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Chapter 13
Preliminary Study on Electron Spin 
Resonance Dosimetry Using Affected 
Cattle Teeth Due to the Fukushima Daiichi 
Nuclear Power Plant Accident

Kazuhiko Inoue, Ichiro Yamaguchi, and Masahiro Natsuhori

Abstract  To validate radiation dose of cattle affected by the Fukushima Daiichi 
Nuclear Power Plant (FNPP) accident, we applied electron spin resonance (ESR) 
tooth dosimetry. Teeth were collected from cattle that had stayed continuously after 
the accident in Okuma Town within the ex-evacuation zone of the FNPP accident. 
Radiation exposure to cattle attributed to the FNPP accident was confirmed retro-
spectively by X-band ESR tooth dosimetry, which was almost consistent with the 
estimated radiation dose from airborne and individual cattle, whereas positive 
radiation-induced signals (RIS) were not detectable in any sample by nondestruc-
tive measurement using L-band ESR tooth dosimetry. Although ESR tooth dosim-
etry reflects total radiation doses of affected animals, the uncertainty of measurement 
was relatively large. Therefore, in order to accurately measure the additional radia-
tion dose from the nuclear accident, it is necessary to clarify possible causes of the 
uncertainty. Making continuous improvements, X-band ESR tooth dosimetry for 
animals in the ex-evacuation zone is ongoing.
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13.1  �Introduction

Electron spin resonance (ESR) tooth dosimetry is an established method of evaluat-
ing radiation dose by measuring stable unpaired electrons produced by radiation 
exposure in a tooth [1, 2]. Ionizing radiation generates radicals proportionate to 
absorbed dose depending on radiation quality and energy. These radicals react rap-
idly and disappear in the most part of our body due to water, but in organized matri-
ces without water, they can persist indefinitely. This phenomenon has been 
recognized in bones and teeth and has been shown to be a promising method for 
retrospective dosimetry, based on free radicals being stabilized in the hydroxyl apa-
tite matrix in tooth enamel (Fig. 13.1). It has been confirmed that mean detection 
limit is 205 mGy, ranging from 56 to 649 mGy at the fourth International Comparison 
[3]. Using extracted teeth, X-band ESR tooth dosimetry has been applied to retro-
spective dose assessment of atomic bomb survivors of Hiroshima and Nagasaki 
(Hibakusha) [4, 5], the Chernobyl Nuclear Power Plant (CNPP) accident [6], nuclear 
bomb tests [7], and radiological accidents [8–10]. An “ideal” ESR spectrum with 
some parameters is shown in Fig. 13.2. The peak-to-peak amplitude “A” is the first 
derivative of the resonance microwave absorption. The peak-to-peak linewidth, 
“∆B,” is related to the modulation frequency that is important for controlling the 
signal-to-noise ratio. The resonance field “Br” indicates the natural resonance fre-
quency of the radical species due to the Zeeman effect. The dose obtained with ESR 
dosimetry is well correlated with the standard method such as hematology-based 

Fig. 13.1  Anatomy of a tooth and locations of tooth tissues
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assays [11]. Those dosimetry studies are carried out at conventional ESR frequen-
cies called X-band of the electromagnetic spectrum (e.g., 9 GHz) so that the method 
is called X-band ESR tooth dosimetry. This X-band ESR has high sensitivity for 
dose estimation using the extracted or deciduous teeth. ESR spectra of tooth enamel 
after exposure to different doses are shown in Fig. 13.3.

With a radiation emergency in mind, an L-band ESR apparatus has been devel-
oped for in situ measurement as triage using teeth in the mouth as indices [12]. This 
method is available for retrospective dose assessment and for triage when workers 
are involved in an accident that caused radiation exposure such as a nuclear disaster 
or a large-scale radiation exposure accident [13].

ESR tooth dosimetry is a method of evaluating the accumulated radiation dose 
and is thought to be applicable for animals affected by the FNPP accident, which is 
crucial for studying the biological effect of persistent low-dose-rate (LDR) radiation 
[14–16]. The FNPP accident affected animals and several environmental study 
groups started research activities on livestock. We have been analyzing the influence 
of radiation exposure on affected cattle since September 2012. We have carried out 
dose estimation using information of environmental monitoring and radioactivity 
deposition density on the ground. We have collected 50 cattle at Okuma Farm in 
Okuma Town, Fukushima Prefecture (Fig. 13.4). Research of the radiation effect on 
large animals is still a challenging topic. To obtain scientific results, it is essential to 

Fig. 13.2  “Ideal” ESR spectrum with illustrations of some its parameters. (Original: International 
Atomic Energy Agency. Use of electron paramagnetic resonance dosimetry with tooth enamel for 
retrospective dose assessment. IAEA Vienna IAEA-TECDOC-1331 (2002). https://www-pub.
iaea.org/MTCD/Publications/PDF/te_1331_web.pdf)
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estimate radiation dose accurately for discussing the dose response. In order to 
validate ESR tooth dosimetry, we estimated dose of cattle affected by the FNPP 
accident using ESR and compared the dose with that estimated using monitoring 
tendency data.

Fig. 13.4  Radiation dose-rate map obtained by airborne monitoring results and the location of 
Okuma Farm as of May 31, 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 back-
ground radiation. (http://ramap.jaea.go.jp/map/)

Fig. 13.3  ESR spectra of tooth enamel after 5Gy irradiation. The dosimetric component of the 
spectrum after irradiation with 5 Gy is shown in this chart. R is the peak-to-peak amplitude used 
for ESR dose reconstruction. (Original: International Atomic Energy Agency. Use of electron 
paramagnetic resonance dosimetry with tooth enamel for retrospective dose assessment. IAEA 
Vienna IAEA-TECDOC-1331 (2002). https://www-pub.iaea.org/MTCD/Publications/PDF/
te_1331_web.pdf)
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13.2  �Material and Methods

13.2.1  �Sample Collection

Teeth were collected from cattle that had continued to stay in Okuma Farm, that is 
located in the ex-evacuation zone of the FNPP accident (Fig. 13.4). Dissection of 
cattle was performed on May 14, 2017. Table  13.1 shows information on cattle 
whose radiation dose was measured in this study.

13.2.2  �Nondestructive Measurement Using L-Band ESR 
Spectroscopy

For the comparison of the L-band ESR response among different energy photons, 
we used two standard materials. One was a standard tooth irradiated by the 
cesium-137 (137Cs) source provided from the ESR Center for the Study of Viable 
Systems at Dartmouth, NH, USA. The other was a tooth sample exposed to 20 Gy 
of X-rays in an X-ray irradiator (MBR-1505R2, Hitachi Medical, Tokyo, Japan) at 
150 kV and 1 mA, with 0.1-mm copper plus 0.3-mm aluminum filtering. This X-ray 
irradiation gives a response about 4 times as large as γ-rays from 137Cs.

In order to adjust for variations in the measured radiation-induced signal (RIS) 
amplitude that result from instrumental instability and/or external environmental 
factors, the ratio of differentiated voltage as a radiation-induced signal to the dif-
ferentiated voltage of 4-oxo-2,2,6,6,-tetramethylpiperidine-d16–1-15 N-1-oxyl (15N-
PDT) for each measurement was calculated and normalized to the same ratio in the 
standard tooth exposed to 20 Gy of 150 kV X-ray as described above.

After extracting from the jawbone portion of each cattle, a maxillary incisor 
tooth was washed with tap water. Then with a design knife, as much soft tissue as 
possible was removed and the labial side was used for the measurement surface by 
L-band ESR tooth dosimetry. The ESR spectrum was acquired using standard mea-
surement parameters such as 20 scans, including a scan range of 2.5 mT, a scan time 
of 3 sec, and a modulation amplitude of 0.4 mT [17]. This process was repeated 3 
times. A plastic tube containing a solution of 15N-PDT was fixed in a position in 
close proximity to the surface loop and used as a reference of positive standard. 
Spectra from each of the collected datasets were analyzed using non-linear least-
squares fitting to estimate the peak-to-peak signal amplitudes of the radiation-induced 
signals and of 15N-PDT. RIS and signals of 15N-PDT were then averaged to provide 
the mean amplitude for each tooth and at each dose.

Table 13.1  Basic 
characteristics of each cattle 
and estimated radiation dose

Cattle Ear tag ID Sex Birth date

A-1 12416–04378 Female 2006/12/26
A-2 12425-47537 Female 2007/9/2
A-3 08597–08639 Female 2012/6/1
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13.2.3  �Destructive Measurement by X-Band ESR Spectroscopy

The enamel portion on the labial side of the cattle teeth was taken out by a nipper 
about 3 mm in size, taking care not to contain dentin, and was used as a sample for 
X-band ESR spectroscopy after grinding in an agate mortar to a size of 1 mm in 
diameter so as to enter a sample tube. ESR spectra were acquired using parameters 
of 40 scans, including a scan range of 5 mT, a scan time of 30 sec and a modulation 
amplitude of 0.2 mT power of 2 mW, and a time constant of 0.03 s. This process was 
repeated for a total of five datasets at each dose.

13.2.4  �Measurement of Radioactivity Concentration

Radioactive concentrations of Cs and strontium-90 (90Sr) in the molar of Cattle A-3 
were measured. For radioactive Cs, the ashed sample was analyzed by a germanium 
semiconductor detector (CFG-SV-76, ORTEC, TN, USA). Sr-90 was extracted by 
the ion exchange method and analyzed by a low-background beta-ray measuring 
device after achieving radioactive equilibrium with yttrium-90 (Y-90). In principle, 
measurement was performed for 3,600 sec, and the radioactivity concentration was 
calculated.

13.2.5  �Data and Statistical Analysis

Data analysis was carried out using code developed by Ivannikov [18]. Statistical 
analysis was performed using R3.3.1 [19]. Radiation dose of each sample was 
determined by the additive dose-response method assuming a linear dose-response 
of the ESR signals to additional irradiated doses of each sample. This method 
employs step-by-step irradiation to each sample additionally. Absorbed dose is esti-
mated by a linear regression analysis [2].

13.3  �Results

13.3.1  �Dose Estimation by Dose-Rate Monitoring Using 
Survey Meters

Cumulative radiation dose based on ambient monitoring using an air chamber sur-
vey meter during 6 years since March 2011 was estimated to be 270 mGy [20].

K. Inoue et al.
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13.3.2  �Dose Estimation by Radiation Dose Monitoring Using 
Individual Dosimeters

Radiation dose measured by an individual dosimeter attached to representative cat-
tle from December 2013 to December 1, 2017 was 57 mGy (Fig. 13.5). Considering 
weathering, total dose from the day the FNPP accident happened to the start of 
monitoring was calculated from deposition density of iodine-131 (131I), tellurium-
132 (132Te), 132I, 134Cs and 137Cs on the ground immediately after the accident [21]. 
Estimated total dose of Cattle A-1 and A-2 from March 2011 was 160  mGy. 
Similarly total dose of Cattle A-2 calculated was 67 mGy after adjusting deposition 
density of radionuclides to its birth month.

13.3.3  �Dose Estimation by ESR Tooth Dosimetry

Positive RIS were not detectable in any cattle sample examined by nondestructive 
measurement using L-band ESR dosimetry (Fig. 13.6). For comparison, an exposed 
human tooth is shown in Fig. 13.7. In this spectrum, RIS were detected between 0.7 
and 1.1 mT.

A representative X-band ESR tooth spectroscopy of Cattle A-1 is shown in 
Fig.  13.8. The additive-dose-response for radiation dose estimation is shown in 
Fig. 13.9. The dose of this sample is the value of negative x-intercept value, 67 mGy. 
The uncertainty of dose estimation was calculated using the Monte Carlo method by 
picking up randomly generated parameters 100 times, adapting the model obtained 
by the additive-dose method. Estimated 95% confidence interval was between 1.3 

Fig. 13.5  Cumulative radiation doses to cattle monitored by using glass dosimeters since 
December 2013
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and 119 mGy. Total dose estimated by X-band ESR tooth dosimetry was compared 
with other methods, that is, calculated from ambient dose-rate and from individual 
monitors after adding the initial estimated dose before December 2013 (Table 13.2). 
Both estimations using ground-deposited radioactive Cs and individual monitor 
were in good agreement. Although the dose range was large, doses estimated by 
X-band ESR tooth dosimetry of Cattle A-1 and A-3 were not much different from 
those calculated by other two methods. In Cattle A-2, the dose assessed by X-band 
ESR tooth dosimetry was eight times the dose assessed by other two methods.

Fig. 13.6  Representative ESR spectrum of a sample of incisors from Cattle A-2 using L-band 
spectrometry. Measurement condition: 20 scans, scan range of 2.5 mT, a scan time of 30 sec, a 
modulation amplitude of 0.4 mT. The signal around 0.8–1.2 mT shows a positive reference control 
of 15N-PDT

Fig. 13.7  Example of ex  vivo ESR spectrum of human tooth using the L-band. This tooth is 
exposed to 1Gy by X-ray. Measurement condition: 20 scans, scan range of 2.5 mT, a scan time of 
3 sec, a modulation amplitude of 0.4 mT. The signal from a positive control is observed around 
0.6–0.9 mT. Radiation induced signal is observable at 0.5–1 mT

K. Inoue et al.
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Fig. 13.8  Example of spectrum obtained by X-band ESR tooth dosimetry. In the middle, tooth 
signals are shown including radiation-induced signal. At both sides, there are standard signals from 
a Mn marker. The right side is third signal of Mn and the left side is fourth signal of Mn

Fig. 13.9  Estimated radiation dose of a sample from Cattle A-1 by the additive-dose method. (a) 
Irradiated dose was converted from X-ray to 137Cs equivalent considering the energy dependency 
of this ESR tooth dosimetry. Dose is the value of negative x-intercept value, 67 mGy. (b) The 
uncertainty of this dose estimation. The top of the box represents the third quartile and the bottom 
of the box represents the first quartile. The upper whisker and the lower beard show 1.5 interquar-
tile range. Outliers are plotted as individual points. In this measurement, estimated dose was 
67 ± 30 mGy showing lower value for this cattle

13  Preliminary Study on Electron Spin Resonance Dosimetry Using Affected Cattle…
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13.3.4  �Radioactivity Concentration in the Molar Tooth 
of Cattle A-3

Radionuclides and their concentrations detected in the ashed molar tooth of Cattle 
A-3 were 90Sr (46 ± 2.3 Bq kg), 134Cs (60.7 ± 9.9 Bq/kg), and 137Cs (60.6 ± 1.7 Bq/kg).

13.4  �Discussion

13.4.1  �Comparisons of Estimated Radiation Dose

Total dose using X-band ESR tooth dosimetry was 37–1230 mGy. These values are 
consistent with the estimated radiation dose using monitoring and individual dosim-
eters, considering that Cattle A-2, who showed had the highest exposure dose, was 
moved from the higher dose area to Okuma Farm during the 6 years.

13.4.2  �Limitations of ESR Tooth Dosimetry in Regard 
to Variance and Energy Dependency

This study tried to measure the actual dose of cattle affected by the FNPP accident 
using both X-band and L-band ESR tooth dosimetries. Due to its low sensitivity, 
L-band ESR tooth dosimetry revealed to be not practical for dose assessments asso-
ciated with the FNPP accident and that the X-band dosimetry can be available with 
some improvements. Dose of each sample was measured by the additive-dose 
method. Measurements were performed on each enamel sample individually, taking 
into account the sample properties and mass. This is because, even with the same 
tooth, the degree of stable radical generation is affected by the chemical structure of 
the enamel sample. Response characteristics of thermoluminescence dosimeter 
(TLD) depend on the mass energy-absorption coefficient of photons and the mass 
stopping power of charged particles. In dose measurements, energy dependence of 
ESR dosimetry is relatively similar to TLD. When measuring with animal samples 
by the additive dose method, the dose response may vary from sample to sample. 

Table 13.2  Estimated radiation dose [mGy]

Cattle
Based on initial ground deposition and 
ambient dose monitoring

Based on individual dose 
assessmenta

ESR range, 
median

A-1 158 160 37–731, 255
A-2 158 160 1120–1230, 1180
A-3 65 67 114–221, 138

aindividual doses are averaged among monitored cattle

K. Inoue et al.
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Therefore, it is more desirable to measure separately for each sample. In fact, there 
is significant variation in dose response of ESR dosimetry among samples of the 
same boar, especially in older boars [22].

13.4.3  �Effect of External Exposure Due to ß-Particles 
from Deposited Radionuclides

Assuming that the deposited density of 137Cs was 1 MBq/m2, external dose-rate of 
the skin in contact with the ground was estimated to be around 0.14 mGy/h using 
coefficient of ICRU report 56 [23]. Assuming 8 h a day of contact with the ground, 
the total skin dose from β-particles for 6 years after the FNPP accident was 1.9 Gy 
with consideration of weathering. It is a large value in the dose calculation and can-
not be ignored. However, this estimated dose was not detectable by ESR tooth 
dosimetry, indicating that β-particle exposure to the teeth is negligible unless get-
ting a tooth close to the land.

13.4.4  �Effect of Internal Exposure

Other concern was a potential impact of internal exposure by radioactive substances 
inside a tooth and other organs. However, self-absorption dose, that is, radiation 
dose to a tooth from radionuclides in the same tooth, is limited. It was because of 
the low concentration of the total radionuclides in tooth, and taking the radioactive 
strontium as an example, the tooth dose was as low as 2 mGy.

13.4.5  �Limitations of ESR Tooth Dosimetry in Regard 
to the Variance of Background Signals

The background signal in enamel could be induced by ultraviolet from sunlight [24, 
25] or mechanical stimulation during sample preparation [26]. Therefore, further 
confirmation on the added radiation dose due to the nuclear accident is needed to 
clarify the attribution of possible causes.

13.5  �Conclusion

Radiation dose measured by ESR tooth dosimetry reflects the radiation history of 
each subject. In this study, the dose measured by ESR tooth dosimetry was con-
sistent with the monitored radiation dose. These indicate that teeth can be used 

13  Preliminary Study on Electron Spin Resonance Dosimetry Using Affected Cattle…
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to assess radiation dose from a radiation accident. However, L-band ESR dosim-
etry was not sensitive enough to detect the radiation exposure to cattle in 
Okuma Town.
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