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A B S T R A C T   

In the modern developing society, application of radiation has increased extensively. With sig
nificant improvement in the radiation protection practices, exposure to human could be mini
mized substantially, but cannot be avoided completely. Assessment of exposure is essential for 
regulatory decision and medical management as applicable. Until now, cytogenetic changes have 
served as surrogate marker of radiation exposure and have been extensively employed for bio
logical dose estimation of various planned and unplanned exposures. Dicentric Chromosomal 
Aberration (DCA) is radiation specific and is considered as gold standard, micronucleus is not 
very specific to radiation and is considered as an alternative method for biodosimetry. In this 
study dose response curves were generated for X-ray induced “dicentric + ring” and micronuclei, 
in lymphocytes of three healthy volunteers [2 females (age 22, 23 years) and 1 male (24 year)]. 
The blood samples were irradiated with X-ray using LINAC (energy 6 MV, dose rate 6 Gy/min), in 
the dose range of 0–5Gy. Irradiated blood samples were cultured and processed to harvest 
metaphases, as per standard procedures recommended by International Atomic Energy Agency. 
Pooled data obtained from all the three volunteers, were in agreement with Poisson distribution 
for “dicentric + ring”, however over dispersion was observed for micronuclei. Data (“dicentric +
ring” and micronuclei) were fitted by linear quadratic model of the expression Y––C + αD + βD2 

using Dose Estimate software, version 5.2. The data fit has resulted in linear coefficient α =
0.0006 (±0.0068) “dicentric + ring” cell− 1 Gy− 1 and quadratic coefficient β = 0.0619 (±0.0043) 
“dicentric + ring” cell− 1 Gy− 2 for “dicentric + ring” and linear coefficient α = 0.0459 ± (0.0038) 
micronuclei cell− 1 Gy− 1 and quadratic coefficient β = 0.0185 ± (0.0010) micronuclei cell− 1 Gy− 2 

for micronuclei, respectively. Background frequencies for “dicentric + ring” and micronuclei were 
0.0006 ± 0.0004 and 0.0077 ± 0.0012 cell− 1, respectively. Established curves were validated, by 
reconstructing the doses of 8 dose blinded samples (4 by DCA and 4 by CBMN) using coefficients 
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generated here. Estimated doses were within the variation of 0.9–16% for “dicentric + ring” and 
21.7–31.2% for micronuclei respectively. These established curves have potential to be employed 
for biodosimetry of occupational, clinical and accidental exposures, for initial triage and medical 
management.   

1. Introduction 

Biological dosimetry refers to estimation of absorbed dose in individuals with unintentional exposure to ionizing radiation when 
the physical dosimeter is unavailable or in dispute [1,2]. Biodosimetry classically relies on cytogenetic techniques where chromosomes 
are involved such as, Dicentric Chromosome Assay (DCA), Cytokinesis Blocked Micronuclei (CBMN) assays and Chromosomal 
Translocations using Fluorescence In Situ Hybridization (FISH) [3–6]. The DCA was the only available cytogenetic technique intended 
for biodosimetry for many years, either after accidental or occupational radiation exposures. It has been used in various radiation 
accidents such as the Chernobyl disaster in 1986, Tokaimura nuclear accident in 1999 and recently in Fukushima accident in 2011 
[7–9]. Based on ISO standards and IAEA recommendations, DCA has become a routine component of many radiological protection 
programs and its methodological standard has been accepted internationally [4,10]. DCA has also been applied in triage situation with 
specially designed scoring criteria wherein about 20–50 cells are analyzed instead of 500–1000 as in standard method. This has helped 
to achieve needed throughput and repurpose the assay for management of radiological emergencies involving large number of in
dividuals with suspected exposures. 

Fenech and Morley in 1985, developed CBMN assay, to detect micronuclei [11–13]. Micronuclei, are small extra-nuclear bodies 
produced from chromosome breaks or whole chromosomes lagging behind during anaphase of the cell cycle [14–16]. It is not very 
specific to radiation exposure as dicentrics are since it may be induced/influenced by some life style factors too [17,18]. Micronuclei 
are scored in peripheral blood lymphocytes with cytokinesis blocking (binucleated cell) in first division of cell cycle. Binucleated (BN) 
cells can be obtained by addition of cytokinesis inhibitor, Cytochalasin B during cell culturing. Micronuclei assay has been employed 
for biological dose estimation in various past radiological incidences [19–21]. The assay is easy to perform and scoring of aberrations 
(micronucleus), needs less effort and set of skills in comparison to DCA. Scoring of events is also amenable to automation. At moderate 
and high doses, the CBMN assay gives fairly accurate results. This assay is usually performed as a supplementary assay to support the 
finding of DCA, during triage management. 

Dicentrics and micronuclei, are categorized as unstable chromosomal aberrations predominantly induced by ionizing radiation. 
They are considered as post repair events, since they are produced as a result of DSB mis-repair [22,23]. The number of cells possessing 
unstable chromosomal aberrations, declines with time, due to 1) Death of the cells after completion of their life span and 2) Selective 
apoptosis of aberration bearing cells during cell proliferation/division [24,25]. Therefore, analysis of the dicentric and micronuclei for 
biological dose estimation should be performed with in few months (as early as possible) after radiation exposure, for precised dose 
estimation [26,27]. 

In addition, some DSB (DNA double strand break) repair proteins like γH2AX and 53BP1 are presenting their candidature, as rapid 
biodosimetry tools, which can facilitate dosimetry in few hours [28,29]. Though, signal of these DSB-repair proteins decays with time, 
as DBS get repaired [30,31]. 

Application of radiation in the diagnostics and treatment of different diseases like malignancies are increasing exceptionally [32, 
33]. Radiotherapy (in combination with chemotherapy) contribute extensively in cancer treatment, approximately 50% of cancer 
patients under go radiotherapy during the period of their ailment [34,35]. Aforesaid, cytogenetic and protein markers are not only 
employed in dosimetry of occupational/accidental exposures but in clinical (diagnostics and therapeutics) exposures too [36]. 

As per standard recommendations, every biodosimetry lab need to establish their own dose-response curve to demonstrate the 
quality of preparations and validate the techniques and protocols deployed. Besides, dose estimation by employing coefficients 
generated from different laboratory may introduce extra uncertainties, which is undesirable [37,38]. Even with the advancements in 
the laboratory techniques and the practices, the differences in coefficients generated varies from lab to lab. This can be attributed to 
various factors, like varied culture conditions, micro-environment, instrumental sensitivity, imaging and personal scoring experiences 
etc [39,40]. Laboratories that perform biological dose assessment using cytogenetic markers must establish their own dose-response 
curve for different types and energies of radiation, as per their requirements [37,38]. Earlier reports have indicated that the yield of 
low LET-radiation induced dicentric and micronuclei follow linear-quadratic pattern. However, high-LET radiations exhibit linear 
pattern, with no quadratic component [41,42]. Lower limit of dose detection by dicentric and micronuclei for low LET radiation is 
~0.1 and ~0.25 Gy respectively. Background frequency for dicentric and micronuclei varies from 0.5 to 1.0/1000 cells and 7.73 ±
3.91/1000 cells, respectively [43,44]. 

There is a dire need for every country to establish a biodosimetry network with sufficient nodal centres, ready with their own 
established dose-response curve for most of the recommended markers with demonstrated capability of handling multiple sample as 
per the need of time [45–47]. In the present study, we have established dose-response curve for X-ray induced dicentric and micro
nuclei in the blood sample of three volunteers in the dose range of 0–5 Gy. Values of the coefficients generated were in agreement with 
the values published in the scientific literatures. Coefficients generated were further validated by estimating the doses of 8 dose 
blinded samples, 4 (DCA-1 to 4) by dicentric chromosomal aberration assay and remaining 4 (MN-5 to 8) by cytokinesis blocked 
micronuclei assay. Estimated doses were well within the acceptable limits. 

Biodosimetry laboratory at Bhabha Atomic Research centre (BARC), is the central facility in India and serving as reference 
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biodosimetry laboratory for the nation [48,49]. Current work was carried out in Department of Human Genetics, Sri Ramachandra 
Institute of Higher Education and Research (Deemed to be University) [SRIHER (DU)], Chennai, India. SRIHER (DU) is the part of 
national biodosimetry network in India. This study was conducted in association with biodosimetry laboratory of BARC. The co
efficients generated for dicentrics and micronuclei, would be employed for dose estimation of planned and unplanned radiation ex
posures in the country. 

2. Materials and methods 

2.1. Study design 

The study was designed to establish a calibration curve for X-ray induced, “dicentric + ring” and micronuclei, in the blood sample 
of three volunteers (dose range, 0–5Gy), with manual scoring of the aberrations (“dicentric + ring” and micronuclei). Coefficients 
generated, was planned to validate with 8 dose blinded samples, 4 with “dicentric + ring” and remaining 4 with micronuclei. 

This study can be considered as an inter-laboratory exercise with Radiological Physics and Advisory Division of BARC and 
extension of the part of biodosimetry network in India. The project was funded by Board of Research in Nuclear Sciences (BRNS), with 
sanction no. 54/14/03/2021-BRNS/10239. 

2.2. Chemicals 

L-glutamine and Giemsa were procured from Sigma-Aldrich, USA. Roswell Park Memorial Institute Medium 1640 (RPMI 1640), 
Phytohemagglutinin (PHA), Cyto-B Foetal Calf Serum (FCS), Streptomycin, Penicillin and Colcemid were procured from Gibco Life 
Technologies, USA. DPX (Distyrene, Plasticizer and Xylene) was purchased from Merck, USA. 

2.3. Ethical approval donor selection and blood sampling 

The study was approved by the Institutional Ethics committee (Ref: IEC-NI/21/OCT/80/128) and all experiments were conducted 
as per ethical guidelines provided. Three healthy volunteers [2 females (age 22, 23 years) and 1 male (24 year)], were recruited in this 
study, to construct the dose response curve for X-ray induced dicentric and micronuclei. Selected volunteers were with no recent 
history of, alcohol consumption, smoking, medication and radiation exposure (medical or occupational). 10 ml blood samples were 
collected in the lithium heparinized vacutainer by venepuncture, from each volunteer by expert phlebotomist. 

2.4. Irradiation 

The blood samples were aliquoted in 10 parts and irradiated with 0, 0.1, 0.25, 0.5, 0.75, 1, 2, 3, 4 and 5 Gy, using VERSA HD digital 
LINAC from Elekta [50], UK in the energy of 6 MeV at the dose rate of 6 Gy per minute with a SAD of 100 cm at the field size of 10 × 10 
cm. Irradiation was carried out at the Department of Radiation Oncology, Sri Ramachandra Medical Centre, Chennai, India. 

2.5. Dicentric chromosomal aberration assay 

The irradiated blood samples were incubated in optimum conditions (37 ◦C temperature, 5% CO2 and 95% relative humidity) for 2 
h to provide a time interval to DNA repair [51,52]. The methodology was framed according to International Atomic Energy Agency 
(IAEA, 2011); IAEA Technical Report Series, No.405 and ISO standard [4,48,49,53]. The cultures were set up with 8 ml RPMI-1640, 2 
ml FBS, 0.2 ml Phytohemagglutinin (PHA) and 1 ml heparinized peripheral blood. The flasks were incubated in optimum conditions 
(37 ◦C temperature, 5% CO2 and 95% relative humidity) for 48 h. Long term (added at 24 h of cell culturing) colcemid (200 μl of 1 
mg/ml) treatment was given to arrest the cell in metaphase of first division cycle [4,53]. The cells were treated with 8 ml of freshly 
prepared pre-warmed hypotonic solution (0.075 M potassium chloride) and incubated for 20 min in optimum conditions (37 ◦C 
temperature, 5% CO2 and 95% relative humidity). Cells were fixed with Carnoy’s fixative (Methanol: Glacial acetic acid, 3:1), 3 times 
with repeated centrifugation and finally cell pellet was suspended in 0.2 ml of Carnoy’s fixative. Cell suspension was dropped on top of 
a clean pre-chilled microscopic glass slide and placed on slide warmer to get it dried. The casted slides were stained with 10% Giemsa 
for 15 min and mounted with DPX [54]. About 800 to ~12000 metaphases were scored to estimate yield of dicentrics and rings for 
each dose (0–5Gy) point. 

2.6. Cytokinesis blocked micronuclei assay 

Following irradiation, blood samples were incubated in optimum conditions and cultures were setup as described in section 2.5 (for 
Dicentric Chromosomal Aberration Assay) [4,51,55]. To arrest the cells in cytokinesis stage of the cell cycle, 200 μl (of 250 μg/ml) 
cytochalasin B was added to each culture flask at 44thh of cell culturing. To harvest binucleated cells, whole culture was transferred to 
15 ml centrifuge tube, and pellet was obtained by centrifugation (at 1000 rpm, for 10 min). To the cell pellet, 8 ml of pre-chilled 
hypotonic solution (0.075 M potassium chloride) was added and incubated for 20 min at room temperature. Again, cells were pel
let down by centrifugation (at 1000 rpm, for 10 min) and fixed with freshly prepared, chilled Carnoy’s fixative (5:1:1, methanol: acetic 
acid: formaldehyde, 8 ml per tube). Fixation step was repeated three times, finally cell pellet was suspended in 0.3 ml of fixative 
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solution. Slides were casted by dropping the cell suspension on top of the glass slide from the height of 10–15 cm and allowed it to dry 
on a hot plate (temperature, 40 ◦C). Slides bearing binucleated cells, were stained with 10% Giemsa (prepared in distilled water) for 20 
min, followed by a brief rinse with DW, air-dried and mounted with DPX. For each sample, 5000 binucleated cells were scored 
manually, using an optical microscope, in bright field mode, at 40× magnification. The nuclear division index was calculated 
employing following formula [4]. 

NDI= [M1+ 2(M2)+ 3(M3)+ 4(M4)] / N  

where M1, M2, M3 and M4 are the number of lymphocytes with 1, 2, 3 and 4 nuclei, respectively and N is the total number of 
lymphocytes scored. 

2.7. Dose blinded samples 

To validate the established dose response curve, 8 ml peripheral blood sample was obtained from an informed male volunteer (age 
32 years) without any history of occupational or medical radiation exposure. Blood sample was aliquoted in 8 different tubes (1ml/ 
tube) and irradiated with different dose-blinded doses. As described in section 2.6 and 2.7, cultures were setup for DCA (4 cultures) and 
CBMN (4 cultures), metaphases and binucleated cells were harvested at 48 and 72 h of incubations, respectively. Slides were prepared, 
aberrations were scored and doses were reconstructed by employing coefficients generated for calibration curves (for “dicentric +
ring” and micronuclei) established. 

2.8. Statistical analysis 

Dose-response curves were constructed using Dose Estimate software, version 5.2 [ 56]. The corresponding 95% confidence in
tervals were calculated assuming a Poisson distribution, as per IAEA recommendations [4,57]. To determine whether dicentrics with 
centric rings and micronuclei followed, a Poisson distribution, dispersion index (u) was used [4]. The goodness of fit for homogeneity 
were performed with the Dose Estimate and CABAS software [ 56]. All curves were fitted following least square method. 

Fig. 1. Establishment of dose response curve for 6 MeV, X-ray induced “dicentric + ring” in the dose range of 0–5 Gy. Curve followed linear- 
quadratic fit with the coefficients α = 0.0006 (±0.0068) “dicentric + ring” cell− 1 Gy− 2 and β = 0.0619 (±0.0043) “dicentric + ring” cell− 1 

Gy− 2. C represents, background frequency (0.0006 ± 0.0004 “dicentric + ring” chromosomes cell− 1) of “dicentric + ring” chromosomes, observed 
in the pooled data of all volunteers. 
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3. Results 

3.1. Establishment of dose response curve for X-ray induced “dicentric + ring” 

Dose-response curve was established for X-ray induced cytogenetic markers, “dicentric + ring”, in the peripheral blood samples of 
these volunteers, 2 females, ages 22 and 23 years and one 24 years old male (Fig. 1). A total of 25,104 metaphase spreads were 
analyzed and 1666 “dicentric + ring” were detected. Data were pooled from all the three volunteers for each dose points. Inclusion and 
exclusion criteria for metaphase-selections, were followed as per IAEA and ISO recommendations [4,53]. Fig. 2 (A-F), illustrates the 
representative metaphases that are included and excluded from the scoring. Metaphases bearing dicentric and fragment or ring and 
fragment were included in scoring however metaphases with fragment alone or with translocation were excluded from the scoring. It is 
evident from Table 1, that the number of cells with more than one “dicentric + ring”, increases with increase in dose. Up to 0.5 Gy, 
none of the cell with two or more “dicentric + ring” was observed. The first cell with two “dicentric + ring” was observed at 0.75 Gy. 
Statistical analysis revealed that distribution of “dicentric + ring” followed Poisson distribution for all thedoses, (Table 1). Table 1 also 
shows the number of metaphases analyzed, the number of “dicentric + ring” detected and their distribution for all dose points. 
Additionally, the dispersion index (u) and relative variance (σ2/Y) (values calculated as per IAEA recommendations) for all dose points 
[4] are also depicted in Table 1. 

The data for “dicentric + ring” chromosomes, were fitted by linear quadratic model of the expression Y––C + αD + βD2. The curve 
fitting yields, linear coefficient α = 0.0006 (±0.0068) “dicentric + ring” cell− 1 Gy− 1 and quadratic coefficient β = 0.0619 (±0.0043) 
“dicentric + ring” cell− 1 Gy− 2. ‘C’ represents, background frequency (0.0006 ± 0.0004) “dicentric + ring” chromosomes cell− 1), in the 
pooled data of three volunteers. As shown in Table 3, pooled data followed a good statistical fit with the correlation coefficient (r) 
0.9939, degrees of freedom7 and p value for goodness of fit0.0002. 

3.2. Establishment of dose response curve for X-ray induced micronuclei 

As illustrated in Fig. 3, dose response curve was established for X-ray induced micronuclei in the blood sample of three volunteers 
(as detailed in section 3.1) using cytokinesis blocked micronuclei (CBMN) assay. To generate the curve, a total of 50,000 binucleated 
cells were analyzed and 9356 micronuclei were detected. Manual scoring was performed following the recommendations of IAEA and 
ISO [4,53,58]. Inclusion and exclusion criteria for scoring of micronuclei are shown in Fig. 4 (A-H). Only, binucleated cells (with or 
without micronuclei) were included in the scoring, however mono, tri and tetra nucleated-cells were excluded from the scoring. Pooled 
data of these volunteers, with statistical parameters like; distribution and yield of MN, dispersion index (u) and relative variance 
(σ2/Y), are shown in Table 4. 

Fig. 2. Representative metaphases with (A) No dicentric-control metaphase, (B) One dicentric accompanied with one fragment, (C) Two dicentrics 
accompanied with two fragments, (D) One dicentrics and one tricentric accompanied with three fragments, (E) Three dicentrics and one tricentric 
accompanied with five fragments and (F) Two dicentrics accompanied with two fragments and one translocation at the bottom - such metaphases 
were excluded from the scoring. 
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Distribution of micronuclei was tested for compliance with Poisson distribution for each dose point, since curve fitting was based on 
Poisson statistics [56]. As shown in Table 4, all sets of data were showing over-dispersion (u values were exceeding ±1.96 for all dose 
points). To generate the dose-response curve, data were fitted with linear quadratic fit. Data fitting resulted in, linear coefficient α =
0.0459 ± 0.0038 micronuclei cell− 1 Gy− 2 and quadratic coefficient β = 0.0185 ± 0.0010 micronuclei cell− 1 Gy− 2 (Table 2). C rep
resents, background frequency of micronuclei, which was found to be, 0.0077 ± 0.0012 MN cell− 1, in the pooled data of all the 
volunteers. Statistical parameters of data fitting are shown in Table 3, data showed a good statistical fit with the correlation coefficient 
(r) 0.9996, χ29.88, degrees of freedom 7 and p value for goodness of fit 0.1955. 

The nuclear division index measures the cell proliferation rate in CBMN assay [ 4,10]. As shown in Table 5 and Fig. 5, nuclear 
division index was found to be decreasing (from 2.06 to 1.09) with the increase in dose. These findings, clearly indicating the cyto- 
inhibitory effects of the increasing dose of radiation [ 11]. 

3.3. Validation of established dose response curves by estimating the doses of dose blinded samples 

Generated coefficients for the established dose-response curves were validated by estimating doses of 8 dose blinded samples, using 
Dose Estimate and CABAS software [56]. Sample DCA-1 to 4 were analyzed by DCA and sample MN-5 to 8, were analyzed by 
CBMN-assays (Table 6). All the doses estimated by DCA, were within the limits of 95% lower and upper confidence intervals, except for 
5Gy (Sample DCA-1). However, for the delivered dose of 5 Gy there was an overestimation of 16%. Two (Sample MN-2 and MN-4) out 
of 4 doses, estimated by CBMN, were within the limits of 95% lower and upper confidence intervals. Sample MN-1 (corresponding to 
the delivered dose of 1Gy) overestimatedthe dose by 31.2%. Similarly, sample MN-3 (corresponding to the delivered dose of 3Gy) 
underestimated the dose by21.7%. All estimated and delivered doses are shown in Table 6 and Fig. 6. It can be seen that the variation 
between estimated and delivered doses were within − 21.7% to +31.2%. These estimates, validates the suitability of the coefficients 
generated (for DCA and CBMN) for biodosimetry. 

4. Discussion 

Several approaches for biological dosimetry after exposure to low and high doses of radiation have been documented [27,59–62]. 

Table 1 
Yield and distribution of “dicentric + ring”, following ex vivo irradiation of 0–5 Gy (6 MeV, X-ray). All sets of data were in agreement with Poisson 
distribution (u values were within the range of ±1.96) and were fitted by a linear quadratic model (Y––C + αD + βD2) using Dose Estimate software, 
version 5.2. D0, D1, D2, D3, D4, D5, D6 and D7, represents metaphases with 0, 1, 2, 3, 4, 5, 6 and 7 “dicentric + ring”, respectively.  

Dose 
(Gy) 

Cells 
Scored 

D + R 
(No) 

Distribution of “Dicentric + ring” Yield 
(Y) 

Relative 
Variance 
σ2/Y 

Dispersion 
Index (u) 

Poisson 
Distribution 

D0 D1 D2 D3 D4 D5 D6 D7 

0 12654 6 12648 6 0 0 0 0 0 0 0.0005 1.000 − 0.034 P 
0.1 2500 6 2494 6 0 0 0 0 0 0 0.0024 0.998 − 0.077 P 
0.25 2000 11 1989 11 0 0 0 0 0 0 0.0055 0.995 − 0.166 P 
0.5 2000 37 1963 37 0 0 0 0 0 0 0.0185 0.982 − 0.577 P 
0.75 2000 55 1946 53 1 0 0 0 0 0 0.0275 1.009 0.299 P 
1 2000 122 1884 111 4 1 0 0 0 0 0.0610 1.054 1.723 P 
2 700 145 569 118 12 1 0 0 0 0 0.2071 1.001 0.022 P 
3 450 297 236 155 41 12 6 0 0 0 0.6600 1.103 1.552 P 
4 450 399 185 175 61 18 8 2 1 0 0.8867 1.108 1.624 P 
5 350 588 28 189 56 46 15 9 5 2 1.6800 0.993 − 0.094 P  

Table 2 
Values of the coefficients (alpha and beta) generated for “dicentric + ring” and micronuclei, after fitting the pooled data obtained from all three 
volunteers.  

Radiation marker studied Linear Coefficient (α) 
(Unit: DC or MN cell− 1 Gy− 2) 

Quadratic Coefficient (β) 
(Unit: DC or MN cell− 1 Gy− 2) 

Background Frequency (C) 
(Unit: DC or MN cell− 1) 

“Dicentric + Ring” 0.0006 ± 0.0068 0.0619 ± 0.0043 0.0006 ± 0.0004 
Micronuclei 0.0459 ± 0.0038 0.0185 ± 0.0010 0.0077 ± 0.0012  

Table 3 
Degrees of freedom (df), p values for goodness of fit and Correlation coefficient (r), for “dicentric + ring” and micronuclei, after fitting the pooled data 
obtained from all three volunteers.  

Radiation marker studied Degrees of freedom p value for goodness of fit Correlation coefficient (r) 

“Dicentric + Ring” 7 0.0002 0.9939 
Micronuclei 7 0.1955 0.9996  
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DCA is most reliable and standard biological assay that is globally accepted [4,63–68]. Recent studies suggest that chromosomal 
aberrations such as dicentrics can be employed for dose estimation following chronic or low-dose radiation exposures, too [69,70]. In 
this study, X-ray induced calibration curves for the “dicentric + ring” and micronuclei were generated as per the methods documented 
in IAEA manual, 2011 [4]. The coefficients were generated using the Dose Estimate statistical analysis software, which uses weighted 
fitting in the maximum-likelihood framework [56]. 

Before plotting the data, distribution patterns of “dicentric + ring” were subjected to dispersion analysis to ensure the Poisson 
distribution. As, shown in Table 1, dispersion index (u) for all dose points (0–5 Gy), were in the range of − 1.96 to + 1.96, demon
strating a Poisson distribution. Distribution pattern was found to be in accordance with the previously published data [40,44,71,72]. 
Similarly, distribution pattern for micronuclei was also examined, as shown in Table 4, dispersion index (u) for all dose points (0–5 
Gy), were exceeding to ±1.96, demonstrating an over-dispersion of all the data points. As per the literature, distribution of micronuclei 
should not necessarily follow Poisson distribution for all the dose points [4,73,74]. Hence over dispersion on MN is justified. 

Coefficients generated for the dose response curves for “dicentric + ring” and micronuclei, are shown in Table 2. Taking into 
account pooled data from all three volunteers, the resultant fitted curve for “dicentric + ring” was; YDIC + RING = 0.0006 (±0.0068) D +
0.0619 (±0.0043) D2 + 0.0006 ± 0.0004 and for micronuclei; YMN = 0.0459 ± (0.0038)D + 0.0185 ± (0.0010)D2 + 0.0077 
(±0.0012). The goodness of fit test for the “dicentric + ring” calibration curve indicated that the data were well adjusted by the linear 
quadratic model (degrees of freedom df = 7, p value for goodness of fit = 0.0002 and Correlation coefficient (r) = 0.9939). The same 
conclusion can be derived for the micronuclei calibration curve, which was also well fitted with a linear quadratic function (degrees of 
freedom (df) = 7, p value for goodness of fit = 0.1955 and Correlation coefficient (r) = 0.9996). Considering the points where over 
dispersion occurred, confidence intervals were corrected according to the IAEA recommendations [4]. 

It was interesting to note that higher alpha coefficient for MN but lower beta coefficient compared to DCA was found while both the 
assays followed linear quadratic responses. Breaks are associated with every dicentrics during their formation, which eventually lead 
to formation of micronuclei. Besides the associated breaks, interstitial breaks, acentric rings and telomere stabilized breaks also lead to 
formation of micronuclei. Sometimes, even whole chromosomes can lead to micronuclei albeit they are rare events. Such events are 
more prominent at low and moderate doses, which yields higher alpha value of response curve. Also, the fit coefficient of alpha is likely 
to weigh down beta at higher doses leading to reduced quadratic component compared to DCA. 

The generated α and β coefficients for the “dicentric + ring” and micronuclei, dose response curve in the present study is com
parable with previously reported values. Hence, it can be inferred that frequency of “dicentric + ring” and micronuclei, for all the 
donors and dose points, were consistent and were in accordance with the previously published data [39,40,72,75–78]. 

Fig. 3. Establishment of calibration curve for X-ray induced micronuclei in the dose range of 0–5 Gy. Curve followed linear-quadratic fit with the 
coefficients α = 0.0459 ± 0.0038 micronuclei cell− 1 Gy− 1 and β = 0.0185 ± 0.0010 micronuclei cell− 1 Gy− 2. C represents, background frequency 
(0.0077 ± 0.0012 MN cell− 1) of micronuclei, in the pooled data of all volunteers. 
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Though micronuclei are not very specific to radiation exposure, it is imperative to established dose response curve, because it may 
be quickly examined in samples and scoring doesn’t require much training. Micronuclei has potential application in biodosimetry, 
when large scale screening is required during radiological emergencies [79–81]. During dose-response curve establishment it was 
observed that, micronuclei exhibited zero-inflation at many dose-points accounted. Since some micronuclei are created when acentric 
fragments are not getting integrated into the daughter cell nuclei during cell division, the overdispersion and zero-inflation seen with 
micronuclei looked to be connected to acentric fragments (IAEA 2011) [4]. In general, a little higher variation in the yield of 
micronuclei, among the individuals is reported in the literature, this might be due to contribution of the factors like age, gender, diet 

Fig. 4. Representative (A) Mononucleated cell without MN, (B) Mononucleated cell with one MN, (C) Mononucleated cell with two MN, (D) 
Binucleated cell without MN, (E) Binucleated cell with one MN, and (F) Binucleated cell with one MN and a nucleoplasmic-bridge, (G and H) Tri and 
tetra-nucleated cells without MN. Only binucleated cells (without nucleoplasmic-bridge) were taken into account for construction of the dose 
response curve. Mono, tri and tetra nucleated-cells were not accounted in dose-response curve generation. 

Table 4 
Yield and distribution of micronuclei, following ex vivo irradiation of 0–5 Gy (6 MeV, X-ray). All sets of data were over dispersed and were fitted by a 
linear quadratic model (Y––C + αD + βD2) using Dose Estimate software, version 5.2. D0, D1, D2, D3, D4, D5 and D6, represents binucleated cells with 
0, 1, 2, 3, 4, 5 and 6 micronuclei, respectively.  

Dose 
(Gy) 

Cells 
scored 

MN 
(No) 

Distribution of Micronuclei (MN) Yield 
(Y) 

Relative 
Variance 
σ2/Y 

Dispersion Index 
(u) 

Poisson 
Distribution 

D0 D1 D2 D3 D4 D5 D6 

0 5000 36 4966 32 2 0 0 0 0 0.007 0.02 5.28 OD 
0.1 5000 72 4934 60 6 0 0 0 0 0.014 0.02 7.68 OD 
0.25 5000 92 4918 72 10 0 0 0 0 0.018 0.02 10 OD 
0.5 5000 174 4844 139 16 1 0 0 0 0.035 0.02 9.22 OD 
0.75 5000 248 4777 201 19 3 0 0 0 0.05 0.02 8.84 OD 
1 5000 400 4650 307 38 3 2 0 0 0.08 0.02 10.8 OD 
2 5000 855 4275 622 79 21 3 0 0 0.171 0.02 10.2 OD 
3 5000 1502 3809 933 213 38 6 1 0 0.3 0.02 9.83 OD 
4 5000 2500 3146 1378 352 88 28 6 2 0.5 0.02 9.97 OD 
5 5000 3477 2470 1881 424 168 44 10 3 0.695 0.02 3.69 OD  
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Table 5 
Nuclear division index (NDI) for all dose points (0–5Gy) taken into account (pooled data from 3 
volunteers).  

S. No. Dose NDI (Pooled data of 3 volunteers) 

1 0 2.06 
2 0.1 1.94 
3 0.25 1.81 
4 0.5 1.76 
5 0.75 1.68 
6 1 1.57 
7 2 1.49 
8 3 1.46 
9 4 1.34 
10 5 1.09  

Fig. 5. Nuclear division index (NDI±SD) for 10 dose points (0–5Gy), obtained from pooled data of 3 volunteers.  

Table 6 
Estimation of biological dose of the eight dose blinded samples (1–8) based on the yields of “dicentric + ring” and micronuclei. Four dose blinded 
samples were analyzed for scoring of “dicentric + ring” and remaining four were analyzed for micronuclei. 120 to 750 metaphases were analyzed for 
dicentrics (as per the yields obtained during the scoring) and more than 1000 binucleated cells were analyzed for micronuclei.  

S. 
No. 

End 
Point 

Blinded 
Sample 

Dose Delivered 
(Gy) 

Aberrations/Cells 
Scored 

Aberration per Cell 
(Yield) 

Estimated doses 
(Gy) 

% variation in estimated 
doses 

1. DCA DCA-1 5.0 169/120 1.4083 5.79 
{95% CI: 
5.29–6.31} 

+16 

2. DCA DCA-2 1.0 46/500 0.0920 1.01 
{95% CI: 
0.79–1.25} 

+0.9 

3. DCA DCA-3 2.0 71/310 0.2290 1.91 
{95% CI: 
1.62–2.23} 

- 4.4 

4. DCA DCA-4 0.5 4/750 0.0333 0.45 
{95% CI: 
0.31–0.62} 

- 9.94 

5. MN MN-1 1.0 106/1071 0.0990 1.31 
{95% CI: 
1.16–1.47} 

+31.2 

6. MN MN-2 0.25 17/1068 0.0153 0.31 
{95% CI: 
0.11–0.50} 

+22.8 

7. MN MN-3 3.0 279/1037 0.2726 2.35 
{95% CI: 
2.20–2.51} 

- 21.7 

8. MN MN-4 0.0 2/1120 0.0018 0 
{95% CI: 0.0–0.0} 

0  
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and lifestyle [11,82–84]. Though in this study variation in the yield of micronuclei among the individuals was significantly low, this 
may be due to volunteers narrow age range and their healthy life style factor (no one was on any xenobiotic drug, alcohol consumption 
and smoking). A large-scale biomonitoring studies have shown that the spontaneous yield of micronuclei increases systematically with 
age. The micronuclei values between 0.24 and 0.44 micronuclei/1000 binucleated cells per year were observed in healthy male 
populations in the frame of studies performed by the Ghent group on nuclear power plant and hospital workers [39,85]. It is always 
recommended to establish the calibration curve, recruiting higher number of volunteers of different age groups and the gender [4,37]. 
In this study, dose-response curve is generated with the blood samples of three volunteers in the age range of 20–30 years. To 
strengthen the established calibration curve, volunteers of different age groups and the gender would be included in future. It will help 
to gain better confidence limits in dose estimations, when the test samples obtained will belong to different age groups and the gender. 

Dicentrics are radiation specific, and their presence alone designates ionizing radiation exposure, whereas the presence of 
micronuclei is indicative and not very specific to the radiation exposure [4,86]. Though, in the mass exposure scenario, CBMN assay 
still has a time advantage for the analysis/scoring, over the DC-assay. To increase reliability, it is necessary to use biodosimetry 
together with the different assays, in addition to all the clinical and physical parameters. When all the approaches are used together, we 
might overcome the gaps inherent in each technique [26,87]. 

Established dose-response curves were validated by estimating the dose of 8 dose blinded samples (4 by DCA and rest 4 by CBMN), 
shown in Table 6. Out of 4 blind doses, DCA estimated 3 doses within the ±95% confidence limits, however CBMN estimated 1 (within 
the ±95% confidence limits) out of 3 and remaining estimate varied up to 31.2%. Such large errors were not surprising in case of 
CBMN for low doses owing to large uncertainties and inter-individual variation in responses (4th dose blinded sample was 0 Gy). 
Estimated dose for 5 Gy (sample DCA-1) by DCA was, 6% over-estimated from the ±95% confidence limits. Estimated doses for 
samples MN-1 (corresponds to 1Gy) and MN-3 (corresponds to 3 Gy) were found to be over and under-estimated by 16% and 16.3% 
from the ±95% confidence limits, respectively. Over all, DCA gave comparatively more precised dose estimation over CBMN, here in 
this study conducted with 8 dose blinded samples. “Constant upsurge in the application of radiation, poses the chances of exposures 
and growing threat to public health. The crucial medical support demands reconstruction of the dose received by the victims, con
cerning medical triage and proper treatment decision [88]. This study has helped to construct dose response curves (for dicentric and 
micronucleus), which can be directly employed in dose estimations and facilitating in treatment decisions. Established dose-response 
curve is the prerequisite for any biodosimetry laboratory, which is dedicated to biological dose estimations of exposed victims. The 
established dose-response curve for 6 MV (LINAC) X-ray induced cytogenetic markers is a value addition to the existing pool of other 
response curves such as low energy X-ray, gamma, Tritium beta and criticality neutrons by the Indian network of Biodosimetry labs. 
This study has given an effort to fulfil the gap and provided a tool to reconstruct the doses of victims exposed with 6 MV, X-ray. 
Majorly, 6 MV, X-ray is used in radiotherapy of cancer [89,90]. Cancer is a leading cause of death globally, according to estimates from 
the International Agency for Research on Cancer (IARC) approximately 10 million people died in 2020, (one in six death) [91]. In next 
15–20 years, global cancer incidences (new) are anticipated to increase up to ~27 million with ~16 million deaths owing to growth 
and aging of the population [91,92]. These anticipations clearly indicate the increased application of radiotherapy units, hence 
increased chances of over exposures too. Dose-response curves established in this study, may have greater utility in the coming years”. 
Besides its role in radiation protection, these response curves can also be utilized as research tools to explore the feasibility of patient 
specific dosimetry and estimation of scattered dose or blood dose. 

In spite of direct application, certain limitations of the study and the cytogenetic assays cannot be ignored. All the dose-response 
curves were generated through ex vivo experimentations and hence, in vivo validation of the results is warranted. Nonetheless, the 

Fig. 6. Graphical illustration of the estimated doses of eight dose blinded samples. Four dose blinded samples (DCA-1 to 4) were analyzed for 
“dicentric + ring” and remaining 4 dose blinded samples (MN-5 to MN-8) were analyzed for micronuclei. 

J. Vijayalakshmi et al.                                                                                                                                                                                                



Heliyon 9 (2023) e17068

11

response curves generated in vitro in other studies have shown clear matching with in vivo irradiation when clear physical dosimetry 
information were available. Generated dose response curves can be inter-compared and validated with calibration curves established 
in other cytogenetic biodosimetry laboratories (inter-laboratory comparison exercises) through dose blinded samples. 

5. Conclusion 

Dose-response curves were established for X-ray induced “dicentric + ring” and micronuclei, in the blood sample of three vol
unteers. Coefficients generated were in agreement with the data published in the literature. Established curves were validated by 
estimating the doses of 8 dose blinded samples. Estimated doses were within the variation of − 21.7% to +31.2%. Closest estimate was 
made for sample DCA-2 (variation was just 0.9%, from the delivered dose of 1Gy) by dicentric chromosome assay. Farthest estimate 
was made for sample MN-1 (variation was +31.2%, from the delivered dose of 1Gy) by micronuclei assay. These outcomes validate the 
suitability of the coefficients generated (for DCA and CBMN) for biodosimetry. 

The biodosimetry lab at SRIHER (DU), is a part of biodosimetry network in India, with the nodal centre at BARC, Mumbai. As per 
IAEA recommendations, these two assays and their in-house established calibration curves, can serve as tool for bi-parametric dose 
estimation, to gain better statistical confidence. 
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medication, and environmental conditions on genetic alterations in oral mucosa cells, Heliyon 5 (6) (2019), e01840. 
[83] S. Bonassi, E. Coskun, M. Ceppi, C. Lando, C. Bolognesi, S. Burgaz, N. Holland, M. Kirsh-Volders, S. Knasmueller, E. Zeiger, D. Carnesoltas, The HUman 

MicroNucleus project on eXfoLiated buccal cells (HUMNXL): the role of life-style, host factors, occupational exposures, health status, and assay protocol, Mutat. 
Res. Rev. Mutat. Res. 728 (3) (2011) 88–97. 

[84] J. Rehm, S. Marmet, P. Anderson, A. Gual, L. Kraus, D.J. Nutt, R. Room, A.V. Samokhvalov, E. Scafato, M. Trapencieris, R.W. Wiers, Defining substance use 
disorders: do we really need more than heavy use? Alcohol Alcohol 48 (6) (2013) 633–640. 

[85] Q. Wang, M.A. Rodrigues, M. Repin, S. Pampou, L.A. Beaton-Green, J. Perrier, G. Garty, D.J. Brenner, H.C. Turner, R.C. Wilkins, Automated triage radiation 
biodosimetry: integrating imaging flow cytometry with high-throughput robotics to perform the cytokinesis-block micronucleus assay, Radiat. Res. 191 (4) 
(2019) 342–351. 

[86] G.A. Alexander, H.M. Swartz, S.A. Amundson, W.F. Blakely, B. Buddemeier, B. Gallez, N. Dainiak, R.E. Goans, R.B. Hayes, P.C. Lowry, M.A. Noska, BiodosEPR- 
2006 Meeting: acute dosimetry consensus committee recommendations on biodosimetry applications in events involving uses of radiation by terrorists and 
radiation accidents, Radiat. Meas. 42 (6–7) (2007) 972–996. 

[87] M. Abend, W.F. Blakely, P. Ostheim, S. Schüle, M. Port, Early molecular markers for retrospective biodosimetry and prediction of acute health effects, J. Radiol. 
Prot. 42 (1) (2022), 010503. 

[88] A.J. González, An international perspective on radiological threats and the need for retrospective biological dosimetry of acute radiation overexposures, Radiat. 
Meas. 42 (6–7) (2007) 1053–1062. 

[89] M. Howard, C. Beltran, J. Sarkaria, M.G. Herman, Characterization of relative biological effectiveness for conventional radiation therapy: a comparison of 
clinical 6 MV X-rays and 137Cs, J. Radiat. Res. 58 (5) (2017) 608–613. 

J. Vijayalakshmi et al.                                                                                                                                                                                                

http://refhub.elsevier.com/S2405-8440(23)04276-7/sref52
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref52
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref53
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref53
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref54
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref54
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref55
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref55
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref55
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref56
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref57
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref57
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref58
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref58
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref58
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref59
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref60
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref60
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref61
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref61
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref62
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref62
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref63
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref64
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref65
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref65
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref66
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref66
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref67
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref68
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref69
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref69
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref70
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref70
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref71
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref71
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref72
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref72
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref73
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref73
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref74
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref74
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref75
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref75
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref76
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref76
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref77
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref77
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref78
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref78
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref79
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref80
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref80
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref81
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref81
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref82
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref82
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref83
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref83
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref83
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref84
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref84
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref85
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref85
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref85
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref86
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref86
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref86
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref87
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref87
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref88
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref88
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref89
http://refhub.elsevier.com/S2405-8440(23)04276-7/sref89


Heliyon 9 (2023) e17068

14

[90] Q. Zhang, X. Wang, Q. Sun, Y. Jin, Y. Li, Z. Li, T. Sun, L. Wang, Investigation and application of high megavoltage X-ray imaging mode in radiotherapy, Int. J. 
Med. Phys. Clin. Eng. Radiat. Oncol. 5 (1) (2016) 42–50. 
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