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Introduction
The aim of the Research Center for Radiation Emergency 

Medicine is to propose and provide the best treatment meth-
ods to anyone who becomes involved in a radiation accident, 
anytime and anywhere. All of our efforts are made to attain this 
ultimate goal. Specifically, we are focusing on three projects 
(Fig.1). The first project is directed toward the establishment of 
the most appropriate methodologies for evaluating radiation ex-
posure, especially from contamination with actinides accompa-
nied by trauma. The term “actinide” refers to 14 heavy-metal el-
ements (atomic numbers 90 – 103) with unique characteristics, 
including high radioactivity and alpha-ray emission. The sec-
ond project is aimed at exploring and supplying effective drugs 
to reduce the radiotoxicity and metallic toxicity of actinides that 
have been taken in internally. In Japan, NIRS is the only institu-
tion which is authorized to perform these two research projects 
using actinides including uranium and plutonium. The third 
project is targeted at possible applications of mesenchymal 
stem cells (MSCs) as regenerative medicine to treat radiation 
exposure injuries. MSCs can differentiate into various normal 
tissues and support regeneration of damaged tissues. Tissue 
regeneration failure is a characteristic of radiationinfuries, and 
therefore, the application of MSCs to treat these injuries is 
plausible.

1.  Research project to evaluate radiation exposure
Accurate dose evaluation in radiation exposure accidents is 

essential to treat patients and estimate their prognosis. One of 
the challenging issues in this is dose evaluation in the case of 
internal contamination with actinides such as uranium, pluto-
nium and americium. Most of these actinides are alpha emitters 
and they have long effective half-lives in the body. For this rea-
son, the actinides are likely to give significant doses even with 
a small amount and iti is also difficult to quantitatively determine 
the doses in a short time. Bioassay (radiochemical analyses of 
excreta samples) is practically the only method to evaluate in-
ternal doses from actinides. Therefore, we have developed rap-
id bioassay procedures for the actinides with high and stable 
recovery yields and applied these procedures in international 
intercomparison programs. We have also developed other 
related techniques for internal dose evaluation and actinide de-
contamination measures in this research plan period (Fig.2). 

Chromosomal analysis is also a useful method for evaluating 
radiation exposure. This method is used to evaluate specific 
chromosomal translocations as eventual outcomes from bio-
logic reactions derived from radiation exposure. Chromosomal 
translocation may be stable in peripheral blood cells for a long 
period of time, and thus exposure doses can be retrospec-
tively evaluated. We have developed an automatic system that 
achieves simpler handling and shorter handling time. 

Fig.1 Outline of Research Center for Radiation Emergency Medicine.

Fig.2 Research Project for Radiation Dosimetry.
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2.  Research project on the treatment of actinide 
exposure

Once an actinide enters into the body, it is retained in the 
target organ and induces radiologic as well as metallic toxic 
effects for a long time. The treatment strategy is usually com-
prised of two or three steps (Fig.3). The initial step is removal of 
the actinides by decontamination. This is not always possible, 
especially when contamination occurs widely or deeply or in 
unresectable body areas. In such cases, only treatment with 
chelating reagents such as diethylenetriaminepentaacetic acid 
(DTPA) is currently available. The pharmacokinetics of free-DT-
PA indicates that it has a short half-life in peripheral blood (about 
1 hour) and it is poorly distributed into intracellular spaces. We 
have found new drug candidates for actinide-related accidents 
from commercially available reagents.

3.  Mesenchymal stem cells protect against tacroli-
mus/radiation-induced cell death

Intestinal thrombotic microangiopathy (I-TMA) is a critical 
complication of stem cell transplantation. Although the precise 
cause of I-TMA is not yet fully elucidated, several factors—
including graft versus host disease (GVHD), total body ir-
radiation (TBI), calcineurin inhibitors such as cyclosporine A 
(CsA), tacrolimus, and infection—are suggested to play a role 
in its etiology. I-TMA has attracted particular attention as a 
cause of preventable, non-relapse mortality, which has rates of 
10%–70%. Investigations of I-TMA pathogenesis have mainly 
focused on intestinal endothelial injury caused by calcineurin 
inhibitors, which induce various types of dysfunction in human 
umbilical vein endothelial cells (HUVECs). Prompt withdrawal or 
reduction of calcineurin inhibitor administration in patients with 
I-TMA is recommended based on case studies. Approximately 
50% of patients respond to a tapered schedule, but complete 
withdrawal is not advisable for patients with severe GVHD, for 
whom novel therapeutic strategies are required.

TBI or abdominal radiation therapy can induce gastroin-
testinal (GI) syndrome in patients, which is characterized by 
nausea, vomiting, diarrhea, or sometimes life-threatening mi-
croangiopathy or bacterial translocation and for which there 
is no definitely effective prophylactic or therapeutic treatment. 
Although the precise link between microvascular endothelial 
cell apoptosis and epithelial cell loss in GI syndrome is still 
debated, calcineurin inhibitors and radiation may commonly 
attack both cell types. Histopathologic features of I-TMA mimic 
those of GI syndrome, suggesting common pathological 
mechanisms. 

MSCs are promising tools for cell-based therapy, and in 
clinical settings, commercially produced MSCs have been 
used to treat resistant intestinal GVHD. In addition, in radiation-
induced intestinal injury models, MSCs limit radiation damage 
and contribute to tissue regeneration via release of beneficial 

Fig.3 Research Project on the Treatment of Actinide Exposure.

Fig.4 In vitro evaluation system. 
 4A: Schematic illustration of the in vitro system for evaluating the 

relationship between MSCs, target cells (IEC-6 cells or HUVECs), 
radiation, and various factors. The system is comprised of an 
insert well containing target cells (1.5 × 105/well) with or without 
8 Gy radiation exposure and an external well with or without 
MSCs (1.0 × 105/well) supplied with or without factors in a 1.5 mL 
culture medium. After culturing for 48 h, target cells were har-
vested and viability was assessed by the Trypan Blue exclusion 
test. Mean survival was determined by counting eight randomly 
selected non-overlapping fields containing viable and non-viable 
cells. 

 4B: Interactions between various factors, radiation, MSCs, and 
IEC-6 cells. Values represent mean ± SD. The value in target 
cells without application of MSCs, radiation, or factors (control 
group) was set as 100%. Relative viability of each group to the 
control was evaluated for 48 h. Interaction experiments were re-
peated three times. *p < 0.05 by Student’s t-test.

A

B

pleiotropic factors, although the underlying mechanisms are 
not well understood. MSCs release various neurotrophic fac-
tors, which improve radiation-induced myelopathy and protect 
against ischemic brain damage by preventing neuronal apop-
tosis and improving microcirculation. Furthermore, their over-
expressing MSCs reduce infarct size and promote functional 
recovery in a rat model of brain infarction. They also protect 
HUVECs against damage induced by tumor necrosis factor α 
or interleukin-1. However, whether they have positive effects on 
irradiated intestinal epithelial cells remains unknown.

Recent studies have found that combination therapy with 
MSCs and tacrolimus attenuates ischemic brain damage, while 
tacrolimus may increase a specific neurotropic factor expres-
sion in astrocytes subjected to ischemia, suggesting a possible 
link between tacrolimus and its expression in MSCs. Based on 
these findings, we hypothesized that MSCs and released neu-
rotropic factors have beneficial effects on intestinal epithelial 
and endothelial cells exposed to radiation, and may be useful 
for the treatment of patients with I-TMA or GI syndrome.

However, for therapeutic application of MSCs, more detailed 
knowledge of the effects of tacrolimus and MSCs on epithelial 
and endothelial cells with or without irradiation is required. 
Given the difficulties in investigating relationships between 
I-TMA, GI syndrome, and the cells or molecules involved in 
vivo, in the present study we established an in vitro system 
(Fig.4A) to analyze these interactions and examined the mech-
anistic basis for the effects of MSCs on intestinal epithelial cells 
in order to provide answers to these basic questions that can 
benefit future in vivo studies (Fig.4B).
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Intestinal thrombotic microangiopathy (I-TMA) is a critical 
complication of stem cell transplantation. Although the precise 
cause of I-TMA has not yet been fully elucidated, several fac-
tors—including graft versus host disease (GVHD), total body 
irradiation (TBI), calcineurin inhibitors such as cyclosporine 
A (CsA), tacrolimus, and infection—are suggested to play a 
role in its etiology. I-TMA has attracted particular attention as a 
cause of preventable, non-relapse mortality, which has rates of 
10%–70%. Investigations of I-TMA pathogenesis have mainly 
focused on intestinal endothelial injury caused by calcineurin 
inhibitors, which induce various types of dysfunction in human 
umbilical vein endothelial cells (HUVECs). Prompt withdrawal or 
reduction of calcineurin inhibitor administration in patients with 
I-TMA is recommended based on case studies. Approximately 
50% of patients respond to a tapered schedule, but complete 
withdrawal is not advisable for patients with severe GVHD, for 
whom novel therapeutic strategies are required.

TBI or abdominal radiation therapy can induce gastroin-
testinal (GI) syndrome in patients, which is characterized by 
nausea, vomiting, diarrhea, or sometimes life-threatening mi-
croangiopathy or bacterial translocation and for which there 
is no definitely effective prophylactic or therapeutic treatment. 
Although the precise link between microvascular endothelial 
cell apoptosis and epithelial cell loss in GI syndrome is still 
debated, calcineurin inhibitors and radiation may commonly 
attack both cell types. Histopathologic features of I-TMA mimic 
those of GI syndrome, suggesting common pathological 
mechanisms. 

Mesenchymal stem cells (MSCs) are promising tools for cell-
based therapy, and in clinical settings, commercially produced 
MSCs have been used to treat resistant intestinal GVHD. In 
addition, in radiation-induced intestinal injury models, MSCs 
limit radiation damage and contribute to tissue regeneration via 
release of beneficial pleiotropic factors, although the underly-
ing mechanisms are not well understood. MSCs release various 
neurotrophic factors, which reduce symptoms of radiation-in-
duced myelopathy and protect against ischemic brain damage 
by preventing neuronal apoptosis and improving microcircula-
tion. Furthermore, their overexpressing MSCs reduce infarct 
size and promote functional recovery in a rat model of brain 
infarction. They also protect HUVECs against damage induced 
by tumor necrosis factor α or interleukin-1. However, whether 
they have positive effects on irradiated intestinal epithelial cells 
remains unknown.

Recent studies have found that combination therapy with 
MSCs and tacrolimus attenuates ischemic brain damage, while 
tacrolimus may increase a specific neurotropic factor expres-
sion in astrocytes subjected to ischemia, suggesting a possible 
link between tacrolimus and its expression in MSCs. Based on 
these findings, we hypothesized that MSCs and released neu-
rotropic factors have beneficial effects on intestinal epithelial 
and endothelial cells exposed to radiation, and may be useful 
for the treatment of patients with I-TMA or GI syndrome.

However, for therapeutic application of MSCs, more detailed 
knowledge of the effects of tacrolimus and MSCs on epithelial 
and endothelial cells with or without irradiation is required. 
Given the difficulties in investigating relationships between 
I-TMA, GI syndrome, and the cells or molecules involved in 
vivo, in the present study we established an in vitro system to 
analyze these interactions and examined the mechanistic basis 
for the effects of MSCs on intestinal epithelial cells in order to 
provide answers to these basic questions that can benefit fu-
ture in vivo studies.

Research on Treatment and Diagnosis for Traumatic Radiation Damage
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Fig.1 In vitro evaluation system. (A) Schematic illustration of the in vitro system for evaluating the relationship between MSCs, target cells (IEC-6 
cells or HUVECs), radiation, and various factors. The system comprises an insert well containing target cells (1.5 × 105/well) with or without 
8 Gy radiation exposure and an external well with or without MSCs (1.0 × 105/well) supplied with or without factors in a 1.5 ml culture me-
dium. After culturing for 48 h, target cells were harvested and viability was assessed by the Trypan Blue exclusion test. Mean survival was 
determined by counting eight randomly selected non-overlapping fields containing viable and non-viable cells. (B) Interactions between 
various factors, radiation, MSCs, and IEC-6 cells. Values represent mean ± SD. The value in target cells without application of MSCs, 
radiation, or factors (control group) was set as 100%. Relative viability of each group to the control was evaluated for 48 h. Interaction ex-
periments were repeated three times. *p < 0.05 by Student’s t-test.
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Objectives
Various irradiation situations can be simulated by in vivo 

experiments using animals. Biodosimetry using living cells 
provides direct evidence of the cellular damage in a body. At 
present, biodosimetric methods by the measurement of chro-
mosomal damage in lymphoblasts by high-dose irradiation 
have been established. However, the method is not suitable for 
quantification of low-dose radiation below 500 mGy. To inves-
tigate biological effects by the exposure to low-dose radiation, 
quantitative indicators reflecting a weak level of damage are 
useful. If such indicators are found, they can be applied to 
study in various models including continuous exposure at low-
dose rate and internal contamination. Here, we established an 
example of the biodosimetric method to measure low-dose ra-
diation below 500 mGy by the use of mRNA in white blood cells 
from irradiated mice [1].

Results and discussion
Quantification method of irradiation dose-dependent increase 
in mRNA in avoidance of strong effect of circadian rhythms

As a biological sample for biodosimetry, the use of small 
amounts of peripheral blood collected from a body by a low-
invasive method has an advantage in various situations of 
animal experiments. It is believed that small amounts of undif-
ferentiated or proliferating cells are included in white blood 
cells in circulating blood. Because blood cells are more sensi-
tive against radiation than other somatic cells, they are used as 
a highly sensitive indicator in the body. After irradiation, such 
undifferentiated or proliferating blood cells are expected to 
trigger early apoptotic mechanism, with induction of mRNA for 
early apoptotic genes such as Bax. In fact, we have reported 
that mRNAs for DNA damage-induced genes including Bax are 
increased dose-dependently in peripheral blood after whole-
body irradiation of C3H/He inbred mice [2]. 

Messenger RNA for a house keeping gene, glyceraldehyde-
3-phosphate dehydrogenase (Gapdh), is expressed in all the 
living cells and is widely used as an internal standard for quan-
titative analysis of inducible mRNAs, because of its constant 
expression after addition of various inducers on gene expres-
sion. Concentration of white blood cells in circulating blood in 
mice changes diurnally [1]. There is a possibility that the ratio 
of the cells which express Bax mRNA in response to irradiation 
also fluctuates by the circadian rhythm. The possibility is similar 
that the rate of non-responsive cells containing Gapdh mRNA 
without Bax mRNA fluctuates simultaneously. If so, the mRNA 
rates of Bax/Gapdh change diurnally after irradiation. In fact, 
the levels in the mRNA rates in blood collected from mice 4h 

after whole-body exposure at a dose of 500 mGy of kinetic en-
ergy released per unit mass (air-kerma) in a daytime irradiation 
was 2 times higher as compared with the levels in a nighttime 
irradiation (Fig.1., blue line).

For the practicable use of mRNA quantification in blood 
for biodosimetry, we focused on protooncogene c-myc (Myc) 
mRNA which is known to be expressed in undifferentiated white 
blood cells as well as in proliferative cells. If undifferentiated or 
proliferating cells in circulating white blood cells continuously 
keep the intracellular levels of the Myc mRNA and induce Bax 
mRNA after irradiation, the circadian change is expected to 
be minimized. In fact, the mRNA rates of Bax/Myc were not af-
fected by the irradiation clock time (Fig.1., red line). Therefore, 
the RNA rate of Bax/Myc was suggested to be useful as a bio-
dosimetric indicator in animal experiments.

Radiation dose-dependent increase in the mRNA rate of Bax/
Myc in white blood cells

To use the mRNA rate of Bax/Myc as a biodosimetric indica-
tor, the levels have to increase depending on the irradiation 
doses. We examined the mRNA rate in blood collected 4h after 
whole-body exposure at X-ray doses of 0, 100, 200 and 500 
mGy (air-kerma) to mice in their active time (Fig.2., red). The 
mRNA rates were increased proportionally to the irradiation 
doses. Similarly, blood samples from mice in their resting time 
gave a similar regression line (Fig.2., purple). Slopes of the two 
lines were closely similar and their coefficients of correlation 
were too. Because the relationships between mRNA rates and 
exposed doses were kept among different production batches 
of C3H/He inbred mice [1], we concluded that the mRNA rate 
of Bax/Myc can be used for the biodosimetric method.

Application of the mRNA rate of Bax/Myc in white blood cells in 
the model of internal contamination

The mouse irradiation model mentioned above simulates a 
single whole-body irradiation at high-dose rate (0.5 Gy/min). As 
an internal contamination model with continuous irradiation at 

Research on Treatment and Diagnosis for Traumatic Radiation Damage
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low-dose rate, we injected a beta emitter of 32[P]-phosphate to 
mice. When injected doses of 32P were 200 or 80 MBq/kg, the 
estimated absorbed dose rates to water were 80 or 32 mGy/h, 
respectively. Because total absorbed doses in mouse are 
accumulated every hour, linear increases in the levels of the 
mRNA rates of Bax/Myc were calculated. The 95% confidence 
intervals of the predicted increases after 80 or 32 mGy calcu-
lated by the single irradiation model are shown as gray bands 
in Fig.3. The actual mRNA rates of Bax/Myc in blood collected 
4h and 8h after injection of phosphate were measured (red, or-
ange and blue symbols). All the data (red and orange symbols) 
were included in the predicted ranges (gray bands) . Therefore, 

Fig.1 Messenger RNA rates in white blood cells from mice irradiated at different clock-times. 
 Four mice per group were whole-body X-irradiated in a dose of 0.5Gy (air-kerma) or 0Gy at the indicated time 

(x-axis). Four hours after the irradiation, a drop of blood was collected and the mRNA levels were measured by 
accurate quantitative RT-PCR [2]. Clock time-dependent fluctuation in the averages and standard errors (s.e.s) of 
Bax/Gadph mRNA rates in blood from irradiated mice (blue line) and sham-irradiated mice (light blue line) were 
observed. The fluctuation became the minimum in the averages and s.e.s of Bax/c-Myc mRNA rates in blood from 
the irradiated mice (red line) and the sham-irradiated mice (light red line).

Fig.2 Correlation between the Bax/Myc RNA ratios and exposed doses 
of X-ray. 

 Four mice per group were used for X-irradiation at doses of 0, 0.1, 
0.2, or 0.5 Gy (air-kerma). Mice in active time were whole-body 
irradiated at nighttime 02:00 and blood was collected 4 h later 
(red dots and line). Blood from mice in resting time were col-
lected 4h after irradiation at daytime 02:00 (purple dots and line). 
Averages, s.e.s, and regression lines, and correlation coefficients 
(r) and slopes of the lines (b) are indicated.

Fig.3 Dose-dependent increase in Bax/Myc RNA rates in an internal 
contamination model. 

 Four  mice per  group were in jected wi th  a  β -emi t ter, 
32P-phosphate, at a dose of 200 MBq/kg (red diamonds), 80 
MBq/kg (orange closed circles), or 0 Bq/kg (blue closed cir-
cles). Areas shaded in gray indicate predicted 95% confidence 
intervals of the time-dependent increase in the RNA ratio cor-
responding to the estimated absorbed dose to water, which were 
calculated from the data obtained from the single γ-irradiation 
experiment [1]. Averages and s.e. among 4 mice per group are 
shown as symbols and bars, respectively.

we concluded that the biodosimetric method is applicable to 
internal contamination experiments and the continuous irradia-
tion model.

Perspectives
Here we showed an example of the mRNA ratio of Bax/Myc 

in peripheral blood as a biodosimetric indicator following low-
dose radiation. Similarly, we have previously found that mRNA 
ratios of Bbc3/Myc and Cdkn1a/Myc were also applicable [1]. 
When these indicators are used for biodosimetry in low-dose 
exposure experiments, more precise analysis is expected by 
the simultaneous measurements of these 3 sets of indicators.

References
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Introduction 
Radioactivity measurements of various environmental sam-

ples have been performed by many institutes. In these meas-
urements, the gamma-ray spectrometry using High-Purity 
Germanium (HPGe) detectors is commonly used. A significant 
advantage of this method is its easiness and promptness al-
though targeted radionuclides are limited to gamma-emitters. 
Meanwhile, a large number of NaI(Tl) detectors with poor 
energy resolution have been newly installed to cope with ex-
tensive inspections of samples including food products after 
the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident. 
Additional inspections using the HPGe detectors have been 
also requested for the samples exceeding screening levels. 

For accurate radioactivity determinations in these measure-
ments, the efficiency calibration of the detector used should 
be made under the same conditions as those for the sample. 
However, a major difficulty in this is to prepare a standard 
source with the same chemical composition and density as 
the sample to be measured. Thus, we addressed the problem 
of obtaining a self-absorption correction factor for accurate 
activity determinations without the preparation of standard 
sources for samples in 1000 cm3 re-entrant containers (known 
as Marinelli containers) that have been widely used for the ad-
ditional inspections after the FDNPP accident. We also demon-
strated the validity of the proposed self-absorption correction 
factor through an intercomparison test among laboratories that 
owned different-sized HPGe detectors. 

A semi-empirical self-absorption correction factor 
for Marinelli containers

The self-absorption correction factor for the sample is given by 

εx(E, μx) = f (μx)
f (μref)

 • εref(E, μref) …(1)

where, εx(E, μx) is the peak efficiency for the sample with μx at 
a photon energy E, and εref(E, μref) is the peak efficiency for the 
reference source. f (μ) is the self-absorption correction factor as 
a function of the linear attenuation coefficient. 

Regarding f (μ), many studies have suggested theoretically 
calculated or empirical formulae for the Marinelli containers. 
The gamma-ray spectrometry guidelines [1] also provide the 
following empirical formula: 

f (μ) = 1
1+a •μ+b •μ2

 …(2)

where, a and b are the constants that depend on the size of the 
Marinelli container.

This formula has been commonly used especially in Japan. 
The values of the two constants are provided in the guidelines 
for the 700 cm3 and 2000 cm3 Marinelli containers; however, not 
for the 1000 cm3 container. In addition, the accuracy of the for-
mulae has not been fully studied for a wide range of the linear 
attenuation coefficient. 

Materials and methods
Monte Carlo simulations were employed to determine the a 

and b constants in the self-absorption correction factor. The 
MCNP5 code was used for this task. Figure 1 shows the simula-
tion model for the HPGe detector used in this study coupled to 
the 1000 cm3 Marinelli container. The thicknesses of the dead 
layers that exist at outer surfaces of the crystal were chosen 
based on the information from the manufacturer without esti-
mating the actual thickness. 

In the simulation, photons were uniformly generated within 
the source region in the model and each energy deposition 
event in the active volume of the crystal was scored using a 
pulse height tally. Peak efficiencies were then determined from 
the resulting pulse height spectra. The matrix in the container 
was the source region, which was virtually set as SiO2. The sim-
ulations were individually performed for each peak energy from 
the reference source used for efficiency calibration of the HPGe 
detector, while changing the density of the source region from 
0 (void) to 4 g cm−3 in 1 g cm−3 steps. One million histories were 
performed in each simulation to reduce the statistical standard 
deviation (1σ) less than 1%. 

Equation (1) can be modified as follows:

εc(E, μc)
εvoid(E, 0)

 = f (μc)
f (0)

 = f (μc) = 1
1+a •μc+b •μc

2
 …(3)

where, εc(E, μc) and εvoid(E, 0) are the calculated peak efficien-
cies for SiO2 with a non-zero μc and the void (μ=0). We note that 
f (μ) is one in the case of the void. The two constants in the fac-
tor were determined by the least-squares method based on the 
calculated f (μ) values. 

Research on the Development of Dosimetric Technology
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The self-absorption correction factor was validated using a 
set of four test sources comprising different matrices with den-
sities ranging from 0.7 to 3.0 g cm−3. These sources contained 
the following nine radionuclides: 109Cd (88 keV), 57Co (122 keV, 
136 keV), 139Ce (320 keV), 51Cr (168 keV), 113Sn (392 keV), 85Sr 
(514 keV), 137Cs (662 keV), 88Y (898 keV, 1836 keV) and 60Co 
(1173 keV, 1332 keV). As a result, this set provides a wide 
range of linear attenuation coefficient values from 0.0357 cm−1 

to 0.929 cm−1. Linear attenuation coefficients of matrices were 
calculated using the XCOM database and the reference data of 
the density and elemental weight fraction. 

We also performed an interlaboratory comparison to evaluate 
the validity of the factor by providing two identical test samples 
made of brown rice with certified radioactivities of 134Cs and 
137Cs. These samples were placed in two 1000 cm3 Marinelli 
containers. Five laboratories participated in this test. 

Results and discussion
Figure 2 shows the self-absorption correction factors for the 

1000 cm3 Marinelli container as a function of the linear attenua-
tion coefficient. Each point in the figure corresponds to the f (μc) 
values calculated by Monte Carlo simulations. As a result, the 
constants a and b were determined to be 1.362 and 0.6774, 
respectively. 

Figure 3 demonstrates the ratios of the quantified radioactiv-
ity to the certified radioactivity for each peak energy from the 
test sources: panels (A) and (B) are the ratios without and with 
the self-absorption correction, respectively. The error bars of 
the symbols in the figure denote the combined uncertainty (k=2) 
of the sources used for calibration and quantification) and 
counting statistics. The figure shows that the self-absorption 
correction factor enabled accurate radioactivity determination 
of the test sources over a wide range of the linear attenuation 
coefficient (µ: 0.05 – 1.0 cm−1), whereas the absence of correc-
tions resulted in significant underestimations for µ > 0.2 cm−1. 

The interlaboratory comparison also validated the proposed 
self-absorption correction factor although the relative efficiency 
and crystal size of the 11 HPGe detectors of the laboratories 
were different. Details of the results for this report have been 
described elsewhere [3].

References
[1] JP. MEXT, Gamma-ray spectrometry using a germanium semiconductor 

detector (Radiation Measurement Methods Series #7), 1992.

[2] Berger M J et al., XCOM: Photon Cross Section Database, 2010. 
Available at http://www.nist.gov/pml/data/xcom/index.cfm
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Fig.1 Simulation model for the HPGe detector and 1000 cm3 Marinelli 
container.
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Fig.3 Rations of quantified to certified radioactivities of the test sourc-
es. Panel (A): no correction, Panel (B): correction.
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Introduction
Biological dosimetry is used to estimate an individual’s dose 

by biological phenomena. The most popular and “gold stand-
ard” phenomenon is the appearance of dicentric chromosomes 
in the metaphase (Fig.1) in white blood cells [1]. The meta-
phase finder is a tool for biological dosimetry that finds meta-
phase cells on glass slides. It consists of an automated micro-
scope, auto-focus system, X-Y stage, camera, and computer. 
It does the image diagnosis of the microscopic images of the 
glass slides, and displays the positions of metaphase cells. The 
metaphase finder was used to determine the radiation doses 
received by emergency personnel who worked at Fukushima 
Daiichi Nuclear Power Plant during the accident. There are 
several commercially available metaphase finders, and we also 
have developed an automated optical microscope system [2]. 
But, these systems are usually expensive and inconvenient to 
fit to the various chromosome preparations. We have already 
reported a previous model of the low-cost metaphase finder 
system [3], but this was still inconvenient. Then, we planned a 
new project with a software company to make our previous sys-
tem faster. The aims of the new system were 1) to be adapted 
not only for metaphases, but also for PCC cells; 2) to take less 
than 20 minutes per slide; 3) to have a false positive rate of less 
than 5%; 4) to have a compact system including a microscope, 
power supplies, a small PC and a display; 5) to have a retail 
price below 8 million JPY; and 6) to use all domestically made 
components (except the OS). Figure 2 shows a photo of the 
completed system.

The new optical microscope
The previous metaphase finder system consisted of the 

following components: an optical microscope, a motorized 
sample stage, and an auto-focusing unit. But, the new system 
combined these components into one automated microscope. 
This enabled reduction of the size and cost of the total system. 
The new high-definition camera made it possible to use 4x ob-
jective lens. The image recognition software for detecting meta-
phases in the microscope image was ordered to asupplied by 
the software company based on the our previously developed 
program at the author’s laboratory. 

Metaphase detection
The most significant feature of the software of this meta-

phase finder is its use of mathematical morphology filters in 
most the image recognition process. The mathematical mor-
phology filters for grey-level images were also used in as the 
previous 2008 version. First, the captured image is adjusted by 
the background subtraction (Fig.3A). Next, the “dilation” and 
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Fig.1 Microscope image of a metaphase cell. Arrows are dicentric 
chromosomes.

“erosion” were are applied several times to this color image for 
several times to eliminate the small objects like chromosomes 
(Fig.3B). In this process, “erosion” was is applied once more 
than “dilation” was is applied, to make fringes of remained the 
remaining objects bigger than the original image. This image 
is subtracted from the original image to make small objects 
appear small objects that had been removed by the previous 
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Fig.2 The new metaphase finder.

Fig.3 Image processing for metaphase detection. A: Original image. B: Dilation and erosion of A. C: 
Subtract B from A. D: Binarize C. E: Closing of D. F: Opening of E.

process (Fig.3C). Then, this image is then binarized to black 
pixels and white pixels (Fig.3D), by a user-selected threshold 
value. ThenNext, extraction of the particles whose sizes are 
comparable with chromosomes from the binary image is done 
by using the “opening” (Fig.3E) and “closing” (Fig.3F) the fil-
ters. The sizes, the shapes (roundness, aspect ratio, etc.) and 
the darkness of the clusters of the particles are measured and 
the clusters with appropriate values were are finally determined 
to be the metaphases. The XY coordinates of each metaphase 
on the slide are calculated from the position of the metaphase 
in the image and the scanning position on the slide.

Performance test
The metaphase finder system’s speed was determined by 

scanning one whole slide. It took 13 minutes and 56 seconds 
per slide, while capturing 1,333 images. And, the false posi-
tive rate was below 5%. These values satisfied the aims of the 
project.
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