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a b s t r a c t

This paper presents the results of the first intercomparison exercise performed by the Korea retro-
spective dosimetry (KREDOS) working group using electron paramagnetic resonance (EPR) spectroscopy.
The intercomparison employed the alanine dosimeter, which is commonly used as the standard
dosimeter in EPR methods. Four laboratories participated in the dose assessment of blind samples, and
one laboratory carried out irradiation of blind samples. Two types of alanine dosimeters (Bruker and
Magnettech) with different geometries were used. Both dosimeters were blindly irradiated at three dose
levels (0.60, 2.70, and 8.00 Gy) and four samples per dose were distributed to the participating labo-
ratories. Assessments of blind doses by the laboratories were performed using their own measurement
protocols. One laboratory did not participate in the measurements of Magnettech alanine dosimeter
samples. Intercomparison results were analyzed by calculating the relative bias, En value, and z-score. The
results reported by participating laboratories were overall satisfactory for doses of 2.70 and 8.00 Gy but
were considerably overestimated with a relative bias range of 10e95% for 0.60 Gy, which is lower than
the minimum detectable dose (MDD) of the alanine dosimeter. After the first intercomparison, partici-
pating laboratories are working to improve their alanine-EPR dosimetry systems through continuous
meetings and are preparing a second intercomparison exercise for other materials.
© 2020 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

In South Korea, there are currently more than 20 nuclear re-
actors are in operation, and the number of industries using radio-
active material is steadily increasing. Moreover, as a divided nation,
there is a risk of nuclear terrorism. In this situation, there is a strong
need to prepare various countermeasures for protecting the public
from radiation accidents. In case of radiation accident, rapid and
accurate assessment of the exposed dose is important to determine
the prognosis for the medical condition of exposed patients and to
establish treatment plans.

Retrospective dosimetry is a dose assessmentmethod, usually at
by Elsevier Korea LLC. This is an
the level of the individual, carried out after an exposure using
methods other than with conventional radiation dosimeters [1]. It
can be used when there is suspicion of chronic overexposure to the
public, exposure accidents when not wearing a personal dosimeter
or partial exposure of the body other than where the personal
dosimeter is worn, and reconstruction of occupational exposure
doses. Various techniques of retrospective dosimetry are being
studied internationally by laboratories related to radiological
emergency response, and systematic quality control of these
assessment methods is required.

In South Korea, the Korea retrospective dosimetry (KREDOS)
working group was founded in 2016 to improve the capability of
dosimetry techniques and to offer prompt joint assistance during
radiation emergencies. There are three methodology groups in
KREDOS: biodosimetry [2], electron paramagnetic resonance (EPR)
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dosimetry [3], and thermoluminescence (TL)/optically stimulated
luminescence (OSL) dosimetry [4]. Currently, intercomparison ex-
ercises are ongoing in each methodology group.

EPR dosimetry is one of the physical dose assessment methods.
It can be used for retrospective dosimetry for external radiation
exposure, detection of irradiated food [5e7], and dating [8]. In a
radiation accident, various biological samples and personal be-
longings of overexposed patients may be used in EPR dosimetry. In
particular, EPR dosimetry using tooth enamel is widely recognized
and used [9]. However, EPR dosimetry using extracted tooth sam-
ples is difficult to apply immediately in case of a radiation emer-
gency. Therefore, ex vivo tooth-EPR dosimetry is limited to
survivors of large-scale radiation events such as the Chernobyl
accident [10] and atomic bomb explosions in Hiroshima and
Nagasaki [11]. Recent EPR dosimetry studies have been performed
using nails [12], which are relatively easy to collect among bio-
logical samples, and personal belongings such as smart phones.

Many intercomparison programs using EPR dosimetry have
been conducted internationally [13e15]. In 1993, a series of inter-
national intercomparisons involving tooth-EPR dosimetry were
started based on the framework of research projects carried out by
the European Commission in cooperation with the IAEA; four
intercomparison exercises have been conducted till now [16e19].
Recently, intercomparison programs using the cover glass of smart
phones have also been performed [20]. However, South Korea has
not yet participated in the intercomparison exercise using the EPR
method. Therefore, the KREDOS-EPR group has planned a grada-
tional domestic intercomparison program to reach international
levels.

Alanine-EPR dosimetry systems have been used in reference or
transfer-standard or routine dosimetry systems in radiation appli-
cations that include sterilization of medical devices and pharma-
ceuticals, food irradiation, polymer modifications, medical therapy,
and radiation damage studies in materials [21]. In general, the
range of absorbed doses for which the alanine dosimeter can be
used is between 1 and 1.5 � 105 Gy for photons and electrons
irradiation. This dosimeter is used at relatively high dose compared
to TL dosimeter (TLD) or radio-photoluminescence glass dosimeter
(RPLGD). It is also suitable for long-term accumulated dose
assessment because it has very low fading and repeated measure-
ments are possible. Therefore, the alanine dosimeter, which is well
known as the standard dosimeter in EPR dosimetry, was selected as
the first intercomparison sample even though it is not an appro-
priate sample for retrospective dosimetry in radiation emergencies.

This paper presents the results of alanine dosimeter in-
tercomparisons performed in the KREDOS-EPR group. Previous
literature mainly used standard deviation or relative bias when
analyzing intercomparison results. Also, the En value or z-score are
commonly used for the statistical evaluation of reported results by
participating laboratories in various accredited international
intercomparison programs [22]. Therefore, the results of this
intercomparison were analyzed by calculating the relative bias, En
value, and z-score.

2. Materials and methods

2.1. Participants and intercomparison schema

Five laboratories participated in this alanine-EPR intercompar-
ison. The Korea Institute of Radiological and Medical Sciences
(KIRAMS), Dongnam Institute of Radiological and Medical Sciences
(DIRAMS), Korean Association for Radiation Application (KARA),
and Radiation Health Institute (RHI) participated in the dose
assessment of blind samples. A fifth laboratory, the Korea Atomic
Energy Research Institute (KAERI) was in charge of irradiation of
the intercomparison samples tomaintain the neutrality of the blind
doses.

The dose ranges of the blind samples were divided into three
levels: low dose level (0e2 Gy), medium dose level (2e5 Gy), and
high dose level (5e10 Gy). Four alanine dosimeters for each dose
level were distributed to participants. The irradiated blind samples
were received by each participant on the day of irradiation. Dose
assessments of the blind samples were carried out by the partici-
pating laboratories using their own measurement protocols.
Dosimetry results were reported as a single value using the average
of the four samples. At the KREDOS-EPR group meeting held after
twomonths following the irradiation, the participating laboratories
presented their measurement protocol and dosimetry results,
including uncertainties and KAERI revealed the reference values of
the blind doses. In this paper, the randomly assigned laboratory
numbers were used instead of the laboratory names in analyzing
the methods and results.

2.2. Sample preparation

Two commercially available L-a-alanine dosimeters purchased
from Bruker and Magnettech (manufactured by Aerial CRT, France)
were used in this intercomparison exercise, as shown in Fig. 1. Both
dosimeters are pellet-shaped and have similar characteristics
except for their geometry. The Bruker alanine dosimeter has a
diameter of 4.8 mm, thickness of 3 mm, and mass of 64.5 ± 0.5 mg,
while the Magnettech alanine dosimeter has a diameter of 4 mm,
thickness of 2.45 mm, and mass of 37.95 ± 0.06 mg. Intercompar-
ison samples used dosimeters of the same lot number stored in the
same environmental conditions. Four laboratories participated in
the analysis of the Bruker alanine sample, and three laboratories
participated in the analysis of the Magnettech alanine sample.

2.3. Irradiation conditions

Irradiation of blind samples was performed with an OB40 irra-
diator (Buchler, Germany) using a 137Cs gamma ray source at
ambient temperature (approximately 22 �C). The gamma ray irra-
diator was calibrated with respect to air kerma using a standard
ionization chamber, and the irradiation dose rate was controlled at
10mGymin�1. The nominal values of the irradiated reference doses
are 0.60 (low dose level), 2.70 (medium dose level), and 8.00 Gy
(high dose level).

2.4. Dosimetry methods

The dosimetry method used by each laboratory is described
below and summarized in Table 1. Table 2 presents the EPR mea-
surement parameters. In the dosimetry procedures of all labora-
tories, X-band EPR spectrometers were used and the spectra were
recorded at room temperatures (22e25 �C). The peak-to-peak value
of the alanine spectrum was applied to the determination of the
signal intensity. Participating laboratories reported the final results
for the blind samples as air kerma values.

� Technique used by laboratory 1 (Lab 1)

Lab 1 performed dosimetry with a calibration method using an
EXEXSYS E500 spectrometer (Bruker, Germany) and an exclusive
alanine pellet tube (5mm I.D., Bruker). Lab 1 has been using its own
alanine-EPR dosimetry protocol, which was created using Bruker
alanine, for various radiation studies since 2016. Therefore, inter-
comparison samples were measured using this procedure. The
calibration samples were irradiated with 1, 5, 10, 20, and 30 Gy
calibrated with respect to absorbed dose to water using the



Fig. 1. The alanine dosimeter samples used in this intercomparison exercise (left: Bruker alanine dosimeter; right: Magnettech alanine dosimeter).

Table 1
Characteristic features of methods used by participating laboratories.

Lab 1 Lab 2 Lab 3 Lab 4

EPR
Spectrometer

Bruker
EXEXSYS E500

Bruker EMX Magnettech
MS-5000

Bruker
EXEXSYS E500

Cavity ER4122SHQE Dual cavity
ER-4105DR

Rectangular
TE 102

ER4122SHQE

Reference for
EPR signal

Bruker reference marker Not used Magenettech
Reference Marker (Ruby Crystal)

Not used

Subtracted
background

Not used Not used Not used Not used

Dose assessment
method

Cal. curve Additive dose Cal. curve Cal. curve

Calibration
source

60Co (dose to water) 137Cs (air kerma) 137Cs (air kerma) 60Co (air kerma)

Table 2
Measurement parameters used by participating laboratories.

ISO/ASTM 51607 Lab 1 Lab 2 Lab 3 Lab 4

Microwave frequency (GHz) 9 - 10 9.85 e e 9.82
Microwave power (mW) 0.1 - 10 1.002 6.35 2.0 5.024
Center field (mT) 350 350 350 331 350
Field Sweep width (mT) 20 20 20 2 20
Modulation amplitude (mT) 0.1 - 1.5 0.7 1 1 0.5
Receiver gain (dB) adjustable according to absorbed dose 51 15 10 50
Time of sweep (s) 30.72 20 60 30.73
Conversion time (ms) 30 327 e 30.01
Time constant (ms) e 20 e 163.84
Number of scan 10 20 40 10
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approved 60Co irradiation system of Korea Research Institute of
Standards and Science (KRISS). The regression equation of the
calibration curve was obtained using linear fitting, and the coeffi-
cient of determination (R2) was 0.99991. The signal intensity was
corrected based on the Bruker reference marker value and the
dosimeter mass. Since the influence of gamma-ray energy is
negligible, the correction between calibration source (60Co) and
blind irradiation source (137Cs) was not considered [21], and doses
below 1 Gy were calculated using extrapolation. The determination
of blind doses used the mean value of four samples that was
calculated after eight measurements per sample; the doses of
Magnettech alanine samples were reported using themean value of
three replicated measurements obtained employing the same
procedure. The final dose values were reported by converting the
absorbed dose to water into the air kerma using conversion factor
(0.902 abosorbed dose to water/air kerma) [9].
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� Technique used by laboratory 2 (Lab 2)

Dosimetry in Lab 2 was performed using an EMX spectrometer
(Bruker, Germany) and the additive dose method (back-extrapola-
tion technique). Irradiation of samples were done in the air kerma
using a 137Cs irradiator (Gammacell 40 Exactor, Best Theratronics).
The additive dose method generally estimates the initial dose in the
process of obtaining a specific response curve for the same incre-
mentally irradiated sample. Optimal spacing of the applied dose
and the number of spectra were decided by referring to related
literature [23,24]. The estimated initial dosewas far from the center
of the calibration range, so this method increased the confidence
interval. The single high point distribution method was applied to
diminish the error of the x-intercept using least square analysis and
10 times the estimated initial dose (initially estimated as 5 Gy) was
supplied to the alanine pellet samples to ensure a small relative
error. However, these trials were not very efficient in decreasing the
relative error because the measurement uncertainty at low dose
ranges is much higher than that at high dose ranges. This unusual
situation could be caused by extremely low dose ranges for dose
estimation of alanine dosimeters.

� Technique used by laboratory 3 (Lab 3)

Lab 3 performed this intercomparison using an MS-5000 bench
top spectrometer (Magnettech, Germany). The calibration method
was used to determine the irradiated dose of blind samples. Irra-
diation of the calibration samples was carried out using a 137Cs
Fig. 2. Schematic of the one-pellet (left) and four pellets (right) setups.

� Technique used by laboratory 4 (Lab 4)
irradiation system in their laboratory. The calibration curve was
prepared using samples irradiated with 0.8, 1, 3, 7, and 10 Gy cali-
brated with respect to the air kerma. The ruby crystal was used to
correct the variation of signal intensity by the measurement envi-
ronments. And to efficientlymeasure low dose samples in the range
of 1e10 Gy, one and four-pellet setups were used, as shown in Fig. 2.
The detection point was set in the center of the four alanine sam-
ples to obtain the maximum sensitivity. In the case of the four-
pellet setup, measurements were performed by changing the or-
der of samples to minimize the uncertainty due to the deviation of
each sample.

EPR measurements at Lab 4 were carried out using a Bruker
EXEXSYS E500 spectrometer and an alanine pellet tube. The cali-
bration method was used to determine the irradiated dose of blind
samples. Irradiation of the calibration samples was carried out
using a 60Co irradiator (Gamma beam X200, Best Theratronics Ltd.,
Canada) in their laboratory.

The air kerma value for the 60Co irradiatorwasmeasured using an
ionization chamber (TM30011, PTW, Germany) and an electrometer
(6517B, KEITHLEY, USA) at a distance of 100 cm from the cobalt
source to the center of the ionization chamber. Standard irradiation
was performed for four alanine dosimeters in a build-up cap.

The calibration curve was prepared using samples irradiated
with 1, 2, 3.5, 5, 7.5, and 10 Gy calibrated with respect to the air
kerma. Regression equations were determined using linear fitting
for the Bruker alanine and a 2nd order polynomial fitting for the
Magnettech alanine, respectively. The mean value of four samples
was used for determining the blind doses.



Table 3
Uncertainty budgets of irradiation for blind samples.

Relative uncertainties (k ¼ 1)

Uncertainty source Type A (%) Type B (%)

Reference dose 1.65 e

Irradiation time 0.00 e

Distance correction factor 0.12 e

Decay correction factor e 0.01
Field size of beam 1.44 e

Combined uncertainty of irradiation 2.19
Relative expanded uncertainty (k ¼ 2), 4.38

Table 4
Measurement uncertainty for blind samples in participating laboratories.

Relative expanded uncertainty (k ¼ 2), U (%)

low dose level medium dose level high dose level

Laboratory Bruker Magnettech Bruker Magnettech Bruker Magnettech

Lab 1 11.38 11.38 6.64 6.64 5.65 5.65
Lab 2 e e 16.55 e 19.79 e

Lab 3 5.68 6.45 5.82 6.34 5.29 5.86
Lab 4 14.78 11.52 13.12 10.30 13.12 9.52
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2.5. Uncertainty

The uncertainties of irradiation of the blind samples are given in
Table 3, and the measurement uncertainties of the participating
laboratories are presented in Table 4. The uncertainties were re-
ported as the relative expanded uncertainty at a confidence level of
95% (k ¼ 2).
3. Results and discussion

Table 5 and Fig. 3 present the dosimetry results obtained by all
participating laboratories, including uncertainties. In Table 5, un-
certainties are expressed by converting the relative expanded un-
certainties into doses.

For the low dose level (0.60 Gy), Lab 2 did not report the mea-
surement results owing to equipment performance issues. The
measurement values of the three laboratories that reported the
results were considerably overestimated with a relative bias range
of 10e95% compared to the reference dose. This is because the EPR
signal is more affected by noise ,since 0.60 Gy is lower than 1 Gy,
which is the general minimum detectable dose (MDD) of the
alanine dosimeter [20]. It should also be taken into account that
extrapolation was used for dose assessment as the lowest dose of
the calibration samples for all laboratories is greater than 0.6 Gy. In
the medium dose level (2.70 Gy), the relative biases of all mea-
surement doses were evaluated within ±8%, except for the Mag-
nettech samples of Lab 3, which were evaluated at
Table 5
Dosimetry results of participating laboratories for blind samples.

Reference Doses 0.60 ± 0.03 Gy (low dose level) 2.7

Dosimetry results Dose (Gy, k ¼ 2) Relative Bias, % Do

Bruker alanine
dosimeter

Lab 1 0.72 ± 0.08 þ20.00 2.8
Lab 2 aN.R. e 2.9
Lab 3 0.66 ± 0.04 þ10.00 2.8
Lab 4 0.94 ± 0.14 þ56.67 2.6

Magnettech alanine
dosimeter

Lab 1 0.81 ± 0.09 þ35.00 2.8
Lab 3 0.79 ± 0.05 þ31.67 2.3
Lab 4 1.16 ± 0.13 þ93.33 2.6

a N.R: Not Reported.
approximately �12%. This bias occurred because the result for one
sample among four samples was out of range. This problem
appeared to be caused by the integrity of the alanine sample. In the
high dose level (8.00 Gy), the result obtained in Lab 2 was
approximately 15% lower than the reference dose, and the results in
the other labs were within ±7%.

The En value and z-score are standard values can be used to
perform conformity analysis of results of intercomparison exercise
or proficiency testing. Generally, the En value is mainly used when
the reference value is clearly known, whereas the z-score is mainly
used when there is no reference value or there are many partici-
pating laboratories. Therefore, the intercomparison results were
analyzed by calculating the En value and z-score to avoid the issues
found through this analysis in the second intercomparison. The
measurement results of the 0.60 Gy reference dose were excluded
from the analysis.

The equation for determining En value is as follows:

En ¼ x � Xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U 2
lab þ U 2

ref

q ; (1)

where x and Ulab are the result and expanded uncertainty reported
by the participating laboratories, and X and Uref are the reference
value and expanded uncertainty assigned by reference laboratory,
respectively. If |En|> 1, the result is “unsatisfactory” and if |En| �1,
the result is considered “satisfactory”.

The equation for calculating the z-score is as follows:

z¼ x� X
s

; (2)

where x is the result reported by the participating laboratories, and
X and s are the mean value and standard deviation of the results
reported by all participating laboratories, respectively. If |z| �3, the
result is “unsatisfactory”, if 2 <|z| <3, it turns out to be “question-
able”, and if |z| �2, the result is considered “satisfactory”.

The results of calculated En value and z-score are presented in
Table 6 and Fig. 4. All En values except for the result of the medium
dose level for Magnettech samples of Lab 3 were judged “satisfac-
tory”. However, as the En value has a limitation that those values
decrease with the increasing uncertainties of the result reported by
the participant, it is not recommended to judge the conformity of
intercomparison results by only the En value. This experiment also
showed that the En value was lower even though the relative bias of
Lab 2 was higher than that of Lab 3. In the conformity analysis using
the En value, better results will be obtained if standardization for
uncertainty budgets of participants is performed. In case of the z-
score, all the results of the participants were found to be “satis-
factory” although the number of participants was relatively small.

When comparing the results of the Bruker and Magnettech
alanine dosimeters, the relative biases of the Magnettech alanine
0 ± 0.12 Gy (medium dose level) 8.00 ± 0.35 Gy (high dose level)

se (Gy, k ¼ 2) Relative Bias, % Dose (Gy, k ¼ 2) Relative Bias, %

4 ± 0.19 þ5.19 8.18 ± 0.46 þ2.25
0 ± 0.48 þ7.41 6.82 ± 1.35 �14.75
9 ± 0.17 þ7.04 8.55 ± 0.45 þ6.88
1 ± 0.34 �3.33 7.82 ± 1.03 �2.25
9 ± 0.19 þ7.07 7.92 ± 0.45 �0.99
7 ± 0.15 �12.22 8.47 ± 0.50 þ5.88
2 ± 0.27 �2.96 7.56 ± 0.72 �5.50



Fig. 3. Results of assessed dose values and relative bias obtained by each laboratory for the two alanine dosimeters (top: Bruker alanine dosimeter; bottom: Magnettech alanine
dosimeter).
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dosimeters were observed to be slightly higher at the low dose
level, but similar results were obtained at other dose levels. This
was attributed to the difference in the mass of the two dosimeters.
Table 6
Results of conformity assessment obtained using En values and z-scores of the intercomp

Reference Dose Medium dose level

En value confo

Bruker alanine
dosimeter

Lab 1 0.63 satisf
Lab 2 0.40 satisf
Lab 3 0.92 satisf
Lab 4 �0.25 satisf

Magnettech
Alanine dosimeter

Lab 1 0.85 satisf
Lab 3 �1.73 unsat
Lab 4 �0.27 satisf

z-score confo

Bruker alanine
dosimeter

Lab 1 0.22 satisf
Lab 2 0.66 satisf
Lab 3 0.59 satisf
Lab 4 �1.47 satisf

Magnettech
Alanine dosimeter

Lab 1 1.01 satisf
Lab 3 �0.99 satisf
Lab 4 �0.03 satisf
In this intercomparison exercise, it was a minor mistake to
irradiate the same blind doses in both the dosimeters. This was
because participating laboratories could compare each other's
arison results.

High dose level

rmity assessment En value conformity assessment

actory 0.31 satisfactory
actory �0.85 satisfactory
actory 0.96 satisfactory
actory �0.17 satisfactory
actory �0.14 satisfactory
isfactory 0.77 satisfactory
actory �0.55 satisfactory

rmity assessment z-score conformity assessment

actory 0.45 satisfactory
actory �1.37 satisfactory
actory 0.95 satisfactory
actory �0.03 satisfactory
actory �0.14 satisfactory
actory 1.06 satisfactory
actory �0.92 satisfactory



Fig. 4. Intercomparison results between participating laboratories in terms of En values and z-scores (top: Bruker alanine; bottom: Magnettech alanine).
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results when measuring two types of alanine dosimeters. Also, it
was impossible to discuss the results based on relative precision or
root mean square error (RMSE) as the final results were reported as
a single dose value at each dose level. Additionally, it is necessary to
optimize the various data processing technique of laboratories such
as correction using reference samples, extrapolation and fitting of
spectrum. Therefore, the next intercomparison exercise will be
planned and performed considering these issues. However, when
looking at the overall results of this intercomparison exercise in
terms of the relative bias, En value, and z-score, it was considered
very satisfactory.

4. Conclusions

The first EPR-intercomparison exercise in South Korea was
performed using two types of alanine dosimeters. Intercomparison
was carried out for samples irradiated by three blind doses at less
than 10 Gy. The doses below 10 Gy are considerably lower doses in
the alanine dosimetry, but overall satisfactory results were ob-
tained for the doses above MDD. This intercomparison is especially
meaningful as it is the first attempt toward establishing a cooper-
ation system among the laboratories using EPR dosimetry methods
in South Korea. This was also an opportunity to improve the reli-
ability of the EPR measurement system in each laboratory.

After the first intercomparison, participating laboratories are
having continuous meetings discussing various aspects, such as
standardization of EPR measurement uncertainties, sharing mea-
surement results of various dosimetry samples, and the next
intercomparison exercise, to prepare for a nationally coordinated
response in case of radiation emergency. Hydroxyapatite was
determined as the second intercomparison sample, and each lab-
oratory is currently preparing to build a measurement procedure
for the sample. In addition, the KREDOS-EPR group is looking for
other laboratories which can participate in the second intercom-
parison, and participating in international intercomparison pro-
grams is also under consideration.
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