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Abstract
The radiation is considered as a double edged sword, 
as its beneficial and detrimental effects have been 
demonstrated. The potential benefits are being 
exploited to its maximum by adopting safe handling 
of radionuclide stipulated by the regulatory agencies. 
While the occupational workers are monitored by 
personnel monitoring devices, for general publics, it 
is not a regular practice. However, it can be achieved 
by using biomarkers with a potential for the radiation 
triage and medical management. An ideal biomarker 
to adopt in those situations should be rapid, specific, 
sensitive, reproducible, and able to categorize the 
nature of exposure and could provide a reliable dose 
estimation irrespective of the time of the exposures. 
Since cytogenetic markers shown to have many advan-
tages relatively than other markers, the origins of 
various chromosomal abnormalities induced by ionizing 
radiations along with dose-response curves generated in 
the laboratory are presented. Current status of the gold 
standard dicentric chromosome assay, micronucleus 
assay, translocation measurement by fluorescence in-
situ  hybridization and an emerging protein marker the 
g-H2AX assay are discussed with our laboratory data. 
With the wide choice of methods, an appropriate assay 
can be employed based on the net.

Key words: Biomarker; Dicentric chromosomes; Micro-
nucleus; Fluorescence in-situ  hybridization

© The Author(s) 2015. Published by Baishideng Publishing 
Group Inc. All rights reserved.

MINIREVIEWS

World Journal of 
RadiologyW J R

Submit a Manuscript: http://www.wjgnet.com/esps/
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.4329/wjr.v7.i9.266

World J Radiol 2015 September 28; 7(9): 266-278
ISSN 1949-8470 (online)

© 2015 Baishideng Publishing Group Inc. All rights reserved.

266 September 28, 2015|Volume 7|Issue 9|WJR|www.wjgnet.com



Core tip: Of the well-established biomarker, the 
dicentric chromosome assay remains a gold standard, 
with sensitivity and specificity to radiation. In contrast, 
micronucleus is simple, rapid and potential for triage, 
though the sensitivity is less and not able to differen-
tiate the partial body exposure from that of whole 
body exposure. The expensive fluorescence in-situ  
hybridization has the advantage that it can be employed 
in chronic and retrospective dose estimation. The g-H2AX 
assay has a potential for triage despite the fact of limited 
stability. To conclude none of the assay could fulfil all the 
criteria of an ideal biomarker.

Perumal V, Gnana Sekaran TS, Raavi V, Basheerudeen SAS, 
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INTRODUCTION
Ever since the discovery of X-rays and radionuclide, 
their contribution towards the betterment of humankind 
is being augmented; thus nuclear technologies, which 
are finding increasing appliance in almost all walks of 
human endeavor, be it agriculture, medicine, power 
generation, research, etc. Similar to any other newer 
technologies, the nuclear technology is not entirely 
risk free. An increase in the concern of the accidental 
hazards linked to the use of ionizing radiation is 
currently being observed due to: (1) increased demand 
of radiation sources in several industrial applications, 
may leads to an higher probability of mishandling; 
(2) major contribution to the man-made sources of 
radiation, due to multiple procedures involving more 
time to treat complex and major disorder; and (3) 
growing nuclear threat, warfare and natural disaster 
like a recent events in Fukushima (Japan). At last, 
recently reported non-DNA targeted effects of ionizing 
radiations like bystander effects, genomic instability 
further complicates the risk for stochastic effects, have 
increased more concerns and fear among the public[1]. 
The risk associated with a technology can be reduced 
to satisfactory levels (in terms of cost benefit ratios) by 
scrupulous observation of practices proven to be safe. 
Practices of safe handling of radionuclides incurring 
least radiation exposure have been well established. 
Regulatory agency, the International Commission on 
Radiological Protection has laid down the permissible 
limits of radiation exposure to radiation workers (20 
mSv/year) and to the general public (1 mSv/year). 
The amount of radiation received by a radiation worker 
is monitored generally by physical dosimeters like 
thermoluminescence dosimeter and film badge. In 
contrast, another potential source of exposures to 

the publics and radiation workers is due to unplanned 
activities and natural disaster; it is not a routine practice 
to wear the personnel monitoring devices by the 
exposed. Estimating the doses received during accidental 
conditions and management of exposed individuals, 
in the absence of personnel monitoring devices is 
an important issue towards medical management; 
biomarkers are proven to be a reliable tool for the above 
purpose.

SOURCES OF RADIATION EXPOSURE
Radioactive materials and radiation there from are a part 
of nature. Each one of us generally tends to associate 
radiation and radioactive materials not only with nuclear 
weapons and nuclear reactors alone. Several of the 
naturally occurring elements are radioactive, e.g., 
uranium, thorium, radium, and potassium, which are 
widely distributed as constituents of the earth’s crust. 
The content of radioactive material in the earth’s crust 
varies from place to place and on average, radiation 
exposure due to this natural source of radiation is about 
41% of the total[2]. There are certain places in the world 
where the natural background radiation levels are 5 to 
10 times higher than the average levels. In addition 
to radiation emitted by radioactive materials in the 
environment, man has also always been exposed to 
radiation of natural origin from outer space in the form 
of cosmic rays. Consistent with natural radiation, levels 
of exposure from both these sources differ from place to 
place. Cosmic rays are a form of extremely penetrating 
radiation coming from regions very far away in space. It 
was estimated that due to cosmic rays alone, the entire 
population on this earth receives about 16% of the total 
exposure from natural sources of radiation in a year. 
Cosmic ray contribution varies with altitude and latitude. 
While flying in aircraft, the passengers and crew receive 
about many fold greater exposure than on the ground. 
In recent times, the use of artificial sources of radiation 
has grown extensively. Such usage has contributed to 
human welfare in agriculture, medicine, industry and 
research. Of which the largest source of human-made 
radiation exposure are from medical procedures, which 
is around 0.4 mSv[3]. Among the medical procedures, 
amount of exposures depends upon procedures and it 
is as low 0.2 mSv in chest X-ray examination to as high 
as 450 mSv among interventional procedures like heart 
catheterization before by-pass surgery. Recently, it has 
been shown that the annual per capita effective dose 
from diagnostic medical uses of radiation increased 
from 0.54 mSv to about 3.0 mSv to US population; the 
largest contribution and increases have come primarily 
from CT scanning and nuclear medicine[4]. This has 
also resulted in a small addition to the already present 
radiation exposure from natural sources. The estimated 
worldwide annual per capita effective dose from natural 
background is 2.4 mSv (Table 1). Radiation exposure 
in principle has a potential for causing harm to the 
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life. Therefore, excessive and unnecessary exposures 
to radiation must be avoided. Exposure to radiation 
of natural origin cannot be kept in line; even so, the 
exposure due to radiation of artificial origin can be 
promptly checked. The level and methods of control are 
matters of scientific and expert judging.

BIOMARKERS OF RADIATION EXPOSURE
Exposure to radiation induces certain changes on 
the proteins, carbohydrates, lipids, nucleic acids 
and gene expression in the exposed cell, which are 
collectively known as biomarkers. In particular, traversal 
of ionizing radiation in a cellular system can bring 
about a variety of changes such as base damages, 
alkylation, intercalation adduct formation, nucleotide 
modifications, single strand and double strand breaks 
in the deoxyribonucleic acid (DNA)[5]. Those changes 
can result either due to direct deposition of energy on 
the nucleic acids (direct action) or can be mediated by 
the actions of free radicals released at some point in the 
interaction with water (indirect action) and membrane 
(lipid peroxidation) covers the cells[6]. Any measurement 

reflecting an interaction between a radiation exposures 
and biological system is defined as biomarkers[7]. The 
biomarkers are classified based on the changes being 
looked into like chromosomal aberrations, alterations in 
cell number, change in an enzyme level and or activity, 
proteins, or expression of genes, etc[8]. Of late based 
on the temporal parameters, it has been classified into 
markers of exposure, marker of susceptibility, markers 
of late effects and markers of persistent effects[9]. 
Thus, the manifestations of any of those changes 
are resulted due to the traversal of ionization track 
and deposition of energy in exposed cells/tissues. A 
summary of biomarkers of radiation exposures listed in 
the literatures is given in Figure 1.

TECHNIQUES USED IN RADIATION 
BIODOSIMETRY
Radiation biodosimetry means, the quantification of 
the absorbed dose with the help of biological material 
obtained from an exposed individual. Of the various 
biomarkers, the extent of which can get expresses 
varied upon the quantum of exposure, absorbed dose, 
dose rate, energy of incident photons and radio-sensi-
tivity of the exposed system. Similarly, time needed 
to express the changes and its stability in the exposed 
system depends upon those physical factors and the 
division kinetics of the cells[1]. A large number of protein 
biomarkers are tested for radiation dosimetry; despite 
the fact those changes are generally accurate, but 
cannot be effectively used to quantify the dose, as the 
level of these changes comes back to normal within 
short duration after exposure. Alternate to the protein 
biomarkers, cytogenetic indicators remain stable for a 
long time and provided a reliable estimate of the dose 
(Table 2). Dose estimation using the cytogenetic analysis 
is based on the relationship between chromosome 
aberration frequency and the amount of absorbed dose. 
The preferred choice of sample to analyze aberration 
frequency is the blood lymphocytes as they are easy 
to collect, culture and processing for biodosimetric 
studies. Exposed lymphocytes show different types of 
chromosome aberrations like dicentric chromosome 
(DC), centric ring, acentrics and translocation, all 
of which can be related to dose. Low background 
frequency, specificity to ionizing radiation, a clear dose-
effect relationship for high and low linear energy transfer 
(LET) radiation with different dose and dose rates, 
reproducibility and comparability of in vitro to in vivo 
results[10] are several important biological parameters for 
reliable dose estimation. To keep above views in mind, 
we have established a laboratory to employ the DC, 
micronucleus (MN), Translocations and g-H2AX assay 
for biodosimetry applications. Two decades experience 
of those methodology development, improvements and 
implementation of the assay for regular biodosimetry 
application is discussed in the present review along with 
current international status.

 

268 September 28, 2015|Volume 7|Issue 9|WJR|www.wjgnet.com

  Source Worldwide annual per capita 
effective dose (mSv)

  Natural background 2.4
  Diagnostic and medical examinations 0.4
  Atmospheric testing     0.005
  Chernobyl     0.002
  Nuclear power production       0.0002

Table 1  World wide annual per capita effective doses in year 
2000 (UNESCAR 2000)

  S. No Parameter Technique

DC MN FISH g-H2AX
  1 Culture 

time (h)
48 72 48 Not 

applicable
  2 Scoring 

speed 
(cells/d)

About 150 About 
750

About 750 About 
100/h

  3 Type of 
aberrations 
detectable

Unstable Unstable Stable/
unstable

Unstable

  4 Period of 
detection 

after 
exposure 

(yr)

2-3 2-3 > 30 2-3 d

  5 Cell type/
quality 

Metaphases/ 
good 

BN cells/
good

Metaphases/
good

Interphase 
cells/good

  6 Baseline 
frequency

0.001 0.015 0.001 0.042

  7 Sensitivity 
(Gy)

0.1 0.25 0.1 0.05

Table 2  A few characteristic features of established bio-
markers

FISH: Fluorescence in situ hybridization; MN: Micronucleus; DC: Dicentric 
chromosome.
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type of aberrations. In 1955, Revell[15] proposed the 
concept of intra and inter chromosomal exchanges 
and indicated that two lesions are necessary to initiate 
the exchange followed by forming an exchange type 
aberration, and failure to complete the exchange will 
give rise to deletions. The discovery of the clastogenic 
effect of radiation, gave rise to developmental studies 
of the dose - effect relationship. In 1962, Lea et al[16] 
formulated an equation for the dose-response curve 
obtained with X-ray. He proposed that the pattern of 
chromosome aberrations follows a Poisson distribution. 
The pioneering work on cytogenetics, has evolved and 
come a long way and made possible determination 
of dose by monitoring the effect and brought into the 
study of cytogenetic indicators, to estimate radiation 
absorbed dose. The various biological indicators, which 
have been reviewed by several authors[7,9,13].

Among the various indicators, DC aberration in the 
blood lymphocytes of exposed individual is the one 
which is mainly used for dose measurement[3]. They 
are chromosomes with two centromeres, which differ 
from its normal structure with one centromere; complex 
exchanges even a chromosome with more than two 
centromeres also is possible. It means, formation of 
DC is a complex event, because it needs double strand 
breaks (DSB) in at least two different chromosomes, 
which should in close proximity to each other so that 
the probability is high to form abnormal structure[17]. 
This technique, is well standardized as it is specific, 
and comparatively sensitive. However, each laboratory 
should generate its own dose-response curves, this 
includes the DC of the control population living in that 
area. It is because the baseline frequency greatly 
influences the co-efficient in a reference dose response 
curve[18]. The background DC frequency obtained is 
0.002 (0.001, from 8000 metaphases scored), which 
are comparable to the published values obtained within 
India[19] and others[3]. In order to estimate the dose 

ORIGIN OF CHROMOSOMAL 
ABERRATIONS
In general, the chromosomes present in a cell are 
highly vibrant and undergoes extreme morphological 
changes at different phases within the cell cycle. When 
an ionization track travels along the cell nucleus, it can 
induce ionization on the DNA. Alternate, more than one 
track can pass through in different directions and induce 
much ionization within the same cell nucleus. Upon the 
energy deposition, it can induce many changes in the 
exposed cells and in turn the cells respond to those 
changes explicitly activation player molecules involved 
in check points activation, DNA repair and apoptosis[11]. 
The end result and fate of the cells depends on the 
many physical parameters of the incident photon as well 
as the cellular biological machinery. The chromosome 
aberrations are formed predominantly due to the 
repair activation that results in perfect rejoining or mis-
rejoin to form chromosome aberrations. Thus, the 
aberration produced depends on the number of breaks, 
chromatids and chromosomes as well as its proximity 
of induced breaks involved[12]. The type, complexity 
and frequency of aberrations induced by radiations 
are diverse which are traditionally being in use to 
quantify and relate to the absorbed dose (Figure 2). 
Among chromosomal changes, they are named based 
on the methodology employed, or stain used (giemsa 
or fluorescence) to observe those changes or the end 
product (micronucleus, translocations)[13].

CHROMOSOME ABERRATION ASSAY
Studies on chromosomal aberration in Tradescantia 
microspore with X-rays in the 1930s marked the birth 
of radiation Cytogenetics[14]. In later years Sax[14] 

constructed the dose-response curves for both X-ray 
and neutron and defined chromosome and chromatid 
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Radiation signature on the exposed cells

Cellular markers                      Chromosomal markers                    Protein markers                 Molecular markers               Biochemical markers

Lymphocyte kinetics
Clonogenic assay

Dicentric chromosome
Micronucleus
PCC
FISH

P53 protein
g-H2AX
ATM
Proteomics

Genomics
miRNA markers
Comet assay

ROS
Salivary amylase
Flt3-Ligand
Citrulline
C-reactive protein

Figure 1  Various biomarkers of ionizing radiation exposure. FISH: Fluorescence in situ hybridization; PCC: Premature chromosome condensation; ROS: 
Reactive oxygen species; ATM: Ataxia telangiectasia mutated.
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during accidental exposures the dose-response should 
be constructed from the result obtained with blood 
samples irradiated in less than 15 min with sufficient 
dose points. Then the exposed lymphocytes are 
cultured for 48 h under aseptic conditions to prepare a 
good quality metaphase chromosome and high mitotic 
index. Later stained slides are used to measure the 
number of DC at each dose and their frequency is used 
to construct a reference dose-response curve. Accurate 
identification of DC from that of twist or artefacts 
in poorly prepared metaphases are the challenges 
involved in this assay. The uncertainties can be reduced 
in combining centromere FISH technique[20]. It has been 
shown that the number of DC obtained with a given 
amount of dose is the same when irradiated either in 
vitro or in vivo condition[21]. Thus the dose-response 
curve constructed under in vitro condition is applicable 
for estimating the accidental radiation exposure to 
plant personnel. The dose response curve follows the 
equation Y = C + αD or Y = C + αD + βD2 depending 
upon the nature of radiation (Figure 3). The linear 
component (αD) often interpreted as the number of 
aberrations formed due to the traversal of single particle 
track and is expected to be independent of dose-rate. In 
alternate the dose squared (βD2) term is formed due to 
the interaction between two independent particle tracks 
and its degree determined by the time interval between 
the two tracks. Thus a delay of time permits repair 
of damage thereby decreasing the yield of aberration 
involving interchanges between two chromosomes. In 

the case of high LET radiation the dose-response curve 
mostly follows the equation Y = C + αD. Representative 
images of normal metaphase and a metaphase with DC 
obtained from a human blood lymphocytes exposed to 
60Co-g-irradiation and the co-efficient for the obtained 
dose response is given in Figure 4.

MN ASSAY
The chromosome fragments or whole chromosomes, 
which are failing to incorporate in the nuclei of daughter 
cells are known as micronuclei. Generally they are 
regular in shape with a similar staining intensity to 
that of daughter nuclei and within the cytoplasm of 
the daughter cells are called as micronuclei (Figure 
5)[22]. MN reflects chromosomal damage and is a 
useful index for monitoring environmental effects on 
genetic material in human cells[23]. Due to the simplicity 
and the rapidity of scoring, this assay has shown pro-
mising potential in the triage medical management. 
However, due to background frequency of spontaneous 
MN frequency (0.002 to 0.036/cells) the sensitivity is 
0.25 Gy[3]. Matter et al[24] coined the term MN based 
on its size and appearance. Fenech et al[22] developed 
a simple, most effective and reliable methodology to 
select cells between first and second mitosis division 
using cytochlasin-B; it inhibits cell division at cytokinesis 
in a cycling cell and, results in the binucleated cells and 
named as cytokinesis blocked micronucleus (CBMN) 
assay. The CBMN assay in addition to measuring the 
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Figure 2  Diagrammatic illustration on the formation of ionizing radiation induced chromosome aberrations.
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MN, it can also be used to measure nuclear-plasmic 
bridges, nuclear buds, necrotic cells, apoptotic cell 
and nuclear division rate collectively known as cytome 
assay[25]. Several studies have been carried out using 
the MN analysis in vitro and in vivo, for the purposes 
of biological dosimetry. A good correlation between the 
doses estimated from the MN frequency was observed 
in radiation workers[26] and in thyroid cancer patients 
undergoing radioiodine treatment[27]. A large volume 
of published reports for in vitro dose response curves 
is available[19,28-30]. An important caution is that many 

factors like age, genetic makeup and storage of blood 
samples could influence the dose estimation using 
the MN assay[31]. Similar to DC many laboratories has 
established dose response curve to estimate the dose; 
it follows linear-quadratic pattern despite the fact 
that there are differences in the obtained co-efficients 
among the established laboratories.

FISH ASSAY
Despite the fact that scoring DC and MN is cost effective 
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Figure 3  General dose response relationship for chromosome 
aberrations induced by different types of ionizing radiations.

Normal metaphase                                      Metaphase with DC

Dicentrics +
centric rings

C ± SE
0.002 ± 0.001

α ± SE
0.013 ± 0.001

β ± SE
0.058 ± 0.002

AF

DC

Figure 4  Metaphase chromosomes with (or) without dicentric 
chromosomes and dose response curve coefficients obtained 
from peripheral blood lymphocytes. AF: Acentric fragment; DC: 
Dicentric chromosome.

Binucleated cell Binucleated cell with

Micronucleus

C ± SE
0.006 ± 0.001

α ± SE
0.024 ± 0.004

β ± SE
0.031 ± 0.001

Figure 5  Binucleated cell with (or) without micronucleus and 
dose response curve coefficients obtained from peripheral blood 
lymphocytes.
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and well established assays for biodosimetry, both 
DC and MN are of unstable type aberrations and can 
get eliminated in a cycling cell over a period of time. 
Whereas, stable aberrations like reciprocal translocation 
(RT), induced by radiation has been shown to remain in 
circulation for longer periods. Provided if the progenitor 
cells are also exposed[3]. As it has been suggested 
that measurement of such RT may provide cumulative 
radiation exposure, we standardized FISH technique to 
score translocations (TL). This technique is based on the 
higher affinity among nucleotide bases in homologous 
sequences compared to non-homologous sequences. 
By using fluorescent labelled DNA probes, one could 
selectively paint a chromosome/set of chromosomes, 
which can be seen easily under fluorescence micro-
scope. During hybridization the fluorescent labelled 
DNA probes bind to its complementary strand which 
helps in the detection of rearrangement, if any, which 
has taken place in these labelled chromosomes. The 
chromosomes which are not painted with fluorescent 
material are stained with different colors. The fluores-
cent labelled chromosome if undergone translocations 
will exhibit a bicolour and one can easily identify. Since 
the introduction of assays to measure RT, FISH have 
been pre-dominantly used in various laboratories[32-39] 

because of its simplicity in scoring and rapidity. 
Generally, the dose was estimated by measuring the 
RT in painting few chromosomes and extrapolating 
to the whole genome translocation frequency; else if 
any exchanges between non-painted chromosomes 
go undetected. However, it was extrapolated to whole 
genome with assumptions that radiation induced 
break points and translocation formation are randomly 
distributed throughout the genome, frequency of 
translocation is directly proportional to the DNA content 
and size of chromosomes without any hotspots on 
selective chromosomes. However, literature evidenced 
that radiation induced break points are distributed 
randomly in A-bomb survivors[40]. In vitro exposure 
as well as non-randomly[41-43]. Many laboratories have 
established dose-response curves by a selective painting 

of few chromosomes (Figure 6). Rapid developments 
in the probe labelling methodology, optics and imaging 
modalities, the assay has evolved in different directions 
like m-FISH, SKY-FISH, and m-band[44] where 
exchanges involved in any chromosomes or regions 
within chromosomes can be identified easily similar to 
that, GTG-banding technique have been in use for the 
identification of aberrations in individual chromosomes[45] 
as well as in entire genomes. It was an attractive option 
for many years back; however, RT measurements with 
latest FISH technology, and G-banding, in dosimetry 
is limited because of either time factor and/or cost 
factor. However, it can provide a true estimation of 
translocation frequency by analyzing the individual 
chromosomes for chronic dose estimation.

g-H2AX ASSAY
Markers based on the chromosome abnormalities and/
or gene mutations are suitable to quantify the residual 
damage and not the actual amount of damages induced 
due to exposure. This is for the reason that, to score 
the aberrations, the exposed cells have to be cultured, 
arrested in to suitable stage and then to score sufficient 
number of cells does extrapolate into the dose. 
Exposures of living organisms to radiation can induce 
assortment of DNA damages including DSB. Many 
molecules of histone H2AX at the broken site are rapidly 
phosphorylated on serine 139 in the C-terminus among 
the living organisms. In turn multiple factors involved in 
DNA repair and chromatin remodelling are assembled 
at the broken site and forms the g-H2AX foci[46]. The 
g-H2AX are simply visualized with antibodies to g-H2AX 
with each DSB yielding one focus. Currently, g-H2AX 
foci frequency is measured by immunocytochemistry, 
Western blot analysis and single-well flow cytometry 
(Figure 7). Measurement of g-H2AX foci from peripheral 
blood lymphocytes (PBL) is used as a prospective 
biomarker to assess the radiation dose[47]. A dose-
dependent increase and time-dependent reduction 
of g-H2AX foci has been reported in cancer cells after 
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Normal metaphase                               Chromosome with translocation

Translocations
C ± SE

0.004 ± 0.020
α ± SE

0.056 ± 0.019
β ± SE

0.067 ± 0.050

Figure 6  Metaphase chromosomes with (or) without translocation and dose response curve coefficients after whole chromosome painting.
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exposure to ionizing radiation, patients who underwent 
radiation therapy, and in personnel after computer 
tomography (CT) imaging[48]. The assay was reported 
to distinguish partial and total body irradiation[49]. 
Flow cytometry measurement of g-H2AX fluorescence 
intensity suggests that more samples can be analyzed 
in a short duration with lower sensitivity when compared 
to foci counting using microscopy[50].

In spite of rapid progress in technical development 
and advantages, variables like age[51], smoking[52], 
oxidative stress, inflammation[53], heat[54], genetic factors, 
etc., have been reported to influence the g-H2AX foci 
levels. Inter-individual variability of g-H2AX fluorescence 
intensity was observed in human PBL of healthy indivi-
duals[55]. Consistent with cytogenetic abnormalities, 
baseline g-H2AX foci has been reported have been 
shown wide inter-individual variation[56,57]. Amusingly, 
though speed is an added advantage, a difference in 
g-H2AX foci yields obtained from the same samples by 
different laboratories and methodical underestimation of 
doses was a major concern when using flow cytometry; 
variations in foci loss during shipment of blood samples, 
or variations in immunofluorescence staining quality 
were listed and should be minimized to reduce the 
uncertainties[58]. It was also emphasized that one 
should not look upon any calibration curves for this 
assay as set in standard like that of DC and MN assays; 
as an alternative, the g-H2AX foci assay should be 
frequently recalibrated to take into account any drift in 
foci yields, and protocols should be optimized to reduce 
variability and ensure consistency. The mean g-H2AX 
foci frequency obtained from our laboratory by scoring 
26400 cells from healthy subjects (n = 130) is 0.042 ± 
0.001 (unpublished data) which is comparable to that 
of reported values; thus the mean yield of g-H2AX ± SD 
reported was 0.09 ± 0.05 with a range of 0.01 to 0.17 
foci per lymphocyte[59].

RECENT DEVELOPMENTS TOWARDS 
TRIAGE
Inter-laboratory comparisons
The preliminary dose estimation and segregation of 

exposed and non-exposed individuals are the main 
step in the management of triage. Moreover the first 
responders also need to be monitored periodically, to 
ensure the dose levels they exposed during evacua-
tion. In such scenario, to meet the demand alternative 
strategies is being developed as classical cytogenetic 
methods (DC and MN) by manual scoring is time con-
suming; sharing of the workload among the expert 
groups, automation of analytical methods, and early 
markers to ionizing radiation are the recent advance-
ments in biodosimetry. Available literature has 
demonstrated ample evidences that many laboratories 
are well equipped and use more than one methodology 
to estimate the dose in an exposed individual. The 
scoring of DC from the PBL of individuals exposed to 
radiation remains the “gold standard” in biological 
dosimetry[3]. However, it has its limitation in potential 
scenarios of radiation exposure resulting in mass 
casualties owing the time needed for analysis. Of late 
to handle mass radiation casualties, countries have 
developed competencies in biological dosimetry[60]. In 
parallel to handle radiation triage, an inter-laboratory 
comparison exercise has been carried out among the 
established facility with a good sensitivity and minimize 
uncertainties in dose estimation[61]. The International 
Atomic Energy Agency and International Organization 
for Standardization played a vital role and provided 
guidelines to achieve the above goal[60]. As per the 
directions WHO a revised regulation in the field of radio 
nuclear incidents has been well established among 
the “BioDoseNet”, connected laboratories[62,63]. Such 
a networking and quality assurance in biodosimetry, 
is well established in the United States[64], Canada[65], 
Japan[66], Europe[67], Portuguese[68] and India[20,69]. 

Inter-laboratory comparisons and automation of MN 
scoring
Significant efforts were made to harmonize protocol to 
utilize simple and rapid scoring of MN as an alternative 
to manage large scale radiation accidents[3]. To minimize 
the individual discrepancies in the scoring of MN, an 
intra and inter-laboratory exercise was carried out 
among 34 laboratories; however, it was emphasized 
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Figure 7  4’,6-diamidino-2-phenylindole, dihydrochloride stained 
nucleus with (or) without g-H2AX foci and their coefficients 
obtained from peripheral blood lymphocytes.

Perumal V et al . Biomarkers of radiation absorbed dose



that it is paramount important to rectify scorers 
variation in analyzing the micro nucleated cells[70] and 
this can be reduced minimally by an automation in 
scoring of MN as it reduces labor and individuals scoring 
variations in addition to enhancing throughput. 

There are two different kinds of automated methods 
that are presently being used to analyze the MN are 
(1) flow cytometry[71]; and (2) MN counting by image 
analysis[72]. While, the common advantage of both 
the methods is fast acquisition and analysis of the 
data in less time, it was cautioned that sensitivity is 
a limitation in case of flow cytometry based scoring 
of MN due to unspecified debris[73]. In spite of the 
potential for rapid scoring of MN with flow-cytometry, 
difficulty in discriminating MN from artifacts leading 
to a false-positive interpretation[74] and compromise 
in the sensitivity; furthermore, sample preservation 
and re-analysis are added limitations[75]. Therefore the 
automated image cytometry is preferred, as improved 
computer algorithms and allow rapid image analysis 
on cell-by-cell basis with a higher sensitivity. Moreover, 
with automated imaging system one can score the 
same slides repeatedly provided steps are taken to 
reduce background signals of the slides, which can be 
accounted as the MN in binucleate (BN) cells[76]. Though 
the speed was increased using automated scoring, it is 
able to detect fifty percent of the BN cells and seventy 
five percent of the MN in those cells. It was attributed 
that relative high inaccuracy in the classification of the 
BN cells[77,78]. Of late, systems like Meta Systems Metafer  
MN Score[79], IMSTAR Pathfinder™ Screentox Auto-MN[80] 
and Compucyte iCyte® Laser Scanning cytometer[81], 
which are commercially available to increase the scoring 
speed of MN with a better accuracy in identifying the 
MN and BN cells. The RABiT system developed by the 
Columbia University can be used to estimate absorbed 
dose based in MN and g-H2AX scoring in a large number 
of populations with less time and small quantity of 
sample[82,83]. But, however, all labs cannot have this 
fully automated facility and it is not feasible to use at all 
places due to its cost. 

Considering the importance of the time, rapid ana-
lysis in case of large population exposures, methods 
is being developed for automated scoring of MN[78]. 
Nonetheless, it is significant to observe that there exists 
a variation in the yield of MN scored in BN cells stained 
with giemsa depend on the adopted scoring method; it 
was suggested that the difference in the MN yield due to 
scoring methods can be reduced when they were scored 
the cells stained with fluorescence dyes like propidium 
iodide (PI) and 4’, 6-diamidino-2-phenylindole[76]. In 
considering the potential of the methodology, we carried 
out a systemic analysis of MN frequencies induced for 
different doses of γ-radiation in giemsa and PI stained 
BN cells, obtained from PBL by manual and automated 
scoring methods in-lieu of biological dosimetry for 
triage medical management. Immediate triage and 
high throughput dosimetry are more important in the 
medical management of radiation accidents. At the 

same time, it is equally important that the accuracy of 
the assay and reliable dose estimation at a later time 
for important cases identified by triage. The obtained 
results suggest that automated MN scoring in PI stained 
slides analysed with Meta Systems would be a better 
choice for the segregation and dose estimation than 
scoring in the BN cells stained with giemsa[30].

Inter-laboratory comparison and automation of g-H2AX 
scoring 
In explicit during triage owing to its time factor as 
one need not culture the sample for a few days to 
enumerate the damage, the g-H2AX foci assay is 
an emerging technology. The g-H2AX changes after 
irradiation are quantified mainly using either microscopy 
or flow cytometry[84,85]. Of which, the microscope 
counting of g-H2AX foci (manual and automated) is 
the most preferred method than the flow cytometry 
as, it permits in detecting very low doses of radiation, 
differentiate the partial body exposures from that of 
whole body uniform exposure, higher specificity and 
its capability to estimate the doses even after 24 h 
of irradiation[49]. However, scoring the foci frequency 
manually with a microscope is somewhat time 
consuming than that of automated scoring. Whereas, 
automatic scoring of g-H2AX foci could decrease the 
time of analysis, albeit its associated complication, like 
a higher standard error linked with fitted coefficient, 
loss on the sensitivity, and inability to categorize 
the nature of exposure due to over dispersed foci 
in automated scoring[86]. Moreover, the g-H2AX foci 
method is sensitive and accurate after exposure to 
low doses, at higher doses overlapping of foci leads 
to underestimation of doses. Relative fluorescence 
intensity measurement using flow cytometry looks as a 
better option in case of radiological emergency at higher 
doses[55]. Nevertheless, speed is an added advantage of 
this assay, the difference in foci yields obtained from the 
same samples by different laboratories and systematic 
underestimation of doses were reported[87]. Thus, 
improvements have been made to reduce processing 
time[88], analysis speed[89], and time required to access 
dose in case of radiological emergencies using the 
g-H2AX assay[90].

Realizing the prospective, many researchers have 
established the assay with modifications for a variety 
of applications in addition to biodosimetry and radiation 
triage. Similar to the well-established radiation specific 
DC assay, while many laboratories established their own 
dose-response curve[56], an inter-laboratory exercise has 
been carried out among the five European laboratories. 
Even though, there is no significant difference between 
the manual and automated scoring, the sensitivity of 
the assay is compromised and was unable to distinguish 
the partial exposures[86], NATO biodosimetry inter-
comparison on g-H2AX assay as tool for triage, revealed 
an increased time delay was inversely proportional 
to the foci frequency, in blood samples measured 
at 2 and 24 h post irradiation; variations in foci loss 
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during shipment of blood samples or by differences 
in the immuno-fluorescence staining quality were 
listed as variables and should be minimized to reduce 
the uncertainties. Lately, technological advancement 
permitted of tele scoring of g-H2AX foci among 
RENEB (Realizing European Network of Biodosimetry) 
laboratories; while the participant laboratories were able 
to distinguish critically high (> 2 Gy) and low dose and 
triage segregation of samples at 4 h, triage segregation 
of the 24 h samples shows high unpredictability. 
Apart from the variation in the shipment, variability 
in the staining quality under microscope (spectral 
and brightness differences in the light sources and 
fluorophores, wavelength ranges between different 
filters) and antibody could influence the foci analysis[58]. 
While, the manual scoring with the microscopy has the 
higher sensitivity of dose estimation, automated scoring 
with image analyser is a faster method for triage. 
However, flow cytometry can be employed for larger 
population. Despite the fact, those methods provides 
early dose estimation and radiation triage, it should 
be employed within 48 h post exposure, because the 
kinetic study demonstrated a reduction and reaches 
base line level of γ-H2AX foci.

CRITERIA FOR AN IDEAL BIOMARKER
There are many biomarkers reported for radiation 
exposure. An ideal biomarker should be specific, 
sensitive, and reproducible. Moreover, able to discri-
minate the nature of exposure (whole body from 
that of partial body) and could provide a reliable dose 
estimation irrespective of the time of exposures. Analysis 
of the marker and quantification of the dose should be 
rapid in particular at the time of triage. An, additional 
desirable characteristic is the possibility of using non-
invasive and easy procedures for collection of biological 
samples[91]. Finally, validity of the assay measuring the 
biomarker and known variables influences the assay 
methods should be clearly established.

CONCLUSION
While all the techniques discussed in this review 
demonstrate the hallmark characteristic features the 
sensitivity and reproducibility, other features differ 
among the techniques. The DC is specific, sensitive (0.1 
Gy), able to differentiate the nature of exposure partial 
body exposure from that of whole body exposure. 
Moreover being the unstable type of aberration, 
quantification of chronic exposure is difficult and it 
require more expertise and time despite the automated 
scoring as it need manual intervention even to score 
limited number of cells (about 50) in triage application. 
In alternate the MN is simple, rapid to score and easy 
to automate with a less sensitivity (0.25 Gy). Similarly, 
being an unstable type of aberration gets eliminated 
over a period of time and not suitable for chronic 
exposure as well as unable to discriminate the nature of 

exposure. Alternatively, the translocation measurement 
with fluorescence in situ hybridization is an expensive 
or labour intensive in case of G bands by trypsin using 
giemsa (GTG); nonetheless it provides an estimate of 
chronic and retrospective dose estimation with an equal 
sensitivity to DC, an essential criterion for occupational 
workers though it is not specific to radiation. However, 
the time needed to culture to look for all those aber-
rations is not needed, in g-H2AX assay; thus the inter-
phase cells could provide a reliable dose estimate with a 
sensitivity of 1 mGy using microscopy or triage with flow 
cytometry within 24-48 h beyond which is of limited use. 
To conclude none of the assay could fulfil all the criteria 
of ideal biomarkers. However with the wider choice an 
appropriate assay can be employed based on the need.
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