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Abstract

As aresult of the 2011 nuclear incident that occurred at the Fukushima Nuclear Power
Plant, a large number of abandoned dogs and cats were left within the disaster zone. A
small number of these animals were rescued and cared for at shelters. Prior to the dispersal
of these animals to their owners or fosterers, we evaluated the degree of internal radioce-
sium contamination using a specially designed whole-body counter. We conducted 863
non-invasive measurements of gamma rays due to internal radioactive cesium for 68 dogs
and 120 cats at one shelter. After plotting graphs of '3'Cs density we generated exponential
functions of decay from seven dogs and six cats. From the regression formulae, we were
able to determine the biological half-lives as 38.2 days for dogs and 30.8 days for cats. We
found that in dogs there was a correlation between the biological half-life of radioactive
cesium and age. Using our data, we estimated whole-body densities for each cat and dog at
the time when they were rescued. We found that there were deviations in the data distribu-
tions among the different species, likely due to the timing of rescue, or living habits prior to
rescue. A significant correlation was found when extracted feline reproductive organs were
analyzed; the coefficients for the estimation of whole-body densities were approximately 7-
fold higher than those based on the extracted feline reproductive organs. This may be due
to the fact that majority of the radioactive cesium accumulates within muscular tissue with
less distribution in other organs. It is possible to plan the appropriate management period in
an animal shelter based on the use of the biological half-life of radioactive cesium calculated
in this study. We believe that the correlations we uncovered in this work would be of great
use for the management of companion animals in the event of a future nuclear accident.

Introduction

On 11 March 2011, a major earthquake devastated the Tohoku region of Honshu Island of
Japan, ultimately causing a nuclear meltdown in several nuclear reactors at the Fukushima
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Daiichi Nuclear Power Plant (FNPP). The large amounts of radioactive material that were
released caused radioactive contamination throughout the Fukushima prefecture and sur-
rounding areas. On 12 March 2011, evacuation orders were issued within a 20-km radius of
FNPP. By 22 April 2011, the 20-km area was designated as a restricted zone, and the move-
ment of animals and goods out of the area was highly restricted.

During this restriction, a ban was imposed on transportation of all livestock animals inside
the restricted zone, while all companion animals (dogs and cats) were allowed out of the
restricted zone after body surface radioactive contamination checking, as mandated by the
Fukushima government.

There have been many analyses of human exposure to the release of radioactive materials
into the environment from nuclear tests and atomic accidents. The primary focus of studies
into animal exposure has been the transfer coefficients of radioactive materials to meats and
milk [1, 2]. No data about domestically raised animals have been published. Prior to the FNPP
accident, the 1986 Chernobyl nuclear accident exerted global influence on the handling of
radioactive materials. Despite a large number of domestic meat animals being transported out
of the restricted zone, all home breeding dogs around nuclear power plant were shot dead with
no data on their internal contamination [3]. With regard to other wild animals, there is a large
amount of published data on reindeer and roe deer from regions of Ukraine [4], on lynxes
from northern Europe [5-7], and on wild boar from Germany [8]. Thus far, there are no
reports pertaining to biological half-lives in animals, other than those that refer to the degrees
of contamination or biodistribution.

In general, a multitude of different radioactive materials are released into the environ-
ment directly after a nuclear accident. Over time, changes occur within key nuclear species
that can have an effect on human exposure. After several years, the nuclear species with the
strongest effect are radioactive strontium and cesium. Because the amount of radioactive
strontium emitted during the FNPP disaster was comparatively low, radioactive cesium was
regarded as the greatest threat to human exposure in Japan [3, 9]. Consequently, radioactive
cesium was selected to be the focus of this study. Additionally, the quality of life of domestic
animals is taken into serious consideration in modern developed countries, and this is the
second reason we focused our work on the biological half-life of radioactive cesium. Cur-
rently there are no data on cesium half-life in companion animals, yet this would form an
important part in establishing the optimal management period for radioactively contami-
nated dogs and cats. Indeed, the provision of clean food and water for dogs and cats is a
major issue for animal shelters. The longer that an animal stays in the shelter, the greater the
probability that the shelter will be unable to provide for them adequately, due to increased
numbers.

Although the Fukushima Headquarters for Animal Rescue initially established animal shel-
ters at two locations, one shelter in lino-machi, Fukushima, had closed by January 2013. The
second shelter in Miharu-machi, in the Tamura district of Fukushima, was closed in December
2015 after operating for 4 years and 2 months. The majority of the animals being cared for at
the Miharu shelter were dogs and cats that were rescued within the 20 km restricted area.
These animals were treated before they were eventually transferred to owners or people who
were willing to adopt them. Prior to the use of our whole-body radiation counter, to prevent
exposure to the families who adopted the animals, we measured the radioactive dosage on
each animal body surface using a survey meter and lengthened the raising period in the shelter
for the attenuation of the internal radioactivity. Because the accurate biological half-life of
radioactive cesium in cats and dogs is not known, we used parameters for humans. Although
the biological half-life of radioactive cesium obtained from rodent and human data is applica-
ble to other types of animals, there are presumably differences in metabolic rates between
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species. Additionally, given that many factors affect metabolic rates, it is critical to understand
both the representative values and the margins of fluctuation.

To this aim, we installed a whole-body gamma counter at the Miharu shelter to monitor the
amount of internal residual radioactivity in dogs and cats. Using this counter, measurements
were collected from April 2013, for a period of 2.5 years. The effective halflife in dogs and cats
was measured in a prospective study and the relationship between the biological half-life and
other factors was analyzed in a descriptive study. Data obtained non-invasively from dogs and
cats that were exposed to a nuclear accident could be highly valuable. Indeed, our results
should be useful for directing rescue activities of animal victims in the event of future nuclear
accidents.

Materials and Methods
Animals and ethics

The Ethics Committee of Fukushima Headquarters for Animal Rescue at the Ministry of the
Environment and Fukushima Veterinary Medical Association created the ethical standard
manual for animal welfare (approved by an extraordinary meeting of Relief of Animals in
Emergencies in May, 2011), studies were conducted in accordance with this manual. We
obtained data for this research study at the Miharu shelter, which is a facility established for
the humane rescue of dogs and cats affected by the earthquake that caused the Fukushima
disaster. After the disaster, 463 dogs and 545 cats were collected from the restricted zone and
taken to Miharu shelter, where veterinary care was carried out. The shelter also took responsi-
bility for the acclimation of two to three new generations of animals born in the restricted
zone since the disaster. Routine reports were given to multiple representatives from animal
welfare groups and veterinarians about the operation and management of the shelter, the treat-
ment of animals, and the collection of data on health management and exposure. Any neces-
sary improvements were made in response to feedback.

At the Miharu shelter, the animals were housed in clean cages, at a controlled ambient tem-
perature, and given appropriate food and water. To maintain health, animals underwent veter-
inary health check-ups (including fur checks), bathing, regular exercising, and were given toys
to play with. During internal exposure measurements, the animals were housed in plastic
cages suitable for their size, and then the measurements were performed non-invasively using
a whole-body counter. To prevent breeding and other problematic animal behaviors, a skilled
veterinarian castrated or spayed each animal immediately after its rescue. Almost all intact
male and female cats underwent ovariohysterectomies and orchiectomies. The extracted
reproductive organs were then measured for radioactivity to estimate the amounts of internal
exposure.

Whole-body counter

A whole-body counter was used to evaluate the internal exposure of rescued and acclimated
animals. A total of 863 gamma ray measurements were performed non-invasively on 68 dogs
and 120 cats at the Miharu shelter, to quantify the animals’ internal radioactive cesium. Mea-
surements were conducted with the animal remaining inside their cage. The external dimen-
sions of the steel detection tank were 880 mm (W), 1143 mm (D), 1225 mm (H) and 5 mm
thickness. At the midpoint of the height of the 5-mm-thick steel detection tank, two 3 inch x 3
inch Nal (TI) scintillation probes (Ohyo Koken Kogyo Co. Ltd., Tokyo, Japan) were installed.
15-mm-thick lead plates shielded all outer faces of the tank. To reduce background counts, the
four vertical outer faces (front, back, left and right) were reinforced with a plastic container

PLOS ONE | DOI:10.1371/journal.pone.0169365 January 18,2017 3/15

187

7
i
'-9’?,
%
A




E'ni
=5
il
%
&
X

@PLOS l ONE

Radiocesium Decay in Dogs and Cats of Fukushima

Fig 1. A: Front view of the detection tank of the whole-body counter. The entire surface, including the door, is
covered with lead plates. The four vertical outer faces (front, back, left, right) were shielded with water. B:
Inside the detection tank. The animal cage can be seen on top of polystyrene blocks. The Nal radiation
detectors lie on both sides. C: High-voltage power supply, linear amplifier, multi-channel pulse height analyzer
and radioactivity analyzer.

doi:10.1371/journal.pone.0169365.9001

filled with 18 L of deionized water. They were set side by side and then fixed with cable ties to
secure them in position (Fig 1).

The measuring instruments system consisted of a Nuclear Instrument Modules (NIM)
standardized summation inverter, a linear amp, an Analog to Digital Converter (ADC) mod-
ule, a high voltage power supply, a BIN power supply and a notebook PC with built-in analyti-
cal software. Ohyo Koken Kogyo Co. Ltd., Tokyo, Japan, manufactured the whole-body
counter instrument. The instrument calibration was performed using a volume source with a
137Cs standard point source, and water contaminated from the nuclear accident as a reference
volume source. The peak photoelectric absorption of '*’Cs was selected at 661.66 keV energy
and 85.1% branching rate of gamma rays, and calculations were performed. It is possible for
the measured radioactivity to be affected by the influence of gamma ray emissions from '**Cs
(796 keV), resulting in slight overestimations of radioactivity. The degree of the overestima-
tions was confirmed to be less than 5% (at the time of instrument installation) by comparison
to measurements of the calibration source by a germanium semiconductor HPGe detector
(40% relatively efficient coaxial type; Canberra, Meriden, USA).

The animals were measured in a polypropylene cage that fit each animal’s individual phy-
sique and restricted their movements during measurements. Animals did not exhibit any vio-
lent or large movements during the measurements, meaning anesthetics or tranquilizers were
unneeded. Prior to data collection, it was observed that the animals tended to sleep when the
cage was darkened, so the decision was made to collect measurements with the lights switched
off. In all instances, the measurements were performed in less than 1 h.
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Measurement of radioactivity of feline reproductive organs

The radioactivity of the surgically extracted reproductive organs was calculated via gamma ray
spectrometry using a germanium semiconductor HPGe detector (GC3518; Canberra, Meri-
den, USA). In accordance with the sample radioactivity, the measurement times were between
3,600 and 200,000 s. The gamma ray energy efficiency was determined from measurements of
standard point sources: 13384, 137Cs, ®°Co, and **Na. To derive the calculation efficiencies of
the volumes of the measurement samples, solutions of potassium chloride containing known
quantities of potassium were decanted into polyethylene vials (20 ml, 50 ml, and 100 ml) and
multiple measurements were conducted on the volume sources. We obtained a calibration
curve by evaluation of the photoelectric absorption peak of *’K for each of the 10 types of vol-
ume of potassium solution, and the measurement samples were corrected for volume effi-
ciency. Corrections of decaying efficiencies were made on deviations from the *°K volume
source. Numerical calculations were performed using the Simpson’s rule [10].

The samples were pretreated uniformly using a homogenizer and sealed in polyethylene
vials (20 ml, 50 ml or 100 ml, according to their size); measurements were then performed.
The limits of detection of radioactivity were determined from background counts.

Statistical methods and analysis of biological decay of radiocesium

The measurements from the whole-body counter were recorded every few days until the inter-
nal radioactivity of each animal fell below the limits of detection. The limit of detection was
10-20 Bg/kg in a 1 hour measurement. The values from the first day of continuous measure-
ments were normalized to be 1, and correlations between radioactivity and time were fitted as
exponential functions of the logarithmic base. Regression equations and coefficients of deter-
mination were obtained using the least-squares method. For the correlation coefficients, the
square roots of the determination coefficients were used, and for tests of no correlation, the
Kolmogorov-Smirnov-test and the t-test were performed. The significant difference between
7Cs concentration from the whole-body of dogs and cats, and the genital organs of cats was
tested using the Mann-Whitney U test, and for testing if there was no correlation, the Kolmo-
gorov-Sminov test and the t-test were performed. Graphs were created using Microsoft Excel
2013 and statistical analyses were performed using R for Windows v.3.2.3. The effective half-
life (Teff) was calculated from the regression equations of exponential decay from each animal,
and the biological half-life (Tb) was obtained from the physical half-life of radioactive '*’Cs
(30.08 years) (Tp) and the effective half-life. Effective half-live was calculated by using the
equation below.

1L _1.,1
Teff ~ Tp ' Tb

Results and Discussion

The Fukushima Headquarters for Animal Rescue have a policy to deliver disaster affected pet
animals (rescued in the restricted zone or entrusted from the owner) to either their original
owners or fosterers. To this end, a whole-body radiation counter was introduced, as it was
essential to confirm the degree of internal exposure at the time when the animals were due to
leave the animal rescue center. The use of whole-body counters for the evaluation of human
internal exposure had already been widely used for this particular nuclear accident [9];
whereas the use of such instruments for animals had only been reported for evaluating radio-
active cesium contamination in living beef cattle [11]. Although there have been examples of
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whole-body counters for dogs in studies on the effects of plutonium on living bodies [12] and
in nuclear medicine [13], the Goidnia accident case was the only report we could find on the
evaluation of internal contamination in living dogs [14]. We believe that this study is the first
report on measurements of the elimination rates for radioactive cesium in pet dogs and cats
using whole-body counters designed for animals.

Because clean food and water were given to the dogs and cats in the shelter, measurements
were also taken for animals that had higher *”Cs levels than the limit of detection of the
whole-body counter. We obtained high radiation counts for two dogs and one cat. However,
the values did not change with time, so we resumed the measurements after washing the ani-
mals with shampoo and warm water. One of these dogs (C7) initially produced a high radia-
tion measurement; C7 was restless inside the cage during these measurements, so we restricted
the animal’s movement using a smaller cage and pillow, and observed a significant decline in
measurements for C7 after this intervention. This was not seen in two further animals (C8 and
F7) (Fig 2). Although we cannot deny the possibility that radioactive cesium was trapped
within metabolically slow organs (such as the bones) of these animals, we surmised that
because the phenomenon was only observed in those few animals, there was a miniscule
amount of radioactivity fixed on their skin and fur. Using the animal data gathered from the
decreasing trends over five repetitions, including the first measurements post-washing, we
were able to obtain a significant exponential decay curve from the plotted densities of "*’Cs for
the 7 dogs and 6 cats.

The regression equations and decay curves of the dogs and cats internal '*’Cs densities are
shown in Figs 3 and 4, respectively. The age, body weight, number of measurements, coeffi-
cients of determination for the regression formulae, significance levels of correlation, the effec-
tive half-lives of "*’Cs and their median values, and the biological half-lives and their median
values for the 7 dogs in Table 1 and 6 cats in Table 2 are shown. The individual breeds could
not be identified since there was an abundance of mixed breeds.

The effective half-lives shown in Tables 1 and 2 were derived from the regression formu-
lae of exponential decay shown in Figs 3 and 4. The biological half-lives were calculated from
these effective half-lives. Given that the physical half-life of the target nuclear species '*’Cs is
30.08 years, there were no major differences between the biological half-lives and the effec-
tive half-lives. In this study, the calculated biological half-lives of dogs showed a lot of varia-
tion, from 17.1 to 73.1 days (Table 1). In comparison, the upper and lower limits for the
biological half-lives in cats were narrower, at 18.9 and 43.0 days, respectively (Table 2). How-
ever, large individual differences were still present. There were no significant differences in
the median biological half-life values of dogs (38.2 days) and cats (30.8 days) (p = 0.39). In
humans, the biological half-life of radioactive cesium is age-dependent and is longer for
adults than for juveniles [15-17]. In one study, the average half-life of "*’Cs in 23 Japanese
adults was measured to be 86 days. In humans, the short half-life '**Cs demonstrates biphasic
biological half-lives of 1-2 days for the first phase and 50-80 days for the second phase [18].
The existence of a third phase has also been suggested, based on analyses of individuals
exposed during the Goidnia accident in Brazil [14]. In our study, however, we were unable to
accurately demonstrate the existence of a second phase in dogs and cats. We believe this may
be due to the dogs and cats at the Miharu shelter were not exposed to high levels of radioac-
tive cesium.

There have been many studies on internal radioactive cesium contamination in wild ani-
mals [4-8] and on the transfer coefficients of the meat and milk from animal feed [1, 2].
Despite this, there have been very few studies that have focused on the biological half-lives of
radioactive cesium scattered into the environment. Although there are detailed analytical stud-
ies on the internal radioactive distribution in cattle during the Fukushima nuclear accident
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Fig 2. Observation of radiocesium decay after intervention. In these cases it was not observed
radiocesium decay, so the animals’ bodies were washed again. The arrows indicate the point at which the
animals were shampooed. C7 moved around in the cage a lot during the measurement, so its movermnent was
limited by using a smaller cage and pillows.

doi:10.1371/journal.pone.0169365.9002
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versus the number of days elapsed since the first measurement date. Each regression equation and the coefficient of determination are

shown.

doi:10.1371/journal.pone.0169365.9003

[19, 20], there are few reports pertaining to the detailed metabolism of radioactive cesium [21].
A study was conducted where radioactive cesium-contaminated feed was given to cattle over a
4-month period, after which the contaminated feed was substituted with clean feed [21]. By
evaluating the time-dependent biological half-lives in cattle urine, it was reported that the
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doi:10.1371/journal.pone.0169365.9004

average biological half-life during a 0-9 day period was 7.1 days, while during a 44-128 day
period an average of 37.4 days was obtained [21].

During our study, there was no observation of a biphasic exponential decay. We speculated
that the majority of radioactive cesium in dogs and cats resides within the musculature, simi-
larly to cattle [19, 20]. Based on the report of cattle exposure to high levels of cesium [21], it
was thought that a bi- or tri-phasic decay pattern would be also observed in dogs and cats dur-
ing a prolonged period of high level exposure. However, the non-contaminated food given to
dogs and cats was provided by volunteer activists. Since this, the pollution level in dogs and
cats in the shelter was not as high as that in the cattle.

Because our study obtained the multiple decay curves of radioactive cesium in dogs and
cats, we tested for correlations of the biological half-life of radioactive cesium with body weight
or age. The results of the dogs are presented in Fig 5. The biological half-life demonstrates a
significant correlation with age, showing that an age dependence is present in dogs. Although
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Table 1. '¥'Cs biological half-lives and parameters of the decay curves of radiocesium in canine bodies.

Dogs Sex Age Body Sample Coefficient of Significant level of | Effective half Biological half
(years) | weight (kg) |size (N) determination (R?) correlation life (days) life (days)

C1 Castrated 7.5 13.3 8 0.9385 p<0.01 27 731
male

c2 Intact male | 4.5 17.4 5 0.9618 p<0.01 38.1 38.2

C3 Intact 55 10.2 25 0.9170 p<0.01 39.8 40.0
female

Cc4 Intact 75 6.0 10 0.9773 p<0.01 18.6 18.7
female

C5 Intact male |2 9.1 12 0.9520 p<0.01 17.1 17.1

C6é Intact 0.67 8.5 20 0.8665 p<0.01 32.7 32.8
female

C7 Intactmale {7 14.3 15 0.5218 p<0.01 54.4 54.7

Median 38.1 38.2

Quartile 25.7 25.7

25%

Quartile 471 47.3

75%

doi:10.1371/journal.pone.0169365.t001

we also observe a tendency for the biological half-life to increase with body weight, no signifi-
cant correlation was observed. Though not depicted in the figure, no relationship was observed
between age, body weight, and biological half-life in cats. Because many of the cats were mostly
similar in term of population characteristics (i.e., age and body weight) in this study, increas-
ing the sample size may be necessary to probe the relationship between age, body weight and
biological half-life. During the Goidnia accident in Brazil, Prussian blue (an ion-exchange
drug) was administered to exposed individuals to encourage the excretion of radioactive
cesium from the body. Reduction of the biological half-life has been reported in beagles (as an
effect of the Prussian blue), and a correlation between body weight and biological half-life was
also demonstrated [15]. Consequently, although it was anticipated that a positive correlation

Table 2. "*’Cs biological half-lives and parameters of the decay curves of radiocesium in feline bodies.

Cats Sex Age Body _ Sample Coefficient of Significant level of | Effective half Biological half
(years) | weight(kg) | size (N) determination (R?) correlation life (days) life (days)

F1 Castrated 3 4.76 5 0.9779 p<0.01 18.8 18.9
male )

F2 Spayed 3 3.94 22 0.9745 p<0.01 39.2 39.3
female

F3 Castrated 75 4.28 24 0.9294 p<0.01 24.6 24.6
male

F4 Spayed 5 4.18 18 0.9624 p<0.01 35.6 35.8
female

F5 Castrated 5 4.68 24 0.9957 p<0.01 42.8 43.0
male

F6 Spayed 2 4.14 6 0.7278 p<0.05 25.7 25.8
female

Median 30.7 30.8

Quartile 24.6 24.6

25%

Quartile 38.3 38.4

75%

doi:10.1371/journal.pone.0169365.t002
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doi:10.1371/journal.pone.0169365.9005

of age and body weight with biological half-life could be demonstrated for dogs—if detailed
experiments were conducted on an increased number of individuals—from our data, we can
only say that there is a correlation with age.

Using the regression equation, which shows the correlations of biological half-life with age,
each animal’s full body densities of radioactive cesium internal contamination at their time of
capture were estimated for dogs and shown in Fig 6. These data are from 21 dogs and 40 cats,
for which radioactive cesium was detected by the whole-body counter. Additionally, using the
median biological half-life values, the individual whole-body densities estimated for cats, at
their time of capture, are shown in Fig 6. The biological half-life values (C1-C7, F1-F6) used
for the calculation in Fig 6 were the data shown in Tables 1 and 2. Furthermore, to curb the
problem behaviors accompanied with breeding behavior, both castration and spaying were
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carried out on the cats. The corrected radioactive cesium densities of the extracted reproductive
organs at the time of capture, similarly to the whole-body measurements, are shown in Fig 6.

From Fig 6 the differences in the data distribution of whole-body concentration between
the dogs and cats can be clearly observed. The median whole-body value for the cats was
higher, at 9,520 Bq/kg, than for the dogs, at 3,160 Bq/kg, and this was a significant difference
(p<0.01). In addition to this, from the lowest and highest individual densities in dogs, it can
be seen that the distribution range was wide, with a 100,000-fold difference. For cats, this dis-
tribution range was narrower, with the highest value only 100 times larger than the lowest. The
order of the median values for both dogs and cats was on the same power of 10, and while we
thought no significant difference in the median values, we believed that there are reasons for
the differences in the whole-body data distributions. The first reason is the capture timing and
duration of the holding period for the animals’ rescue. Among the 40 cats in which radioactive
cesium was detected via whole-body counter, the capture timing for 37 cats was concentrated
within a 100-day period from 13 September 2012 to 21 December 2012. For the 21 dogs, there
was a 3.5-year capturing period, from 5 June 2011 to 12 December 2014. The radiocesium pol-
lution on the soil surface of the restricted zone is expected to decrease with time, in particular
the radiocesium pollution of the city environment is expected to decreased faster than that of
the forest environment; therefore, the animals that live there are considered to have less

PLOS ONE | DOI:10.1371/journal.pone.0169365 January 18,2017
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internal exposure as time passes. The second reason is due to the presumed differences in
behavior between dogs and cats. At the time when the dogs were rescued, all of them roamed
wild outdoors. We assumed that since their range of activities was wider and the consumption
of water was larger, the internal radioactive concentrations for dogs were a reflection of the
contamination in their individually marked territories. Their food was provided by volunteer
activists early on in the rescue process, but their drinking water was primarily rain and stand-
ing water. In contrast, the cats had lived indoors, only occasionally venturing outside, and so
their rescue activities were conducted mainly within human habitations. We surmised that
due to this, their habitats might be collectively more similar to human habitats, and thus have
a comparatively narrow concentration range. In reality, compared with the dogs, the capture
of the cats was more difficult, and because a focused capture of the cats was conducted, it was
considered that the distribution of pollution of in cats was not definitively observed.

The distributions of radioactive cesium densities for the feline reproductive organs are
shown in Fig 6. The median value is 790 Bq/kg, which shows a significant difference from the
cats’ whole-body densities (p<0.01). We were able to obtain corresponding data on the whole-
body densities and reproductive organ densities for 10 of the cats, and this relationship is plot-
ted in Fig 7. From this, we see that the whole-body densities are higher than the reproductive
organ densities, with a significant correlation. Owing to the analysis of internal organs and
muscle tissue of cattle contaminated during the FNPP accident, it is already known that the
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Fig 7. Correlation between whole-body radioactivity and genital organ radioactivity in cats.
doi:10.1371/journal.pone.0169365.g007
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majority of radioactive cesium accumulates in the muscles [19, 20], and very little is distributed
to other organs. We assumed that even for cats, the whole-body densities would be high. The
whole-body densities of the 10 cats in Fig 7 were roughly 7 times the reproductive organ
densities.

Our whole-body counter, designed specifically for the dogs and cats in this study, was
installed at the Miharu shelter 2 years after the FNPP accident; if it had been installed at an ear-
lier stage more precise high quality information could have been acquired. Radioactive cesium
taken into the animal body is discharged to the outside of the body by giving them clean food
and water. By means of the biological half-life of radioactive cesium in this study, it is possible
to plan the appropriate management period in an animal shelter. Optimizations of the animal
management period contribute to animal welfare as well as reduction in administration
expenses. We were able to survey the biological half-life of radioactive cesium in dogs and cats
contaminated by an actual nuclear accident. We believe that our findings on biological half-
life in dogs and cats are valuable. We are confident that this information is useful for the man-
agement of domestic animals in the event of a future nuclear accident.
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Evaluation of radioactive cesium internal exposure of the Fukushima nuclear disaster dogs and

cats using the whole body counter.

Seiichi Wada, Nobuhiko Ito, Masamichi Watanabe, Takehiko Kakizaki, Masahiro Natsuhori,

Jun Kawamata, Yoshio Urayama

Abstract

The Fukushima Daiichi Nuclear Power Plant (FNPP) DZFEHIZ &k - T, LR XIMAIZFK X
NEAXEFTDELBHMEEDDIZFEATLE 57208, — IR Eh Ty 28 —T
FE XN, ZhoDEMzb% ¢ EOAVEREBICT ZETINCASII< 21T 5 H
BT A XRFADZDIZRET SN 2R—LRT 4 I v & —THERAKIL OFHl2fTb iz,
VLA —TEBEL T2 R68FE 120 JEICK L TDOR 863 [0, FEERERAICHRADOHGHE
YV LAEBDIZDIZH v HREIEET 5720 BIENR &k o 7287 5 ORER 7 HIE D
B, ARERGBROVIERNEE %2 &0 T 5 B EOERABIRENS LMD T — 4 & H\T
BiCs @A /571270y b LT A, A X THEXT6EL L, ARAEREKDOKE
A E2Z LN TE, BohBRA2 64 X &3 aDEWENFRAARKD 6h, 4 X
EFADHREIZZhZh 382 HE 308 HCHEER G» o7, TD5H4 XDy
7 A DEYIEEREREN . SRR & 5 Z L bbb o 72, 728 5 h 7=z H R &
FESHUEEABONZETOAXEXTDEELY YL 13TREL2 S, REINLRKOD
L XOEEEEL X IDOLGEEA L Ty N LAELZ A, FNThOSHERELSZ L
Bbholz, THITRESINZFHCA X L X T0FMDENISECEEL 6N, 72,
X 3 DB & I 5 72 9IS BB BT Tl TR & 7R TR & P ik 8 Tob L 72
BELIE L= 2 A, £HRE ESOMICIIEELEEBERED D, -GRENRD L
Nizo ZHd, BEMEYE Y 7 2OKREEHAMBICERT 220 eF 2 6h, FINTRM L7
fifeeh 5 &G DERE T2 -0 0RKINTHETHE I LBbr o7

Introduction

2011 4F- 3 A 11 HIZHAROFRMNEILE E B2 5 72 KBERKICK D, RBEFE—JH T IFE The
Fukushima Daiichi Nuclear Power Plant (FNPP) O EDJRFIF VP OER A2 Z L, K &
L BEOBEMEWEIZ L > TEBEZ PO L LA HER S RS BeE S 2tk -> 7=, 32H 3 A
12 HIZIZ FNPP 225 20km NI fo W CREEEHER 23 7z, 512, 4 A 22 HIZIE 20km
BANEREIBICIEE SN, L5 AD LR YEORS LR < HIR & i,

BUF I, BREEMNC OO I ER XIS OB EZE L LG 2@ U, RKEFBEY (1 X,
3 3) 122V TiE, EBEEOBEEIC L 3 hEmOBEEEELRTF « v 7 BICERXIRNANDOLE)
wEFA L 7=,

R ORI TR IS S M7 EHE B IC & > TIRA A2 #3122 T
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. BRADERP BTSN TOED, FOHIIICHT I T2 LTI WRILZ A
ENDORE B DOBTRE PO T RETHE SN SEWICET ST — 2I3RY7%256 &0,
FNPP i LIEi T, B X M- Eteen 7 u — L B8 A & 72 5 L - ERERIT 1986 F£0
Fl/) T4V THBH, 30 FIFEEMOUERUD 720, BRAKRED L  ITERX A1 6 4t
BN, REFATERBETHETRINEZLVDLNTED, ZOERNELRDOTF -2 ERb
ek, BABMICEL T, v 74 FORBEEIC VT, P VitkiFs4 /v, db
MEEEICB T 3244 Y v 3 aRBEEDT — 2 B3REL AFRIN TV B0, BROFEE KNS
BT 220 T AEERERERICBE 3 5 7 — 213,

— R R A FI DO FRAEERITIIEI B TEEO BB SR IR B 28, R D%
e L I ABOBIE < ICHE T 2 EELMEIIZEM L., FFERICEER S 0 5 I REHE
ZbarFyslBEELY Y AR TL 5, 2011 FOBEHE—HRBHFRTIZ. HEat
2 b8V F Y AOKREEIZHERND A5 50T, BEIZHT 5 ABLHIOREBHLE S 2%
BRREOHEIE, BTy DA TH B0, ZOMBETEHRIAELY YL E2-]RE L7,
72, HROEEE I TR, FEFAFTHWOLEFEDE (QoL) IEMR X, ERHBHEKIZ
ZheOEMHLTEHETEIEARDENTNS, ZTDD, BEMEWE THERE =4
X EFADEHBHRIZH T 2REFBH TR S > TR L2 > 2B ohhhr > 2ER. TabbIK
HEX > A DEWERERICER Lz, 2¥ 4251, ERAZTOHMA X x 2 2EHk
i LK TEHET 5213, BEHEGERICE > CTEELMETHS, BWE) ) —2T5ETD
M2 d £ D EL UL, EERNOBMIEBIEZTELNETH 5,

BB HGEAT SRR L 28 L & — 357 2 A TH - 725, DS bIEETAK
PPTICERE S N2 2 b4 —13 2013 4 1 AICEAgE S ., BEEHMAI=ENIIREIhZ=
BV LA -8 42 r AREE® 20154 12 AICH@ X, =F VL2 —THF S
=BT DKEH 20km BN THREX N4 XL 2T THD, FAELFLETHIEICEEI L
2FECHIEE Nz 2D, UHIZFOEOHIE L 2PHIET 272019 — A A — & — Tk
EHOBELHERTH L L IT, ¥ 2 L& —COMBEHM S 5 EaNEkE < BETH 5 ikt
My AOWEEHEF Uz, LA, 4 X203 TOMEMEY > & 2 OBFRE & AP0 LR
RIS TR 57720, HEHIHW SN/ 3T X — 2 ZARICHV b 7= 8l % Fv 72,
D7z A X L3 AOFRNDOKEBSHBELTERT 2720 F—LRT 4 Ay Va4 —%=F =
LA —IZFRE L. 2013 4F 4 A 5 HIE 2 BME LAY 2 SR8 L 7=,

FISHEEIY & AR O T — 2 2 58 5 N BEHE X ¥ T 4 OEYH)-EIdH 23 th o By feE
ZHEA NS A, REGEEIZIIEES S B3 TTH S, /-, REERIZIZZ L OFBER
BH0, TOREMEELHIELZBET I LIIEETHS, 2020, ERISEZ 5 -HRE
BTHEBBHIES Led X3 ah 6 EREBNICBONZT -2 3EETHD., BRBUEZ S
2E LR WERBERGEOEMOREEEHHRILTEIL2HBE LTHIEREEZ D72,

Results and Discussion
fEEEBHERTIL. FETHATIN T -EWEREL., fVEL6TELr->-FLE
XK CIRESINT-FHWE, TTOFWEIrBEBICFHIZET HE 2> T\, 20720, @
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HEEATIZA XX T DF| Z B LR, NEBHIE K OFEE 2R T 2 RENEC. B & —
NERT 4 Ho Y 8 —DBRAERIGEL 72 ABRONEBHUL 2FHli T2 720D F—LAT 4 AT

— 3 SEORFEFRTEIASTEA SN, BPHOKES L L TIFROBE LY v 475
Qe ERTICRME 5 2 L 2 HRE L= A SN REL 5 5, #BEISIE, 1 X 2 EZ5E)
ME UERERERS T b = AOEBRBEOMED 7=DIZF—LRT 4 AT v 4 —%H0
7203 d 55, BMEVORNTEREEE /- TR L 2REIRS 6450, 1 X2
DIREHE Y > o 2 PRMEE IZBE 3 2 AWT%IE. BIMERO K-V ART 4+ o v & —CEIE
AHIE L7241 TORE L Bbh B,

VLB —DAXEXTTITFEFREHEAPEZENTODT, A=V KT4 ATV & —
THIE L 72 ¥'Cs DIEARIBRFRLLIT & 72 - 728103, ZORIGEEEME S i r o7z, =
By LB —Th—NARTA ATV E—HAWHEDORRE G528 5D55, 4 X2
flexa 1Bz T, o ESAEsRZIZE 20 6 THIEMEISRENE(LLAR Sk
BolzDT, ¥y VT —LEKRTHEFLTHAEERRALLEZA, A X 1HITIE (C7) AR
BERZEABE Sz, Figl Dk 261 (C8, F7) TREEIhAr o7z, BEED
RELEE B OREICHEME 2 Y T AP AE N - RELTETE LW, 20L& 55
REEZO2HEAT TR IN-DT, ZEERPHBIIVENEEL T LHREN S, £/,
FRIEE 22 JE ORGSR, PR OWIEIEGE 2 &9 T 5 ML EOFR ZBIEMEH G S =80
F—2 5T, CsBEL S 7I2Fuy b LEZA, AXTHEXT6HENILE, AR
IR BB DO INER A/ S Z LN TE 72,

4 RN Cs R DM & FURR £ Fig2 12, F 2 OREmE & BRER % Fig3 Iom
¥, F7-. BELEEEKOMBENE N4 X 7 EOMED], Flh, K, R HE B,
BRROBERE. B OERAURE, 137Cs DFER IR & rhyLfll, AWr A & shJafl
% tablel IZ/R L, F 2 6HEICEAT AE LT — 4 % table2 IR, MmMEIZDOWTIE, Thiaf
ETELRP0ESRH 722 L &, HIERZ» 5T/ EBh > 7,

Tablel-2 {28 3 E3hFIkEAIE, Fig.2-3 128 TIREMFREO MR A 53K 5 . FERh-EHEH
7 5 MR R AR X e, W RALTE S BRI R A% 30.08 S ¥'Cs TH B DT,
AN R & R AIE R E LD 5 72, ZOWETHE 6Nz A X OEWEF LRI
171 HA 5 73.1 H L ERZENR K E 2 572, 3 T OEYZH RO R RO HFHIZA X 12
HARNERR D 57228189 H2 5 43.0 HE R DAKRENRKE 572, 4 X EXTDEY
ZHEREAO R IEIX, ThEFh382HE 308 HTH D AEREI L 572,

BAHE Y & &0 A OAYEREWRENIL, FIKEERH 0., HETEESRATIIRS
%, £72. HRDEA 23 AD ¥'Cs OFFFITIE, FE86 HTH D, JELIHAD °Cs %
BExh ABIZE T 2 EEERENICIE 1 ~2 HOE—H 50 ~ 80 HOHE _MH dH - 7=
CREINTED, 75 V)LD Goisnia accident DHEIE K F DM TIZE =MHDOFE L RIE X
NTN5, L2 L AR TIEA X3 2k 5HELE _MHOGFEEZRT IR TELD» >
77e THIX, ZFBV NV —THREINLA XTI, LYY L20BRBREL NI
Thholl-vLEIo5Nh5b,

BN BE$ B A  ARPTERD T — 213, KBS S EREHORR I LT AD
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FATHRE (Transfer coefficient or Transfer factor) Td 0 B AEFWIZBET 2H%Ed H B 05. F =
U T4 RRBBEREOW A GO CERIEICHZES S hzikdttE s v A& B L=8Mo
YRR O ZIEE IZD B, BREORRERBUED 2 F D078 T & kD RETEESY
&GS oM L 7202813 & 2 A, B EE & 2 2 OREHZBE§ 2 058134 kv, HARFED R
XTEdH B0, BEBRNOEHREROLDICHReERL. 4 r ARBBSEE LY » & THG
SN EMRES L RIEFEHICU 0B A, FORE BRI LAY 2 ko 7z L
ZA.0-9HEFTOHMTEE71H, 44HHE -128 HOHBE TIXFEAT3T4HTH -2 L
WMEL TS, AFETIE, FMHEEDONWEMBRIIBIR SN E»r o7z, BZH/ XL
3 IOENOREEL Y 7 20K, 4L LRMRICHRPICHEET 2 LHEME N2, &
LRI CREDORBN S -7-45 513, FHPEMOWEE 4 — VBB shizLBbh
B

AR DT — 2 BUID R, B v Y 4 OEWZERE & FERoBERkR. X OKE
EDORREMEI Lz 4 XORERE Figd 1D T, KITART LIS, 4 X OEY 2R R IE.
i & B R MHBIBARZ R LTI D FElkIFIED b 5 Z &b h o 7z, IR & (R E
DN, HEOHEME & & I EEEA T 2 @@ R S =2, ARAHEBEBE/RIEZAS N
Bholze 2B L T, RNTIEIR X &0 5 7228 W 1B & SRR A EOMIZ—ED
BfRIIR ooz, BZ 5 S A THMEMIRE 152 Z & 23T X 72 3 23 F 2 AR
WE DL - 72720, Fin & FIRFRE OB OBEARARIUIL ol bbb, 77 VLD
Goiania accident IZ¥W T, BEGHELY ¥ 7 & 2 RSHIPEMEEE 3 2 H I THIL < #IZ Prussian
blue 235 XN 7=H, ZOREMER T 272D =L RBHW S, EWEERIH
FIET B2 EWRENTZEREIN TS, £ ZTREIN TN =DIIERE &R OB T
B, A XTFNTYE, HEEEREP U 7FEE 2R 217 2IFm & RE DTG Ul &
EDOMHBEZERTIENTREINEID.TRADT —EN6F A5 Z EI3HE e OBRZ T TH 5,
A X TR & AR PRI OB R 2 R EIRAAE o iz, TheHWTRED 2D
IZHIE & M7 DR NTE S 2 HEE L 7= R ER D ESIRE % Figh IS T, /2, 2 2ichn
TIRAEYFH R O rh Yl 2 FH O TR OIE 7 L 7= Rk 0 25 RE 2 F C < Figh I
T 4 XLFTTRITHENTE Table 1-2 15 U= fEE T2 W2 00RO $fif %
Wizo 25U, FTTR Yz LA —IZBWT, BETHICL 45 METEHzET, #
ERRBDOFMMBTONIZ720, € 2 THEL - AJEEER ORSEEHE T — 4 2 25 IRE L [H
FRICTHAE IR IS IE U 728512 % Figb ISR T,

Figh 5, 4 AL 2 TIDREAMICKERENH D I Lhbh o7z, HIMEIZF TDFHH
PLE< 9520Bq/kg TH D, 4 XD Z L 3160Ba/kg &, AREAUE 1% TERENHH I L
Wbh ol £ 4 X TIHMEIRE O & GURE QA T 10 L _EOERWEH O 7534
THD, 23T 100 EEEOFCHHDOSMTH o7z, 4 XX TOFIYERZFC A — & —
ThHD., TOEICEHBABRIIZVWEZ A0, AHOEICIHEELH 2 LE L7z, F—DH
X, REOLDICHEINZRHTHES, F—LRT 1+ H Y v 2 —THEHMEL Y Y L0581,
ENAFTTA0FETH 5722, TDHH 37FEIZ 201249 H 13 HA 5 12 A 21 HDO#Y 100
HOGHEIZEF L TWEA, 4 X 21 FHIZDOWTIX 201146 A5 H2 6 2014412 H 12 H
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ER3ELDOERHBIChI>TWEbeELIONS, BE, A XX 20EFUDENNZ
DOHHE LTHE SN, 4 XSOV TIIREBEEE 25 S N TII 2 THEN % FH§
BEFmELTED ., A TN TTHFEH G IAL BKEEZVWI L6 ZnZEFhDT ) b —
& L7z DTEG A R L /R Th 5 LRl S iz, BISHRNE» 6K T v T 4 TIEE)
Ks ENEE BICEAMR L T2, BRAKEARS72Z 0 KTH 72, 2 TREAICHFEATNT
BE4 BIMCHI T 24EA LT 572012, ARDEEL T35 TOREEEH N Z 2 - 7=
7eDEEREENAELIL TH D, RIS IREHETh > 2 Ll 25, FEFISA X2k
RTH IOHEIIRE?Z 57285 T, 4 XOMERKFERET L% TEPIIZ S 2 DIERT
b,

Fig5 I3 2 2 DA FEGDO RS E L Y 7 ARED 53R L T3 25, £ OHRIEDEZ
790Bq/kg T. 2 ILHDRE L ORMIZIE, AREAKME 1% TEEEZSRD LN, Z2DH 510
FD X TIZDNWT, WHIET 22HRE LFRIEE T — 2 885N TW=DT, HEZFHANS 7%

B L7225 7 % Figb I d, Zhicks e, 2025 BEIEMBREEL VLS
WEAETR L, 2 OFBAEMEBEERL 72, FNPP HITHER X =40 fHIA e WK O 739 iR
AR, BT Y D 20KRFEIFRICEZZ-DRELEVWI LD TED, 232
ZEBWTCREBORENEL-EEL BN S, Fig6 D 10 FlOMNIET %+ 2 DEHRE T
AIEEFRE DR 7T 5T H - 7=,

ZHRVINE—DAZXEXAIDDICERI LRI KRT 4 hy v 42—, FNPP HigH»
BRI2EHICREI N0, o BHICRREIhTOIE., K EEOBWVER1AE O

TWwtEAbh3, L2Ll., EEORRBREHRTHRIN A X2 20BGELY Y 204
PR ERE S ER S, A ORI FEREMHE T2 2N br > BEZIEETH D,
TR Z 528 LW WHERRORZFETHMOER BRI ODEDLEZ 5,

Materials and methods

Animals and Ethics

CHHAREXRTHK U724 X302 NEN R S RET 2 7201 E SN i D—D
THHZHE VNIV TEONET - 2 2 TICAMERI AL O 6Nz, BW-50
FEIFYBFOERKIIN CHREDOHW T S h7z24 X 4635HL + 2545 TH B, —HP =
A — T, FEEE, BER, 5 ICNESHWICITERXIRATHZICEENE2 - 3
ROBYE 2720, BLOER S BRRENICfTbhz, 72, Y2 —O#EE LEMH, #Y
OFRHE, EEFEPHEL A EDTF - 2B & EIDWT, EEOBERN & B EEFAOR
FENEHRICHRE 22, DEICGECRER Tz,
ZHEVINE-TREW-b 2 EREr -V TEEINLFERDO R L THY EHPAES Z
573 TiL, @%%ﬁ%?ét RO 7. KB, B K OVEBIN R BRERAR I & 5
Fry &V, A XGEHE XT3 BE b N5 5N, AEHESEER,. St
B DR Abﬁt77z%/a7 VIZAN, FA=AART 4 IV E—EHANTIHBER
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IZirbiiz, REMERICH T 2EYORETEHRCEE AR T 5 7-DI12. TN EhOEY»IRE
SNERIC, BEFMR°EAF MR L ZZBRANC & > Tir bz, #EEF HZEBFil
Rirbirz & Eichgt SNz O —SBIINE T < D& 2 HETE T 5 720 I REHE M2 1 E
Iz,

Whole-body counter

(Rig S MBI B N 7=FHONEHIT < 25HET 2720, F—-L KT 4 hv v 2—afn, =
BV —TEBELTWAR68FH A 120 BHISX L TD-X 863 [Al, JERERIZEHMAEND
WEEE Y A EET B 72004 VR E T 5 72,

B OMRIZ, Be r — VI AN ETHIETZ % K 51254 880mm(W), 1143mm(D),
1225mm(H) DJF & 5mm D kB HFED /AL & 3inch X inch D Nal(T) & v F L —¥ 35
VR 2ABEEEL, B 15mm O TER 2 E# L7z, 61, Ny 279V S
vy MEKSTHNT, EA. B %O 4HEEE X 180mm OFAK Tilltikk & 3k U 7z, #ik 18
1)y FIL AN plastic container & BREZ < WX, AN AWK S ISR/ YV FTREZEL 72,

a1 B &5 13X, NIM #R #% @ Summation inverter, Linear amp, ADC module, High Voltage
power supply, BIN power supply, ¥ K Of#ffrY 7 b 2 THED / — P PCThH %, &K —
WART 4 Ay vy 2 —EEOBME R, B2+ (OHYO KOKEN KOGYO CO. LTD,
Tokyo) T. HERDORIEIL Cs-137 DFFEUE IR & R FEFI TG S N2k & F 72 R FEHRIR
Titbh, Cs-137 DHEBERINYE — 2 (661.66keV, 85.1%) %#EA TEIH I N7z, HWE X7z
HRATEEIE. Cs-134 DA v vHEOHEE 2T, PRRMAFHl & & 5, BIEFHMBIEOHEE % 7 v
v = U Ak L U T, BRKEHBIOFEE L 5% LIT Th 5 Z & B ORBERICHERE L 72,
gL, ThZhoRRIZaEbe T, WEROEBHOBHELFIRE NS A4 XDARY) Fur
LV UBOr — DI ANRTHIE S Wiz, B/ 5 I3MEe i 2 T b a < TEHIEPRICENZD
RELBN=DFT BT L3 hd -7, BIEMAICH?D 2D 72858 LG < LBa 2 Fanc
L2225, B TRLEUIETNEILREL. RELLHE TN S &l LI
WO, D IEHE L THIE L7z, WIEE 2R L & 1 KEfTbhiz,

Measurement of radioactivity

SABEFAT TR S Nz EREER ORI OBEHEMEIZ. EME 7L< =T 48k HPGe B
% ([EHAAE 2 40%. CANBERRA th. USA) #HWT, H# Y vHEAXRZ bux b)) —
IZ&k > THIE L 7z, HIEEEMIZ, ¥ Y T OBEEEIZIE U T, 3,600 ~ 200,000 BT - 72,
H VI REI FILF—%FEiE, Ba-133. Cs-137. Co-60. Na-22, Co-60 DIEUE s % HE 3
BTEIZKS>THREL, 72, HIERABORL 2EFROGEIRIZL. BMBEDN VT 2%5H
IEAL ) Y ADOKEKRERY) ZF L V54 7L (20ml, 50ml, 100 ml) 2V TEBERIE %
BEHIE L, K-40 ORBIRINY — 27 253Hfi4 5 Z & T, HIEABOBEROE I K 2 5150
BORIEET o770 EBIT, BERBIFINLF—DH V<ol 2884 3 BRICRET 5%
BOBHERFE K 25DV EFIEL 72, BEEHEIEY Y 7Y vOAREFAWTEHEL =,
FUTNEZ, FEVFA4 XL, ZOEEIZBLTHRY TF L V34 7 (20ml, 50ml, 100 ml)
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ICEE UEGE U7z, BEBEORIMRAE, Ny 7779 v FEHE» BE iz,

Statistical methods and Analysis of biological decay of dogs and cats

R RT 4 hy v 2 —DHEE., BT & SRR BES BRERA & TE % % T H M
5 — R D FIFE THRERFAYICHEIE U TARESR L 7=, MW CHIERGEH Offiz 1 & U TREIE & D
B % % B AR B DIEDFEREI R & R U TR/ERE TEUFR & RERE Z KD 72, tHERE
ICIFRERKOE AR A, BHEEOKREICIT tRELZTV., 2T -2 OFEZDKREIC
I3 Mann-Whiteney @ U BE 2\ =, 77 7 DIERKIZIE Microsoft Excel 2013 ZfEH L. ##
FHEMTIZI1X JSTAT ver.16.1 & R for Windows ver.3.2.3 Z#fHH L THITHERS—FHL TWH5EZ
LARMERR L 72T — 2 Wz, F7=. FERERIEIEE & W - &8 OWE RO BFX2 53K
B, BEHEY Y Y 4 137 O A 30.08 & U T, ERDPIRI D & 4P r e A FHE T
K7z,
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