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ABSTRACT

Exposure to ionizing radiation induces free radicals in human nails. These free radicals generate a
radiation-induced signal (RIS) in electron paramagnetic resonance (EPR) spectroscopy. Compared with
the RIS of tooth enamel samples, that in human nails is more affected by moisture and heat, but has the
advantages of being sensitive to radiation and easy to collect. The fingernail as a biological sample is
applicable in retrospective dosimetry in cases of localized hand exposure accidents. In this study, the
dosimetric characteristics of fingernails were analyzed in fingernail clippings collected from Korean
donors. The dose response, fading of radiation-induced and mechanically induced signals, treatment
method for evaluation of background signal, minimum detectable dose, and minimum detectable mass
were investigated to propose a fingernail-EPR dosimetry protocol. In addition, to validate the practicality
of the protocol, blind and field experiments were performed in the laboratory and a non-destructive
testing facility. The relative biases in the dose assessment result of the blind and field experiments
were 8.43% and 21.68% on average between the reference and reconstructed doses. The results of this
study suggest that fingernail-EPR dosimetry can be a useful method for the application of retrospective
dosimetry in cases of radiological accidents.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The primary objective of dosimetry in the early stage of a
radiological accident is to evaluate the radiation dose of individuals
and assist in determining the initial medical treatment by
providing exposure information to medical staff. Various tech-
niques and human samples have been used for diagnostic purposes
in clinical medicine and forensics and offer opportunities for eval-
uating acute exposure dose [1,2]. There are multiple approaches
toward retrospective dosimetry for patients with acute exposure to
ionizing radiation, including biological dosimetry, physical dosim-
etry, bioassays, and neutron activation [3]. These methods can be
applied selectively based on the exposure condition and radiation
type. In physical dosimetry methods using electron paramagnetic
resonance (EPR), the dose delivered to the human body internally
and externally is evaluated using biological materials (e.g., tooth
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enamel, nail, or hair) or objects and devices possessed by the
exposed patients (e.g., cell phone and clothing) [4]. EPR dosimetry
is a practical method for providing exposure information in
radiological accidents [1].

The exposed dose in the hands of nuclear medicine staff work-
ing as medical radiation workers has been managed using ring
dosimeters [5]. However, the read-out values do not accurately
represent the exposed dose to the hand [G]. The value of the
exposed dose measured at the fingertips has been reported to be
two to six times the read-out values obtained from the ring
dosimeter [7]. In case of localized hand exposure accident during
the nondestructive testing (NDT), the EPR dosimetry using finger-
nail was applied to evaluate the exposed dose in the fingertips [8,9].
These cases imply the need for a method of evaluating the ex-
tremity dose in the hands of exposed patients. Among the potential
biological samples for EPR, fingernails are an appropriate choice for
evaluating the extremity dose in the fingertip owing to the ease of
collecting them and their sensitivity to radiation [10].

Human nails exhibit three kinds of EPR signals: radiation-
induced signal (RIS), mechanically induced signal (MIS), and
background signal (BKS) [11—13]. The generated EPR signals in
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exposed nails have different causes that overlap in a similar g-factor
range [14,15]. To evaluate the exposed dose in the nail, the RIS must
be distinguished in the complex spectrum [16]. To decrease the
dose analysis time and ensure the accuracy and reliability of results,
a protocol of dose assessment based on the dosimetric character-
istics of the nail is required. Certain radiological accidents have
been investigated using the fingernail-EPR dosimetry protocol
[8,9,16,32]. However, the validation method was not presented for
the result of dose assessment of fingernails in previous studies. The
microwave bridges of X-band (~9.7 GHz) and Q-band (~34 GHz)
were used in dosimetric research on radiological accidents. Using
Q-band for RIS5 in fingernail is advantageous as it tends to be more
sensitive than X-band for small mass samples (<10 mg) and pro-
vides a better spectral resolution for these materials [17]. Moreover,
it has been demonstrated that RIS5 exhibits thermal and time
stability which is not affected by the physical contact of fingernail
with water [10]. On the other hand, the advantages of using the X-
band for RIS2 in fingernails are higher reproducibility and sensi-
tivity of signal above the appropriate amount (>10 mg), short
analysis time, and wide dose range compared to Q-band. In
particular, the low dose limit is 2 Gy, which is a noticeable advan-
tage compared to Q-band (>10 Gy) [4,10,17]. However, the RIS2
stability is strongly influenced by temperature and humidity
[17,18]. Therefore, to use RIS2 for dose assessment, the exposed
fingernail should be collected without contact with water as soon
as possible after a radiological accident. Recently, due to the
increased interest in radiation exposure in radiation workers,
strengthening of safety regulations, and advances in the personal
dosimeter performance, it is possible to determine the occurrence
of radiation exposure accidents in relatively shorter time. The most
appropriate dose assessment method is needed for the situations
involving radiological accidents.

The National Radiation Emergency Medical Center, the
responding agency for radiological accidents in Korea under the
Korea Institute of Radiological and Medical Sciences (KIRAMS),
applied the protocol of fingernail-EPR dosimetry based on the
dosimetric characteristics of fingernails to provide exposure infor-
mation in a localized hand exposure accident. The dose response of
fingernails was evaluated according to irradiation doses for the
characteristics of dose linearity and variation between individuals.
The variation in RIS and MIS after exposure and cutting was
analyzed over time. A treatment method comprising soaking and
drying processes was evaluated for the BKS as an intrinsic signal in
fingernails. The minimum detectable dose (MDD) and minimum
detectable mass (MDM) were evaluated to obtain reliable dose
assessment results. In addition, dose reconstruction tests in blind
and field experiments were performed in the laboratory and an
NDT facility to validate the proposed protocol of fingernail-EPR
dosimetry, which provides detailed procedures.

2. Materials and methods
2.1. Sample preparation and storage

Fingernails grown over two weeks were collected from Korean
donors aged 30—50 years. The mass of the samples, depending on
the position of the finger and donor, was 5—20 mg. The thickness of
each fingernail was 0.5—1 mm, typically 0.6 mm approximately.
Fingernail clippers were used to collect fingernail clippings that
were 3—6 mm long and 1-2 mm wide. The collected samples were
stored in a dark box under ambient conditions with 35% + 2%
relative humidity at 23 °C + 1 °C (room temperature) [11].
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2.2. Sample irradiation

Each sample was irradiated using a'>’Cs source (BioBeam 8000,
STS Steuerungstechnik & Strahlenschutz GmbH, Germany) at a
dose rate of 2 Gy min~. The fingernail samples were irradiated
with the absorbed doses to the water-equivalent. The water-
absorbed dose was monitored using a radio-photoluminescence
glass dosimeter (RPLGD) (GD-352 M, ASAHI Techno Glass Corpo-
ration, Japan). The measurement uncertainty of the RPLGD reader
system with a coverage factor of k = 1 was evaluated to be 4.08%
[19].

2.3. EPR measurement

EPR measurements were conducted on a Bruker E500 EPR
spectrometer equipped with a Bruker SHQE 4122 cavity resonator
in the X-band. All measurements were performed under ambient
conditions with 35% + 5% relative humidity at 23 °C + 1 °C at room
temperature with a central magnetic field of 3530 G. The sweep
width was 100 G, the receiver gain was 42 dB, the modulation
amplitude was 4 G, the microwave frequency was 9.85 GHz, the
number of scans was 10, the sweep time was 30.72 s, the conver-
sion time 30 ms, and the microwave power was 1.002 mW. The EPR
signal intensity in the fingernail was corrected based on the Bruker
reference marker and the sample mass. Each sample was measured
using quartz thin-wall EPR tubes with a diameter of 5 mm. EPR
measurements were repeated three times, and the sample in the
tube was shaken between consecutive measurements.

2.4. Dosimetric characteristics of fingernails

2.4.1. Dose response

Twenty-five samples were used to evaluate the individual dose
response of the fingernail. The mass of the samples was 15—20 mg.
The collected samples were stored in plastic vials for 24 h to
decrease the effect of MIS interference. Twenty-five samples
collected from five donors were irradiated at doses of 10, 20, 30, 40,
and 50 Gy using *’Cs y-rays to evaluate the dose response for
different individuals. Each set was composed of five samples
collected from a single donor. The RIS spectrum overlapped with
the BKS at an identical g-factor of 2.004. Therefore, to remove the
BKS in the spectrum, the subtraction method was applied to eval-
uate the peak-to-peak RIS intensity. Regression curves were ob-
tained using linear fitting, and the coefficient of determination (R?)
was calculated.

2.4.2. RIS fading

Twelve samples collected from three donors were used to
evaluate the RIS fading. Each set of four samples collected from a
single donor was irradiated with doses of 2, 10, 25, and 50 Gy using
137Cs y-rays. The irradiated samples were measured immediately
and on days 1, 2, 6, and 10, and they were stored in vials between
measurements. The variation in RIS was evaluated as the average of
the relative standard deviation for 10 days for each set of irradiated
samples.

2.4.3. MIS fading

Samples measuring 20 mg were cut enough to generate MIS in
the cutting plane of the fingernail [20]. The size of each cut sample
was 2—3 mm?. The g-factor of the BKS in fingernails was considered
when analyzing the intensity of the MIS. The MIS of the cut sample
was measured using quartz thin-wall EPR tubes with a diameter of
5 mm for 400 h. In addition, the MIS of the samples had varying
spectra depending on the cutting direction [10]. Therefore, the EPR
measurements were repeated thrice after shaking the sample to
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decrease the effect of cutting direction.

2.4.4. Treatment method for determining BKS

Twenty-four samples from eight donors were used to evaluate
BKS in the exposed fingernail. The analysis procedure was per-
formed in the following order: BKS measurement, irradiation of
sample, RIS measurement, soaking and drying of sample, and
sample measurement. To obtain the RIS in fingernails, three sam-
ples from one donor were irradiated with 30, 40, and 50 Gy. The RIS
was then measured for each sample. To remove the RIS in each
sample, the samples were soaked in distilled water for 15 min and
then dried in a plastic vial with silica gel for 15 h [10,21]. The
soaking and drying times were determined to be sufficient for the
RIS to be removed by water and to result in a mass of fingernails
that was similar to that before soaking, respectively [22].

2.4.5. Minimum detectable dose

The International Organization for Standardization (ISO) pro-
vides a guideline for performing ex vivo measurements of human
tooth enamel samples by X-band EPR for dose assessment [23]. We
adopted ISO 13304—2(2020) to evaluate the MDD in the fingernails.
Samples from seven donors were used to evaluate the MDD. Table 1
shows that the fingernail mass of each sample was 15—20 mg.

The unexposed fingernails were measured 20 times to obtain
the average and standard deviation of the BKS of the fingernail.
Then, they were irradiated with 2, 5, 10, 20, 30 Gy as the additive
dose to obtain the response curve. Each dose response curve was
determined using the linear fitting described in Equation (1):
I=by+ biD (1)
where [ is the EPR signal intensity, D is the irradiation dose, bg is the
intercept, and b is the slope. ISO 13304—2(2020) suggests applying
the difference between the critical level (CL) and the detection limit
(DL). The CL is the reference value used to distinguish between the
measured signal and background noise. If the measurement result
was higher than the CL, then the measurement was determined to
detect a physical effect [24]. The CL of the dose was calculated using
Equation (2):

o —bo

DcL B,

(2)

where D¢ is the dose of the CL, and Icy is the CL intensity. To
evaluate the MDD (Dpy) of the fingernails, the dose of the DL (Dpy),
was calculated using Equation (3), based on the ISO 13304—2(2020)
approach [22].

Dpy =2D¢ (3)

The MDD was assumed to be twice the dose of the critical level
(DcL). Based on this assumption, the MDDs for seven fingernail
samples from different donors were calculated.

2.4.6. Minimum detectable mass

The limit of quantitation (LOQ) presented by the International
Union of Pure and Applied Chemistry (IUPAC) was applied to
evaluate the MDM in fingernails [25]. MDM is meaning of the
minimum mass for dose assessment in fingernail. A sufficient

Table 1
Fingernail mass (mg) according to donors.
Donor 1 Donor 2 Donor 3 Donor4  Donor 5 Donor 6 Donor 7
19.29 16.50 17.45 19.57 17.61 15.7 19.98
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analyte concentration must be present to produce an analytical
signal that can reliably be distinguished from “analytical noise,” the
signal produced in the absence of an analyte [26]. LOQ is defined as
the lowest mass of a sample that can be determined with accept-
able precision and accuracy under the stated conditions of the test.
It can be expressed by Equation (4):

100

(4)
where ¢ is the standard deviation of the response and S is the slope
of the response curve according to mass [24]. The samples had
masses of 1, 3, 5, 10, 20, and 30 mg. Samples were irradiated with a
reference dose of 3 Gy to evaluate the MDM in fingernails.

2.5. Dose reconstruction test

2.5.1. Blind experiment in laboratory

Blind experiments were carried out to verify the protocol of
fingernail-EPR dosimetry at the laboratory level. Three samples
were collected from three donors. Blind doses were irradiated using
137¢Cs y-rays. Subsequently, each sample was cut to generate MIS in
the fingernails. The cut samples were stored in a plastic vial with
silica gel for 3 h to decrease the effect of MIS. To analyze the
samples exposed to unknown doses, the initial EPR signal in the
blind samples was measured before additive irradiation for sam-
pling was performed. The additive dose method was used to obtain
the dose-response curve of each sample [27]. Lastly, the BKS of the
blind samples were measured using the treatment method,
including soaking and drying.

2.5.2. Field experiment in NDT facility

A field experiment was conducted to verify the applicability of
the proposed protocol under conditions that were consistent with
the radiological accident. The exposure situation of localized hand
exposure was simulated in an NDT facility. Fifteen samples
collected from three donors were placed on the fingertips of a
physical human phantom. Immediately before conducting the field
test, the samples were collected from the donors. To reduce the
influence of external contamination and drying, the samples were
enclosed in a paraffin tape during the irradiation. Table 2 shows the
mass of the fingernails according to their positions. Fig. 1 shows the
experimental setup for localized hand exposure in the NDT facility.
The 6°Co y-ray source (98.6 Ci) was located at the tip of the guide
tube for 15 min when the non-destructive irradiator was turned on.
The whole-body dose was set to 3 Gy through the pre-irradiation
plan using a Monte Carlo simulation. After the irradiation, the
paraffin tape was peeled off from the fingernail, stored in sealed
vials, and moved to the laboratory. The exposed fingernails were
stored in sealed vials. The physical human phantom was developed
based on the mesh-type reference computational phantoms of the
International Commission on Radiological Protection (ICRP) [28].
An 1-a-alanine dosimeter (Aerial CRT, France) and an RPLGD were
located next to the fingernail for comparison with the exposed dose
evaluated by the proposed fingernail-EPR protocol. The measure-
ment uncertainty of the alanine dosimeter with a coverage factor of
k = 1 was evaluated to be 2.33% [29]. The exposed fingernails were

Table 2

Fingernail mass (mg) according to position.
Sample Thumb Index Middle Ring Little
Donor 1 15.68 10.73 13.38 8.45 6.61
Donor 2 16.17 9.72 11.85 10.44 7.06
Donor 3 13.48 6.08 7.48 5.26 4.68
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Fig. 1. Experimental setup for the localized hand exposure in the NDT facility.

evaluated using the proposed fingernail-EPR dosimetry protocol.
3. Results and discussion
3.1. Dosimetric characteristics of the fingernail

3.1.1. Dose response

The dose response from 1 to 100 Gy in fingernails can be used to
evaluate the exposed dose on the fingertip over a wide dose range
[30]. In a localized exposure situation, the patient is exposed to a
relatively high dose compared to the whole-body irradiation dose
[9]. Fig. 2 shows that the dose response curves for fingernails have a
good linear relationship for irradiation doses in the range of
10—50 Gy. Regression curves were obtained using linear fitting, and
R? exceeded 0.97 for each set of fingernail samples. However, the
exposed samples exhibited different dose response curves for
different individual donors. These results show that rather than
using a standardized dose response curve for dose assessment,
fingernails of the same person should be used.

3.1.2. RIS fading

Fig. 3 shows that the RIS fading was evaluated for ten days using
the twelve samples from three donors. The variation of RIS over ten
days was evaluated using the average of the relative standard de-
viation as 9.34% for the irradiation dose range from 2 to 50 Gy. The
variation between the measurement and irradiation for signal
stabilization was included in the uncertainty of RIS fading. In this
study, the RIS fading was evaluated by minimizing the effects of
water and heat. In an actual radiological accident, the variation in
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Fig. 2. Linear relationship between the irradiation doses and intensity of the EPR
signals according to individual.
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RIS is difficult to estimate before the collection of fingernails from
an exposed patient. The exposed fingernail must be collected as
soon as possible to avoid the effects of water and heat, which can
reduce the RIS in the fingernail [20,31].

3.1.3. MIS fading

In a radiological accident, MIS occurs during fingernail collec-
tion from the exposed patient. To minimize the effect of MIS on the
fingernail EPR signal, MIS fading after the cut time was analyzed.
Fig. 4 shows the variation in the measured MIS over 400 h.

The g-factor of MIS was measured as 2.0035 using the EPR
spectrometer. The RIS and MIS in the fingernail-EPR spectra have
peak-to-peak intensities at different g-factors. The MIS interfered
with determining the peak-to-peak intensity of the RIS, and this
interference effect decreased as time after cutting increased. The
exposed fingernails have irrelevant EPR signals from MIS caused by
the collection process, and it is expected that measurement of
samples at least 3 h after collection will produce more accurate
dose evaluation results than RIS immediately after collection. The
time required to minimize the effect of MIS was similar to that
reported by Sholom and McKeever (2016) [32].

3.1.4. Treatment method for determination of BKS

In a radiological accident, measuring the BKS immediately after
collecting samples is difficult. The treatment method should be
used to analyze the BKS of exposed fingernails. The results of EPR
signals were measured according to the treatment step and irra-
diation doses as shown in Fig. 5. Each intensity of EPR signals was
evaluated for the fingernails collected from eight donors. The dif-
ference between the intensity of BKS in unexposed and treated
samples was evaluated using the average relative bias of 14.67% for
the irradiation dose range of 30—50 Gy. The RISs were a signal
excluding the BKSs. The BKS after soaking and drying was evaluated
as less than the initial BKS. The difference between the initial BKS
and soaking and drying of BKS would be occurred due to the re-
sidual MIS2 in the collected fingernail [10]. In addition, the residual
water in the fingernail can reduce the sensitivity of EPR measure-
ments owing to dielectric loss [33]. Therefore, the appropriate
soaking and drying times are important for determining the BKS. To
determine the BKS in the fingernail through treatment method, the
soaking and drying times were determined to be 15 min and 15 h,
respectively.

3.1.5. Minimum detectable dose

The standard deviation of repeated BKS measurements and the
dose response curve of each sample were used to evaluate the MDD
in fingernails. The MDD calculated for seven fingernail samples
from different donors was 1.68 + 0.26 Gy. However, because the
MDD can differ depending on individual dosimetric characteristics
of the fingernails, these results suggest that the MDD of fingernails
can be evaluated statistically. The reliability of evaluated exposed
dose in fingernail can be confirmed preferentially by using the
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Fig. 3. Variation of RIS in fingernails collected from three donors over ten days from 2 to 50 Gy: (a) Donor 1, (b) Donor 2, (c) Donor 3.
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results of MDD results when there is no reference dosimeter.

3.1.6. Minimum detectable mass

The mass of the fingernail is an important factor in evaluating
the exposed dose. Difficulty in collecting a sufficient mass of
fingernail samples is anticipated in a localized hand exposure ac-
cident. The MDM was evaluated to establish the minimum sample
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mass required to obtain reliable dose assessment results. The slope
was calculated from the intensity of the RIS according to the mass of
the fingernails. Subsequently, Equation (4) was applied to evaluate
the MDM through statistical analysis. The MDM was 3.11 + 0.54 mg
at an irradiation dose of 3 Gy. In other words, the result of the
evaluation refers to the amount of fingernail sample that could be
statistically analyzed when the exposed dose of fingernails was
3 Gy. The MDM was evaluated by the particular irradiation dose at
the adjacent MDD. We can estimate that the slope of the response
curve according to mass increased as the exposed dose in the
fingernail increased. These results show that the MDM can be
determined differently based on the exposed dose in the fingernail.

3.2. Protocol of fingernail-EPR dosimetry

The proposed fingernail-EPR dosimetry protocol is based on the
dosimetric characteristics of fingernails obtained in this study. The
protocol is summarized in Fig. 6 [18]. It was assumed that the dose
assessment was performed on fingernails collected immediately
after the localized hand exposure accident. The additive dose
method was adopted to evaluate the exposed dose in fingernails
because the fingernail has a limited mass available for collection
from exposed patients [23,27]. To evaluate the accurate the BKS in
fingernail, the conditions of fingernail treatment were same as the
dose additive methods and BKS evaluation. It took 24 h to complete
the proposed protocol for dose assessment of three samples.
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-

* Collect the fingemails and the
exposure information of the patient
immediately after radiation exposure

* Measure the weight of each sample
* Obtain the calibration curve by using
additive dose irradiation

"+ Remove signal by soaking the samples in
distilled water for 15 min and drying in
silicagel for 15 h

[+ Measure the EPR signal of treated
fingernail

* Subtract the BKS from RIS
_* Apply the additive dose method

Fig. 6. Workflow diagram for the protocol of fingernail-EPR dosimetry.

Table 3
Results of dose assessment for blind experiment.
Sample number Blind dose (Gy, k = 1) Reconstructed dose (Gy, k = 1) MDD (Gy)
1 15.13 + 0.61 13.41 + 2.63 1.28
2 10.68 + 0.43 10.26 + 1.65 3.42
3 16.91 + 0.68 15.22 + 1.69 2.42
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Fig. 7. Results of the blind experiment of three evaluated doses in blind samples.

3.3. Dose reconstruction tests

3.3.1. Blind experiment for verification of the protocol

The results of the blind experiment are presented in Table 3 and
Fig. 7. The relative biases were determined to be 11.36%, 3.93%, and
9.99% for the three exposed doses of 15.13, 10.68, and 16.91 Gy. The
measurement uncertainty of the protocol was determined by the
sample irradiation, treatment method for BKS, EPR measurement,
and regression curve of the additive dose method [34,35]. The re-
sults of the reconstructed dose were underestimated compared to
those of the blind dose. In the predicted results, the reconstructed
doses in fingernail would be evaluated larger than the blind dose
due to that could not removed the MIS completely [10]. However,
the reconstructed doses were not larger than the blind doses. It was
estimated that the BKS was overestimated by the treatment
method for determining the BKS. The treatment process to obtain
the BKS forms the largest portion of measurement uncertainty of
protocol. The individual character of the water content in the
fingernail may influence the results of the reconstructed doses.
However, all blind doses were achieved using the range of mea-
surement uncertainty of the reconstructed dose. The reconstructed
doses were higher than the MDD of the blind samples.
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Table 4
Results of dose assessment for field experiment according to finger position and sample.
Position Dosimeter Fingernail
RPLGD Alanine Donor 1 Donor 2 Donor 3
(Gy, k=1)

Thumb 4581 +3.73 42.80 + 2.41 1437 +4.92 14.63 + 5.00 17.36 + 5.38
Index 12.36 + 1.01 15.91 + 0.89 1232 + 4.05 12.36 + 6.34 931+ 1.98
Middle 8.37 + 0.68 11.04 + 0.62 9.69 + 3.70 10.72 +2.73 13.33 +3.36
Ring 8.66 + 0.70 6.90 + 0.38 10.29 + 3.97 6.57 + 2.05 6.81+1.75
Little 6.63 + 0.54 5.82 +0.32 7.25 +2.75 4.87 + 1.59 573 + 1.52

60 supposed that the BKS of fingernail exposed to more than 50 Gy has
® Alanine not been accurately evaluated. Therefore, additional research on
s0 RPLGD treatment time to remove RIS higher than 50 Gy must be considered
= = Donor 1 in further studies.
Q
':‘ 10 = Donor 2
’d
S Donor 3 4. Conclusion
2 30
= We investigated the dosimetric characteristics of fingernails,
= 20 including the dose response, RIS and MIS fading, treatment method
- .
= for BKS, MDD, and MDM to propose a protocol for fingernail-EPR
I I dosimetry, and validated the proposed protocol. The dose
10 - 1 1 I I response of fingernails showed different EPR intensity at the same
I irradiation dose for different individuals. The RIS in the exposed
0 : : : . fingernail was evaluated for variation of EPR over time. In a clipped

Thumb Index Middle Ring Little

Position of samples on the fingers

Fig. 8. Results of evaluated doses in RPLGDs, alanine dosimeters, and fingernails ac-
cording to finger position.

3.3.2. Field experiment in NDT facility

The exposed samples of RPLGDs, alanine dosimeters, and fin-
gernails were evaluated by each analysis system and the protocol of
fingernail-EPR dosimetry according to the finger position, as shown
in Table 4 and Fig. 8. The results of exposed dose in fingernail were
evaluated as the conversion in terms of kerma in tissue. Relative
biases between dosimeters and fingernails according to finger po-
sition averaged 65.11%, 22.70%, 12.24%, 1.33%, and 7.02%, for the
thumb, index finger, middle finger, ring finger, and little finger,
respectively. The average read-out value in dosimeters and the
average reconstructed dose of fingernails were compared according
to respective fingers.

The measurement uncertainty of the protocol was determined
using the sample irradiation, RIS fading, treatment, EPR measure-
ment, and regression curve of the additive dose method [34,35]. The
reconstructed doses in the fingernails were higher than the MDD of
each fingernail. The dosimeters and fingernails located on the thumb
nearest to the source gave the highest exposed doses among the
samples. However, the exposed dose in thumbnails was found to be
relatively lower than the result of dosimeters on the thumb.
Thumbnails were underestimated on the hand of the physical hu-
man phantom for several reasons. The fingertip did not have enough
space to set the measurement samples in an identical position, and
the reconstructed results could be affected by tiny differences in the
position of the sample, despite the samples being close to each other.
In addition, the exposed thumbnails were irradiated with additional
doses exceeding the read-out value of the dosimeters because the
additive dose method was applied to the exposed samples. The total
exposed dose in thumbnails was higher than the irradiation dose
researched by the treatment method for the evaluation of BKS. It was
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fingernail, MIS generated in the cross section of fingernails
decreased the accuracy of result evaluation of exposed doses. The
time taken to minimize the effect of MIS was determined to be at
least 3 h. The soaking and drying times were determined to be
15 min and 15 h, respectively, to determine the BKS in the fingernail
through treatment. To evaluate the BKS of fingernails, using the
control samples could be one of the treatment methods. If the
control fingernail was not affected by exposure in a radiological
accident, it could be applied to the evaluation of BKS. However, it is
difficult to determine which nails to use as control samples. In the
case of localized hand exposure, the control group is also highly
likely to be exposed because it is close to the radioactive source.
Therefore, soaking and drying methods were used for evaluation of
BKS in the proposed protocol. In this study, a methodology for
evaluating MDD and MDM that can provide reliable results for dose
assessment using fingernails was presented. Because the MDD and
MDM were dependent on each other, they were evaluated at
random mass and dose. The obtained properties were applied to
propose a protocol for fingernail-EPR dosimetry for determining
localized exposed dose in the hand. Dose reconstruction tests were
carried out to verify the validity and practicality of the fingernail-
EPR dosimetry protocol. The results of a blind test demonstrated
the applicability of fingernail-EPR dosimetry at the laboratory level.
The average relative bias between blind and reconstructed doses
was 8.43%. A field experiment was performed to evaluate the
practicality of the protocol in an actual NDT facility. Exposed doses
in the fingertip were evaluated by on-site simulation using fin-
gernails, RPLGDs, and alanine dosimeters. Most of the recon-
structed doses in fingernails were satisfactory compared with the
results of RPLGDs and alanine dosimeters. The average relative bias
between dosimeters and reconstructed doses was 21.68%. However,
there was a large difference between the dosimeters and results
obtained from nails located on the thumb. As the distance between
the source and the samples decreased, the results of the exposed
doses were significantly different depending on the different po-
sitions. Because the hand of the physical human phantom was not
an even surface, the samples were not irradiated uniformly in the
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field experiment. Furthermore, additional research on the treat-
ment process of samples exposed to doses exceeding 50 Gy is
required to obtain accurate BKS. Nevertheless, the results of the
dose reconstruction tests were significant in most dose ranges. An
exposure scenario in a specific situation of immediately collecting
fingernails after the radiological accident was considered, the
possibility of providing exposure information in high-dose local-
ized hand exposure accidents has been confirmed by the validation
of the proposed protocol for fingernail-EPR dosimetry. For appli-
cation in radiological accident cases, a comprehensive dose
assessment is needed not only using various dosimetry methods in
addition to the fingernail-EPR dosimetry. The skin dose of the
personal dose equivalent will be evaluated using the protocol for
fingernail-EPR dosimetry and a ring dosimeter in future studies.
This will provide useful operational quantity information in high-
dose localized hand exposure situations.
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