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ABSTRACT. The objective of this study was to assess the radiation exposure levels in
victims of a 60Co radiation accident using chromosome aberration analysis and the
micronucleus assay. Peripheral blood samples were collected from three victims exposed
to 60Co 10 days after the accident and were used for the chromosome aberration and
micronucleus assays. After in vitro culture of the lymphocytes, the frequencies of dicentric
chromosomes and rings (dic+r) and the numbers of cytokinesis blocking micronuclei
(CBMN) in the first mitotic division were determined and used to estimate radiation
dosimetry. The Poisson distribution of the frequency of dic+r in lymphocytes was used to
assess the uniformity of the exposure to 60Co radiation. Based on the frequency of dic+r in
lymphocytes, estimates of radiation exposure of the three victims were 5.61 Gy (A),
2.48 Gy (B) and 2.68 Gy (C). The values were estimated based on the frequencies of CBMN,
which were 5.45 Gy (A), 2.78 Gy (B) and 2.84 Gy (C). The estimated radiation dosimetry
demonstrated a critical role in estimating the radiation dose and facilitating an accurate
clinical diagnosis. Furthermore, the frequencies of dir+r in victims A and B deviated
significantly from a normal Poisson distribution. Chromosome aberration analysis offers a
reliable means for estimating biological exposure to radiation. In the present study, the
micronucleus assay demonstrated a high correlation with the chromosome aberration
analysis in determining the radiation dosimetry 10 days after radiation exposure.
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As early as the mid-1960s, ionising radiation was
known to be capable of inducing chromosome aberrations
in the metaphase of human peripheral lymphocytes [1, 2].
Since then, the chromosome aberration assay has been
widely used as a sensitive biomarker for dose reconstruc-
tion following radiation exposure [3–6]. In particular, the
analysis of dicentric chromosomes and rings (dic+r), two
aberrations exemplifying inter- and intrachromosomal
exchanges, respectively, has been generally considered to
be the standard means for estimating biodosimetry based
on its well-established dose–response relationship with
radiation exposure and its low baseline levels in the
general population [7, 8]. However, the utility of the
chromosome aberration assay relies heavily on the
expertise and experience of individual investigators. As
an alternative method for determining radiation biodosi-

metry, the cytokinesis blocking micronucleus (CBMN)
assay is easy to perform and less time-consuming, but its
drawbacks include large individual variations in baseline
values in the general population [7] and a markedly lower
sensitivity when used for estimating low dose exposure
compared with the chromosome aberration assay.
Therefore, the micronucleus assay is widely used as a
supplement to the chromosome aberration analysis [9]. In
the present study, we made a comparative estimate of the
radiation exposure in three victims of a 60Co radiation
accident that occurred in 1999 using dose–response curves
of c-ray-induced chromosome aberration and micronu-
clei, which were previously established in our laboratory.
The results provide evidence of the utility of both methods
in estimating biological doses of radiation exposure in
humans.

Materials and methods

Subjects

A 60Co radiation accident occurred on 26 April, 1999,
in a village in the Henan Province, China. In short, a
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stainless steel stick with a 60Co radiation source was
purchased in an illegal transaction without the buyer’s
knowledge of its radioactivity. The radiation source was
kept in the buyer’s bedroom. Three victims of this
accident (A, B and C), who had been exposed to
radiation for 1–4 h and experienced nausea and vomiting
were enrolled in the present study. Subject A was a
female aged 38 years who presented with a severe form
of acute radiation sickness (bone marrow suppression);
her 8-year-old son (Subject B) and 37-year-old husband
(Subject C) both presented with a moderate level of acute
radiation sickness (bone marrow suppression). A paper
about the patients’ clinical progress of these cases has
been published in the Journal of Radiation Research [10].
Prior to the study, written informed consent was
obtained from all subjects.

Reagents and instruments

Cytochalasin B, colchicines and Giemsa stain were
purchased from Sigma-Aldrich (St Louis, MO). A Nikon
90i fluorescence microscope was purchased from Nikon
(Tokyo, Japan). The chromosome image analysis system
was purchased from United Scientific USA, Inc. (Cherry
Hill, NJ); the SANYO MCO-20AIC CO2 incubator was
purchased form SANY (Sakata, Japan).

Cell culture and sample preparation

Procedures for lymphocyte culture were essentially
the same as described previously in an International
Atomic Energy Agency (IAEA)-405 report [8]. A 0.3 ml
sample of venous blood was collected from each subject
10 days after the accident in a heparinised syringe, then
added to 4 ml of RPMI-1640 medium containing 20% of
bovine calf serum and 50 mg ml21 of phytohaemagglu-
tinin; the mixture was incubated at 37 C̊ in a 5% CO2

incubator for 24 h. The blood cultures were then
divided into two aliquots for chromosome aberration
analysis and micronucleus assay. For the former
analysis, a final concentration of 0.06 mg ml21 of
colchicines was added to the culture, and, after being
cultured for an additional 32 h, the lymphocytes were
harvested and subjected to fixing and Giemsa staining

in accordance with the method described previously [8].
Dicentric chromosomes (dic) and rings (r) were scored
under a light microscope.

For the micronucleus assay, cells were cultured for
44 h before a final concentration of 6 mg ml21 cytocha-
lasin B was added to the culture. The lymphocytes were
harvested and subjected to fixing and Giemsa staining
28 h later, according to the method described previously
[8]. Micronuclei in 1000 bi-nucleated cells per subject
were scored using the Giemsa-stained slides [8].

Biological dosimetry

The dose was estimated for each subject using the
dose–response curves of 137Cs c-ray-induced chromo-
some aberration (dic+r) and micronuclei. The dose–
response data used in the present study curves were
previously established in our laboratory as follows:

Y1~3:4967|10{2 Dz6:94907|10{2 D2 ð1Þ

Y2~101:3211 D0:9414 ð2Þ

Y1 denotes the number of dic+r in each lymphocyte, D is
the radiation dose (Gy) and Y2 denotes the frequency of
micronuclei (%o). The dose range of the above two curves
was 0.5–5.0 Gy. The mean radiation dose and its 95%
confidence interval were calculated for each subject
based on the two equations.

Statistical analysis

A u-test of the Poisson distribution of dic+r was used
to determine whether the subjects received uniform
radiation. The u and s2 values were obtained using the
following equations:

u~
n{1ð Þs2=�yy{ n{1ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 n{1ð Þ 1{1=

P
xoð Þ

p ð3Þ

Table 1. Chromosome aberration analysis and estimates of biological dosimetry

Subject Sex Age
(years)

Number of
lymphocytes
examined

Dicentric chromosomes and rings Estimated
radiation dose
(Gy)

95% confidence
interval

Total count Number per cell

A Female 38 150 357 2.38 5.61 2.29–5.90
B Male 8 300 154 0.51 2.48 2.26–2.68
C Male 37 300 178 0.59 2.68 2.46–2.89

Table 2. Distribution of dicentric chromosomes and rings in lymphocytes

Subject Cell number Number of dicentric chromosomes and rings per cell

0 1 2 3 4 5 6 7 8 9 Total

A 150 33 26 29 22 16 11 7 3 2 1 357
B 300 195 68 27 8 2 0 0 0 0 0 154
C 300 170 97 21 9 3 0 0 0 0 0 178
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s2~

P
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h i
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ð4Þ

where s2 denotes variance, n is the number of lympho-
cytes, Sxo is the total number of dic+r observed, x is the
number of dicentric chromosomes in each lymphocyte, o
is the number of lymphocytes observed and ȳ denotes
the mean value (Sxo/n).

Results

Estimation of biological doses based on
chromosome aberration analysis

The results of chromosome aberration analysis and
estimates of biological dosimetry for each subject are
presented in Table 1. The frequencies of dic+r in the
three subjects were significantly higher than the
reported 0.1–2.1%o of spontaneous aberration frequency
in general populations [11], demonstrating that the three
subjects were exposed to a high dose of radiation.
Because the number of peripheral lymphocytes in
subject A was markedly reduced 10 days after the
radiation, the number of harvested lymphocytes after
culture was also low; only 150 lymphocytes in meta-
phase were analysed.

Determination of the pattern of radiation exposure

Based on the results of the u-test of the Poisson
distribution of dic+r, and the distribution of dic+r in the
lymphocytes (Table 2) of the three victims exposed to
60Co radiation, subject C received uniform radiation,
whereas subjects A and B were exposed to radiation in a
non-uniform manner (Table 3).

Dose estimation by another laboratory

4 days after the accident, the blood samples of the
three affected individuals were obtained by the Institute
of Occupational Disease Prevention of the Henan

Province, China. Dose estimation was performed by
chromosome aberration and the results are presented in
Table 4. The estimated dose is similar to the results of
our laboratory.

Estimation of biological doses based on the
micronucleus assay

The estimated mean radiation doses and 95% con-
fidence intervals as obtained from Equation (2) are
presented in Table 5. Because the number of peripheral
lymphocytes in subject A was markedly reduced, the
number of the harvested lymphocytes after culture was
limited for the assay; only 140 binucleated lymphocytes
were analysed.

Distribution of micronucleated cells

As shown in Table 6, the lymphocytes with multiple
micronuclei accounted for 37.8% of the total lymphocytes
examined in subject A, whereas the proportions in
subjects B and C were 23.0% and 19.1%, respectively.
The above findings indicate that more lymphocytes with
multiple micronuclei are observed in subjects who
received higher doses of radiation. It should be noted
that the number of lymphocytes with two or more
micronuclei contributed greatly in the estimates of
biological doses. The u-test of Poisson distribution of
micronuclei was also performed and the results are
shown in Table 7. As is shown in Table 7, all three
victims received non-uniform exposure.

Dose estimation using the CABAS-2 software [12]

Deperas et al [12] developed the CABAS software,
which consists of the main curve-fitting and dose-
estimating module, and modules for calculating the dose
in cases of partial body exposure, for estimating the
minimum number of cells necessary to detect a given
dose of radiation and for calculating the dose in the case
of a protracted exposure. Using the CABAS-2 software,
we estimated the yield to exposed fraction, the partial
body dose and other exposure measurements (Table 8).
The results are similar to those shown in Tables 1 and 3.

Discussion

The dose was estimated for each subject using the
dose–response curves of 137Cs c-ray-induced chromo-
some aberration (dic+r) and micronuclei. In this accident,
the dose rate of the 60Co source at a distance of 1 m away

Table 3. Results of the u-test of Poisson distribution of
dicentric chromosomes and rings

Subject ȳ s2/ȳ u Uniformity coefficient

A 2.38 1.77 6.70 Non-uniform
B 0.51 1.31 3.80 Non-uniform
C 0.59 1.15 1.87 Uniform

Table 4. Chromosome aberration analysis and dose estimation performed by another laboratory

Subject Number of
lymphocytes
examined

Dicentric chromosomes and
rings

Estimated
radiation dose
(Gy)

95% confidence
interval

Poisson distribution

Total count Number per cell

A 40 79 1.98 5.09 4.46–5.64 No
B 217 113 0.52 2.49 2.23–2.74 No
C 334 188 0.56 2.61 2.40–2.80 Yes
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was 48.7 R min21 [10] and the dose rate of our 137Cs
source at the same distance was 49.5 R min21 when the
response curves were fitted. The dose rate of the two
radiation sources is more important than the contribu-
tion of the radiation dose. Considering the different
energy of the two sources, it might have little effect on
the dose estimation. For the biological dose estimation,
the error at this level is acceptable.

The application of chromosome aberration analysis to
the estimation of biological dosimetry dates back more
than 40 years, and has now been accepted as the most
reliable means for estimating the radiation dose [8]. Its
reliability and sensitivity in biodosimetry have been
documented in investigations of several large radiation
accidents [5, 9, 10, 13–17]. Furthermore, it may provide
valuable dosimetry information to facilitate clinical
diagnosis when individual dosimetry data are missing.
In the present study, chromosome aberration analysis
demonstrated a critical role in estimating the radiation
dose and facilitating an accurate clinical diagnosis.
Several previous studies have found that the distribution
pattern of dic+r exhibits a Poisson distribution among
radiated lymphocytes in subjects uniformly exposed to
low linear energy transfer (LET) radiation [6, 8], whereas
the pattern of dic+r distribution does not follow a
Poisson distribution in subjects non-uniformly or locally
exposed to LET radiation. Of the three subjects in the
present study, C received uniform radiation, whereas A
and B both received non-uniform radiation exposure. It
should be noted that the wider 95% confidence interval
for estimating the biodosimetry for subject A, using the
dic+r aberrations, may be partly derived from the non-
uniform radiation exposure and a smaller number of
lymphocytes in metaphase available for the analysis.

The cytokinesis-blocked micronucleus assay demon-
strated a good dose–response profile in the early stage of
radiation exposure. Scoring of micronuclei in binucleated
lymphocytes provides an easy yet rapid method for
assessing the absorbed radiation dose. However, a large
variation in background levels of micronuclei in the

general population [7] has limited its use in estimating
low dose radiation exposure where chromosome aberra-
tion analysis is more frequently employed. In the present
study, the biodosimetry, as measured by dic+r and CBMN
for each subject, was fully consistent with the clinical
diagnoses, which included severe bone marrow forms of
acute radiation sickness for subject A and more moderate
forms for subjects B and C. In addition, the results obtained
by the two methods showed a high level of correlation,
suggesting that micronucleus assay and chromosome
aberration analysis are both capable of providing reliable
and accurate dosimetry data within a certain period post-
irradiation [9]. However, the u-test of Poisson distribution
on the micronucleus data was performed using Equations
3 and 4, and the results showed that all three victims
received non-uniform exposure. The reason for this may
be that there are so many influencing factors that can affect
the results of a micronucleus test. For example, smoking is
an important factor that can affect the results. Of all of the
exposed individuals, case C had a smoking history of more
than 10 years. This might have influenced the results. On
the other hand, Equations 3 and 4 may not be fit for the
micronucleus data.

In this accident, 10 days elapsed from the day of
exposure to the day that the blood samples were taken.
In the Istanbul accident [9], which had a similar delayed
discovery and where the patients experienced marked
leucopenia, the dicentric assay underestimated the dose.
This also applies to the micronucleus assay, as both
measure unstable damage in lymphocytes. In Istanbul,
FISH (fluorescence in situ hybridisation) was also done
and showed about 20% higher doses than dicentrics [9]. In
IAEA report No 405, it was reported that the blood
sample should be obtained before 4 weeks have elapsed,
since after this time aberration yields begin to fall, causing
greater uncertainty in any estimates of the radiation dose
[8]. In the present study, there was a delay of 10 days from
the exposure until the blood sample was obtained. Some
uncertainty in the dose estimation may have occurred, but
this did not influence the diagnosis of the victims.

Table 5. The frequencies of micronuclei in the three subjects and estimated biological doses

Subject Number of
binucleated
lymphocytes

Frequency of micronuclei (p¡sp %o) Estimated radiation
dose (Gy)

95% confidence interval

A 140 500¡42.3 5.45 4.28–6.62
B 1000 265¡14.0 2.78 2.42–3.13
C 1000 271¡14.1 2. 84 2.49–3.21

p, rate of sample (frequency of micronuclei); sp, standard error of the ratio.

Table 6. Distribution of micronucleated cells in the three subjects

Subject Lymphocytes with MN 1 MN 2 MN 3 MN 4 MN

Counts % Counts % Counts % Counts %

A 45/140 28 62.2 10 22.2 6 13.3 1 2.3
B 196/1000 151 77.0 33 16.8 10 5.1 2 1.0
C 220/1000 178 80.9 35 15.9 5 2.3 2 0.9

MN, micronuclei.

sp~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p 1{pð Þ

n

r
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In general, a reliable and accurate estimation of
radiation dosimetry using dic+r can be achieved within
the radiation dose range of 0.1–5.0 Gy, whereas the range
is 0.25–5.0 Gy for the CBMN assay. When the radiation
dose is higher than 5 Gy, there are fewer lymphocytes in
metaphase, making it less likely that an accurate estima-
tion of absorbed radiation can be made. Hayata et al [18]
developed CHROSY (a culture and harvest robotic
system) capable of recovering lymphocytes efficiently
for performing chromosome aberration analysis. This
system has demonstrated its use in collecting a large
number of lymphocytes in metaphase even after exposure
to large doses of radiation, thus enabling the estimation of
radiation doses as high as 10 Gy. In addition, Kanda et el
[19] proposed that premature condensed ring chromo-
some can be used for the assessment of biological
radiation dose, achieving accurate estimates of radiation
exposure for doses as high as 20 Gy. The latter method
was found to be effective in determining radiation
dosimetry in the critical nuclear accident that occurred
in Japan in 1999 [20].

For estimating radiation dose, uniform whole-body
equivalent and dose estimation in partial body exposures,
excellent software are available. The results obtained with
CABAS-2 are consistent with the results that were
calculated manually. The yield to exposed fraction and
partial body dose were more important to dose estimation
for subjects A and B. Moreover, the data about the
irradiated fraction and dose to the irradiated fraction has
been published in another paper from our institute [21].
The use of this program is convenient, and we expect that
its use will improve the precision of dose estimates by
biological dosimetry in cases of radiation accidents [12].

Cytogenetic biodosimetry has been applied for a long
time to obtain absorbed dose estimates in real or
suspected overexposures. Biological monitoring of
humans exposed to ionising radiation has relied heavily
on cytogenetic indicators. In particular, the measurement
of dicentric chromosome is considered to be the standard
method for biodosimetry [22]. Scoring of micronuclei is
easier and considerably faster than dicentric scoring and
can be automated using computerised image analysis
systems [7]. It is a valuable technique for rapid screening
for triage purposes, especially in radiological accidents
involving a large number of casualties.

Conclusions

In summary, the results from the present study
indicate that both chromosome aberration analysis and
the micronucleus assay provide a reliable estimate for
biological exposure to radiation, which are shown to
have a critical role in estimating the radiation dose and
facilitating an accurate clinical diagnosis. This may
enable faster and more reliable estimation of radiation
exposure, leading to better treatment for patients.
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