmware-level control of the microscope. This 

ensures the maximum compatibility of hardware and software. It enables the customization of 

the autofocusing and focal plane fine-adjustment functions which leads to the decrease of the 

sensitivity of the system for artifacts. RS-MN automated scoring system is the only one where 

digital scanning microscope and image processing software were developed jointly. The 

functions that control the hardware and software operations of the RS-MN work natively 

together. The housing of the system is also integrated, it incorporates all the required 

elements: microscope, slide storage and computer. Other systems described in the literature 

consist of separate image processing software working with commercial microscopes that scan 

slides and produce sets of digital images. These set-ups are not only costly but also sizeable. 

In order to minimalize the investment required by the final user of RS-MN the non-

fluorescent staining technique is used. The optical elements that are demanded for non-

fluorescent imaging are simpler, which allows the microscope part of the RS-MN system to be 

cost effective. The non-fluorescent stain costs approximately one third less than the 

fluorescent one. 
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3. Objectives 

1. The adaptation of the existing microscopic system of the Radosys company for 

automated analysis of micronucleus samples (RS-MN), including the 

implementation of the application-specific software- and hardware-based 

functions and the alteration of the sample preparation protocol, in order to 

maximize the efficiency of the automated scoring. 

Validation of the developed system by creating a reference sample set irradiated 

with gradually increasing doses. The analysis and the comparison of the dose-

response curves for automatic, semi-automatic and manual scoring methods. The 

characterization of the efficiency parameters of the automated scoring and the 

components of the uncertainty of the dose estimation. 

2. Exploring the improvement possibilities of the autofocusing algorithm due to the 

opportunity of having access both to the control program of the hardware parts of 

the microscope and to the image processing algorithm. 

3. Exploring the improvement possibilities of the artefact elimination process due to 

the opportunity of having access both to the control program of the hardware parts 

of the microscope and to the image processing algorithm. 

4. Creating a goodness parameter that can be used for the objective classification of 

the quality of a sample. This parameter could help in the decision whether a certain 

sample can be scored by the automatic system reliably. 

5. Testing the robustness and scoring capabilities of the system around the lowest 

level of detection by the analysis of samples from a clinical project. The comparison 

of the MN frequencies determined by the automated scoring method with the 

traditional visual scoring results and with the number of dicentric chromosome 

aberrations from chromosome aberration assay.  

  



Cytokinesis-blocked micronucleus assay 

 

 19 

4. Methods and materials 

4.1. Cytokinesis-blocked micronucleus assay 

This chapter gives a brief overview on the steps that a blood sample goes through from 

collection via sample preparation to image processing. The so-called cytokinesis-blocked 

micronucleus (CBMN) assay protocol is described in detail in [17] and [10]. This overview 

concentrates on those details that can influence the sample quality and also the automated 

system's performance parameters.  

4.1.1. Default sample preparation 

The sample preparation consists of the following steps:  

1) Blood collection (and transport if necessary).  

2) Cultivation: The blood cells are stimulated to enter to the cell cycle, in other words, to 

start cell proliferation. The blood is mixed with cultivation medium (containing 

antibiotics and nutrients) and a protein named Phytohaemagglutinin-A (PHA) is added 

which triggers cell division. The cell cultures are incubated on 37 °C. 

3) Cyt-B: By adding cytochalasin-B (Cyt-B) toxin to the cell culture after waiting almost two 

days (44-45h), we induce the cell-cycle arrest exactly before cytokinesis. It means that 

the two daughter nuclei in the cells already have their own membrane, but the cell-

membrane is not separated yet. This structure is called binucleated cell (BN). If the 

stoppage of the cell division happens later than 45h then more than one cell division 

occurs and the number of mutations that we look for is modified. The aberrations get 

lost, so the MN frequency will drop. If this step happens too early, not all of the cells 

will have enough time to start the proliferation, thus the ratio of mononucleated cells 

is higher and the ratio of the BNi is smaller than it should be. 

4) Harvesting: One day after adding Cyt-B, the lymphocytes are puffed up and fixed, their 

proteins and DNA are precipitated. There are two sub steps of this phase: 

1. Hypotonization: With centrifugation we separate the lymphocytes from the culture 

media. After spinning, the lymphocytes accumulate at the bottom of the test tube. 

Then we add KCl solution to the precipitate. Its ion concentration is lower than the 
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concentration of ion in cytoplasm, so because of the osmotic pressure, the 

lymphocytes will uptake water from their surroundings. As a consequence, their 

size increases which makes the scoring easier. 

2. Fixation and cleaning: The following process is repeated 3 or 4 times: 

centrifugation, supernatant removal, then the insertion of fixing solution, which is 

the mixture of methanol and acetic acid.  

Perhaps the harvesting part of the whole sample preparation is the most sensitive one. 

If the KCl concentration is lower than it should be, or the temperature is higher or the 

hypotonization time is longer, then the cells can burst during hypotonization, which gives the 

opportunity to the MN to escape the cell, thus it will not be counted. If the concentration of 

KCl solution is higher or the treatment is shorter than the optimal time interval, then the cells 

remain too dense and the nuclei will overlap each other. If the vortexing of the cleaning 

solution and the sample is too rough, the cell shape can be deformed, or cell fragments can 

break off. Whenever this number of unnecessary cell residues increases, the number of MN 

artefacts grows as well. If during the cleaning phase the amount of the sucked supernatant is 

not enough, the sample remains full of impurities which can lead to artefacts. After the final 

centrifugation the liquid above the lymphocyte should be totally transparent.  

5) Dripping: With the help of a manual pipette, we drip a drop of sample on one of the 

corners of a previously cleaned glass slide. Then we tilt the slide in a way so that the 

drip flows in both available directions spreading uniformly through the entire slide. If 

the solution is too thick, it makes the process harder. If it is too dilute, the density of 

the cells will not be enough. 

6) Staining: In order to make the cell parts more distinguishable from the background, we 

stain the dried slides with GIEMSA. This stains the cytoplasm to a pinkish colour and the 

nucleus/MN to blueish. Its downside is that is not specific to only these two 

compartments and the stain residues remain on the slide surface as well. However, 

scoring manually with a bright field microscope, an experienced scorer can differentiate 

the MN from other artefacts based only on their colour shade. 
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4.1.1.1. Scoring criteria 

The IAEA guidelines [10] were followed for all scoring. Briefly, the scored BN cells should 

have intact membrane, without comet formations due to outflowing cytoplasm. BN cells 

should contain exactly two nuclei with undamaged nuclear membrane. The two nuclei should 

have the same size and the radius of a micronucleus should be larger than 1/16 and smaller 

than 1/3 of the main nuclei. The two nuclei or one nucleus and MN can touch each other if 

their boundary is clearly visible but overlapping is not allowed. The MN should be non-

refractile, circularly shaped and its intensity should approximately match that of the nuclei. At 

least 1000 binucleated cells were counted altogether: in order to average out the possible 

dripping differences between slides 500 BNi were counted from each of two slides for each 

dose. 

4.1.1.2. Scoring methods 

Three scoring method was used for producing results for the samples in my work. The visual 

(or manual) scoring is the conventional scoring method. The fully automated method is done 

by the RS-MN system without any human interaction. Finally, the so-called semi-automatic is 

based on the resulted contours of the automatic scoring improved by a human revision.  

Traditional manual or visual scoring is done by human scorers with several years of 

experience. For MN frequency determination of a certain blood sample generally 500–500 BN 

from two different slides (from the same blood sample set) were scored, then were averaged. 

When different approach was applied it is mentioned in the text. Because multiple laboratories 

were involved in the evaluation, prior to the analysis of the samples of the dose response set, 

a workshop was organized to harmonize their scoring practices. As a result, the range of the 

deviation of counted MN numbers between scorers decreased below the statistical 

uncertainty. Before the harmonization, the difference between scorers was as high as 40% 

during the determination of the MN frequency. For the harmonization process, two slides were 

used from one donor. Afterwards the dispersion dropped below 13%. The time required for 

scoring 1000 BN cells visually was in the range of 1-4 hours. The two participating laboratories 

performed visual scoring on different microscopes. The objective magnification was typically 
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10x for anaphase search and 40x for MN identification in BNi, both with a 10x ocular piece, 

which yields a total visual magnification of 100 and 400; we consider this as the reference ‘high 

resolution’. Using 20x objectives with a 10x ocular, the resolution of a cell image was close to 

that of pictures seen on a display from 25 cm, which was the set-up for semi-automated 

scoring; we call this ‘medium resolution’.  

Automatic scoring means a fully automatic evaluation procedure that requires only 

minimal user interaction. After initiating a measurement via the software interface, the user is 

offered the possibility to select a parameter set then asked for inserting the slide. In case of 

RS-MN system, the fully automatic scoring option involves unsupervised focusing and image 

capturing. This mode also includes the segmentation of cells, nuclei and micronuclei.  

The semi-automatic scoring method consists of two parts. First, captured images are 

analyzed automatically and the resulting objects of interest (cells, nuclei and micronuclei) are 

stored in a database. The saved information includes the position of the objects along with 

their morphological and staining features. Second, the user can browse through the archive of 

pictures and details of the marked objects with the Radosys SemiAutomatic 4.9 (SA) interactive 

software (see details in chapter 5.1.1) and accept or reject the found objects. As a result, 

erroneously identified cells, nuclei and micronuclei are eliminated, while objects missed by the 

automatic recognition algorithm can be added. At the end of the revision process, a corrected 

dataset is obtained. Working with SA 4.9 software (sw) the whole revision process takes 5-15 

minutes per 500 binucleated cells.  

4.1.2. Adaptation of sample preparation for automated CBMN scoring  

Although there is an internationally accepted protocol for the CBMN assay, there are 

slight differences regarding the exact details of the procedure from laboratory to laboratory. 

Most of the published automated MN scoring systems did steps toward the fine-tuning of their 

sample preparation process in order to achieve better control of the reproducibility of the cell 

features. In Appendix A a review of the assay design of different laboratories is shown. The 

chart also includes the original recipe from Fenech [16], the newest IAEA recommendation, 

and our reference laboratories.  
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The differences which are worth to mention are the following:  

− the speed and length of centrifugation 

− the ratio of methanol: acetic acid in the fixing solution 

− the final concentration of Cyt-B 

4.2. Statistical techniques  

4.2.1. Uncertainty calculation tools in biodosimetry 

The basic arithmetic calculation, curve fitting and plotting routines were created using 

both built-in and custom-made R functions. The calibration curve fitting, the dose and its 

uncertainty were calculated by DoseEstimate 5.1 [25] which covers the recommended 

methods of [10]. In the case of the assessment of the uncertainty contributions, the guidelines 

of the JCGM were followed [26].  

4.2.2. Big data handling 

Large amount of detailed data is stored in a structured psql database. The data of the 

individual frames is collected and summarized in a customized table of the psql database, 

which makes the data analysis of the big data collection a lot more convenient than in 

spreadsheets. 

4.2.3. Efficiency parameters 

The definitions of the efficiency parameters used: 

- Positive prediction value (PPV) or MN detection rate: The ratio of the number of true 

positive MN and the total number of the MN in the scored binucleated cells. 

-  Sensitivity or true positive rate: The ratio of the number of true positive MN and the 

total number of the automatically identified MN 

The number of true positive, false positive and false negative MNi were calculated by 

the help of the semi-automatic module of the RS-MN software, which gives a possibility to 

relocate the binucleated cells and manually reject the artifacts or add the missed MN. 
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4.3. Blood sample series 

4.3.1. Reference laboratories 

Sample preparation was conducted in two radiation biology laboratories. Both has a 

great expertise and knowledge in processing samples for biodosimetry assays such as CBMN 

and DIC dating back for decades. They are cited as reference laboratories in my thesis. 

Reference laboratory No1. (Ref1): National Public Health Centre - Department of 

Radiobiology and Radiohygiene (“OSSKI”), Budapest, Hungary (http://www.osski.hu/) 

Reference laboratory No2. (Ref2): National Institute of Oncology, Centre of 

Radiotherapy, Department of Radiobiology and Diagnostic Onco-Cytogenetics (“OOI”), 

Budapest, Hungary  

(https://onkol.hu/sugarterapias-kozpont-klinikai-sugarbiologia-es-onkocitogenetikai-osztaly/) 

The following four types of sample-series are available for our studies. 

4.3.2. In vitro calibration series 

4.3.2.1. SetA: Manual calibration curve samples irradiated by X-ray tube 

The sample set that was used for creating the manual calibration curve of the Ref1. 

laboratory was used for pilot studies on parameter optimizations and for preliminary 

examinations of the accuracy of the automatic scoring system. The blood samples are from 5 

different healthy people. The samples were irradiated in vitro by a THX-250 therapeutic X-ray 

generator (Medicor, Budapest, Hungary) operating at 250 kV. The irradiation doses were the 

following: 0 Gy (control), 0.5 Gy, 0.9 Gy, 1 Gy, 1.5 Gy, 2 Gy, 4 Gy, 5 Gy. The sample preparation 

was done by the same laboratory assistant according to the usual protocol of the laboratory. 

Extended data on the manual scoring results were available. 

4.3.2.2. SetB: Samples for the harmonization of laboratory protocols, 2 Gy 

Comparing and then harmonizing the sample preparation protocol of the two 

reference laboratories, half of the blood sample of one donor was irradiated by 2 Gy with the 

THX-250 therapeutic X-ray generator (Medicor, Budapest, Hungary). The other half of the 
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sample was kept as control (0 Gy). The preparation was done by both parties in parallel. 

Although Ref1 and Ref2 both follow the same CBMN assay protocol and have many years of 

experience of MN sample preparation; there are slight differences between their everyday 

practice and instrumentation. The results are discussed in Section 5.1.2.3. 

4.3.2.3. SetC: Irradiation by a clinical linear accelerator, 6 MV 

After preliminary studies on automated scoring, it was decided that for the next steps of 

validation another irradiation facility should be used. For this purpose, one of the linear 

accelerators of the National Institute of Oncology was available which is used primarily for 

patient radiation treatment. One reason for this choice was that the project described in 

Section 4.3.3 includes patient samples that are received teletherapy with the same equipment 

and higher energies than the 250 X-ray used for previous experiments. Another benefit of the 

LINAC was that it is coupled with a treatment planning software, consequently the estimation 

of the received doses were more accurate than in previous cases. 

The blood samples are from 3 healthy and non-smoker donors in the age range of 25 and 40. 

The doses of 0.25, 0.5, 0.75, 1, 2, 3, 5, and 6 Gy were delivered to the sample tubes with a 

Varian VitalBeam linear accelerator. One tube was kept as control while the others were 

irradiated. The accelerating potential was 6 MV, the dose rate was 600 MU/min (100 MU 

corresponds to 100 cGy), and the rectangular irradiation field was modeled with the EclipseTM 

Treatment Planning software. To ensure charged particle equilibrium, the blood sample tubes 

were placed at an appropriate depth (5 cm) inside a cylindrical water phantom (see Figure 6.). 

The preparation of the samples was done by Ref2. laboratory following the default 

protocol. Additionally, in some cases in parallel with the default protocol, slightly altered 

sample preparation was performed on the same sample. For details see Section 5.1.2.4. 
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The entire series as a set was used for the establishment of the three types of 

calibration curves: i) manual ii) fully automatic and iii) semi-automatic (see Section 5.2). Also, 

parts of the series were used for different supplementary experiments and comparisons such 

as the optimization of multiplane artifact elimination (Section 5.1.4.2.), harmonization of 

manual scoring and the study on sample quality parameters (Section 5.3.). 

4.3.3. SetP: Clinical study on prostate tumorous patients 

This series is the part of a larger study aimed at examining the chromosomal aberration 

changes of prostate adenocarcinoma patients undergoing radiation therapy treatment. The 

number of the related ethical approval is 406/2015(16738-5/2015/EKU) and its Hungarian title 

is „Biológiai dozimetria alkalmazása prosztata adenokarcinómás betegeknél különböző 

sugárterápiás protokollok mellett”. The short name used for this project in my dissertation is 

PTMN. 

The ages of the patients are between 58-75. They are receiving hormone therapy 

before their treatment, but not chemotherapy. However, some of them are medicated due to 

other non-cancer related health conditions, such as elevated cholesterol level or high blood 

pressure. The patients were treated by three different radiotherapy treatment: 1) low dose 

rate brachytherapy (LDR) 2) high dose rate radiotherapy (HDR) and 3) teletherapy (TT).  

Figure 6. (left) Set-up of the sample tube during the irradiation with the Varian VitalBeam linear accelerator at the 
National Oncology Institute. (right) To ensure charged particle equilibrium, the blood sample tubes were placed at an 

appropriate depth (5 cm) inside a cylindrical water phantom.  

      



Blood sample series 

 

 27 

4.3.3.1. Sample collection and preparation 

A control sample is collected from the patients directly before and after the seed 

insertion or the last dose fraction, and at different time intervals afterwards: 3, 6, 9, 12 and 24 

months. Sometimes certain parts of the sample preparation are done by Ref1 and other times 

by Ref2 based on their availability and time schedule. 

The following data are recorded for each patient: 

- Patient ID num  

- Physiological parameters, side effects 

- Radiation treatment details 

- Hormone treatment details 

- Cytogenetic data: Number of chromosomal aberrations (Ring, dicentric chromosome, 

etc… ), frequency of micronucleus  

The coordination of the project was done by the National Institute of Oncology. 

 

Table 2. The number of the samples collected from the patients as of 2018.04.31. and the number of the samples that 
was suitable for semi-automatic or automatic evaluation 

 Number of 

patients  

Number of 

evaluated 

samples 

Low dose rate brachytherapy (LDR) 12 66 

High dose rate brachytherapy (HDR) 4 5 

External Radiotherapy (ET) 10 18 

All together 26 89 
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4.3.3.2. Radiotherapy treatment methods  

Low dose rate brachytherapy (seed) 

The subgroup of male patients whose samples were used in this study received low 

dose brachytherapy treatment; the implanted seed was Iodine-125. The delivered doses to the 

patients during radiotherapy are considerably high (145 Gy) for small planning treatment 

volume. Due to the low dose-rate of the isotope, the whole dose is delivered approximately in 

one year. 

 

High dose rate brachytherapy  

In case of the HDR brachytherapy, the location of the isotopes is close to the tumor as 

well. The difference from LDR therapy is that the radiation source is not inserted permanently. 

The isotope provides the dose by stopping multiple times at planned positions in the inserted 

catheters. The total dose was given in one session, some patients received 19, others 21 Gy 

dose.  

 
 
 
 
 
 

Figure 7. (left) CT image from the inserted seeds (right) Example for a treatment plan for LDR therapy. Source of the 
images is the National Institute of Oncology  

      

Figure 8. Example for a treatment plan for HDR therapy. The yellow markers correspond to the catheters through which 
the radioactive isotopes are injected. Source of the images is the National Institute of Oncology 
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Teletherapy (TT) 

In case of teletherapy, the required dose distribution around the treatment volume is 

formed as the superposition of multiple radiation fields delivered from an external source, a 

clinical linear accelerator. Thus, this technique is also called external radiotherapy. The total 

dose was given in 28-38 fractions. One fraction dose was 1.8-2.5 Gy.  

 

4.4. Automatization of biological dosimetry 

It is important to evaluate as many samples as possible in a very short time for the 

large-scale nuclear accidents. An efficient method for scaling up the assay is to introduce 

automatic evaluation methods. A few groups have succeeded in replacing the time-consuming 

visual scoring of MNi with automated processing techniques [3]–[5], [8], [9], [27]. On 

microscope images, the objects of interest (micronucleus, nucleus and, in case of GIEMSA, 

staining cytoplasm as well) can be approximated with a homogeneous ellipse with sharp edges. 

Thanks to the simplicity of this geometrical structure, the automation of MN scoring has real 

potential. The currently-available automated MN scoring systems - that are using brightfield 

light microscopic technique - are described in a thorough review by the HUMN project initiative 

[28]. 

Besides the time gain, the enormous advantage of the automatization over the visual 

scoring is that it is objective. With other words, if the features of the objects and its surrounding 

Figure 9. Example of a treatment plan for teletherapy with multiple fields. Source of the images is the National Institute of 
Oncology  
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is similar, it will always decide in the same way whether to accept or deny the MN-candidates 

in case of MN assay. On the other hand, even the most professional human scorers tend to be 

subjective. The difference between scorers evaluating the same slide can vary between 5 and 

20 %. However, this benefit of automatization can be lost if other factors which influence the 

accuracy remain built into the process such us irreproducible sample quality.  

What makes the automatization task tough is the versatility of the visual features of the 

objects. Despite of the existing harmonization projects [RENEB: [2], MULTIBIODOSE Project: 

[21]] and protocols [OECD:  [29], IAEA: [10] , Nature Protocol: [30]] where the sample 

collection, preparation and evaluation are thoroughly described, there are uncontrollable 

factors that influence the performance of an automatic scoring system. Mainly because the 

performance of these algorithms heavily depends on the stability of geometrical and staining 

characteristics of the cells as well as the amount and type of artefacts (cell debris, stain 

residues).  

An important question is how the manufacturer of an automated scorer system can 

ensure that the quality of the sample is adequate for the given automated process. Another 

interesting aspect is which sample quality issue can be corrected by the fine-tuning of the 

sample preparation and which is needed to be handled by the analyzing software. 

There are attempts for the automatization of DIC also [31]. Although, the segmentation 

of chromosomes is a more complex task than the automatization of other bio-dosimetry 

assays. For example, the shape of the objects that have to be identified during a micronucleus 

assay is circular and more-or-less homogeneously stained [32], [33] in the contrary, the shape 

and orientation of the chromosomes cover a wide parameter range which requires more 

advanced image processing algorithms. The automatic algorithm can be added to three 

separate parts of the process of the identification of DCs which starts with the saved images as 

input and ends with the number of DCs as output: (1) metaphase finder; (2) chromosome 

segmentation; and (3) centromere localization. The realization of the first two parts has rich 

literature since besides DC assay they are also used for karyotyping. However, for the 

localization of the centromeres only a few methods have been developed in the last decade 

[34]–[39]. The greatest challenge is to make a difference between the intersection of 

overlapping chromosomes and real centromeres. As a partial solution the combination of 
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automatization and visual scoring, the so-called semi-automatic scoring, is also popular. For 

example, finding metaphases can be done by a separate metaphase finder, then a gallery of 

the chromosomes is made available for further manual dicentric inspection [40], [41]. 

4.4.1. Specification of the segmentation task 

To be able to discuss the main features, advantages and possible downsides of the RS-

MN software, the requirements of the segmentation task are described.  

The input of the segmentation algorithm is the set of gray-scaled images taken 

automatically from the slide after focusing out the area properly. A typical image is 

demonstrated in Figure 10. 

In favor of utilizing the most beneficial aspect of non-fluorescent staining, the 

software's aim is to identify all the three types of objects of interest on a picture captured on 

a cytokinesis-blocked blood sample: 

1) Cell (i.e., cell membrane / border of the cytoplasm) 

2) Nucleus  

3) Micronucleus 

In ideal case the geometrical shape of all the three kinds of object is a perfect 

homogeneously filled disk. Their edges should be sharp and their intensity (filling color) 

significantly different from the background. The two nuclei in a binucleated cell must have the 

same size and should not overlap each other. However, they can contact each other if a strict 

borderline can be observed between the two which means that they are already separated but 

not yet moved away from each other. The micronucleus must have been separated from or 

slightly touched by one of the main nuclei. The intensity of micronucleus and nucleus ought to 

be the same, both darker than the surrounding cytoplasm.  
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4.4.2. Staining and illumination 

The selection of the type of illumination influences not only the design of the optics, 

but also the design of the segmentation software. For example, the type and number of the 

objects that are necessary to be identified and classified depend mainly on the illumination 

mode of the microscope and the staining method. Both the fluorescent and non-fluorescent 

dye-based methods have their own advantages and disadvantages. The task to distinguish MN 

and MN-like artifacts correctly is mentioned among the most challenging parts of automatic 

system development by others using non-fluorescent staining. The problem of disturbing 

artifacts can be solved by the application of fluorescent stain. The most common fluorescent 

dye, DAPI stains only the DNA material. The greatest advantage of fluorescent staining is that 

it produces almost no MN-like artifacts. However, in this case another issue arises. The scorer 

(automatic and manual) has no information about the cytoplasm, therefore about the integrity 

of the cell membrane [42] which can lead to incorrect clustering of MN and nuclei. On the 

other hand, without the problem of the fading of the dye as in the case of fluorescence dyes, 

non-fluorescent (i.e. GIEMSA) staining makes the segmentation of valid cells, nuclei and MN 

easier [28]. 

Figure 10. Image taken from a typical field of view. These kinds of pictures are the input of the segmentation process 
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4.4.3. Radosys microscopic system 

The prototype of the RS-MN automatic microscopic system was developed and 

manufactured specifically to analyze CBMN slides (see Figure 11.). It is an integrated system 

that deals with slide scanning, object detection, and image post-processing. Its mechanical 

structure, fine movement mechanism and image processing is based on another automated 

microscopic system of the same company. This is the so-called Radometer V10 system (RM 

V10), which is the most recent version of the family of Radometer microscopes which are used 

for the evaluation of solid-state nuclear track detectors. The following alterations were needed 

to be done for the analysis of the MN samples: the magnification of the optics was increased 

from 4x to 20x, the slide holder is customized (Figure 12.), the image processing algorithm was 

extended with extra steps. 

 

 

Figure 11. Radosys Radometer MN-series automated microscope system: (a) The integrated microscope, (b) parts of the 
system: A – optics, B – 3D moving stage, C – slide door, D – stepping motors 

 

Figure 12. Examples of the GIEMSA stained MN slides (purple) placed in the special slide holder (transparent). The marked 
parts: A – rail for the automatic movement of the slide, B – identification label of the slide, C – scanned area of the slide 
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4.4.3.1. Instrumentation 

Technical specifications: 

Optical set-up :  Transmitted visible light 

Illumination:   Monochromatic source (535 nm) 

Objective magnification: 20x 

Digital image acquisition: 3 MP CCD camera 

Scanned area per slide: Up to 1600 mm2  

Focusing:   Automated 

Speed:    3 speed levels 

Size:    tabletop (50 cm x 50 cm x 30 cm) 

Stage movement. The 3D movements required for the scanning of the slides are 

entirely automated, including horizontal mapping and focal plane detection. The slide stage 

can be moved in three directions (x and y are in the plane of the slide, while z is orthogonal to 

it). The coordinates are saved along with the captured images, so that binucleated cell 

candidates can be rechecked if needed. 

Focusing. The autofocusing of RS-MN is done automatically, using a more complex z-

plane figure of merit. It also exploits the phenomenon that a specific z-plane exists where 

artifacts start to refract and change their shade significantly. A sampling-fitting method is used 

to speed up the focusing procedure. It consists of the selection of five representative fields of 

view out of the 392 that are sampled on the surface of each slide. Five ideal focal plane 

positions are determined for these five selected fields of view by autofocusing. Finally, a plane 

is fitted through the five centers of the focused fields of view. If the average distance between 

the central points and the fitted plane is smaller than 6 µm then the fit is considered to be 

successful. In this case, the remaining 387 fields are not examined separately, and the optimal 

z-coordinates are interpolated according to the fitted plane. The sampling-fitting method 

requires 20 s instead of the 270 s needed for autofocusing all fields of view one-by-one. 

Speed levels: Process time of 1000 cells (a range is given because it depends on cell 

density) 
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(1) single-layer fully automatic mode: 10-20 minutes  

(2) multi-layer fully automatic mode (artifact suppressing, image archiving on multiple 

planes): 15-30 minutes 

(3) semi-automatic mode (with human revision): 25-60 minutes 

4.4.3.2. The automatic evaluation of the slide 

1) Insertion: The slide is inserted in its special microscope holder. If it does not fit perfectly 

into the bead of the holder, the slide will not be horizontal enough, which gives errors 

during auto focusing.  

2) Image acquisition: The microscope does an autofocusing (see Section 5.1.4.1) then 

scans the entire surface of the slide. The slide surface is separated into five rectangles. 

Number of fields of view on one of these default sized scan regions is 196 which 

corresponds to 120 mm2. If the cells are distributed evenly on the surface of the slide, 

all the 5 regions can be scanned.  

3) Image processing: The cells are identified, then the nuclei inside them. If exactly two 

nuclei are found within the same cell, then the search continues for MN at the area of 

the cytoplasm. Meanwhile a dozen of filtering steps is conducted by using the shape 

and staining intensity features of the objects. The basics of the algorithm is described 

in Section 4.4.3.3. The details and the challenges in detail are discussed in Section 

5.1.3.3. The final result given for a set of images is the MN frequency which is the 

number of MN in the found BN cells divided by the total number of found BN cells. 

4) Supervision: The output also includes the exact location of the found objects and their 

selected parameters (such as size, average intensity, etc...). This data is used by the 

interactive revision software (SemiAutomatic v4.9) which is part of the software 

package (see Section 5.1.1). The found binucleated cells may be revised by a human 

scorer and the mistaken cells and MNi are rejected. This step is included only in the so-

called semi-automatic mode. 
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4.4.3.3. Main steps of the image processing algorithm 

The image processing module of the microscope is an integral part of the system and 

works in synergy with the image acquisition. This module identifies the contour of the objects 

of interest (namely cell, nucleus and micronucleus) stepping through the scanned fields of view 

of a slide. This module also provides feedback to the illumination and focusing functions. 

The image segmentation process of a single field of view can be divided into three 

subsequent steps (see Figure 13.). Cells are identified first, then nuclei and finally micronuclei. 

Each step of the segmentation comprises two substeps: first, the algorithm creates a pool of 

candidate objects that still includes a significant number of false positives. Afterwards, in the 

so-called classification step, the artifacts are eliminated based on their geometrical, 

morphological and staining intensity features. For a detailed description see Appendix B. The 

main steps are the following. At first, the cell-like objects are identified based on an adaptive 

thresholding method. All pixels whose intensity is lower than the threshold is identified as part 

of a cell candidate. The core of the nucleus segmenting routine is a modified Hough transform 

[51]. The segmentation of MN candidates is a more complex process. It starts with a smoothing 

step followed by a top-hat transform with a circular structural element using mathematical 

morphology, followed by a classification part, including the extra information from multiple 

images. The final result is the MN frequency, i.e., the number of MN divided by the total 

number of identified BN cells. The output also includes the exact location of the identified 

objects and some selected parameters (such as size, average intensity, etc.).  
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Figure 13. Flowchart from the three main section (hexagons) of the segmentation algorithm and examples from the 
area on which they are working on 
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5. Results and discussion 

During my PhD work I focused on the adaptation of the available microscopic system 

of the Radosys company for automated analysis of micronucleus samples (RS-MN). My goal 

was to implement application specific software-and hardware-based functions in order to 

maximize the efficiency of the automated scoring. An important part of my goals was to 

validate the developed system. To do so, my intention was to create a reference sample set 

irradiated by gradually increasing doses, then analyzing them with different scoring methods. 

Based on the results my intention was to establish the dose-response curves for automatic, 

semi-automatic and visual scoring methods and compare them. I also aimed to characterize 

the efficiency parameters of the automated scoring and the components of the uncertainty of 

the dose estimation. After realizing that the main component of uncertainty comes from the 

appearances of the objects on the sample slides, I intended to investigate the effects of the 

alteration of the sample preparation protocol on the accuracy of the automatic scoring as well. 

In parallel, in order to decide whether a certain sample can be scored by the automatic system 

reliably, the need for the objective classification of the quality of a sample had been arisen. 

Thus, I attempted to find a goodness parameter which can fill in this role. To test the robustness 

and scoring capabilities of the system around the lowest level of detection, samples from a 

clinical project were analyzed. My intension was to compare the MN frequencies determined 

by the automated scoring method with the traditional visual scoring results and with the 

number of dicentric chromosome aberration from chromosome aberration assay.  

5.1. Optimization 

The principal goal of my work was to adapt, develop and optimize the initial capabilities 

of the available elements of the Radosys microscopy system for micronucleus scoring. It was a 

successive approximative method which involved the parallel development on the following 

three fields: 1) laboratory work regarding the preparation of samples 2) the hardware level of 

the digital microscope used for image grabbing 3) the software level of the microscope 

including the image processing. The next chapters describe my achievements categorized into 

these categories (Section 5.1.2, 5.1.3 and 5.1.4). The exploration for the need of the introduced 

features and optimized functions of course did not happen in pre-planned order. In each 
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optimization step, the problem with the highest significance on accuracy was identified then 

an improvement technique was realized, finally the evaluation of the increased capabilities was 

concluded. After the identification of the next biggest weakness of the system as a whole, the 

same procedure was repeated. Thus, the order of the chapters does not reflect the order of 

the developments. In order to be able to quantify the accuracy of the system in each 

development step, I created a designated interactive software, the SemiAutomated add-in (see 

Section 5.1.1.). As a summary on the robustness of the final design of the RS-MN system, the 

uncertainty contribution of sample quality was compared with other sources of error occurring 

during the entire evaluation process (Section 5.1.5). 

5.1.1. Development of SemiAutomatic software add-in as a statistical tool 

The SemiAutomatic (SA) software is an interactive tool with multiple purpose written 

in C++ language using Qt libraries. Its main feature is to give an environment for the revision 

and correction of the contours found by the automatic image processing part of the RS-MN 

system. After choosing the folder where the images and the datafile with the contour 

information are saved, the user can scroll over the found objects: the cells, their nuclei and 

micronuclei. A screenshot on Figure 14. shows an example of the main window. The 

parameters of the found objects are listed in the table on the left. With the implemented 

drawing tools the location and size of the contours can be modified. All the found contours can 

be rejected or declined, also new object can be added. Thus a supervised, so-called semi-

automatic scoring can be realized. 

As a result, basic statistics can be calculated with the help of the original datafile 

produced by the image recognition software and the corrected user file. For example, the 

distribution of the number of micronuclei in binucleated cells, MN frequency and its statistical 

uncertainty based on Poisson distribution.  

The developer mode of the software offers a few more functions and features. For 

example, not only those contours can be displayed which passed all of the classification criteria 

but all the candidates as well. It is really helpful in the identification of the faulty behaviour of 

the image segmentation. Advanced statistics shows the ratio of the false positive, true positive 
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and false negative BN and MN, also the derived efficiency parameters such as PPV and 

sensitivity.  

It is important to note that in the future this tool can be used as an essential part of the 

creation of teaching and test datasets for the training of a neural network if this became a 

potential direction of the development. 

 

5.1.2. Optimization of sample preparation 

At the beginning of the history of automatization Castelain and coworkers started their 

method's optimization by trying out different fixation methods [3]. But despite of their 

development of computing speed and image processing capabilities, even the more 

modernized systems did further investigation toward sample preparation protocol 

improvements. For example, while the system of Verhaegen et al. from the 90's required 

touching nuclei for confident cell identification [4], IMSTAR wanted to achieve as widely spread 

nuclei as possible [6]. Vral et al. changed the ratio of methanol/acetic acid from 3:1 to 25:1. 

Figure 14. Main window of the SemiAutomatic software add-in for Radosys Radometer MN-series. 
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Decordier et al. adapted concentration of the hypotonic solution to obtain an optimal density 

and dispersion of the cells for IMSTAR. Willam et al. also stated that the MN detection rate of 

Metafer around 300 MN / 1000 binucleated cells level which corresponds to approximately 4 

Gy could be increased from 34% to 87% if a modified sample preparation is used [5], [24]. 

So it is clear that the for most available automated MN scorer systems higher 

recognition efficiency can be achieved with the customization of the sample preparation. With 

the help of the two involved reference laboratories, I explored this aspect of the development. 

Besides the collection of information from the literature, designated experiments on the 

harmonization and fine-tuning of the applied sample preparation were done. 

Firstly, the connection between the slight differences in sample preparation and the 

resulted sample quality was investigated on the level of phenomena (Section 5.1.2.1). Then 

typical anomalies were classified from the point of view of automatic scoring (Section 5.1.2.2). 

As part of the sample preparation harmonization process between the two reference 

laboratories, the quality of the samples produced parallelly by them was compared (Section 

5.1.2.3). Finally, the effect of deliberate alterations of the final phase of the sample preparation 

was examined (Section 5.1.2.4). 

For these tasks, multiple sample sets were used. SetA, SetB were prepared according 

to the default sample procedure of the participating laboratories. SetC contains altered 

preparation methods. We kept an eye on broadening the sample quality among the examined 

samples. So SetP patient samples were also involved in the optimization experiments. The 

sample preparation conditions of SetP were less controlled, than SetA-SetC where blood 

sampled only from young and healthy donors. Find more details in Section 4.3 and the 

following chapters.  

5.1.2.1. Connection of object appearance and preparation alterations 

The ideal appearance of the objects of interest in an MN sample from the point of view 

of an image processing algorithm differs from system to system. Consequently, the literature 

lacks a systematic overview on the possible alterations of sample preparation and object 
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appearance. However, there are several publications that give exact data on several possible 

modifications of the default sample preparation protocol that leads to the improvement of 

automatic scoring capabilities. For example, Decordier et al. [6] studied in detail what the 

connection is between the detectability of binucleated cells (in their case it depends on, for 

example, the distance between daughter nuclei) and the concentration of hypotonization 

solution. 

With the thorough overview of the literature [4], [6], [17], [52] and also my own 

experience gained during my work with the cooperating laboratories, I collected how certain 

steps of the sample preparation can have an effect on the sample quality. The state of the 

features that are ideal for the RS-MN method are presented in Table 3. In general, these criteria 

differ from system to system. For example, Verhaegen et al. left the nuclei touching each other 

in their publication [4], because their algorithm was looking for sponge finger shapes instead 

of two disjoint circular shapes. 

In Table 3. the possible factors were arranged into groups depending on the object type 

that they affect. Usually, the automatic MN segmentation algorithms make difference between 

three main objects of interest: cell, nucleus and micronucleus (see Section 4.4.3.3). In case of 

RS-MN the features that influence the success of their detection are the following: shape, 

continuity, homogeneity and distance relative to other objects. The fourth group is the staining 

which concerns all the three types of objects.  

In case of manual scoring the majority of these distortions do not play a great role. In 

order to produce comparable manual MN frequency from slide to slide, the manual scoring 

does not require as strict sample quality as an automatic scoring method. For example, while 

a stain residue can be differentiated from real MN easily during manual scoring by mistuning 

the focus plane a little bit, it is more complex in the case of an automated focusing microscope. 

Note, that these findings are relevant only for non-fluorescent GIEMSA-stained slides. 

Fluorescent staining automatically eliminates the artefacts that do not contain DNA. Its 

downside is that it does not stain the cytoplasm either, so gives no information about cell-

membrane damage. 
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Table 3. Selected steps of the sample preparation that are important from the point of view of automatic image analysis. 
The ideal appearance of the objects (cell, nucleus, micronucleus) is listed and also the effect that a suboptimal execution 

of the selected sample preparation step can cause. 

Object feature Optimal state Effect

Cell

Size

hypotonization

slide

spatial distribution dripping

hypotonization

dripping

Uniform

Slide pretreatment

not identified

Nucleus

Overlapping no overlaps Fixing / Cleaning

maximal Cultivation

MN Artefacts minimal

Fixing / Cleaning

Intensity

Stain concentration no definite behaviour

Type of stain no definite behaviour

Time of rinsing

Contrast Type of stain no definite behaviour

Concerning sample 
preparation phase

Uniform, the 
bigger the 

better

Diluted solution results in 
larger cells

 If the slides are rinsed longer 
in the cleaning solution, the 

cells tend to spread out better

uniform, not 
overlapping, 
not jammed

If the final solution is too thick 
then it is harder to flow it on 

the slide

The mononucleated cells 
tend to accumulate at the 

border of the slide.

Cell membrane 
integrity 

intact, 
continuous

Rough mixing with pipette or 
too long treatment time can 

make the cells burst.

Storing the sample at -20°C-
on for overnight before 

dripping makes them more 
compact.

Rough dripping damages the 
cells.

cytoplasm 
homogeneity

The bluish staining of the 
RNS-rich cytoplasm 

disappears if the slides are 
rinsed into H-Cl before 

dripping. 

Uneven protein distribution 
causes uneven staining

Higher methanol rate cause 
closer and/or overlapping 

nuclei.

Ratio of binucleated 
cells  (compared to 

mono-and 
polinucleated cells)

With shorter time, not every 
cell reach the binucleated 
phase. With longer time, 

some of the cells pass the 
binucleated phase

Increased number of cleaning 
cycle the artefacts disappear

Staining solution 
filtration

Filtration of GIEMSA solution 
decreases the number of 

stain residues (i.e. artefacts)

Object 
staining

Well separable 
from 

background Longer the time, higher the 
contrast

large 
cytoplasm – 
nucleus/MN 

contrast 
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5.1.2.2. Typical anomalies in scanned pictures 

Following the default cytokinesis-blocked micronucleus sample preparation protocol, the 

appearance of the clinical patient samples (SetP) was not as homogeneous and consistent as 

the samples used for calibration purposes from healthy young donors. The scanned images of 

over 50 PTMN patient samples were reviewed with the purpose of correcting the missed object 

of interests or the falsely detected ones. It was concluded that typical cases can be identified 

where the automated algorithm tends to fail and with patient samples it occurs significantly 

more frequently than in case of the calibration sample. Also, their influence could not be 

reduced significantly by mere parameter optimizations. However, for some of them, advanced 

image processing tools were introduced. For example: varying staining intensity, textured 

cytoplasm (see Section 5.1.3.3).  

An ideal binucleated cell and micronucleus which should be scored according to the 

protocol is described in detail in Section 4.4.1. A realistic binucleated cell and its surrounding 

have a more complex structure than the one described above. Figure 15. summarizes the 

identified anomalies and their type of effect on automatic scoring. The anomalies are classified 

into three groups based on their endpoint in the algorithm: 1) related to cell membrane 

deformation 2) related to a contrast issue 3) related to a source other than the binucleated cell 

and its staining.  

Some of the anomalies do not cause false negative or positive scoring of 

micronucleated cells since they would be excluded by a visual scorer also. For example: non-

circular cell membrane or nucleus with insufficient contrast. Unfortunately, most of the other 

cases listed in Figure 15. lead to false MN which elevates the background (ie. non-exposed) 

MN frequency. Consequently, they cause undeterminable error in dose estimation.  

In my experience if the “foggy” type inhomogeneity appears then most of the times blurry 

nucleus, inhomogeneous and noisy cytoplasm can be observed as well on the same slide. So 

when the smear called “fogginess” falls over a cell, their superposed projection could make the 

contrast disappear between nucleus and cytoplasm. 
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5.1.2.3. Effects of laboratory dependent sample preparation alterations 

In the early phase of the processing of PTMN patient samples (SetP), the need of 

harmonization of the sample preparation protocol between the participating laboratories 

(Ref1 and Ref2) became obvious. Although both laboratories followed precisely the IAEA 

protocol [10], there are minor details that are not controlled by it. Thus, the protocol leaves 

some aspects open for the laboratory to decide and customize according to their daily practice. 

In ideal case, these alterations do not influence the final MN frequency of the fixed samples. 

But the appearance of lots of PTMN samples was significantly different from the previously 

evaluated reference samples (SetA and SetB). So it was important to separate the sample 

quality differences caused by the difference in cell-behavior (sensitivity) from blood sample to 

blood sample, from the differences in laboratory practices. In order to do that, after starting 

the cell cultivation one blood sample was divided into two parts and both laboratories 

continued the preparation in parallel. They did everything according to their usual practice but 

the final dripping and staining: they made samples from their own harvested cells and with 

their own slides and additionally with the slides of the other laboratory as well. Then they 

switched some of the unstained slides with each other and finished the process with the usual 

staining. Figure 16. shows an overview on the steps of the experiment. 

Figure 15. Typical anomalies of the objects of interest (binucleated cells, nuclei and micronuclei) and their effects 
regarding automatic scoring. The arrows indicate the direction of the effect on the measured MN frequency. If it is not 

unambiguous, then two arrows are drawn 
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Half of the original blood samples were irradiated by 2 Gy of X-rays. So every 

combination mentioned above has a control member and an irradiated one also. With these 

we could compare the aspects of the clean slide type, the sample preparation and staining. 

 

Slide type and its cleaning 

Figure 17. shows cropped areas from two different slides. The sample preparation, the 

dripping and staining was done by Ref1 lab. The only difference is the slide that was used. Ref1 

uses ethanol for cleaning the slides before usage, while Ref2 slides come from their original 

packaging, so no additional cleaning is applied. 

Surprisingly, there is an obvious difference in the color shade and size of cell and nuclei. 

Dripping the cells on the slide used by Ref2 makes the nuclei more reddish and larger. The 

hypothesis was that difference in stain color is caused by the PH of the surface which depends 

Figure 16. Steps of the parallel sample preparation process done by Ref1 and Ref2 laboratories. The irradiation and the 
addition of PHA was performed at the same lab. Then half of the sample tubes was shipped to the other partner lab. Rest 

of the steps were conducted in parallel according to the daily routine of the facilities. 
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on the pre-cleaning of the slides. Similarly, the different surface tension after different cleaning 

procedure can influence the spreading of the cells.  

 

Sample preparation 

On the other hand, by using the same type of slides, staining solution it is really hard to 

spot any differences in sample quality between the two slides prepared by the two different 

laboratories Figure 18. The cells have the same size; the staining colors and contrast look the 

same. The number and shape of the small spot artefacts are also equal. The plaques of “foggy” 

impurity presents in both. 

Figure 18. Comparing sample preparation. Sample on the left was prepared by Ref2 and the sample on the right 
was prepared by Ref1. The stain and slide type of Ref2 was used. 

 

 

 

Figure 17. Comparing slide cleaning/slide type. Samples on the left are dripped on slides used by Ref2 and samples on the 
left dripped on slides from Ref1. Every other element was the same for the two sample groups. 
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Staining 

No difference was found in the number or type of the stain residues between two 

samples stained with the two different labs. The contrast varies from sample to sample, but 

not consistently. 

5.1.2.4. Effects of deliberate modification of final steps of sample preparation 

Based on the literature and the experience of the reference laboratories, a few sample 

preparation modification techniques were tried with the help of Ref1 and Ref2 with the 

purpose of reducing the anomalies mention in the Section 5.1.2.2. We mainly used fresh blood 

samples from SetB for this purpose. Both irradiated and control samples were investigated. 

Additionally, for some cases samples from the clinical study were used, e.g., for the repeated 

cleaning after storage.  

The optimal number of cleaning cycles  

Cell culture was dripped to slides directly after the first fixation step, then after the 

second, third, fourth and fifth one. The experience was that the cell debris were cleaned out 

gradually, but in the case of cleaning 4-5 times, the number of damaged and deformed cells 

increased significantly. Figure 19. shows an example for such a cleaning series.  

 

 

Figure 19. Series of slides with different number of fixation step. 
 Number of cleaning cycle from the left to right: 1,2,3,4 and 5. With the increasing number of cycles the 

background becomes more homogeneous and the cell membrane more damaged.  
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Washing after staining 

After the slides were immersed into the staining solution for 10-12 minutes, the 

unnecessary extra stain is washed under tap water. The idea for decreasing the amount of 

remaining stain residues was that this washing step can be altered by putting the stained slide 

into a buffer solution, but unfortunately this makes their cytoplasm transparent as well. 

Another modification attempt was to increase the time of the tap-water washing. As a result, 

the “foggy” plaques disappeared, but the small spots (anticipated as stain residues) remained. 

Additional cleaning after storage 

Following the sampling of the ready cell culture, the rest of it is stored in a refrigerator 

at 4°C. There is a possibility to conduct an additional cleaning process. After letting them warm 

up to room temperature simply one cleaning cycle should be added, i.e., repeat the steps 

starting from the addition of methanol: acetic acid solution.  

A few slides from sample SetP were identified which had severe impurity issues 

(typically “fogginess”). An extra cleaning was performed on their stored cell culture. In 4 cases 

out of 5 the degree of background and cytoplasm impurities improved. On the other hand, the 

number of binucleated cells dropped significantly as well. So if this method is used, it is 

suggested to make more number of slides than the ordinary in order to have sufficient number 

of BNi overall. 

Cleaning the slides 

By blowing down the superficial dust particles by compressed nitrogen, only some of 

the larger brownish entities can be removed, that is only the minority of the artefacts. Even 

the subtle wiping causes damage to the cells as well. It became clear that the disturbing spots 

cannot be removed after the stain dried. It is also advised to minimize the time while the slides 

are left freely on air during the drying and storage phase. 
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5.1.3. Optimization of image processing 

The optimization of the software level of RS-MN consisted of two parts: adding new 

algorithm elements and fine-tuning of their parameters (see Section 5.1.3.1). The new 

algorithm elements were implemented based on the findings of the previous chapter. These 

new functions and classification criteria target the identified issues. Some of the found 

solutions can be find in Section 5.1.3.3.  

5.1.3.1. Main steps of parameter optimization 

The parameter optimization of an automatic segmentation always includes 

compromises between the number of true positive and false negative hits. In favor of finding 

the balance between the two opposite values, the accuracy is needed to be calculated for each 

parameter settings. This accuracy can be for example the ratio of false negative and true 

positive objects. With the help of SA add-in, these efficiency parameters can be calculated, 

thus the suitability of the parameter sets can be compared. 

There are two approaches for parameter optimization. The first is to select a reference 

sample having objects with a typical appearance. It works if the quality of the samples is stable 

and reproducible to a high extent. The second technique is to collect a set of samples with 

versatile object appearances. In this case the mean detection rate is lower but gives less 

uncertainty among the wider range of samples. I have chosen a mixture of these the two 

methods. Most of the optimization of the parameter set was done on a reference sample 

irradiated by 2 Gy from sample SetB. The applied dose was small enough to keep the well-

defined cell boundaries and to produce enough number of MNi. From the series SetP the 

sample quality was more versatile. More deformity and anomalies occurred. By involving them 

in the optimization process, some of the new features had to introduce to handle these more 

extreme cases. Later on, during the establishment of the dose-response curve, it was kept in 

mind that the parameter settings of the automatic segmentation are acceptable if they 

reproducibly give the same ratio between false negative, false positive and true positive 

objects for different blood samples irradiated with the same dose. It would mean that the 

correction factor between dose and automatically determined MN frequency depends only on 

dose, thus one calibration curve would suffice.  
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The flow chart on Figure 20. shows the steps of the iterative process of the whole 

algorithm optimization process I applied.  

 

 

Figure 20. Object recognition software parameter optimization 
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5.1.3.2. An example for parameter optimization 

An example for an image processing parameter is the one which describes the intensity 

of the MN. Setting an upper and lower limit to this MN intensity parameter, the real MN can 

be separated from the false positive stain artefacts. The intensity of the MN candidate should 

be fall into the allowed range, while other entities have to be rejected during the so-called MN 

classification step of the image recognition software. The characteristics of the objects related 

to the optimization of this parameter described below: 

1) According to the IAEA scoring protocol [10], the MN should have the same or a 

slightly more intense coloring than the two nuclei. But the way how to interpret this by 

automatic image feature measurement is not straightforward. For example, the minimum, the 

maximum or the mean value of the pixel intensities of the MN and the nuclei would be good 

candidate for it. But the nucleus has an inner structure that results in intensity 

inhomogeneities. In other words, it does not have a characteristic intensity. So for the first 

sight it is not clear how to define the intensity parameter from the greyscale values of the pixels 

forming nucleus.  

2) The algorithm generates a set of MNi candidates from those circular shaped spots 

within the area of the cytoplasm that falls into a certain size range. This first MN-segmentation 

step does not take into consideration the brightness of the spot. An area which is only a little 

bit brighter or darker than its surrounding simply becomes an MN candidate. This can result in 

lots of artefacts when the cytoplasm has a pattern.  

3) Previous experience showed that the stain residue artefacts are darker than the real 

MN in most cases.  

4) The average intensity of staining and the contrast between objects 

(background/cytoplasm and cytoplasm/nucleus) vary not only from slide to slide but from cell 

to cell as well. 

Combining all of the characteristics described above, a logical artefact elimination 

method comes into play. Firstly, the average and the standard deviation of the pixel intensities 

belonging to the two nuclei and to the cytoplasm separately (nmean, nstd, cmean, cstd respectively) 
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are calculated. Then a MN candidate is allowed to pass the filter if it is lighter than the 

cytoplasm but not darker than the nucleus. With other words, the mean intensity of the MN 

candidate should fall between (nmean + a*nstd) and (cmean – b* cstd), where a and b are constants. 

These constants have to be optimized. (The 0 intensity value means total blackness, and 255 

means white coloring.) 

In order to optimize the described artefact elimination filter parameters (a and b), 6 

samples were chosen, 3-3 from the same person from sample series SetA. One of the sample 

groups contains one control (0 Gy) and two irradiated ones (2 Gy and 4 Gy of X-rays). All of the 

samples were handled together during slide preparation and processed by the same laboratory 

assistant at the same time. After running image acquisition once on each slide then the saved 

images were processed with multiple different parameter settings. The difference between 

them was the value of parameter ‘a’, which was varied between 0 and 1.2. With higher 'a' 

values the filtering is stricter. As an accuracy index the positive predictive value (PPV) was used, 

which is the ratio of the number of true positive MN hits (properly identified objects) out of 

the total number of MN hits (including the true positive and false positive MNi). Ideally PPV = 

1 when all of the identified MN objects are true ones. Figure 21. shows the results of these 

measurements. The highest PPV values are resulted for a=1 and a=1.2. But it is not consistent 

for all of the samples. In case of higher doses, the precision is around 70% and decreases with 

the dose at least clearly for the second sample-series.  

The conclusion of this experiment is that if the only factor that can influence the 

accuracy (here the PPV) significantly was the irradiation dose, we would see that the precision 

values are approximately the same for the same doses. But there is not a single parameter 

value for which it is true. There could be two possibilities: 1) The alteration of this particular 

parameter cannot be optimized separately from the other ones and/or 2) there are other 

major factors that can influence the accuracy. This motivated me to examine other, not 

algorithm or dose-related parameters as well which can influence the accuracy. As a result, the 

measurability of sample quality was established (see Section5.3). 
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5.1.3.3. Selected challenges and advanced tools of image processing for 

detecting realistic object on MN slides 

A realistic binucleated cell and its surrounding have a more complex structure than the 

ideal object described in Section 4.4.1. The whole list of the features that could appear as an 

additional point that has to be taken care of are listed in Section 5.1.2.2. More detailed 

explanations are written here, considering the point of view of the automatic segmentation. 

The found solutions are also described. 

Wide object size range and improved Hough transform  

The so-called hypotonization step during sample preparation forces the cells to intake 

water which results in the increase of their diameter. The purpose of this step of sample 

preparation is to make the cells and their contents easier to visualize and score. The size of the 

cells is also influenced by the pretreatment (pH, temperature) of the surface of the glass slides 

where they are dripped. But not all of the cells grow and spread on the slide to the same extent. 

Both processes widen the range of the size of the cells. The average and the versatility of the 

size not only changes from sample to sample but from part to part of the same slide. An integral 

Figure 21. Automated MN detection accuracy's dependence on the parameter 'a' in case of samples from 2 different 
persons and 3 different irradiation doses.  
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part of the RS algorithm is to recognize the circular nucleus with Hough transform. Its main 

parameter is the allowed range of nucleus radius. However, the maximum boundary of this 

allowed size range cannot be larger than twice the minimum limit. Otherwise, two touching 

nuclei or cells are fused into one since the Hough transformation marks their touching point 

as the center of a possible circle (Figure 22.). But, due to the mentioned reasons, the range of 

nuclei is wider than this limitation. The solution is to use dynamic nucleus size range instead of 

the fixed lower and upper limit of the allowed diameter. This means that instead of fixed 

diameter range, the nucleus size relative to the size of the cell is fixed. 

 

Varying staining intensity 

1) Between slides: The average staining intensity over an entire slide depends on the type, 

concentration and time of appliance of the staining (GIEMSA) solution. These conditions are 

mostly constant within a laboratory but can differ among them. The automated microscope 

has an in-built feature that after inserting the slide it can adapt the intensity of the illumination 

so that the average color of the background will always be the same.  

Figure 22. Demonstration of the limitation of size range of Hough transformation. The higher intensity pixels on the 
Hough transformed images mark the most possible location of the circular objects on the original image. With insufficient 

radius range, the nuclei are fused. 
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2) Between objects: The average object (cytoplasm, nucleus-micronucleus) staining intensity 

fluctuates between cells. It mainly causes problem when the contrast between two embedded 

objects disappears so they no longer can be separated by their shade of grayness. The extreme 

case of it is when the cytoplasm melts into the background. Most of the time is caused by the 

complete lack of cell membrane. As a solution an adaptive threshold is applied based on the 

histogram of the cell's interior intensity. 

Inhomogeneous staining intensities:  

1) Uneven texture of the cytoplasm: The range of the distance between local intensity maxima 

and minima of the cytoplasm is comparable with the size of MN. This type of phenomenon 

could cause problem at the segmentation of MN. Since the criteria that is used during the 

detection of the MN could match with these structures as well: small, round areas which are 

darker than the average intensity of the surrounding cytoplasm. One resolution technique is 

based on the observation that if there is one MN-like grain artefact in the cytoplasm usually it 

is accompanied by a lot of similar ones. So giving an upper limit for the number of MN 

candidates is a good idea. Another solution is to limit the allowed standard deviation of the 

greyness of the pixels on the area of the cytoplasm. RS-MN uses a combination of the two. 

2) Constant gradient inside the cytoplasm: There could be a constant gradient in the grayness 

intensity inside the cell. This phenomenon is typical in too small cells, where due to the lack of 

the possibility for the cell to spread out perfectly the proteins can be denser on one side of the 

cell than on the other. Its impact is observable during MN segmentation: because the contrast 

of the nucleus material and cytoplasm (as the neighborhood of the potential MN) is not 

constant, an MN candidate can be easily overlooked if it overlaps with this darker area. The 

possibility of the presence of this issue was the motivation to use locally adaptive histogram-

based thresholding during searching for MN candidates.  

Deformed objects 

1) A cell is called deformed when its outward boundary differs from a circle in any way. The 

most common malformation is the elongated shape occurring when two cells are close to each 

other, or the dripping's direction was biased in a favored direction. If the cell membrane is 
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intact and continuous the cell is still scorable. The damage of the cell membrane can produce 

a wide selection of shapes, for example comet-like cell or a circle with a bundle growing out of 

it. These cells should not be scored since a potential MN could have been escaped out through 

the leak on the membrane that we cannot associate to the cell. Representing the objects with 

an ellipse is an integral part of the segmentation software, thus no additional development 

was needed. However, additionally to the in-built shape checking feature of Hough 

transformation, Ferret elongation and eccentricity are also calculated, and morphological 

parameters can be analysed directly from them. The asymmetrical or more elongated 

binucleated are less likely to be intact, so they should be excluded from the scoring. 

5.1.3.4. Comparison of RS and other systems on algorithm level 

Some of the main manufacturers who provide a software version for automated 

microscopes to analyze CBMN samples published the main key points of their algorithm. A 

summary of these algorithms is summarized in Figure 23.  

Briefly the main issue with IMSTAR is that it is not looking for circular shaped cells but 

irregular ones. Furthermore, the determined cell contours do not fit tightly on the real border 

of the cell. So there is a possibility that an identified MN does not really belong to the cell. They 

claim that the idea behind this concept is to make it possible to adapt the software for other 

cell lines as well whose shape is not necessarily elliptic. On the other hand, RS-MN with the 

application of Hough transformation is by default searching for circular shaped object. Another 

difference is that ISMTAR firstly segments cell clusters then cut them into pieces around cells 

which can lead to errors. ROBIAS has a very delicate extra-multi-looped segmentation 

procedure. Which, based on their statistics, seems to be extremely efficient. However, 

consequently the required time for evaluation of 1000 binucleated cell is a lot more (1.5- 4 h 

compared to 2-10 minutes of RS). Besides, they try to separate even the cells melted into each 

other which is not allowed by IAEA protocol. RaBiT and Metafer are using fluorescent staining, 

so they are included here only for the sake of wider lookout. They should not be used directly 

as a reference for the RS-MN system since it requires a more complex optical system which 

means that they are costly as well. The main downside of the Metafer system is that it does 

not give a possibility to determine accurately the boundary of a cell. So we can’t be 100% sure 
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that a found MN belongs to a certain binucleated cell. However, this chance can be minimized 

by keeping the cell density low. The interesting thing that RaBiT uses is the two-coloured 

staining. They use a separate fluorescent channel for cytoplasm detection which a solution for 

the shortage of the Metafer system. 

To sum it up, we can conclude that basically all the examined algorithms are using the 

same bricks and tools from the toolbox of segmentation empire: adaptive thresholding, 

filtering and classification of object based on various morphological and statistical parameters. 

The difference between them is hidden in the order of the steps, the number of repetitions 

and the precision of the optimization of filtering parameters. However, none of them mentions 

the use of neural network despite of the fact that the MN-artefact elimination is seems to be 

a typical problem that could be solved by deep learning techniques. 

The greatest advantage of RS-MN is that it can be customized to the specific application 

not only on the software level, but on hardware level as well. The microscope is assembled by 

the Radosys company from smaller hardware parts and the control/communication routines 

are written on site as well, which leads to the highest level of access to combine and adjust 

features (e.g. Auto focusing, illumination adjustments). On the other hand, in case of other 

competing systems on the market the digital microscope and adapted software are originated 

from two separate companies. So not all hardware controlling options are available for the 

software developers. 

5.1.4. Software and hardware level integration 

The refinement of image processing has its own limitations. The information that is 

missing from the input images cannot be integrated into the recognition process. Information 

can be missed as a result of suboptimal sample preparation procedure or by a faulty image 

capturing process. Besides, the algorithm can handle only those patterns that are present in 

the set of test images. If the test images do not represent well the versatility of the realistic set 

of samples, the optimized algorithm won’t handle each possible pattern scenario with the 

same efficiency.  
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The integrated design of RS-MN offered a possibility to add more data by introducing 

hardware-based solutions. I had the opportunity to have access for the source code of the 

hardware and software level controlling the whole process of the microscopic analysis. Some 

of the difficulties that were mentioned in the previous chapters become less challenging if non-

conventional hardware-software steps are used. This chapter shows how these novelties 

contribute to the improvement of automated scoring efficiency with using the benefits of the 

integrated environment of HW and SW. These features are not available or extremely hard to 

implement when the SW and HW are developed separately by different manufacturers.  
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Figure 23. Comparison on the used staining technique, scoring efficiency and the elements of optimization methods of 
publicly available automated MN scoring systems. (’no data’ means that no available information can be found in the 
literature). The three main different optimization approaches are the following: 1) sample preparation modification 2) 

using advanced microscopic imaging technique 3) increased complexity and robustness of the pattern recognition 
algorithms. Each system uses different combinations of these techniques.  

 

Name of 

instrument 

Radosys Radometer 

MN-Series

IMSTAR Pathfinder
TM 

Screentox Auto-MN

ROBIAS (Robotic 

Image Analysis 

System)

RaBiT (Rapid 

Automated 

Biodosimetry Tool)

Metasystems Metafer 

MNScore
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5.1.4.1. Object-based autofocusing merit function 

Motivation 

The selection of the optimal autofocus function depends on the microscopy method 

(brightfield, phase contrast or differential interference contrast), the depth of field and 

magnification. The density, the shape and the number of layers of the examined objects are 

also influencing factors. A well-functioning autofocus mechanism is a key factor in achieving 

the best quality of image with a given magnification. The Radosys Ltd. imaging systems for the 

detection of alpha and proton tracks on PADC (poly-allyl-diglycol-carbonate) (E. Hulber 2009) 

have been successfully used for 20 years and the so-called Radometer V10 (RM V10) system 

was the inspiration and foundation for the RS-MN. However, it was found that the conventional 

gradient-based autofocus function has limitations when more than one type of specimen can 

be found on the same field of view.  

The alpha tracks have a prominent contrast and homogeneous intensity conditions (see 

Figure 24.). The shade of the size range and intensity of the tracks are the same from chip to 

chip. Consequently, the autofocusing algorithm can expect to find ideal focal plane based on 

the conventional maximal gradient technique.  

 

Figure 24. Example for alpha tracks. The size and the intensity of the tracks are constant. The tracks have a high contrast 
compared to the background. 
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On the other hand, for other applications the depth of the object of interest can vary 

significantly, not only between samples but even within a field of view. This requires advanced 

autofocusing techniques. The appearance of the objects of interest of an MN sample has a lot 

wider scale (see Figure 25.). Another example is the solid-state nuclear detector having proton 

tracks whose size and contrast depends on the energy of the proton beam (see Figure 26. and 

[54]). Although the image processing algorithm differs significantly between the two 

applications, the solution for a robust autofocusing algorithm was found to be really similar.  

 

 

While the surface of nuclear track detectors can be easily cleaned without the 

destruction of the objects of interest, the presence of dust particles and other artifacts such as 

Figure 25. Versatility of the contrast and shade of the object of interest on an MN sample 

 

Figure 26. Images of proton tracks on PADC (CR-39) material captured with Radosys PT10 microscope. The size, contrast 
and shade (i.e. the depth) of the tracks depend on the energy of the incident proton. The energy range of the proton 

beams used for the irradiation of the samples was 0.1 MeV and 5.5 MeV.  
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stain residues are inevitable on slides with fixed and stained biological samples. These objects 

with prominent contrast make the autofocus function biased. The biasing behavior results in 

images where the boundaries of the artifact are clearer than the edges of the cells, nuclei and 

micronuclei. A common feature of these parasite objects is that they refract (see Figure 29.). 

Namely, there is a strict subject plane position after which the number of bright pixels suddenly 

increases. Using this phenomenon, a non-conventional, more complex autofocusing function 

was introduced, with which the biasing effect of the mentioned artifacts was reduced.  

In general, an autofocus algorithm scans through a range of possible distances between 

object and objective over a given field of view. Each occurring object-image distance is ranked 

based on the sharpness of the objects visible on that specific plane. The ranking value is 

calculated with a so-called autofocus function, which is constructed so that its global maximum 

corresponds to the sharpest plane.  

Sun et al (Sun et al. 2004) compared the 18 most frequent autofocus functions and 

proposed a guideline for selecting the optimal one for different microscopy applications. When 

subsampled images are used in order to increase execution speed, gradient-based algorithms 

are advised. Yuchen et al (Yuchen et al 2013) concluded that, for metaphase chromosome 

images – whose characteristics are similar to the micronucleus images, the Brenner gradient 

gives the best accuracy compared to manual focusing. The Brenner gradient is based on the 

sum of the square of the difference between the intensities of the two neighbors of each pixel.  

The autofocusing technique of the RM V10 imaging systems uses subsampling and 

gradient-based autofocus function.  

The used focus function is the following: 

𝐹(𝑧) = ∑ |𝑖(𝑥, 𝑦, 𝑧) − 𝑖(𝑥 + 𝑑, 𝑦, 𝑧)|𝑥,𝑦 ,   Equation 1. 

with the criterion |𝑖(𝑥, 𝑦, 𝑧) − 𝑖(𝑥 + 𝑑, 𝑦, 𝑧)| >  𝛼, where i(x,y,z) is the intensity of the 

pixel at the x, y and z coordinates, while d and 𝛼 are constants. 
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However, it was found that a simple gradient-based autofocus function has limitations 

when more than one type of specimen can be found on the same field of view. Dust particles 

are significantly thicker than the dried fixed cells on the slide surface. They are typically larger 

in vertical elevation as well, therefore they have longer perimeter and give more contribution 

to the sum of gradient. If the distance between the focal planes of these larger objects and the 

cells is bigger than the depth of the field of the optical construction, then in the best ranked 

plane the cells and nuclei are blurry. This bias can happen also when a large number of smaller 

particles with prominent contrast are present such as stain residues. 

Technical solution 

The tight interaction between the hardware and image processing software allows to 

alter the traditional contrast maximizing autofocusing method. The content-based 

autofocusing method of RS-MN is optimized for dealing specifically with the artifacts that 

appear due to Giemsa (or other non-fluorescent) type of staining which makes the image 

capturing less sensitive to stain residues and dust particles.  

In order to reduce the disturbing effect of these artifact edges, two additional 

autofocus function elements were introduced. The RS-MN autofocusing algorithm uses a more 

complex figure of merit that combines the sum of gradient (F from Equation 1. with the number 

of bright and dark pixels (G from Equation 2.). 

𝐺(𝑧) = 𝑏 + 𝑤      Equation 2. 

Here b and w represent the number of black and white pixels. The threshold intensities 

of the black and white pixels are determined relative to the most frequent bin in the intensity 

histogram (M). So a pixel is considered to be white, if 𝑖(𝑥, 𝑦) > 𝑀 + 20 and black if 𝑖(𝑥, 𝑦) <

𝑀 − 20. Basically, the pixels that do not belong to either group are the background. The 

second restriction is that all black and white pixels taken into account should fulfill the following 

criterion: 

min(𝑖(𝑥, 𝑦), 𝑖(𝑥 + 𝑑, 𝑦)) >  𝛽, where   is a constant. Combining Equation 1. and 2. 

above yields 𝐻(𝑧) = 𝑓 ∙ 𝐹(𝑧) + 𝑔 ∙ 𝐺(𝑧) + ℎ, where f, g and h are empirical constants. 
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Figure 27. gives an overview how the used image parameters (black and white pixels, 

sum of gradients) change with the z-position. The optimal focal plane from the point of view 

of image processing of MN assay samples burden with artifacts is the one marked with (c) in 

Figure 27., where the number of black and white pixels has a minimum. Note, that it does not 

match with the location of the maximum of the sum of gradients.  

For the proton track application (RS-PT10) the trick was similar: the number of black 

and white pixels were inserted in the merit function. Of course, the optimal value of the f, g 

and h empirical constants were different for the proton tracks than for the MN samples. The 

minimization of the white pixels can be explained with the phenomena that on the optimal 

focal plane the white halo around the proton tracks disappear.  

 

Resulting improvement 

Both the traditional gradient-based and the combined autofocusing methods were 

tested on 5-5 fields of view on 3 different samples from sample SetB/2 Gy that spanned a wide 

range of contrast, stain intensity and object density. The results Table 4. show that the range 

of the absolute error on the automatically determined focal plane dropped from 150 μm to 20 

μm, with an improvement by a factor of 7.5. BN and MN detection rates are the suitable 

Figure 27. Demonstration of the typical characteristics of the elements used for the complex autofocus function. (Left) 
Normalized functions of the number of black pixels, white pixels and summary of gradients versus the position of the slide 
in z-direction compared to the focal plane. (Right) Original and masked images are shown in five different z-positions (a) 

Blurry image, almost invisible blurred artifacts with low contrast (b) Slightly defocused, lots of refracted artifacts with 
white centers (c) Sharp image at focal plane, minimal number of white and black pixels (d) Slightly defocused, lots of 

artifacts with black centers with white contour (e) Blurry image with prominent black artifacts. 
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performance parameters on the level of the scoring results to quantify the improvement 

caused by the proposed autofocus technique. Table 4. shows typical BN and MN detection 

rates in the case of the two compared autofocusing techniques. 

 

5.1.4.2. Multiple plane image scanning 

Motivation 

One of the most demanding tasks during the refinement of the segmentation algorithm 

was to reduce the effect of the artifacts whose optical projection is similar to the micronuclei.  

The published automatic scoring systems optimized for non-fluorescent technique 

introduced different solutions in order to reduce the effect of stain residues that leads to the 

degradation of efficiency. The optimized sample preparation procedure used for IMSTAR 

PathFinder recommends filtering the GIEMSA solution twice in order to get rid of stain residues 

[8]. The software of ROBIAS [9] eliminates the MN-like artifacts by a complex chain of software 

functions. RS-MN offers the multi-layer image grabbing to reduce the effect of MN-artifacts. 

The effect of the artifact can be reduced easily in case of visual scoring by tuning the focus a 

little bit. This extra step was not implemented in the previously published automated scoring 

systems. The reason for this is that in order to do so, a feedback from the result of the image 

analysis is needed to be channeled back to the focusing apparatus. This is not possible when 

the mechanism that controls the autofocusing and image grabbing is not integrated with the 

control of the image processing software part of the system. 

The common features of the MNi and MN-like artifacts are the following: they are both 

located within the cell boundary from the point of view of linear optical projection; they are 

both clearly distinguishable from the cytoplasm based on their darker shade; they both fall in 

Table 4. Comparison of the performance of the conventional gradient-based autofocus function and the improved 
combined autofocus function customized to suppress the biasing effect of dust and stain particles. 

Autofocus 
function type 

Difference between autofocus and manual 
focus (μm) 

Detection rate (# true positive / # 
detected) of 

  min max mean Std dev BN MN 

Gradient-based 0 150 60 30 56% 50% 

Combined -20 20 0 10 50% 70% 
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the allowed size range relative to the daughter nuclei in the same cell. In the first part of the 

MN segmentation subroutine all objects that fulfill these criteria are identified and called 'MN-

candidates'. There are simple cases when the second part, which is the classification between 

real MN and MN-like artifacts, is straightforward: that is when i) the stain residue is not 

circularly shaped, contains bumps on its edges; ii) the stain residue is significantly darker than 

the darkest area of the main nuclei; iii) the micronucleus size is bigger than the typical size of 

the stain residues (see examples in Figure 28.). As a result, the allowed range of the next four 

parameters linked with image features which are used to optimize the micronucleus classifier 

settings, respectively i) convexity and eccentricity ii) staining intensity iii) minimum size.  

 

But there are conditions where the method which uses a criteria system based on the 

object features only, fails. Especially for the small MN candidates, whose radius is 1 μm or 

below. In order to assess the importance of the reduction of false positive hits a test was 

conducted on a sample irradiated by 2 Gy (from sample SetB). If the parameter set is optimized 

to the maximization of the number of true positive MN (i.e., to the maximization of sensitivity) 

then the MNi smaller than 1 μm should be also allowed. In this case, the detection rate of MN 

is only 51%. This means that 49% of the MN-candidates that passed the classification criteria 

are actually false positive hits. Setting the minimal allowed diameter of the MN to 2 μm 

increases the detection rate to 80% but decreases the sensitivity of the automatic scoring. In 

Figure 28. Examples for cases when the separation of real MN and MN-like artifacts are straightforward based on the 
geometrical and intensity features. Cleary an artifact i) the stain residue is not circularly shaped, contains bumps on its 
edges ii) the stain residue is significantly darker than the darkest area of the main nuclei. Clearly not an artifact: iii) the 

micronucleus size is bigger than the typical size of the stain residues 
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other words, the slope of the automatic dose-effect curve declines and accordingly the lowest 

detectable dose (i.e., the minimum resolvable dose) is elevated. Thus, valuable information is 

lost, especially in case of lower doses. 

Technical solution 

The novelty of the RS system is that it introduces an additional source of information utilizing 

the firmware level access capability. The so-called multi-layer mode takes not only one but two 

images from the same field of view in two different planes. The first plane is the regular focal 

plane, where the boundaries of the cell and nucleus are the sharpest. The secondary plane is 

defocused by 5 µm. The latter is chosen so that the refractive stain residues become 

significantly lighter, but micronuclei keep almost the same shade (see Figure 29.). This 

technique actually mimics the process of a visual scorer who identifies artifacts by slightly 

defocusing the image. 

  

Figure 30. shows the average intensity difference of a group of typical MN-candidates 

on the two types of images. It proves that the phenomenon of the MN-artifact refraction 

becomes detectable. A well-chosen threshold tells the MN-classifier what the largest allowed 

change in intensity is between focused and defocused image within the edges of the MN-

candidate. Although the intensity difference ranges are overlapping, so the distinction 

Figure 29. Examples for the advantage of multi-layer image grabbing. On the image taken in the regular focal plane (1st) 
MN-like artifacts and real MN can be differentiated based on image features. With a slight defocusing (2nd plane) the 

artifacts refract, i.e. become lighter, on the other hand the real micronucleus keeps its shade. 
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between MN and artifact is not 100% effective, the MN-like artifact elimination can be 

considerably improved. 

 

Resulting improvement 

Two different kinds of automated scoring methods were applied on the sets of images 

taken from 4 samples of SetB. In the first round, only the focal plane was used. Then in the 

second round both planes coming from multi-layer mode were involved. With this the ratio of 

the number of the correctly eliminated false positive MNi was determined. Using the multi-

layer artifact elimination method, the number of artifacts can be reduced by 4-21% depending 

on the other parameters of the MN-classifier. If we allow smaller MNi sizes, the contribution 

of this method to the overall efficiency of the artifact filtering system is higher (see data in 

Table 5.). Around the lowest detectable dose (0.5 Gy) it means that the minimum resolvable 

dose is decreased by 14%.  

Figure 30. The difference in intensity within the contours of MN-candidates between focused and defocused images. The 
MN-candidate objects are separated into two classes: real MN and MN-like artifact (mostly stain residues). (The intensity 
scale of the pixels on the captured images goes from black to white on a 0-255 range) a) shows the variability of the MN-

candidates. Bold line marks are the average, the thin horizontal lines mark the 25% and 75%) 
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5.1.5. Uncertainty contributors 

For the uncertainty investigations sample SetP was chosen which contains realistic 

samples in a sense that they cover quite a wide range of possible errors and differences 

between samples, their preparation and evaluation. Besides the diversity of the tested 

individuals and their treatment plan, the variations are deriving from the fact that it is not 

always the same laboratory that proceeds with the CBMN.  

Altogether the effect of 6 factors on the accuracy of the automated analysis was 

examined quantitatively. Three of them are related to sample preparation: staining, 

“fogginess” and MN-like artefacts. The fourth is the precision of the autofocusing which is the 

weakest point of the image grabbing algorithm. And finally, the last two are specific to the 

blood donors: their individual sensitivity and the elapsed time from the start of their treatment. 

The latter correlates negatively with the MN frequency.  

It was taken into account that sometimes the autofocusing algorithm is mistaken, 

typically when a bigger dust particle appears on the field of view. In these cases, on the out-of-

focused image the borders of the cells and nucleus could still be clearly identified, but there is 

a chance that smaller micronuclei become so blurred that they cannot be distinguishable from 

the cytoplasm anymore. 

Pair of groups were created in a way that they differ only in one of the previously 

identified factors of the slide preparation, donor factors or scanning. The accuracy of the 

automatic counting system was defined as the MN-frequency difference between the totally 

automatic and the supervised (semi-automatic) MN-scoring method.  

Table 5. Coefficients of the linear-quadratic fit of calibration curves. YMN = a·D2 + b·D + c, where YMN is the number of 
micronucleus in 1000 binucleated cells, D is the received dose in Gy. 

Ratio of multi-plane filter in 
MN artifact elimination 

Lower limit of MN radius 

> 1 μm < 1 μm 

Dose 

0.5 Gy 7% 14% 

2 Gy 8% 21% 

3 Gy 4% 16% 

6 Gy 7% 16% 
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The uncertainty contributors were classified into 3 different groups according to the 

degree of their effect on the accuracy: “Negligible”, “Varying” and “Significant”. If the average 

of the relative difference between the auto and semi-auto MN frequencies are < 20%, the 

effect of the factor on the accuracy is considered as negligible. If it is above 20%, then its caused 

error is significant. If the effect is inconsistent, then the effect is labelled as varying. Table 6. 

summarizes the results about how significant the effect of the examined factors is on the MN-

frequency accuracy.  

The staining technique and the variation of cell size differences cannot significantly 

impact the accuracy. The conclusion is that for these features, the RS-MN is robust enough; at 

least within the range that the used samples and their digital images cover. It is logical that the 

dose influences the signal-to-noise ratio and thus the uncertainty as well. The cells of patients 

certainly have different sensitivity for biological stress, but the main consequence of this 

investigation was that further experiments on the accuracy improvements had to be 

concentrate on the impurities that can appear on the samples. This was the also motivation 

behind the introduction of sample quality parameters (see Section 5.3). 
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5.2. Validation of RS-MN automated MN detection system 

The validation of the RS-MN system for dose estimation consisted of three main parts. 

First the creation of a reference sample set which can be used as a gold reference for the 

production of the dose response curves. It was important that the delivered doses had good 

accuracy and that the sample preparation followed the already harmonized and optimized 

sample preparation protocol, which maximize the efficiency parameters of the automated 

scoring system. Then, the calibration curve was established for the three main scoring method 

available: visual, automatic and semi-automatic. The total contribution of the uncertainty 

Table 6. Degree of the effect on accuracy by the variation of the examined factors 

Factor Categories 

Difference between 
automatic and semi-

automatic (reference) 
scoring (%) average 

(min-max) 

Conclusion 
Degree of 

effect 

Staining 

1. type 18 (18 - 18) 
There is 

difference, 
but negligible 
compared to 
other factors 

Negligible 

2. type 6 (6 - 6) 

Elapsed time from 
the start of 
treatement 

0. és 1. day 130 (8 - 300) Accuracy 
improves at 
higher doses 

Significant 
3. month 42 (19 - 67) 

6. month 36 (6 - 140) 

Homogeneity 
differences within 

the slide 

D
ev

ia
ti

o
n

 o
f 

M
N

 

fr
eq

u
e

n
vy

 < 5% 19 (-50 - 20) 
There is no 
consistent 
influence 

Varying 5 - 15 % 171 (60 - 300) 

> 15 % 17 (-30 - 30) 

Individual sensitivity 

patient No. 1. 13 (8-20) There is no 
obvious 

differences 
Significant patient No. 2. 140 (67 - 300) 

patient No. 3. 87 (6 - 180) 

      

Disturbing factor 
Ideal sample 

property 
type of error /artifact 

Increase of 
accuracy with 

the 
elimination of 

artifacts 

Degree of 
effect  

Autofocusing 
precision 

sharp cell 
boundary 

slightly out-of-focus 4.5 (2 - 10) Negligible 

clean containing impurities 21.9 (15 -30) Significant 
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elements was compared for the applied scoring methods. And finally, the applicability and 

limitation of the system was examined from the prospect of dose estimation. 

5.2.1. Dose-response curve 

A key validation step of the RS Radometer MN Series System was the creation of a set 

of slides (SetC) irradiated at increasing X-ray doses for calibration purposes. Three sub-set 

corresponds to the three donors. The selection of doses follows the recommendation of IAEA, 

according to which minimum four calibration levels should be in the range of 0.25-1.0 Gy [10]. 

The summary graph of the dose-response curves from the four scoring methods using samples 

from the same donor is presented in Figure 31. Thus, the variance from the individual 

differences is excluded for now, which allows to highlight the differences in the characteristics 

of the scoring methods. Error bars in Figure 31. correspond to the statistical uncertainties of 

the number of MN per 1000 BN.  

 

Figure 31. Four dose-response curves that demonstrate the results of four different CBMN assay evaluation modes 
conducted on a calibration set of one donor (SetC): 1) Fully automatic: full automated scoring with the optimized 

parameter set, 2) Semi-automatic: automatic image analysis followed by a human revision of found objects 3) Visual – 
high resolution: the traditional visual scoring with 400x total visual magnification 4) Visual – medium resolution visual 

scoring with reduced 200x visual magnification. The error bars correspond only to the statistical uncertainty of the 
number of MN per 1000 cells. 
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The semi-automated results correlate almost perfectly with both high- and medium-

resolution visual methods. The Pearson correlation coefficients are > 0.997 ( Table 7.). In 

particular, based on a 2 test with one degree of freedom, semi-automated and medium-

resolution visual curves do not differ significantly (p > 0.05 for 7 dose levels out of 8) confirming 

that the information provided by the semi-automated method (resolution, contrast, 

defocusing possibility) for the user review allows the same accuracy achieved by visual scoring 

on a matching analog microscope. 

 

The automatic curve has a significantly elevated background compared to the 

reference. Also, above 3 Gy, it underestimates the MN frequency. In spite of the notable 

difference between the fully automatic and the three other curves, the correlation coefficient 

is still high at 0.977-0.988. The medium-resolution visual-scoring curve is consistently higher 

than the high-resolution visual-scoring curve (p = 0.031 < 0.05 with the Mann-Whitney test). 

The overestimate is caused by the lack of the extra details used for MN artifact rejection at 

higher magnification.  

In order to take the individual variability into account for the determination of the final 

dose-response curve, altogether three sets of samples were scored by the four different 

scoring methods. 

The spread of MN yield caused by the different responses given by the blood samples 

from different donors is shown in Figure 32. Fully and semi-automatic scoring results are also 

shown. The deviance of the data points belonging to the same dose is clearly significantly larger 

than the pure statistical uncertainty. The relative dispersion of automatic MN yields 

experienced on samples from different donors grows at low doses (below 1 Gy). It is not a real 

difference but the consequence of the moderated sensitivity of the system for the different 

looks of cells in size and density for different donors. However, the uncertainty of the semi-

Table 7. Pearson correlation coefficients for the comparison of the calibration curves scored 
by different methods  

r = 
Visual – medium 

resolution 
Visual – high 

resolution 
Full 

automatic 

Semi-automatic 0.997 0.998 0.985 

Full automatic 0.988 0.977 - 
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automatic (and similarly also the visual) MN yield decreases with the dose. The relative 

standard deviation for 2 Gy is 17-17% in both cases. 

 

A linear quadratic regression fits very well on their averaged data, with the coefficients 

reported in Table 8. However, for the automated dose-response curve, the p-value of the z-

test for the quadratic coefficient calculated by the DoseEstimate software (p = 0.39 > 0.05) 

implies that a linear fit is better suited.  

 

Besides results revision the SemiAutomatic v4.9 (SA) software package also provides a 

statistical analysis tool. With the help of the reference contours provided by the user, this tool 

calculates the precision of the BN and MN detection as the ratio of real hits and the number of 

totally found hits. The average BN-detection precision on reference samples (SetC/ 0 Gy) is 

58±3%. The MN precision rate is 90±7% below 2Gy, and its mean value is 70±20% for the whole 

range of sample setC. The precision smaller than 100% does not affect the value of the 

Figure 32. MN yield variability using data from 3 donors (set B). Three scoring methods are compared: manual (M), semi-
automatic (S) and fully automatic (A). The relative standard deviation of MN yield for 1 Gy samples are M: 10%, S: 15%, 

A: 15%. 

 

 Table 8. Coefficients of the linear-quadratic fit of calibration curves. YMN = a·D2 + b·D + c, where YMN is the number of 
micronucleus in 1000 binucleated cells, D is the received dose in Gy. 

  c b a r 

Manual – high resolution 41 ± 10 47 ± 20 40 ± 5 0.9988 

Manual – medium resolution 17 ± 6 65 ± 2 33 ± 4 0.9987 

Semi-automatic 38 ± 7 48 ± 13 32 ± 3 0.9993 

Fully automatic (quadratic) 103 ± 14 79 ± 20 3 ± 3 0.9958 

Fully automatic (linear) 96 ± 6 97 ± 6       0.9947 
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calculated dose estimate, since it is exactly the effect which is corrected by the use of the dose-

response curve. The linearity of the dose-response curve is known to cease above 5-6 Gy [10] 

but the RS-MN system still delivers good detection rates at these dose levels (40% for BN and 

80% for MN). Figure 33. shows a linear fit of fully automated results versus semi-automated 

results. The equation is A = 2.15(±0.17) S - 209(±53), where A and S are the MN yields from the 

fully and semi-automated scoring and the adjusted R2 is 0.91.  

 

5.2.2. Comparison of the total uncertainties for three scoring techniques 

The assessment of dose does not only require the precise establishment of the dose-

effect curve, but in order to interpret the results correctly, the thorough revision of the 

uncertainty is of utmost importance. For determining the range of the potential error factors, 

four experiments were devised to explore four sources of uncertainty: the difference between 

slides made from the same blood sample, the difference in visual scoring done by different 

scorers, the difference in MN yield for samples from different donors, and the difference 

between repeated scanning by the automated microscope.  

Table 9. summarizes the main uncertainty contributors in MNi scoring, determined on 

a reference sample irradiated with 2 Gy of X-rays (SetC). 

Figure 33. Correlation between semi-automatic and manual calibration curve data points. The equation of the regression 
line is:𝐴 = 2.15 (±0.17) ∙ 𝑆 − 209(±53), where A and S are the MN yields by full-and semi-automatic scoring and 

adjusted R2 =0.91. The shaded area represents the 95% confidence interval of the linear fit. 
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The MN yield corresponding to 2Gy dose is in the range of 300 MN per 1000 BN cells. 

The theoretical relative standard deviation of this value is the 7%. The range of the uncertainty 

examined in the context of other contributors should be compared to this 7%, since this is the 

theoretical minimum of the error of dose estimation. All the other contributors can be reduced 

with the finetuning of the sample preparation and scoring process, except the individual 

variability (see the last row of Table 9.). The four contributors were analyzed with regard to the 

three scoring types (manual, semi-automatic and full-automatic). Some of the error factors 

affect all the three scoring methods in the same way, but for example the difference between 

the results of involving multiple human scorers is only an issue in manual and semi-automatic 

cases. It is a fair assumption that the factors are independent from each other, so their 

combined variance can be calculated as the sum of the variances of the individual factors. 

When all of the errors are summed up for the different scoring methods, the final values do 

not significantly differ. The exact values of the discussed uncertainties can differ for doses 

higher or lower than the examined 2 Gy, but their range relative to each other is the same.  

Table 9. Sensitivity of MN frequency determination to different contributors of uncertainty. The effect of 4 different 
variables was compared with 4 sets of repeated scorings. Each scoring was done on the samples irradiated by 2 Gy (SetC). 

Experiment 
circumstances: 

Number of 
different 

instances of 
altered 

parameter 

Relative standard 
deviance between 

scoring results 
Possible method of 

reduction of the caused 
uncertainty Repeated MN frequency 

determination 
M S A 

- using different instances 
of slides 

6 slides  
(2 slides per 

donor) 
15% 16% 10% homogeneous dripping 

- by different scorers 
12 scorings  

(3 scorer on 4 
samples) 

13% 6% - Harmonization practise 

- from samples from 
different donors 

3 donors 10% 15% 15% 
None / more robust 

automatism 

- by repeating automatic 
image grabbing 

5 image sets - 3% 7% 
Removing dust / using 

autofocusing method that 
is not sensitive to dust 

sum of the uncertainties (using 
multiplicative Gauss error propagation) 

22% 23% 19% 
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5.2.3. Dose estimation 

With the help of the established equations of the dose effect curve the calculation of 

the dose is based on the solution of the quadratic formula (or linear in the case of the fully 

automatic scoring) with the obtained MN yield. The uncertainty of the result inherits the error 

of the MN yield. The error from the calibration curve also adds an extra component to the error 

of the calculated dose. 

 

Table 10. demonstrates the 95% confidence intervals for dose estimation on 4 dose 

levels acquired by 3 different calibration curves. The statistics are calculated by the “Aberration 

Dose Estimate” module of DoseEstimate software 5.1. It allows to use two different uncertainty 

calculation modes. The first method, which is the same as the “A method” in the IAEA 

recommendation [10], takes into account both uncertainty components mentioned above. The 

second method calculates only with the Poisson behavior of the MN frequency. 

The dose levels were chosen to match the population triage categories proposed by 

multiple papers [10], [11], [57], [58], which are the following: 1) < 1 Gy , 2) 1-2 Gy, > 2 Gy. The 

lowest limit of detection (LLD) or minimum resolvable dose is also given by the DoseEstimate 

software. An exposure is considered to be detectable, i.e., significantly different from zero, if 

Table 10. Uncertainty of dose estimation performed by 3 different type of scoring.  

  

Estimated 
dose 

Corresponding 
MN yield  

Confidence limits from exact 
poisson error on yield (Lower 

and upper 95% limit) 

Combined poisson and calibration 
curves error (Lower and upper 95% 

limit) 

(Gy) (MN/1000 BN) 
absolute 

value 
relative to 

estimated dose 
absolute value 

relative to 
estimated 

dose 

Manual scoring 
(quadratic dose-

effect model) 

2 300 (1.85, 2.18) (-8%, +9%) (1.70, 2.33) (-15%, +16%) 

1 130 (0.83, 1.19) (-17%, +19%) (0.68, 1.33) (-17%, +19%) 

0.5 70 (0.30, 0.70) (-41%, +39%) (0.13, 0.87) (-75%, +74%) 

LLD 55 (0.00, 0.46) ±100% (0.00, 0.68) ±100% 

Semi-automatic 
scoring 

(quadratic dose-
effect model) 

2 260 (1.82, 2.19) (-9%, +9%) (1.68, 2.33) (-16%, +16%) 

1 119 (0.82, 1.21) (-18%, +21%) (0.69, 1.34) (-31%, +34%) 

0.5 70 (0.29, 0.72) (-42%, +43%) (0.14, 0.86) (-72%, +73%) 

LLD 52 (0.01, 0.48) ±100% (0.00, 0.65) ±100% 

Full automatic 
scoring (linear 

dose-effect 
model) 

2 290 (1.67, 2.37) (-16%, +19%) (1.59, 2.32) (-16%, +16%) 

1 200 (0.80, 1.38) (-20%, +38%) (0.79, 1.36) (-21%, +36%) 

0.5 145 (0.27, 0.77) (-46%, +54%) (0.25, 0.76) (-51%, +53%) 

LLD 117 (0.01, 0.46) ±100% (0.00, 0.46) ±100% 
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it is equal to or greater than the LLD. It is calculated based on the lowest number of 

micronucleus for which the lower 95% confidence limit is greater than zero [59]. The LLD 

including only Poisson uncertainty is 0.42, 0.3 and 0.2 for auto, semi-auto and visual scoring 

correspondingly. Taking into account the fitting uncertainty, the practical sensitivity dose is 

higher of both methods (0.61 Gy and 0.48 Gy) which matches the 0.5 that was determined by 

decades of laboratory practice [10]. The 95% confidence intervals for the estimation of dose 

levels of 0 Gy (LLD) – 1 Gy and 2 Gy do not overlap (see Figure 34.). Consequently, all the three 

scoring methods are suitable for population triage. 

 

5.3. Quantitative sample quality measurement and harmonization 

In case of an experienced biodosimetry laboratory the sample preparation and scoring 

practice is well-harmonized between all the lab assistants in a way that the difference in their 

manual scoring results is close to zero. Achieving this level of expertise requires a great amount 

of work. Still, the dose-response relationships can differ for different laboratories. However, 

the difference in the calibration curves if properly applied does not influence the calculated 

estimated dose of a test sample. The inconsistency between laboratories can be discovered 

and solved by interlaboratory comparisons [1], [2]. 

Figure 34. Comparison of error of dose estimation for doses corresponding to triage categories in case of three different 
scoring methods. A – fully automatic, M – Manual, S-A – semi-automatic. LLD – lowest level of detection, D0.5, D1 and D2 
corresponds to 0.5 Gy, 1 Gy, 2 Gy of X-rays. The error bars represent the 95% confidence intervals of the estimated dose 
values. The two boxplots belong to the two different ways of dose error estimation. (left) only the Poisson uncertainty; 

(right) Poisson uncertainty plus the error from the fitting of dose-response curve 
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The needs for validation and harmonization are similar for the automated scoring 

technique. An experienced laboratory assistant could already have an eye for the typical 

appearance of the sample quality that is sufficient for automated analysis. By examining the 

first few captured images they can guess if a certain sample can be assigned for processing 

automatically or other actions are needed. However, this decision remains subjective and the 

efficacy cannot be quantified. For these reasons it is of the utmost importance to examine the 

possibilities whether the quality of the samples from the point of view of automated scoring 

can be measured in an objective way. 

5.3.1. Sample quality parameters 

Ten quantitative parameters were designated to describe the degree of the anomalies 

listed above. Their approach mirrors the experience collected by the user-assisted semi-

automatic scoring. Each SQP is inspired by a typical anomaly that gives a distortion to MN 

frequency. The group of SQPs consists of the mean value and the standard deviation of the 

introduced 10 image parameters over a set of images scanned from the same sample. 

Altogether it results in 20 SQPs. For this study, 392 images covering a 120 mm2 area were taken 

from each sample for SQP analysis.  

The image parameters are divided into 5 subgroups: 1) dimensions of cell and nuclei 2) 

small dark circular dots outside the cells that could look like false MN 3) contrast between the 

objects of interest 4) inhomogeneity of the background 5) cytoplasm texture.  

Besides, five efficiency indicators are proposed for measuring the efficiency of 

automated scoring: 1) fully automated MN frequency 2) semi-automated MN-frequency 3) 

absolute value of the difference between automated and semi-automated frequency 4) 

relative error of automated MN frequency compared to reference 5) number of MN candidates 

before the last classification step of the recognition software. 

The classification and the full collection of image parameters and efficiency indicators 

are listed in Table 11 and Table 12. Detailed mathematical description can be found in Appendix 

C. 
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An add-in C++ software was written which uses the contour data produced by the automated 

RS-MN recognition system and the user-revised and corrected semi-automated contour data. 

The SQPs were calculated over 21 calibration MN samples (from SetC) and over fifty patient 

samples (from SetP). 

5.3.2. Sample preparation alterations 

In order to simulate the diversity of sample quality and examining the relationship of 

SQPs and automated scoring efficiency part of the SetC calibration sample series was used. The 

whole set consists of 3 blood samples, each from the same healthy, non-smoker male of age 

30. Those samples were used which received 1 Gy and 2 Gy, plus the non-exposed controls. To 

broaden the sample quality parameters besides the default protocol the sample preparation 

was altered in two ways. In these alterations the samples were kept in a freezer for overnight 

Table 11. Description of the 10 examined image parameters that are used as a base of the calculation of the sample 
quality parameters (SQPs). 10-10 SQPs are calculated as the mean value and standard deviation of the presented image 

parameters over the 392 scanned fields of view on a slide. 

 

Description short name

1 - average of major axis of fitted ellipse on binucleated cell CMAJOR

2 - average of major axes of fitted ellipse on two nuclei NMAJOR

3 - total area of the small, dark, MN-like entities outside the cells TAOA

4 - number of the small, dark, MN-like entities outside the cell NOA

5 - ratio of the intensity of cytoplasm and nucleus C2N

6 - average intensity of the two nuclei NUCL

7 - average intensity of the cytoplasm CYT

8 - spread of the background intensity distribution SPROB

9 - shape of the peak in the background distribution SOPB

10 Cytoplasm texture - customized greyness-level co-occurance matrix cGLCM

Background 

inhomogeneity

Sample Quality Parameters (SQPs)

Object feature

Size

MN-like artifacts

Contrast and 

intensity

Table 12. Short explanation of the indices used as target function for the description of the efficiency of automatic 
scoring. 

 

Description Short name

1 - fully automated MN frequency auto_mn_freq

2 - semi-automated MN frequency semi-auto_mn_freq

3
- absolute difference between automated MN frequency 

and reference MN frequency
absolute_accuracy

4
- relative difference between automated MN frequency 

and reference MN frequency
relative_accuracy

5 - average number of MN candidates per binucleated cell ratio_of_MN_cand

Efficiency Indicators (EIs)
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and went through an additional cleaning step and dripped on a slide kept in a fridge for 

alternative one and on a slide kept on room temperature for alternative two. Altogether, this 

resulted in 21 slides coming from 9 different circumstances (3 dose levels x 3 versions of the 

finishing step of sample preparation). By manual inspection it was verified that the sample 

quality was indeed different for the 9 groups. Some of the groups had more instances of the 

anomalies listed above than others. This proves that the applied sample preparation 

alterations can modify the sample quality. However, the number of anomalies were lower than 

in the case of the PTMN samples. The fully automated and semi-automated MN frequencies 

for the 21 slides are listed in Table 13. The overall sensitivity for the whole set of 21 samples 

was 78±11% and the positive prediction value is 77±28%. The group of alternative one had the 

best detection rate: 85±13%. The same group gave the smallest variance in sensitivity for the 

different dose levels, only 5%.  

 

5.3.3. Correlation with efficiency parameters 

A 25x25 correlation matrix was created from the correlation analysis of the 20 SQPs 

and 5 efficiency indicators from the data of the 21 samples (see partial dataset in Table 14. and 

the whole dataset in Appendix D). Each connection was examined separately, whose 

correlation coefficient exceeded 0.7. Primarily those pairs were examined where one element 

is an SQP and the other is an efficiency indicator. Only the non-trivial connections were kept. 

Table 13. For the SQP correlation tests 21 samples were used belonging to 3 different dose level groups. Three different 
circumstances were examined from the point of view of the last steps of the sample preparation. The number of cleaning 

cycles was either the default 3 or was increased to 4. The slides were either kept in freezer or on room temperature 
before dripping. The average MN frequencies and their standard error (SE) are listed for semi-and fully automated 

evaluation. The average sensitivity and positive prediction value for each group is also shown.  

Sample 
preparaition 

Dripping method 

Dose 
(Gy) 

num of 
samples 

semi-auto MN 
frequency 

auto MN 
frequency 

sensitivity PPV 

number 
of 

cleaning 
cycles 

temperature 
of slide 
before 

dripping 

average SE average SE average SE average SE 

default 
3 room temp. 0 2 3 3.0 41 10.0 50% 0% 34% 34% 

3 room temp. 1 2 15 3.5 58 7.0 81% 9% 84% 9% 

3 room temp. 2 3 65 15.6 99 6.6 78% 1% 92% 2% 

alternative 
1 

4 freezer temp. 0 2 5 1.0 29 7.5 71% 4% 80% 20% 

4 freezer temp. 1 2 16 0.5 59 0.5 76% 7% 79% 4% 

4 freezer temp. 2 3 97 18.3 112 17.4 76% 2% 93% 2% 

alternative 
2 

4 room temp. 0 2 6 0.5 121 0.0 100% 0% 20% 3% 

4 room temp. 1 2 29 0.5 110 3.0 72% 0% 89% 1% 

4 room temp. 2 3 95 22.7 218 20.1 80% 5% 95% 2% 

PPV = MN detection rate = positive prediction value = number of true positive MN / total number of MN, sensitivity = true 
positive rate (TPR) = number of true positive MN / total number of MN 
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For example, the size of the nucleus trivially correlated with the size of the cell; or the number 

of the MN-like artefacts with the total area of them. However, it did not mean that there was 

an unnecessary redundancy among the parameters, because slight differences could achieve 

better correlation with a certain efficiency indicator. From the pairs that were derived from 

each other, only one was kept.  

After the grooming, four correlations remained as a significant connection. If the 

nucleus is darker, the absolute error of auto MN frequency is larger. More inhomogeneous 

background causes increased absolute error in auto MN frequency and an elevated number of 

MN candidates. And finally, higher auto MN frequency is found in larger cells. Among these 

correlations, the most prominent and practical one that can be used for accuracy assessment 

is the inhomogeneity of the background. It is calculated as the spread of intensity of the 

background pixels compared to the maximum value of their intensity distribution. This can be 

represented simply as the sharpness of the peak of the intensity histogram of the background 

area, called here as the Spread of Background Peak (SPROB). 

Some of these connections are related to known artefacts described in the literature 

of manual scoring as well. The novelty is that with SQPs the order of the effects can be 

quantified. Interesting correlations between SQPs are not straightforward from their definition 

or calculating method, but they are less important from the point of view of understanding the 

accuracy of automated MN scoring. One example is that inhomogeneous background increases 

the roughness of the cytoplasm.  
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5.3.4. Spread of Background Peak (SPROB) 

5.3.4.1. SPROB change after re-cleaning and re-dripping samples  

The sampling of the ready cell suspension is the end of the sample preparation, then 

the rest of the suspension is stored in a refrigerator at -20°C. There is a possibility to conduct 

an additional cleaning process if it is needed. After letting the cells warm up again to room 

temperature, we simply add one extra cleaning cycle.  

Samples were selected among the calibration set (SetC) that were re-cleaned after 

storage then were dripped on slides that were kept in a freezer or in room temperature. It was 

found that the SPROB decreased by 23% in average compared to the slides prepared with the 

default protocol (see Table 15.). With the help of the previously established linear calibration 

relationship for the automatic scoring of the RS-MN series, the estimated dose is calculated. 

The error of dose estimation is clearly improved by keeping the slide in a freezer before 

dripping the sample on it. 

Table 14. Result of the correlation analysis of the inspected sample quality parameters and efficiency indices. The darker 
the shade of a cell, the larger the absolute value of the correlation coefficient. It is found that inhomogeneity of the 

background (SPROB) significantly correlates with the absolute accuracy of the automatic scoring and the number of MN 
candidates (i.e., the number of MNi before classification step). The same two efficiency parameters have a strong 

correlation with the size of the cells and their intensity. 
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It was verified with the help of the other 2x3 samples from the PTMN patient series 

(SetP) that even only with re-cleaning the SPROB values can be decreased by 51% on average 

without freezing the slides beforehand (see Table 16.). The estimated dose was calculated with 

the help of the same linear calibration curve as used for the SetC series. The difference is clearly 

observable visually as well (see Figure 35.).  

 

Table 15. Change of the SPROB parameters and related error of dose estimation due to sample quality improvement 
actions. For the first and second groups of slides the sample preparation alternative one and two were applied 

respectively. Thus, the difference was the temperature of the slide before dripping. By lowering the temperature, the 
difference from nominal dose was significantly decreased. 

  
Dose 
(Gy) 

SPROB 
(Average ± SE) 

Estimated 
dose (Gy) 

difference 
from nominal 

dose (Gy) 

slide is kept on room 
temperature before re-

dripping 

0 33 ± 0.4 2.5 ± 0.0 2.54 

1 29 ± 0.6 2.2 ± 0.1 1.23 

2 30 ± 0.5 5.3 ± 0.7 3.28 

slide is cooled before 
re-drippng 

0 22 ± 0.1 -0.1 ± 0.3 -0.06 

1 23 ± 0.2 0.8 ± 0.0 -0.22 

2 25 ± 0.1 2.3 ± 0.6 0.30 
 

Table 16. Change of SPROB parameters and dose estimation due to sample quality improvement. For the first group the 
default sample preparation was applied, while in case of the second group one additional cleaning slide was added. The 

temperature of the slides was the same. A clear improvement in the estimation of doses is seen with the extended 
cleaning process. 

  
Sample 
donor 

SPROB (Average ± SE) with 

difference 
in SPROB 

Corresponding 
change in 
dose (Gy) 

default recipe 
(= 3x cleaning 

cycles) 

one extra 
cleaning cycle 

(4x) 

PTMN 
series 

patient No.1 21 ± 3.4 19 ± 3.5 3 0.24 

patient No.2 28 ± 4.7 17 ± 3.2 11 0.87 

patient No.3 58 ± 1.8 17 ± 2.2 41 >1 
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5.3.4.2. Dose dependence 

The cell membrane became more fragile when the cell receives higher dose. 

Consequently, the deformation of the cells and the number of cell debris around the scorable 

cells were more frequent which also modified the accuracy of the automated scoring. In order 

to verify that the found relation between auto MN frequency accuracy, SPROB and slide 

temperature were not burdened by a hidden cause-and-effect relationship, I examined the 

dose dependence of these parameters. For this dose-dependence experiment slides from 3 

blood samples from the SetC series were chosen: 0 Gy (control), 1 Gy and 2 Gy. 3-3 slides from 

each group were kept on room temperature or -20 oC before the dripping. Then the SPROB of 

the scanned images was calculated then averaged over the slides belonging to the same dose 

and slide-temperature group. Left side of Figure 36. shows the average and standard deviation 

values of SPROB in relation to the 3 different dose levels and the temperature of slides during 

Figure 35. An example from the PTMN series for the effect of adding an extra cleaning cycle to the sample preparation 
process. Images in the first row show one field of view of the scanned sample. Second row of pictures shows the 

histograms of pixel intensities of the top images. On the left side there are larger foggy spots outside of the cells whose 
intensity overlaps with the shade of the cytoplasm, which makes the identification of the cells less effective. Also, the 

number of dark small spots are is higher on the left side, which elevates the number of false positive MN. The drop of the 
SPROB parameter due to re-dripping is observable, i.e., the full width at half maximum of the intensity distribution is 

twice as wide on the left. 
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dripping. Right side of Figure 36. shows the absolute MN frequency accuracy of the same 

groups. It is clear that in both cases the dependence of the parameters is more prominent on 

the dripping circumstances than the dose.  

 

5.3.4.3. Estimation of the error of auto MN frequency  

We have seen that the absolute difference between the automated MN frequency and 

the semi-automated MN frequency used as reference correlate well with the background 

inhomogeneity, the SPROB. The values of the examined 21 reference samples are illustrated in 

Figure 37. A line can be fitted on the points, whose equation is:  

 MNFauto – MNFsemi-auto = 7.69 * SPROB – 138.1, Equation 3. 

Where MNFauto and MNFsemi-auto are the MN frequency scored automatically and semi-

automatically respectively. The uncertainty of the coefficients is 1.38 and 35.5. 

So the corrected automated MN frequency can be calculated as follows: 

 MNFauto’ = MNFauto – 7.69*SPROB-138.1,  Equation 4. 

Figure 36. Comparison of the effects of the storage temperature of the slide and the dose of irradiation on image quality. 
Samples from three dose levels were selected. The dripping was either on slides kept in a freezer (H) or on room 

temperature (M). (left) the average and standard deviation values of SPROB in relation to the 3 different dose levels and 
the temperature of slides during dripping. (right) the absolute MN frequency accuracy of the same groups. The re-

dripping method has a larger effect on the SPROB and absolute accuracy than the differences between the damage 
caused by the dose. 
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More complex multiple regression models were also tested based on the correlation 

found regarding nucleus size and nucleus darkness. But the RSE of the models did not decrease 

significantly with the increase of variables added to the model.  

5.3.5. Sample quality harmonization protocol 

Our aim is to propose a new approach based on the results achieved with the SPROB 

sample quality parameters introduced. The SPROB measures that aspect of the overall noise 

burdening the sample which (among the 20 parameters we examined) influences the accuracy 

of the automated MN frequency provided by the RS-MN Series system the most. We can 

conclude that the relation between the SPROB and the error of automatic scoring has a strong 

linear correlation, which is an objective and automatically calculable tool to quantify the quality 

of a sample which determines its suitability for automated analysis. In some cases, by 

conducting one more additional cleaning step, the SPROB falls into the optimal range. In our 

experience this technique works even if the samples were stored in the freezer for days or 

months. However, it has a risk to lose too many valuable binucleated cells during the process 

Figure 37. Each point on the graph reflects the measurement data of a set of scanned images from the 21 slides of the 
SetC calibration sample series. There is a linear correlation between the spread of the background peak (SPROB) 

parameter and the error of automated MN frequency. By re-dripping the suspension onto a new slide with different 
circumstances (after an additional cleaning step or the freezing of the slide), both indicators can be decreased. The 

direction of the change in SPROB and absolute error parameters due to the additional cleaning cycle follows the black 
arrow. 
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and their number does not reach the minimally required 1000 BN on the slide anymore. In this 

case the sample quality cannot be improved, but it is still possible to assess the error with 

Equation 3. The flowchart of the proposed method is displayed in Figure 38. 

 
  

Figure 38. Flow chart with the proposed chain of action to achieve the most suitable sample quality for the automatic 
scoring procedure. The model assumes that the first steps are the performing of the default sample preparation and the 

scan of the slide. Then based on the measurement of the SPROB image parameter the quality of the slide is either 
accepted or an additional cleaning step is recommended. If the quality of sample is sufficient, then the automated MN 

frequency result is accepted. If the number of the cells on the slide is too low, the extra cleaning step is not beneficial. In 
this case the uncertainty of the automatically scored MN frequency can be corrected based on the SPROB parameter. 
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5.4. PTMN study 

In order to test the robustness and scoring capabilities of the system around the lowest 

level of detection, samples from a clinical project were analyzed. The details of the project can 

be found in Section 4.3.3. In the framework of this project, the changes in the number of 

chromosomal aberrations and micronucleus were examined in prostate tumorous patients 

undergoing radiotherapy treatment. The basic idea is that by biodosimetry methods, we can 

compare the biological damaging effect on healthy tissues of three different radiotherapy 

methods. At the National Institute of Oncology, the patient having prostate tumor can be 

treated by three available irradiation methods. The most common one is low dose rate 

brachytherapy (LDR), when the isotope (called seed) is placed permanently into the prostate. 

This produces longer irradiation with a low dose rate. In case of the so-called high dose rate 

brachytherapy (HDR), the isotope just enters the catheters, emit the prescribed dose on 

prescribed places and then leaves the body of the patient. So, the tumor and the surrounding 

tissues receive the prescribed dose in a short time. The principle of the third therapy method, 

the external or-teletherapy (ET or TT), differs fundamentally from the brachytherapy 

techniques. Instead of placing radioactive isotopes directly next to the tumorous area, linear 

accelerators produced gamma beams are directed to the volume of interest. Since the source 

here is the outside of the body, it is inevitable that a non-negligible part of the ionizing energy 

is absorbed in the neighboring healthy tissues as well.  

The project is coordinated by Ref2, they examined the samples by DIC assay, and with 

the co-operation of Ref1 they are also have essential part in the preparation of the 

micronucleus assay samples. “PTMN” was chosen as a collectible name for the set of MN assay 

slides.  

Although, it is a high dose that the radiotherapy locally delivers to the tumor, the MN 

assay measures the whole-body equivalent (WBE) dose of the irradiation received by the 

healthy tissues surrounding the gross tumor volume. Thus, the number of identified 

aberrations is in the range of the low doses (<500 mGy). However, the number of binucleated 

cells that contain two or three micronuclei is higher in the case of partial body exposure having 

the same WBE dose than a whole-body irradiation [2].  
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5.4.1. Challenges of evaluation 

In the beginning of the processing of the PTMN samples we realized that they are much 

more fragile than in case of the samples collected from the healthy young donors who were 

volunteered for giving blood samples for the calibration curves. The resulted differences were 

versatile. Sometimes we experienced a really small number of cells that remained intact 

enough to be scored even by visual scoring. Other samples showed artifacts that disturbed 

only the automatic scoring, not the visual ones. These early findings motivated me to make 

experiments on the fine-tuning of the sample preparation (Section 5.1.2) and determine 

objectively the quality of a slide (Section 5.3). 

The high number of the LDR treatment led to the quick increase of the samples from 

the patients treated with seed insertion. As a consequence, the majority of my data relates to 

them. However, the third of the samples had to be re-dripped in order to be able to score them 

efficiently enough by the automatic system. On the other hand, for HDR therapy only the 20% 

of the samples were possible to evaluate automatically. So in the end, I was not able to collect 

enough samples suitable for automated scoring for this group. Unfortunately, I had to exclude 

them from the comparison.  

5.4.2. Individual differences 

Due to low doses, the statistical power of the small MN and CA values are relatively 

low. Individual curves do not lead to straightforward conclusion (see Figure 39).  



Results and discussion 

 92 

 

5.4.3. Comparison of CA and MN assay 

Another portion of the same blood samples were analyzed with the help of 

chromosomal aberration assay by the reference lab No2. (Ref2). Figure 40. shows the 

comparison of the results with the data of 5 patients from the LDR therapy group. 

 

For the timeseries calculated as the average data of the patients, the manual, semi-

automatic MN scoring and CA assay run together on the left side of Figure 40. Plotting the CA 

and semi-automatic MN frequency of each samples separately (right side of Figure 40.), a clear 

correlation can be observed. However, the deviation of the individual points is large. Roughly 

one chromosomal aberration is formed per found micronucleus. Here, the total number of 

Figure 39. Individual differences among the participating patients. The measurement points are the semi-automated MN 
frequencies in samples collected at different times after the beginning of the radiation treatment. Each graph shows the 

MN trend of MN frequency in a certain patient. The number of scored BN cells were 500-500 for two slides from the same 
sample. Whiskers correspond to the standard deviation for the two measurement values per sample. (left) Data of five 

patients treated by LDR brachytherapy. (right) Data of two patients treated by external radiotherapy. 

  

Figure 40. Comparison of results of the LDR samples gained with chromosomal aberration and micronucleus assay. (left) 
The averaged data of 6 patients is shown in case of four examined scoring method. (right) The correlation between the 
semi-automatically scored MN samples and the total number of aberrations in CA samples. Both frequencies are scaled 

form 1000 cells.  
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chromosomal aberrations involves not only the ring and dicentric type of aberration, but all 

the rest as well. 

5.4.4. Semi-automatic results for LDR and external radiotherapy treatments 

 

Although the signal is comparable with the order of changes, the automation-aided 

evaluation decreased the achieved uncertainty and made it possible to identify a definite and 

significant tendency in the change of MN frequency for LDR and ET as well.  

The initial increase in MN frequency is more prominent in case of ET. The individual 

differences are less significant for ET than LDR. In spite of individual differences, the mean 

value shows a clear tendency for LDR also. Since the inserted isotope's activity gradually 

decreases, what we can see here is probably the linear beginning of an exponentially saturating 

curve.  

Examining the same samples by scoring the ring and dicentric type of chromosomal 

aberrations, Ref2 lab found similar behaviour of the timeseries for the different treatment 

therapies [60]. They collected the samples for a longer time period and concluded that 24 

months after the treatment the level of chromosomal aberrations still not dropped back to the 

baseline except for teletherapy.  

Figure 41. Comparison of two radiotherapy methods based on the number of the caused MN frequency. Sampling was 
done before radiotherapy (“0”) and right after it (“1”) then after 3, 6, 9, 12 months.  
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5.4.5. Improvement of dose estimation by SPROB correction 

In order to demonstrate the power of the correction capability of SPROB on the dose 

estimation (discussed in Section 5.3.4), I examined the results of a randomly chosen patient 

from the PTMN series. Figure 42. show that a lot of slides have elevated SPROB values, 

especially from the beginning of the study. Equation 3. was used to correct the automatic MN 

frequencies, then the dose was calculated with the calibration curve based on the SetC 

calibration series.  

It is important to note that the 6 Gy / min dose rate used for the irradiation of SetC 

series is one of the typical values used for teletherapy. It is higher than the dose rates of seed 

brachytherapy, which is hard to estimate accurately. As a rule of thumb, the average of dose 

rates formed during low dose rate brachytherapy is less than 2 Gy/h. This difference in dose 

rate between SetC and SetP series can cause difference in the coefficients of the dose-response 

curve. But for the demonstration of the relative effect of SPROB value correction the added 

error is negligible.  

Visual scoring was performed on the same slides, the dose estimation was done based 

on the visual dose-response relationship established in Section 5.2.1. The average of the 

estimated dose for each time point is displayed in Figure 43. The average of the differences of 

corrected automatic dose results from the visual ones is 0.064 Gy. Without correction, the 

average difference is 0.124 Gy. This means a 50% drop in error. This test proved that the 

cleaning process has a similarly significant effect in the relation of SPROB drop and improves 

MN frequency accuracy on the limited number of PTMN samples that we processed in this 

way. In order to fully verify the process, a higher number of samples is needed. However, these 

results imply the possibility to extend the method to more different sample series. 

In order to determine the right whole-body equivalent doses of the examined samples, 

a partial-body irradiation model should be used in the sequel of this project.  
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Figure 42. SPROB and automatic MN frequency values of samples taken at different times from a PTMN patient. Sample 
No. corresponds to the following sampling times: 0) before seed insertion 1) right after seed insertion 2) 3 months after 
seed insertion 3) 6 months after seed insertion 4) 9 months after seed insertion 5) 1 year after seed insertion 6) 2 years 

after seed insertion 

 

Figure 43. Change of estimated whole body equivalent doses of a PTMN patient over time calculated by three methods: 
1) Visual scoring using the manual quadratic-linear dose-response curve 2) fully automated scoring using linear dose-
response calibration curve and 3) the fully automatic scoring corrected for the SPROB image quality parameter using 

linear dose-response curve. The results corrected for SPROB give better estimation for the dose. 

 



6. Conclusion 

The PhD work presented in thesis concentrates on the automatization of the evaluation 

of the cytokinesis-blocked micronucleus assay samples, involving the details of the challenges 

and solutions of the development of the designated microscopic system. Overall, my results 

show that the capabilities of a designated compact MN scorer microscopic system using non-

fluorescent stain can be a good compromise between accuracy, speed of evaluation and price. 

For this reason, I believe that besides the up-and-coming fluorescent-based automatization 

techniques, there are still grounds for using the traditional non-fluorescent methods. 

The new scientific results presented in this thesis are summarized in the following 

thesis points: 

T1) I have shown that with proper customization of its unsupervised automatic 

evaluation process, a designated integrated microscopic system can achieve the same accuracy 

in dose estimation as the much more expensive systems currently available as the combination 

of an all-purpose digital microscope and a separately developed image recognition software. I 

improved the prototype of the RS-MN automatic MN counter system in a way that it is suitable 

for triage purposes by using only its fully automatic scoring method which does not require 

human interaction. The accuracy can be increased with the usage of the newly developed semi-

automatic scoring option. [P1, P4, P7, P8]  

T2) By adding an extra component to the autofocusing merit function, I created an 

object-based autofocusing algorithm which is more robust on the samples where the objects 

have a wide range of depth, in case of MN assay these are the cell components and the stain 

residues. The modified autofocusing method can be adapted for slides containing nuclear 

tracks caused by non-monoenergetic protons. [P1, P2] 

T3) By using the possibility to customize the movement behaviour of the image plate, I 

introduced a quasi-3D imaging option by grabbing images not only in the optimal focal plane 

but a slightly out-of-focus position as well. Using the set of the doubled images, the ratio of the 

artifacts can be reduced by 4-21% depending on the contamination and applied software 

parameters. This can lower the minimal resolvable dose by 14%. [P1, P10] 
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T4) I created a quantitative parameter, called Spread of Background (SPROB), which 

reflects the suitability for automated scoring of a certain MN sample. I showed that the value 

of SPROB correlates with the difference between the automatically scored MN frequency and 

the reference MN frequency. There is a threshold below which the sample can be accepted for 

fully automatic scoring. Above the threshold, it is advised to proceed with an additional 

cleaning step on the stored blood sample and re-drip it. If this is not possible, by using the 

SPROB parameter a correction on the estimated dose can be applied which results in the drop 

of the error of the estimated dose. [P3, P7, P10] 

T5) With a set of samples collected from prostate cancer patients, I showed that the 

fully automatic scoring method can be used on low dose samples to some extent, if the quality 

of the samples is kept homogenous. Comparing the semi-automatic scoring MN frequency 

results with the number of chromosomal aberrations, I concluded that their correlation follows 

the data available in the literature. The average of the individual datasets follows the expected 

shape of the timeseries: the instant maximum of damaged cells in case of external radiotherapy 

and a postponed peak in case of low dose rate brachytherapy. [P3, P5, P6, P9] 
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Figure 36. Comparison of the effects of the storage temperature of the slide and the 

dose of irradiation on image quality. Samples from three dose levels were selected. The 

dripping was either on slides kept in a freezer (H) or on room temperature (M). (left) the 

average and standard deviation values of SPROB in relation to the 3 different dose levels and 

the temperature of slides during dripping. (right) the absolute MN frequency accuracy of the 

same groups. The re-dripping method has a larger effect on the SPROB and absolute accuracy 

than the differences between the damage caused by the dose. ............................................. 87 

Figure 37. Each point on the graph reflects the measurement data of a set of scanned 

images from the 21 slides of the SetC calibration sample series. There is a linear correlation 

between the spread of the background peak (SPROB) parameter and the error of automated 

MN frequency. By re-dripping the suspension onto a new slide with different circumstances 

(after an additional cleaning step or the freezing of the slide), both indicators can be decreased. 

The direction of the change in SPROB and absolute error parameters due to the additional 

cleaning cycle follows the black arrow. .................................................................................... 88 

Figure 38. Flow chart with the proposed chain of action to achieve the most suitable 

sample quality for the automatic scoring procedure. The model assumes that the first steps are 

the performing of the default sample preparation and the scan of the slide. Then based on the 

measurement of the SPROB image parameter the quality of the slide is either accepted or an 

additional cleaning step is recommended. If the quality of sample is sufficient, then the 

automated MN frequency result is accepted. If the number of the cells on the slide is too low, 

the extra cleaning step is not beneficial. In this case the uncertainty of the automatically scored 

MN frequency can be corrected based on the SPROB parameter. .......................................... 89 

Figure 39. Individual differences among the participating patients. The measurement 

points are the semi-automated MN frequencies in samples collected at different times after 

the beginning of the radiation treatment. Each graph shows the MN trend of MN frequency in 

a certain patient. The number of scored BN cells were 500-500 for two slides from the same 

sample. Whiskers correspond to the standard deviation for the two measurement values per 

sample. (left) Data of five patients treated by LDR brachytherapy. (right) Data of two patients 

treated by external radiotherapy. ............................................................................................ 92 
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Figure 40. Comparison of results of the LDR samples gained with chromosomal 

aberration and micronucleus assay. (left) The averaged data of 6 patients is shown in case of 

four examined scoring method. (right) The correlation between the semi-automatically scored 

MN samples and the total number of aberrations in CA samples. Both frequencies are scaled 

form 1000 cells. ........................................................................................................................ 92 

Figure 41. Comparison of two radiotherapy methods based on the number of the 
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then after 3, 6, 9, 12 months. ................................................................................................... 93 
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12. Appendix A – Sample preparation differences 

Overview of the differences between laboratory sample preparation protocols – Part 1 
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Overview of the differences between laboratory sample preparation protocols – Part 2 
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13. Appendix B – Detailed segmentation process 

1. Cell segmentation 

1.1. Finding suitable contour pixels 

Firstly, all of the possible boundary pixels of a cell are identified simultaneously in two 

phases. The first step is to pre-process of the image and the second is the binarization of it (see 

Figure A.1.). The latter converts the 256 deep grayscale images into a binary matrix. Pixels 

which are darker (= having smaller grayness value) than a certain threshold are converted to 1 

and correspond to an object. The others became 0 and refer to the background pixels. A 

contour detecting function separates the disjoint territories labelled as object and keeps only 

the contour points of them (i.e. gives 0 to the inner pixel of the objects). The two phases are 

implemented with few different functions. With the algorithm parameter called 

'cell_contour_mode' we can chose which option should apply during evaluation. The pre-

processing can be a simple Gaussian smoothing which is basically a noise reduction but blurs 

the edges at the same time. Another available option is the morphological opening which offers 

a feature to emphasize a particular object shape (here a homogeneously filled circle) as well 

with a well-chosen structural element. The binarization with fix threshold means the 

application of a single selected threshold (burnt into the algorithm's parameter set) to every 

single picture from the same slide. The relative threshold is a more advanced choice. It 

searches for the most common intensity value on every image. Generally, the density of the 

cells is so low that the majority of pixels belongs to the background, so with this method, the 

algorithm approximates the mean of the background pixels. Then the final threshold is set to 

a little bit lower value with a certain distance relative to the mean background value. Their 

advantages come forward if the intensity of the staining is really inhomogeneous. 

1.2. Modified oriented Hough transform 

Of course not only the useful objects (here the cells) are darker than the selected 

threshold value. So an additional step is required to sort the found objects. At first a combined 

size and shape filter is applied. If an object is within the required size range and its shape is 

close to a circle, then by performing a modified oriented Hough transform [Sme08] the 

maximum will appear at the location of a suitable center of the found circle.  
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1.3. Roughness test 

If a contour (which is basically a list of connected points) gave a well-defined center 

after Hough transformation then the next step is to check whether all of the pixels in the list 

belong to the contour of the circle corresponding to the found center point. The ones that are 

too close or too far from the center are considered to be outliers and thrown away. If too many 

points are skipped than the whole cell candidate will be excluded from the further analysis. It 

typically happens either when the cell is highly damaged and thus it has a rough boundary, or 

when the cell touches with another object whose size differs a lot. To sum it up, this step keeps 

only objects whose boundary are smooth enough. 

1.4. Determine object features by ellipse fitting  

After the thorough selection of contour points a simple function can also fit an ellipse 

to the remaining points without the need of checking the justification of the process. This step 

only used as a basis for object feature calculations. Such features are size (length of major and 

minor axis), brightness (average grayness intensity), elongation (ratio of minor and major axes) 

and proximity to other cell candidates (amount of overlapping area). The cell candidates have 

to pass the allowed limits of the mentioned parameters. 
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Figure A.1: Flowchart of cell segmentation 

 

2. Nucleus segmentation 

The inspection for nucleus is only performed on a subregion cropped around the cell. 

The course of nucleus detection is pretty similar to the cell segmentation (see Figure A.2.). The 

main difference is in the type of available functions for finding primer nucleus contours. The 

binarization method is reduced to a so-called adaptive histogram-based thresholding, which 

means that the threshold is determined by looking for a local minimum in the histogram 

between the peak representing the nucleus and cytoplasm pixels.  
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Additional parameters are added to the consideration during the object feature related 

filtering that are extra compared to the analysis of the cells: noisiness (standard deviation of 

the intensity) and the mean intensity relative to the cytoplasm. 

 

Figure A.2: Flowchart of the nucleus segmentation 

 

3. Micronucleus segmentation 

The identification of possible MN contour points needs a significantly more complex 

combination of available functions. Conventional Gaussian blurring (smoothing) is a simple 

method to reduce the roughness pattern of the cytoplasm. However, the top-hat 

transformation is a more advanced technique to highlight possible occurrence of an MN. Using 

a structure element which has approximately the same size as the MN, it works like a template 

matching. (See Figure A.3.) 
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Figure A.3. MN candidate segmentation with top-hat transform 

 

Here the method used for the determination of optimal thresholds cannot be paired 

with all pre-and post-processing freely. The 'mn_contour_mode' parameter gives less options 

than the number of permutations of the available switches.  

First option for choosing the threshold for binarization is to simply fix it relative to the 

applied nucleus threshold. Selecting the same value is a great initialization. But in some cases 

the MN are consistently lighter than the nuclei (phenomena also mentioned in IAEA protocol), 

especially in larger wide-spread cells. The next two options are based on the analysis of the 

histogram of the cytoplasm pixel intensities. The pixels belonging to an MN and to the 

cytoplasm (which behaves here as background for the object of interest) form two separate 

peaks in the histogram. The difference between the two adaptive methods is in the assumed 

shape of the “background peak”. 

Post-processing section is in charge of eliminating certain type of artefacts. Due to 

slight error in ellipse fitting on nucleus a thin arch can remain from it (see the arch at 2 o'clock 

on Figure A.4.). This can be solved by filtering out due to its typical elongated shape 

(morphological opening). 

 

Figure A.4: Eliminating MN-like artefacts (both from cytoplasm roughness and 

misplacement of nucleus contour) by morphological opening using 3 different circular 

structural elements 



 

 123 

 

Two touching entities can be separated by the watershed algorithm. It has only notable 

significance at higher doses where there is a larger chance that more than one MN appear in 

one binucleated cell (see an example on Figure A.5.). 

 

Figure A.5.: Applying watershed for separating touching micronuclei. 

Differently from cell and nucleus segmentation no ellipse fitted on the MN candidates. 

In exchange the filtering system is more sophisticated. For example, the allowed limits of some 

of the parameters are not independent from other MN and cytoplasm features. The principal 

object parameters that are used: perimeter, size relative to nucleus, brightness relative to the 

average and local cytoplasm intensity. Eccentricity also calculated and applied for the grading 

as the measure of deformation. 
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Figure A.6: Segmentation steps of micronucleus 
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14. Appendix C – Sample Quality parameters (SPQs) 

The detailed calculations of the SQPs analyzed in the paper are described below. The 

parameters are organized into 5 groups based on the feature of the objects or the image they 

characterize.  

1. Size 

1.1. CMAJOR – average major axis of fitted ellipse on binucleated cell 

During image processing an ellipse is fitted on the boundary of each found cell. CMAJOR 

is the average of the major axis among all the cells found and verified on the images taken from 

one slide. 

 

Fitted ellipse on a binucleated cell. A: major axis, B: minor axis 

1.2. NMAJOR - average of major axes of fitted ellipse on two nuclei 

During image processing an ellipse is fitted on the boundary of each found cell. 

NMAJOR is the average of the mean value of the length of the two major axis of the daughter 

nuclei over the found cells. 

 

A 

B 

a
1

 

a
2
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2. MN-like artefacts 

2.1. NOA- number of the small, dark, MN-like entities outside the cell 

The number of MN-like artefacts are assessed by the number of small, circular dark 

objects outside of the cells. First, the fields of area of the cell contours are masked. Then the 

rest of the image is thresholded at the intensity level which equals the average intensity of the 

nuclei (and micronuclei). The number of disjunct objects whose size is smaller than 16 pixels 

are counted. 

     

Left: identified objects, their contours marked with red. Right: Mask over the location 

of the cells. Dark, small disjoint spots are considered to be artefacts. 

2.2. TAOA - total area of the small, dark, MN-like entities outside the cells 

The identification of MN-like objects is the same as in the case of NOA. But instead of 

the number of objects, their area is the one which is summarized. 

3. Contrast and intensity 

3.1. NUCL- average intensity of the two nuclei 

The contour lines fitted on the boundary of the found objects during image processing 

are used to create masks on the area of the two nuclei. The average intensity of a nucleus is 

calculated by averaging the pixel intensities over the area of the mask of the nucleus. NUCL is 

the mean values of the average intensity of the nuclei over the images from a slide.  

3.2. CYT- average intensity of the cytoplasm 



 

 127 

The contour lines fitted on the boundary of the found objects during image processing 

are used to create masks on the area of the binucleated cell and the two nuclei. The area of 

the cytoplasm is the area of the cell minus the area of the two nuclei. The average intensity of 

the cytoplasm is calculated by averaging the pixel intensities over the area of the mask of the 

cytoplasm. CYT is the mean values of the average intensity of the cytoplasm over the images 

from a slide.  

3.3. C2N- ratio of the intensity of cytoplasm and nucleus 

𝐶2𝑁 =  
𝐶𝑌𝑇

𝑁𝑈𝐶𝐿
 

4. Background intensity 

4.1. SPROB - spread of the background intensity distribution 

The intensity histogram of an image scanned from an MN slide has a Gauss-shaped 

peak towards the brighter end of the intensity scale. This peak corresponds to the intensity 

values of the background. If the background is homogeneous and free of impurities and artifact 

then this peak is sharp and thin. The SPROB value is the full width at half maximum of this peak. 

 

 

4.2. SOPB - shape of the peak in the background distribution 
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SOPB is the normalized value of the SPROB. 

𝑆𝑂𝑃𝐵 =  
𝑆𝑃𝑅𝑂𝐵

𝑀𝑎𝑥
 

5. Cytoplasm texture 

5.1. cGLCM - customized greyness-level co-occurance matrix 

The Grayness-Level Co-occurance Matrix (GLCM) is a tool that characterizes how often 

a certain combination of pixel intensity values occurs on the image next to each other. 

The dimension of the matrix in both direction equals with the number of gray level the 

original image includes. The M(i,j) element of the matrix shows the number of pixels having 'i' 

value and a 'j' value directly next to it (in a definite direction, for example one step to the right). 

Basically if we calculate it for a uniformly colored territory, it gives non-zero value for only one 

combination: if the constant value is 'c', then the M(c,c) >0. On the other hand, if there is no 

matching gray values next to each other, the whole main diagonal will be zero. Further the 

non-zero values fall from the main diagonal, the noisier the original image is. Its great 

advantage is that it can be calculated easily for any irregular shape without any difficulties. 

To make it illumination-independent we used an additional trick. The inserted step is a 

texture pattern transformation: every pixel value is rescaled depending on its distance from 

the mean regional intensity. If it falls within a ±1 standard deviation (= stdev) band, its new 

value will be 0. If the absolute difference between a pixel value and the mean intensity is larger 

than 1 x stdev, but smaller than 2 x stdev it is transformed to 1. And so on, in a linear way. 

15. Appendix D - Correlation analysis of SPQs 

A 25x25 correlation matrix was created from the correlation analysis of the 20 SQPs 

and 5 EIs from the data of the 21 samples. 
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