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Featured Application: The novel, non-destructive technique of tooth dosimetry using L-band
electron paramagnetic resonance (EPR) presented in this paper could be applied to obtain assess-
ments of the environmental impact after possible radiation exposures from nuclear or radiologi-
cal accidents.

Abstract: We applied a non-destructive tooth dosimetry technique using L-band electron param-
agnetic resonance (EPR) to assess radiation doses in cattle due to the Fukushima Daiichi Nuclear
Power Station (FDNPS) accident, which occurred 10 years ago. The radiation exposure of cattle in
the area affected by the FDNPS accident was estimated retrospectively with X-band and L-band EPR
devices. Characteristic radiation-induced EPR signals were obtained from the teeth of the cattle in
Fukushima, confirming their exposure. The estimated doses to the teeth were found to be consistent
with the dose trends estimated for individual cows, while considerable uncertainties were seen in the
doses of some tooth samples. This variation might be due to errors in the accuracy of the method but
also might reflect the actual exposure because the cattle may have been exposed to higher areas of
radioactivity in their quest for food and/or due to irradiation from absorption of the isotopes with
localization in or near the teeth. However, at a minimum, these results confirm that L-band EPR can
be used for non-destructive qualitative assessment of radiation exposure to animals using their teeth,
which could be very valuable. Possible causes of the uncertainties should be investigated to enhance
the value of the use of this technique.

Keywords: electron paramagnetic resonance tooth dosimetry; L-band; cattle; Fukushima; nuclear
accident; radiation exposure

1. Introduction

Electron paramagnetic resonance (EPR) tooth dosimetry is an established method
for evaluating the absorbed dose ionizing radiation by measuring the unpaired electrons
to in-teeth samples [1]. In some studies, EPR dating measurements are also carried out
using the radiation-induced EPR signals from background radiation in the environment
where the samples were located [2]. Most EPR measurements are performed in the X-band
and some aim to detect signals in small amount of samples with the higher-frequency
Q-band measurements [3]. Although EPR has a long history, its application to dosimetry is
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a novel application technique [4]. Attempts have also been made to measure the internal
exposure of environmental organisms using radiation-induced signals in the sample [5]. In
addition, EPR measurements using human bone samples have also been used to estimate
exposure doses for atomic bomb survivors [6] and from individuals exposed in radiation
accidents [7]. X-band EPR tooth dosimetry, which uses extracted teeth, has been used for
atomic-bomb survivors of Hiroshima and Nagasaki [8] and residents of affected settlements
due to radiation released into the environment [9]. This method was also applied to some
animals affected by the Chernobyl accident in 1986 [10] and the Fukushima Daiichi Nuclear
Power Station (FDNPS) accident which occurred in March 2011 [11,12].

Most of the above studies required the removal of the material with processing in vitro.
In order to carry out radiation dosimetry in live subjects such as for potential radiation
emergencies, a lower-frequency L-band EPR apparatus that can be applied to teeth in
situ has been developed for measurement under triage conditions [13]. This method
is also applicable for retrospective dose assessment for a large-scale radiation exposure
incident [14,15].

It would be potentially valuable to use the EPR signals induced in large animals to
assess the amount of radiation exposure that occurred. In the present study, we used a non-
destructive L-band EPR tooth dosimetry technique to estimate the radiation dose in cattle
affected by the FDNPS accident, and we validated the results by comparing them with
values estimated from radiation monitoring using survey meters and personal dosimeters
for each cow.

2. Materials and Methods
2.1. Sample Collection

Three to four incisor teeth were collected from three cows that remained in the town
of Namie, which is located in the former evacuation zone of the FDNPS accident (10 teeth
in total) (Figure 1).

Figure 1. Radiation dose-rate map obtained by airborne monitoring results and the location of Okuma
and Namie Farm as of 31 May 2012. This map was quoted from the website provided by Nuclear
Regulation Authority, Japan. Dose rate shows µSv/h as a dose equivalent rate including background
radiation. (http://ramap.jaea.go.jp/map/). Note: H*(10) means ambient dose equivalent.

For comparison, 10 incisors were collected from cattle under 3 years of age at locations
where radiation was not released into the environment, Hokkaido, Iwate, Gunma, and
Kagoshima (40 teeth in total).

2.2. Non-Destructive Measurement Using L-Band EPR Spectroscopy

An EPR tooth dosimeter obtained from Clin-EPR, LLC was used for EPR tooth dosime-
try. This instrument was based on instruments designed for in vivo dosimetry by the EPR
Center for the Study of Viable Systems, Geisel School of Medicine at Dartmouth College in
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Hanover, NH, USA [15]. The spectrometer operates in continuous-wave (CW) mode and
uses homodyne detection at an excitation frequency near 1.15 GHz (L-band) using a 41 mT
dipole magnet weight 30 kg with 17 cm pole separation. The integrated field sweep and
modulation coil provides a 4 mT sweep range and 0.4 mT modulation at 20 kHz. It was
measured using a specially developed surface loop resonator for maxillary incisors which
has a detection loop with an inner diameter of 6.0 mm. The detection loop was brought
into contact with the enamel on the labial side of each incisor, and the radicals on that
surface were measured.

For calibration of the L-band EPR response, we used 10 teeth that were irradiated with
a 137Cs γ-rays at Hiroshima University by using a Gammacell 40 Exactor Low Dose Rate
Research Irradiator (Best Theratronics Ltd., Ottaw, ON, Canada).

To adjust the resulting measured radiation-induced signal (RIS) amplitudes, the ratio
of differentiated voltage as a radiation-induced signal (RIS) to the differentiated voltage of
a stable standard that was simultaneously measured in the detection loop, 4-oxo-2, 2, 6, 6,
-tetramethylpiperidine-d16-1-15N-1-oxyl (15N-PDT) for each measurement was normalized
to the same ratio in the referral tooth.

The EPR spectra were acquired by using our standard measurement parameters of
20 scans, with a scan range of 2.5 mT, scan time of 3 s, and modulation amplitude of 0.4
mT [16]. This process was repeated three times. The spectra from each of the collected
datasets were analyzed to estimate the peak-to-peak signal amplitudes of the RIS and
15N-PDT. The RIS and signals of 15N-PDT were then averaged to determine the mean
amplitude for each tooth. For two cows (08411-03687, 08411-03274), the scan times were
increased to 200, to increase signal/noise.

2.3. Measurement of Radioactivity Concentration

The radioactive concentrations of 137Cs and 90Sr in the molar teeth and lower jaw
bones were measured. For 137Cs, each sample was powdered and analyzed by using a Ge
semiconductor detector (CFG-SV-76, ORTEC, Oak Ridge, TN, USA). 90Sr was extracted by
the use of an ion exchange method and was measured at Japan Chemical Analysis Center
achieving radioactive equilibrium with 90Y.

3. Results
3.1. Non-Destructive Measurement Using L-Band EPR Spectroscopy

Positive RISs were detected in all samples from Namie. A typical signal is shown in
Figure 1. In this spectrum, RISs were detected as the magnetic field was varied between 0.7
mT and 1.1 mT. The estimated doses are shown in Table 1.

No signals were detected in the control cattle from the other regions of Japan.
Differences in the dose response among the teeth are shown in Figure 2. The tooth

with the largest dose response exhibited a signal magnitude 2.1 times larger than the tooth
with the smallest response.

Figure 2. Representative electron paramagnetic resonance (EPR) spectrum of an incisor sample
extracted from a cow (#08411-03274), determined by using L-band spectrometry.
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Note: The measurement conditions include 200 scans. Scan conditions are shown in
the text. The Scheme 0.2 mT showed a positive reference of 15N-PDT. The estimated dose
for this sample was 2.3 Gy.

Table 1. Basic characteristics of the cattle and estimated radiation dose.

Location.
(Town) Ear Tag ID Sex Birth Date Dose (Gy)

Mean ± SD Autopsy Date

Ohkuma 12416–04378 female 26 December 2006 ND 14 May 2017
Ohkuma 12425–47537 female 2 September 2007 ND 14 May 2017
Ohkuma 08597–08639 female 1 June 2012 ND 14 May 2017

Namie 13352–73671 female 29 June 2010
3.85 ± 0.31
3.47 ± 0.89
2.29 ± 1.30

12 May 2018

Namie 08411–03687 male 25 November 2010
2.09 ± 0.17
1.15 ± 0.81
0.93 ± 0.96

5 September 2020

Namie 08411–03274 female 25 February 2011

3.84 ± 0.22
3.13 ± 0.36
2.71 ± 0.68
1.55 ± 0.75

6 September 2020

Note: ND means not detected.

3.2. Measurement of Radioactivity Concentration

The radionuclides and their concentrations in the tooth and lower jaw are shown in
Table 2.

Table 2. Radioactive concentrations in the lower jaw and molar of cows in Fukushima.

Cattle Samples Radioactive Concentration 1 (Bq/kg)

Portion Location Cs–137 Sr–90

Molar
Namie 855 ± 24 270 ± 5
Okuma 60.6 ± 1.7 46 ± 2.3

Lower jaw Namie 1174 ± 70 190 ± 4
Okuma 26.6 ± 2.4 28 ± 1.6

1 Each radioactive concentration was adjusted as of March 2011 and is presented along with the S.D. (statistical
error). The ear tag of cow is 08597–08639 for Okuma and 13352–73671 for Namie.

4. Discussion
4.1. Comparison of Estimated Radiation Doses

The estimated dose using L-band EPR tooth dosimetry was 0.9–3.9 Gy for the cattle in
Namie, which was significantly different from the values in the tooth from Okuma [17].
This range was larger than the monitored cumulative radiation doses over a six-year period
beginning in March 2011 in Namie and Okuma, which were estimated to be about 1 Gy
and 0.16 Gy, respectively. By considering weathering, the accumulated dose before the
start of monitoring for the FDNPS accident was calculated from the deposition density of
131I, 132Te, 132I, 134Cs, and 137Cs on the ground after the accident [18]. The measured dose
was greater than the predicted dose. Possible reasons for this were experimental variation
of the technique, the actual duration of the cattle in the area after the accident, and the
radiation status of the cattle’s teeth such as exposures during eating contaminated grass.
Furthermore, the age of the cattle from which the teeth of cattle that could be purchased
were limited to those less than 30 months old due to countermeasures against bovine
spongiform encephalopathy.

4.2. Effect of External Exposure to β-Rays from Deposited Radionuclides

Exposure from β-rays from radioactive materials in the environment is an additional
possible source of radiation. Assuming that the deposited density of 137Cs is 1 MBq/m2,
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the skin dose rate from the ground was estimated to be about 0.14 mGy/h, based on
the coefficient given in International Commission on Radiation Units and Measurements
(ICRU) report 56 [12]. Assuming 8 h/day of direct contact with the ground, the accumulated
skin dose from β-rays for six years after the FDNPS accident was 1.9 Gy. The 13352–73671
cow was dead when farmers found her and was skeletonized at the time of sampling,
which could have exposed it to additional environmental radiation without shielding by
the thickness of the body. This may have made them more exposed to radiation from
radioactive materials in the environment.

4.3. Effect of Internal Exposure

Radioactive substances residing within the teeth and organs are another potential
source of radiation exposure [19]. In the study of teeth from Techa residents, some ultra-
high doses were measured; moreover, in some cases adjacent teeth differed by a factor of ten.
These ultra-high doses were determined to be an anomaly attributed to enamel that was
being formed during the period of release of radioactive materials into the environment.
These teeth incorporated strontium-90 directly into the enamel. This observation unveils
an added feature of EPR biodosimetry. Since enamel tissue formed during radionuclide
releases exhibit anomalously high doses, one can target specific teeth from specific residents
to use this feature to identify the time of release [20]. Assuming that our assays of the
amount of radioactive material in the teeth reflect the full amount of such deposits, we find
that, the self-absorption dose—that is, the radiation dose to which a tooth is subjected via
radionuclides, including radioactive Cs and 89Sr, 90Sr—was limited, perhaps to as low as 20
mGy, This difference of internal radiation dose from radioactive Sr is due to the difference
in the amount of radioactive strontium released into the atmosphere in the case of the
Techa River and the nuclear accident at Fukushima. In cases where high concentrations of
radionuclides are identified, the X-band may be able to detect the radiation dose due to
radionuclides accumulated in the teeth.

4.4. Strength of this Method

L-band EPR tooth dosimetry can be applied to living organisms without the need to
remove the samples. It also is valuable as a non-destructive method which is applicable
for assessment of dose for samples that are too valuable to be damaged in during the
measurements.

4.5. Limitations

Even in Futaba County where the nuclear power plant that caused the accident is
located, the signals were not detected in cattle in Okuma, but only in cattle in Namie. This
result was consistent with the different expected dose exposures in these areas. However,
due to the small number of samples, the results are not fully generalizable for inter-
regional comparisons. In addition, these cattle may have moved to different pastures as
a consequence of the disruption due to the extreme circumstances caused by the nuclear
accident and it is thought that the time of birth is related to exposure to radiation and tooth
growth [21]; hence, the present authors do not know the full history of exposure. This
effect needs to be taken into account to improve the quality of comparisons with expected
doses since the calculations are based on some assumed history such as staying at the same
location since the accident.

5. Conclusions

The novel technique of L-band EPR tooth dosimetry was successfully applied to
cattle in the former evacuation zone affected by the FDNPS accident, which occurred
10 years ago. These results indicate that assessment for radiation exposure caused by
radiation accidents can be performed using L-Band EPR dosimetry in the teeth of cattle
and presumably in teeth of other animals as well. This was the first attempt to detect the
EPR signals in the teeth of animals affected by a nuclear accident using a non-destructive
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method. The radiation doses recorded in the teeth of these animals were a good reflection
of their exposure history over the last ten years. In addition, we found that the radiation
doses to the sampled teeth tended to be higher than the doses determined from the data of
environmental radiation monitoring, which suggests that there might have been sources of
exposure beyond those estimated from the usual methods employed for monitoring of the
environment. Each cow may also have a different level of radiation exposure, so we plan
to study this further as planned slaughters are carried out.
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