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Introduction. In the event of mass radiation incidents, medical triage of exposed individuals must enable rapid identification of individuals at 
risk of developing the hematopoietic form of acute radiation sickness (ARS).
Objective. Development of effective cytogenetic criteria for identifying individuals at increased risk of developing the hematopoietic form of 
ARS during mass radiation incidents.
Materials and methods. The study involved 12 donors aged 23–73 years. The study object was phytohemagglutinin-stimulated T-lympho-
cytes from peripheral blood. Blood samples were exposed to in vitro gamma-irradiation at doses of 1 Gy and 2 Gy using an IGUR-1M unit. 
Cytogenetic preparations were obtained according to a standardized cytogenetic protocol and stained with a 2% Giemsa solution. Images 
were digitized and analyzed using the Metafer/Ikaros (Metasystems, Germany) software package. The frequency of chromosomal aberrations 
per cell was assessed. Metaphases of T-lymphocytes with dicentric chromosomes were counted in the order of their occurrence during slide 
analysis. For statistical analysis, Past 4.01 and SPSS Statistics 21 software packages were used.
Results. The decision regarding the classification of a potentially irradiated sample as one falling into the dose range likely to cause ARS 
development should be based on an analysis of the number of T-lymphocyte metaphases required to identify five dicentric chromosomes. In 
the study, dicentric chromosomes were detected in samples without irradiation in 33% of the examined individuals. After in vitro irradiation of 
blood samples at a dose of 1 Gy, the average frequency of dicentric chromosomes was 0.073 ± 0.008 per cell, reaching 0.28 ± 0.02 per cell 
at a dose of 2 Gy. 
Conclusions. A preliminary algorithm for differentiating in vitro irradiated cytogenetic samples into dose ranges has been developed. The 
identification of the fifth dicentric chromosome in order of analysis within the first 26 T-lymphocyte metaphases served as the basis for as-
signing the sample to a dose range of 2 Gy and above. In cases where the fifth dicentric chromosome was identified between the 27th and 
85th metaphase, the sample was assigned to a dose range of 1 Gy and above. In cases where fewer than five dicentric chromosomes were 
detected upon analysis of 85 metaphases, the sample was assigned to a dose range below 1 Gy. Future research will be aimed at refining 
the algorithm and validating the results.
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РАЗРАБОТКА КРИТЕРИЕВ ДЛЯ СОРТИРОВКИ ОБЛУЧЕННЫХ ЛИЦ НА ОСНОВЕ АНАЛИЗА 
ДИЦЕНТРИЧЕСКИХ ХРОМОСОМ: ПИЛОТНОЕ ИССЛЕДОВАНИЕ

Ю.Р. Ахмадуллина, Я.В. Кривощапова, А.В. Куприянова

Южно-Уральский федеральный научно-клинический центр медицинской биофизики, Озерск, Россия

Введение. При массовых радиационных инцидентах для медицинской сортировки облученных лиц необходимо иметь подход, по-
зволяющий оперативно определить группу риска по развитию костномозговой формы острой лучевой болезни (ОЛБ).
Цель. Разработка эффективных цитогенетических критериев для выявления людей с повышенным риском развития костномозго-
вой формы ОЛБ при массовых радиационных инцидентах.
Материалы и методы. В исследовании приняли участие 12 доноров в возрасте 23–73 лет. Объектом исследования были сти-
мулированные фитогемагглютинином Т-лимфоциты периферической крови. Образцы крови подвергали in  vitro гамма-облуче-
нию в дозах 1  и 2  Гр с использованием установки ИГУР-1M. Цитогенетические препараты получали по стандартизированному 
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цитогенетическому протоколу и окрашивали 2%  раствором Гимзы. Изображения оцифровывали и анализировали с помощью 
Metafer/Ikaros (Metasystems, Германия). Оценивали частоту хромосомных аберраций на одну клетку. Проводили подсчет метафаз 
Т-лимфоцитов с дицентрическими хромосомами по порядку их встречаемости при анализе препарата. Для статистического анали-
за использовали программы Past 4.01 и SPSS Statistics 21.
Результаты. Для принятия решения об отнесении потенциально облученного образца к дозовому диапазону, при котором вероят-
но развитие ОЛБ, необходимо проанализировать то количество метафаз Т-лимфоцитов, в которых будет идентифицировано пять 
дицентрических хромосом. В ходе исследования в образцах без облучения дицентрические хромосомы были выявлены у 33% 
обследуемых лиц. После in vitro облучения образцов крови в дозе 1 Гр средняя частота встречаемости дицентрических хромосом 
составила 0,073 ± 0,008 на одну клетку, в дозе 2 Гр — 0,28 ± 0,02 на одну клетку. 
Выводы. Разработан предварительный алгоритм разделения in vitro облученных цитогенетических образцов на дозовые диапазо-
ны. Идентификация пятой дицентрической хромосомы по порядку анализа в первых 26 метафазах Т-лимфоцитов являлась осно-
ванием для отнесения исследуемого образца к дозовому диапазону от 2 Гр и выше. Если пятая дицентрическая хромосома была 
выявлена с 27-й по 85-ю метафазу, образец относили к дозовому диапазону от 1 Гр и выше. Если при анализе 85 метафаз было 
выявлено менее пяти дицентрических хромосом, образец относили к дозовому диапазону менее 1 Гр. Планируется продолжение 
исследований с доработкой алгоритма и валидацией результатов.

Ключевые слова: дицентрическая хромосома; хромосомные аберрации; цитогенетический анализ; медицинская сортировка; 
гамма-облучение; острая лучевая болезнь
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INTRODUCTION

In the event of large-scale radiation incidents involving 
a large number of people, physical methods for dose 
reconstruction may be difficult or impossible to apply. 
In incidents involving the public, the lack of dose infor-
mation complicates accurate assessment of the risks of 
medical and biological effects of radiation, thus imped-
ing the decision-making process [1, 2]. 

Prompt identification of individuals with a high prob-
ability of developing moderate to severe acute radiation 
sickness (ARS) is essential for their timely referral to 
specialized facilities. The hematopoietic form of ARS 
is a treatable form, which occurs at radiation doses 
ranging 1–10 Gy, with varying degrees of disease se-
verity classified within this range depending on the 
dose. According to the literature data, clinically recog-
nizable signs of the hematopoietic syndrome of ARS 
are noted after exposure at doses above 1 Gy. In the 
exposure dose range of 1–2 Gy, mild ARS is observed, 
while moderate ARS is observed in the dose range of 
2–4 Gy [3, 4].

As a rule, medical assessment includes taking a 
history (including location during the incident), physical 

examination, documenting clinical symptoms, and, 
when possible, determining the absolute lymphocyte 
and/or neutrophil count. Although hematological investi-
gations are helpful in assigning exposed individuals into 
critical groups, they yield ambiguous results in cases of 
combined trauma or comorbid conditions [3, 5–7]. 

Assessment of radiation dose is critical for plan-
ning medical care. When physical dosimetry is impos-
sible, cytogenetic biodosimetry based on the scoring 
of unstable chromosomal aberrations in metaphases of 
peripheral blood T-lymphocytes can be applied [6, 8]. 
Elevated frequencies of dicentric chromosomes and 
centric rings in the spectrum of observed aberrations 
indicate exposure to ionizing radiation. The analysis of 
these types of chromosomal aberrations is referred to 
as the “gold standard” in biological dosimetry, due to the 
established dose-effect relationship and the low sponta-
neous frequency of these aberration types [9]. The cy-
togenetic method requires specialized laboratory condi-
tions, where cell culture is performed for approximately 
two days, followed by slide preparation and staining, 
microscopic analysis with image digitization, and dose 
calculation using calibration curves [10–13]. Manually, 
one researcher can analyze no more than ~500 cells per 
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working day, rendering this method labor- and resource-
intensive. 

In mass casualty incidents, the goal of rapid medi-
cal triage requires approaches that significantly reduce 
resource intensity and increase laboratory throughput, 
rather than precise estimation of absorbed radiation 
doses. Therefore, in this study, we set out to create 
an approach for rapid cytogenetic examination of ex-
posed individuals, who had undergone relatively uni-
form whole-body gamma-exposure, and identification 
of those at risk of developing the hematopoietic syn-
drome of ARS.

Our research is based on the hypothesis about the 
possibility of classifying in vitro gamma-irradiated blood 
samples into dose ranges corresponding to the devel-
opment of mild and moderate severity ARS. This can be 
carried out by detecting unstable chromosomal aber-
rations during the analysis of a relatively small number 
of peripheral blood T-lymphocyte metaphases. It is as-
sumed that an increase in the gamma-irradiation dose 
is associated with an increase in the probability of de-
tecting dicentric chromosomes in the earliest analyzed 
T-lymphocyte metaphases. The proposed approach is 
based on automated slide digitization and data analysis 
using specialized software, which ensures higher quality 
of the primary material obtained, reproducibility of re-
sults, and allows researchers to verify the detected chro-
mosomal aberrations.

In this work, we aim to develop effective cytogenetic 
criteria for identifying individuals at increased risk of de-
veloping the hematopoietic form of ARS in mass radia-
tion incidents. 

MATERIALS AND METHODS

The study involved 12 donors:
•	 7  persons aged 57–73  years (mean age  — 

60 ± 2 years), 5 female and 2 male donors;
•	 5 persons aged 23–38 years (mean age 27 ± 3 years), 

4 female and 1 male donors. 
At the time of blood sample collection, the donors 

had no history of treatment for diseases using ionizing 
radiation sources. There were also no severe forms 
of diabetes mellitus, autoimmune diseases, history of 
blood transfusion, and radiological examinations in the 
three months preceding the study.

To identify individuals meeting the above criteria, the 
potential participants underwent a preliminary interview. 
In the absence of exclusion criteria, a questionnaire was 
administered, and consent for the processing of per-
sonal data and participation in the study was obtained.

Obtaining metaphase chromosomes from human 
peripheral blood T-lymphocytes

Venous blood, 6 mL in volume, was collected from 
the cubital vein into sterile heparinized tubes. For 

each individual, three samples were prepared: two 
of them were irradiated in vitro on an IGUR-1M unit 
(Kvant, Russia) at doses of 1 Gy and 2 Gy, while the 
third sample was not irradiated. The IGUR-1M has 
the following characteristics: 137Cs source, dose 
rate of 0.014  Gy/s, and irradiation non-uniformity  
of 5%.

Cytogenetic preparations from peripheral blood 
T-lymphocytes were obtained according to a protocol 
that included four sequential stages: cell culturing to the 
metaphase stage, hypotonic treatment, fixation of meta-
phase plates, and preparation of chromosome spreads, 
as described in [14].

T-cell culturing was conducted in sterile vacuum con-
tainers (Medpolymer, Russia). The culture consisted of 
2 mL of blood, 5 mL of RPMI-1640 medium (PanEco, 
Russia), 0.5 mL of qualified fetal bovine serum (PanEco, 
Russia), and phytohemagglutinin (PHA) at a final con-
centration of 20  mg/mL (PanEco, Russia). Cells were 
cultured in a CO

2
 incubator at  37.5°C for 54  h. Two 

hours before the end of culturing, a colchicine solution 
(PanEco, Russia) was added to the culture at a final con-
centration of 0.03 mg/mL.

For further processing, the cell suspension was 
transferred to centrifuge tubes and centrifuged at 
1500 rpm for 10 min in a centrifuge (ThermoScientific, 
USA). The supernatant was removed, leaving the pel-
let. For hypotonic treatment, warm (37°C) 0.55% KCl 
solution was added, the pellet was resuspended, and 
the mixture was incubated in a thermostat at 37°C for 
30 min. The mixture was then centrifuged for 10 min 
at 1100 rpm. The supernatant was carefully removed, 
the pellet was resuspended, and cold (4°C) freshly 
prepared fixative liquid (ethanol to glacial acetic acid 
in the ratio of 3:1) was added, bringing the total vol-
ume in the tube to 10 mL. The cells were left in the 
fixative medium for 10 min at 4°C, then centrifuged at 
1500 rpm for 10 min. The supernatant was removed, 
and a fresh portion of fixative agent was added. Thus, 
the cells were passed through the fixative agent 
three times.

To obtain chromosome spreads, the total volume of 
the pellet in the tube was adjusted to 1.5 mL with a fresh 
fixative liquid, mixed well with a pipette, and the cell sus-
pension was dropped onto a chilled slide (two drops). 
The slide was dried on a heating plate at 40°C. The qual-
ity of the preparation was checked using phase-contrast 
microscopy. Three slides were prepared per donor. The 
slides were stained with 2% Giemsa stain (PanEco, 
Russia) for 5–6 min.

Analysis of chromosome preparations was conduct-
ed using light microscopy. To that end, images of high-
quality metaphases were obtained using the Metafer 
scanning and imaging platform (Metasystems, Germany) 
with a ×63 immersion objective. Image processing was 
performed using the Ikaros software (Metasystems, 
Germany). 
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For cytogenetic analysis, metaphase plates contain-
ing 45–47 chromosomes, with good spreading and no 
overlaps, were selected. During the study, a cytoge-
netic protocol was completed, recording the following 
chromosomal aberrations: dicentric chromosomes, ring 
chromosomes, paired fragments, and acentric rings. For 
each slide, 500–1000 cells were scored in unirradiated 
samples and 220–500 cells in irradiated samples. The 
figure presents images of T-lymphocyte metaphases 
with chromosomal aberrations.

The identified chromosomal aberrations were 
grouped as follows: dicentric chromosomes, unstable 
chromosomal exchanges (dicentric and ring chromo-
somes), paired fragments, acentric rings.

The work involved counting T-lymphocyte meta-
phases with dicentric chromosomes in the order of their 
occurrence among all metaphases included in the anal-
ysis on a digitized slide. 

Methods for statistical data processing

The frequency of chromosomal aberrations was calcu-
lated per cell. Standard descriptive statistical methods 
were used: mean values and the standard error of the 
mean were calculated for chromosomal aberrations. 

When calculating the number of T-lymphocyte meta-
phases in which dicentric chromosomes were identified 
in the order of their occurrence during slide analysis, 
the data are presented as the median (M

e
) and the 95% 

confidence interval (CI). The CI for the median estimate 
was calculated using the bootstrap procedure with 

1000 iterations. The 10th and 90th percentiles (%), as well 
as the minimum and maximum individual values for the 
number of T-lymphocytes with dicentric chromosomes 
in the order of their occurrence during slide analysis, 
were also assessed. 

The expected number of cells in which dicentric 
chromosomes can potentially be identified (D

n
) was cal-

culated using formula (1): 

		   (1)X = ,
D

n

F

wherein X — the expected number of cells in which di-
centric chromosomes can be identified in the order of 
their occurrence on the slide; D

n
 — sequence number 

of dicentric chromosomes during slide analysis (D
n
 = 1, 

2, 3, 4, 5, 10, 15, 20, 25, 30); F — frequency of dicentric 
chromosomes, calculated per cell.

To calculate the probability of encountering dicentric 
chromosomes in unirradiated samples for each donor, 
the average number of dicentric chromosomes was 
analyzed using the moving average method with a win-
dow size of 10, 20, 30, 50, and 100 cells. Subsequently, 
based on these values, the probability of the frequency 
of dicentric chromosomes was calculated using formu-
la (2):

		   (2)P = × 100%,
m
k

wherein P — probability of dicentric chromosome oc-
currence; m — number of identified dicentric chromo-
somes; k — number of analyzed cells (window size).

Figure prepared by the authors based on their own data

Fig. T-lymphocyte metaphases with chromosomal aberrations: dic — dicentric chromosome; frag — paired fragment; 
ring  — ring chromosome; Images of T-lymphocyte metaphases were obtained using the Ikaros software (immersion 
objective, magn. × 63) 
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For statistical analysis, the Past  4.01 and 
SPSS Statistics 21 statistical software were used.

RESULTS AND DISCUSSION

During the study, dicentric chromosomes were de-
tected in 33% of the examined individuals (4 out of 
12) in unirradiated samples. The frequency of dicentric 
chromosomes ranged 0–1 abs. unit per 500 cells and 
0–2 abs. units per 1000 cells. The mean frequency of 
dicentric chromosomes and unstable chromosomal ex-
changes was 0.0007 ± 0.0003 per cell, of paired frag-
ments — 0.016 ± 0.003 per cell, and of acentric rings — 
0.0003 ± 0.0002 per cell. 

After in vitro irradiation of blood samples at a dose of 
1 Gy, the mean frequency of chromosomal aberrations 
increased statistically significantly compared to unirradi-
ated samples (p < 0.0001). The mean frequency of di-
centric chromosomes was 0.073 ± 0.008 per cell, unsta-
ble chromosomal exchanges — 0.081 ± 0.009 per cell, 
paired fragments — 0.17 ± 0.01 per cell, and acentric 
rings — 0.009 ± 0.002 per cell.

For in  vitro irradiation at a dose of 2 Gy, the mean 
frequency of dicentric chromosomes was 0.28  ± 
0.02 per cell, unstable chromosomal exchanges — 0.3 ± 
0.02 per cell, paired fragments — 0.64 ± 0.03 per cell, 
and acentric rings — 0.03 ± 0.005 per cell (Table 1).

In unirradiated samples (among those individuals 
in whom dicentric chromosomes were detected), the 
expected number of T-lymphocytes with one dicentric 
chromosome ranged 412–500 cells. The first dicentric 
chromosome was identified in T-lymphocytes with se-
quence numbers 77, 169, 341, and 314. The second 
dicentric chromosome was identified in two donors: in 
a T-lymphocyte with sequence number  341 (one  cell 
contained two dicentric chromosomes) and in cell num-
ber 492. 

Table  2 presents the expected number of cells in 
which dicentric chromosomes can be identified in the 
order of cell scoring following in vitro irradiation at doses 
of 1 Gy and 2 Gy. According to the presented data, after 
irradiation at a dose of 1 Gy, two dicentric chromosomes 
were detected in T-lymphocytes between the 17th and 
69th  cells scored, M

e
  =  27  [95% CI:  21;  41]. To detect 

5 dicentric chromosomes, it was necessary to analyze 
67 T-lymphocytes [95% CI: 41; 83]; for 10 dicentric chro-
mosomes  — 135  T-lymphocytes [95%  CI:  103;  206]; 
for 20  dicentric chromosomes  — 270  T-lymphocytes 
[95% CI: 206; 414]; and to identify 30 dicentric chromo-
somes — 405 T-lymphocytes [95% CI: 309; 620].

At an in vitro irradiation dose of 2 Gy, the expected 
number of T-lymphocytes that need to be analyzed to 
detect a comparable number of dicentric chromosomes 
was statistically significantly lower than that at an in vitro 
irradiation dose of 1 Gy (p < 0.001): 2 dicentric chromo-
somes were detected between the 5th and 12th cells; the 
median value for T-lymphocytes was 8  [95% CI: 6; 9]; 
5  dicentric chromosomes were detected upon analy-
sis of 19 T-lymphocytes [95% CI:  16; 22]; 10 dicentric 
chromosomes  — upon analysis of 38  T-lymphocytes 
[95%  CI:  31;  45]; 20  dicentric chromosomes  — upon 
analysis of 77  T-lymphocytes [95%  CI:  63;  90]; and 
30  dicentric chromosomes  — upon analysis of 
115 T-lymphocytes [95% CI: 94; 134].

Table 3 presents data on the number of T-lymphocyte 
metaphases with detected dicentric chromosomes in 
the order of their analysis on digitized cytogenetic slides. 
Upon in vitro irradiation at a dose of 1 Gy, the median 
number of cells in which dicentric chromosomes were 
detected differed statistically significantly from the ex-
pected values only for the 1st, 25th, and 30th dicentric 
chromosomes in the order of their identification during 
analysis. For instance, the expected median value for 
T-lymphocytes was statistically significantly (p = 0.002) 

Table 1. Mean frequency of chromosomal aberrations under in vitro irradiation (per cell)

Type of chromosomal 
aberrations

Mean frequency of chromosomal aberrations under in vitro irradiation, per cell

Irradiation dose

unirradiated 1 Gy 2 Gy

Dicentric chromosomes 0.0007 ± 0.0003* 0.073 ± 0.008** 0.28 ± 0.02

Ring chromosomes 0* 0.008 ± 0.002** 0.02 ± 0.006

Unstable chromosomal exchanges 0.0007 ± 0.0003* 0.081 ± 0.009** 0.3 ± 0.02

Paired fragments 0.016 ± 0.003* 0.17 ± 0.01** 0.64 ± 0.03

Acentric rings 0.0003 ± 0.0002* 0.009 ± 0.002** 0.03 ± 0.005

Table compiled by the authors based on their own data

Note: Data are presented as the mean value and standard error of the mean; *  — statistically significant differences in the frequency of 
chromosomal aberrations between unirradiated and irradiated samples, p < 0.0001; ** — statistically significant differences in the frequency 
of chromosomal aberrations between samples with in vitro irradiation at a dose of 1 Gy and samples with in vitro irradiation at a dose of 2 Gy, 
p < 0.05.
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Table 2. Expected number of cells in which dicentric chromosomes can be identified

Number of 
dicentric 

chromosomes

Irradiation dose

1 Gy 2 Gy

Number of T-lymphocyte metaphases Number of T-lymphocyte metaphases 

Median [CI] 10–90 percentiles min–max Median [CI] 10–90 percentiles min–max

1 13* [10–21] 9–32 9–34 4 [3–4] 3–5 3–6

2 27* [21–41] 18–64 17–69 8 [6–9] 5–11 5–12

3 40* [31–62] 27–96 26–103 12 [9–13] 8–16 8–17

4 54* [41–83] 36–129 34–138 15 [13–18] 10–22 10–23

5 67* [52–103] 45–161 43–172 19 [16–22] 13–27 13–29

10 135* [103–206] 91–321 86–344 38 [31–45] 25–56 25–58

15 202* [155–310] 136–482 129–517 58 [47–67] 38–82 38–87

20 270* [206–414] 182–643 172–689 77 [63–90] 50–110 50–116

25 337* [258–517] 227–803 216–861 96 [79–112] 63–137 63–145

30 405* [309–620] 272–963 259–1033 115 [94–134] 76–165 75–174

Table compiled by the authors based on their own data

Note: CI — confidence interval; * — statistically significant differences for the median number of cells upon in vitro gamma-irradiation at doses 
of 1 Gy and 2 Gy, p < 0.0001.

Table 3. Number of metaphases of T-lymphocytes with dicentric chromosomes (in accordance with the 
sequence number of analyzed cell)

Sequence 
number of 
dicentric 

chromosomes

Irradiation dose

1 Gy 2 Gy

Number of T-lymphocyte Number of T-lymphocyte

Median [CI] 10–90 percentiles min–max Median [CI] 10–90 percentiles min–max

1 4* [1–26] 1–25 1–26 2 [2–4] 1–6 1–6

2 28* [8–42] 8–70 8–81 8 [5–10] 2–13 2–14

3 35* [9–72] 10–97 9–107 11 [7–16] 4–28 4–31

4 43* [14–74] 19–112 14–123 14 [10–19] 6–30 5–32

5 56* [27–85] 30–127 27–138 16 [12–25] 6–31 5–32

10 103* [60–115] 62–182 60–192 40 [6–24] 12–70 11–71

15 146* [120–182] 133–425 120–486 49 [44–78] 29–90 24–91

20 177* [157–217] 162–419 157–457 67 [59–94] 41–113 34–116

25 237* [195–289] 195–426 195–426 87 [77–112] 51–125 42–128

30 278* [225–349] 225–405 225–405 105 [96–129] 72–147 70–151

Table compiled by the authors based on their own data

Note: CI — confidence interval; * — statistically significant differences for the median number of T-lymphocytes upon irradiation at doses of 
1 Gy and 2 Gy, p < 0.001.
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higher than the experimentally obtained value, i.e., 0.032 
and 0.019 cells, respectively.

Upon in vitro irradiation at a dose of 2 Gy, the me-
dian expected number of T-lymphocytes with one di-
centric chromosome was statistically significantly higher 
than that obtained from direct slide analysis (4  vs.  2, 
p = 0.033). In all other cases, no statistically significant 
differences were found. 

The analysis showed that identifying the first di-
centric chromosomes in in vitro gamma-irradiated 
T-lymphocytes at doses of 1 and 2 Gy requires an anal-
ysis of a relatively small number of cells. According to 
our and literature data, the frequency of dicentric chro-
mosomes in unirradiated samples ranged 0–2 per 1000 
analyzed cells [15].

Table  4 shows the probability of detecting the first 
dicentric chromosome in unirradiated samples. Thus, 
when analyzing 50 cells, it was 4.9%; when analyzing 
100 cells, it was 9.4%. The probability of detecting two 
dicentric chromosomes in 100  T-lymphocyte meta-
phases was 2%.

Thus, given the probability of detecting two dicentric 
chromosomes upon analyzing the first 100 T-lymphocyte 
metaphases in unirradiated samples, it is necessary to 
increase the number of identified dicentric chromo-
somes to indicate radiation exposure. Based on the 
data presented in Table 3, to identify radiation exposure 
and classify a sample into a respective dose range, it is 
proposed to evaluate the number of T-lymphocyte meta-
phases containing the fifth dicentric chromosome in the 
order of cytogenetic slide analysis.

For instance, the median number of T-lymphocyte 
metaphases with the fifth dicentric chromosome was 
56  [95% CI:  27;  85] for in  vitro gamma-irradiation at 
a dose of 1  Gy and 16  [95%  CI:  12;  25] for in  vitro 
gamma-irradiation at a dose of 2 Gy (p < 0.001). The 
choice of the median and its corresponding confi-
dence interval as the criterion for dividing exposed 
individuals into dose ranges is based on its robust-
ness against the influence of outliers, which are char-
acteristic of distributions containing inter-individual 
differences in radiosensitivity. Although the accuracy 
of the median estimate is clearly linked to sample size, 

increasing the latter will only partially reduce the un-
certainty in estimating the central tendency. We be-
lieve that the reduction in the confidence interval will 
be insignificant due to individual responses to radia-
tion. Therefore, the use of median values and the con-
fidence interval appear to be an optimal solution at 
this stage of the research.

To make a decision regarding the classification of a 
potentially irradiated sample into one of the dose ranges, 
it is necessary to analyze the number of cells in which 
five dicentric chromosomes are identified. Based on the 
preliminary results, the following algorithm for analyzing 
T-lymphocyte metaphases is proposed: 

1.  Determine the sequence number of the analyzed 
T-lymphocyte metaphase containing the fifth dicentric 
chromosome in the order of analysis.

2.  When the fifth dicentric chromosome in the order 
of analysis is identified within the first 26 cells, then the 
irradiated sample should be classified into the radiation 
exposure dose range of 2 Gy or higher.

3.  When the fifth dicentric chromosome is identified 
between the 27th and 85th T-lymphocyte metaphase dur-
ing analysis, the irradiated sample should be classified 
into the radiation exposure dose range of 1 Gy or higher.

4.  When fewer than five  dicentric chromosomes 
are identified upon analysis of 85 T-lymphocyte meta-
phases, the irradiated sample should be classified into 
the exposure dose range below 1 Gy.

5.  When no dicentric chromosomes are detected 
upon analysis of 50 T-lymphocyte metaphases, there is 
a 94% probability that the absorbed gamma-irradiation 
dose of the sample is close to zero. 

Table 5 presents the proportion of examined individu-
als for whom the sequence number of the T-lymphocyte 
containing the fifth dicentric chromosome falls within the 
range calculated according to the algorithm described 
above.

All non-irradiated samples were classified into 
the  “<  1  Gy” group; 100% of them were assigned to 
the group where the radiation dose is close to zero. At 
the same time, according to the algorithm, two (16.7%) 
samples irradiated at a dose of 1 Gy were classified into 
the “< 1 Gy” group, and two (16.7%) samples irradiated 

Table 4. Probability of dicentric chromosome occurrence depending on the number of analyzed cells (in 
unirradiated samples), %

Number of 
dicentric 

chromosomes

Number of analyzed T-lymphocyte metaphases, abs. units

10 20 30 50 100

Probability, %

0 98.9 97.6 96.4 94.1 88.6

1 0.9 2 3 4.9 9.4

2 0.2 0.4 0.6 1.0 2

Table compiled by the authors based on their own data
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at a dose of 2  Gy were classified into the  “≥  1  Gy or 
higher” group.

The preliminary results of our study revealed a po-
tential issue of false-negative identification, associated 
with a possible underestimation of the calculated dose 
range for a certain proportion of irradiated samples. For 
medical triage, however, a conservative approach is 
preferable, where an exposed individual is assigned to a 
dose group with higher exposure values. A conservative 
approach reduces the risk of underestimating ionizing 
radiation exposure and ensures that all potentially ex-
posed individuals receive the necessary medical care. 
At the next stage of the research, it will be necessary to 
refine the criteria for assigning an irradiated sample to a 
particular dose group, taking into account the require-
ments of conservatism.

According to the literature, the lower limit of detec-
tion for the method of scoring unstable chromosomal 
exchanges depends on the number of analyzed cells 
and averages 100–250  mGy for sparsely ionizing ra-
diation. At higher radiation doses (5–6 Gy and above), 
significant impairment of cellular proliferation occurs, 
resulting in fewer cells reaching metaphase and being 
included in the cytogenetic analysis [16–18]. Medical 
triage of exposed individuals based on the frequency 
of dicentric chromosomes or unstable chromosomal 
exchanges in T-lymphocytes should be conducted by 
reducing the number of analyzed T-lymphocyte met-
aphases to 50 per person, which will significantly in-
crease laboratory throughput. The use of 20–50 cells 
for analysis increases the confidence intervals for es-
timating radiation doses assessed using a calibration 
curve. However, the dose intervals of 0–0.75 Gy and 
2–3 Gy are clearly distinguishable when analyzing 50 
cells [19, 20], which is consistent with the results ob-
tained in this study. 

It is important to note that the present study did 
not aim to accurately determine accidental exposure 
doses based on the dose-effect relationship. Under 
conditions of limited equipment and human resources, 
it is necessary to develop criteria that, by reducing the 

number of analyzed cells, will enable timely assignment 
of the exposed population into groups at risk of de-
veloping the hematopoietic form of ARS. This will fa-
cilitate the planning and adjustment of further medical 
follow-up. Following cytogenetic triage, it is possible to 
increase the number of analyzed cells for biodosimetry 
purposes.

In future studies, we aim to validate the developed 
method on other sample sets, conduct inter-laboratory 
comparisons, and, based on the data obtained, opti-
mize the algorithm for assessing dose intervals.

CONCLUSION

One of the tasks in providing emergency medical care to 
exposed individuals during mass radiation incidents is to 
conduct medical triage aimed at identifying persons at 
high risk of developing ARS. In this work, we have devel-
oped a preliminary cytogenetic triage algorithm, based 
on determining the number of analyzed T-lymphocyte 
metaphases containing the fifth dicentric chromosome 
in the order of their analysis.

It was established that when the fifth dicentric 
chromosome is identified within the first 26  analyzed 
T-lymphocyte metaphases, the radiation dose falls 
within the range of 2 Gy or higher. When the fifth di-
centric chromosome is identified between the 27th and 
85th analyzed T-lymphocyte metaphase, the radiation 
dose falls within the range of 1 Gy or higher. In the case 
of analyzing 85 T-lymphocyte metaphases with fewer 
than 5 dicentric chromosomes identified, the radiation 
dose falls within the range below 1 Gy. In cases where 
no dicentric chromosomes are detected upon analy-
sis of 50 T-lymphocyte metaphases, the radiation dose 
falls within the range below 1  Gy and/or is close to 
zero values. This algorithm is preliminary and requires 
further refinement, taking into account a conservative 
approach to reduce the risk of underestimating ioniz-
ing radiation exposure. Continuation of the research is 
planned to refine the algorithm and validate the results 
obtained. 

Table 5. Distribution of the studied blood samples into dose groups according to the algorithm criteria

Parameter
Dose range

≥ 2 Gy ≥ 1 Gy < 1 Gy Dose close to 0 Gy

Proportion of individuals, % (abs. units) 83.3 (10) 83.3 (10) 100 (12) 100 (12)

of which:

False-negative result, % (abs. units) 16.7 (2) 16.7 (2) – –

Table compiled by the authors based on their own data

Note: “–” — not identified.
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