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Background Radiation Effects Association has carried
out an epidemiological study on low-dose radiation ef-
fects (J-EPISODE : Japanese Epidemiological Study On
low Dose Effect) which is entrusted by Nuclear Regula-
tion Authority since 1991. Two life-style questionnaire
surveys were examined in 1997 and 2003, and positive
correlation between cumulative dose and smoking was
found. As a result, adjustment for smoking reduced can-
cer risk estimate of mortality by radiation comparing with
the estimate without adjustment for smoking. The study
aims to provide the previous results of mortality analysis
which observed 1999-2010 and future forecast based on
the latest third life-style questionnaire survey performed
2015-2019. Methods In the mortality analysis, Poisson
regression was used for calculate excess relative risk per
Sievert {(ERR/Sv). To obtain new information of life-
style or socio-economic status, self-administered ques-
tionnaire was distributed to nuclear workers including
retired workers. Results In the mortality analysis, total
numbers of 71,733 male workers were assembled as co-
hort. The adjustment for smoking reduced ERR/Sv from
0.80 (90%CI: -0.39, 2.19) to 0.29 (-0.81, 1.57) for all
cancers excluding leukemia. In the third life-style ques-
tionnaire survey, 77,993 male workers responded and
positive correlation between radiation and smoking was
found. Conelusions The adjustment for smoking reduced
ERR/Sv in the previous analysis. A positive correlation
between radiation and smoking which was found in the
latest life-style questionnaire survey suggests that the
adjustment for smoking should reduce ERRs/Sv in the
future analysis. This work was funded by Nuclear Regu-
lation Authority, Japan.
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Background and aim: Japanese Epidemiological
Study on Low-Dose Radiation Effects (J-EPISODE) has
analyzed health effecls in association with photon expo-
sure assessed in A, (10) since 1990. However, it is un-
der way to estimate cancer morbidity and mortality risk
for a new cohort set up in 2019 in terms of organ-ab-
sorbed dose. The study aims to reanalyze cancer mortali-
ty risk for ] EPISODE fifth analysis with follow up peri-
od 1991-2010 using organ-absorbed dose. Materials
and methods : The reconstruction method of organ-ab-
sorbed dose principally followed the approach adopted in
the [ARC 15-Country Collaborative Study. However, the
method in the study was modified considering actual us-
age practice of dosimeters in Japan and body size of Japa-
nese. Conversion coefficient from dosimeter reading to
organ-absorbed dose was computed using dosimeter re-
sponse defined as reading per air kerma, and coefficient
from air kerma o organ-absorbed dose ; which was fol-
lowed by reconstruction of organ-absorbed dose for sub-
jects of J-EPISODE during 1957 to 2010. Then, Poisson
regression method was applied for estimating Excess
Relative Risk per Gray (ERR/Gy) for all and specific can-
cer mortality, in the same way as the fifth analysis of
J-EPISODE, both for all 204.103 subjects and for a part
of 71,733 subjects with life-style information. Results :
Conversion coefficient from reading Lo organ-absorbed
dose was approximately 0.8 Gy/Sv. The estimated ERRs/
Gy for all and specific cancer mortality in terms of or-
gan-absorbed dose were consistent with the fifth analy-
sis, revealing that risk estimation using organ- absorbed
dose became applicable for J- EPISODE. This work was
funded by Nuclear Regulation Authority, Japan.
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Reanalysis of Cancer Mortality Risk in Association with Organ

Absorbed Dose for Japanese Nuclear Workers 1991-2010
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Background: Japanese Epidemiological Study on Low-Dose Radiation Effects (J-EPISODE) has analyzed
health effects in association with photon exposure assessed in H,,(10) since 1990. However, it 1s under way
to estimate cancer morbidity and mortality risk evaluated 1 organ absorbed dose, which is recommended
by ICRP.

Aim: To reconstruct organ absorbed dose duning 1957 to 2010, and reanalyze cancer mortality risk for
J-EPISODE 1991-2010.

Materials and methods: The reconstruction method of organ dose principally followed the approach
adopted in the TARC 15-Country Collaborative Study. However, the method was modified considering
recent usage practice of dosimeters in Japan and body size of Japanese. Despite the IARC’s framework with
H(10) being the common quantity, 1t was ssmplhified using air kerma as common quantity (Figure 1).

[1] The preceding studies on . 0]

Japanese NPPs in 1980s were U\Disttimﬁnnnfenengymd geometry of |</«__J Confirmed for

found to confirm that the photen exposure atworking place

assumptions of distribution of

| \z—-l JapaneseNFP |

| [

— | p—— 0l —
eneroy and geometry of [ Readingsof 1] Y . [ eisiatcaiy ] Y o [ Orzanabsorbea |
photon exposure m IARC ldosimem R— ﬂ Aur kerma — bdose
study were applicable for @_ ) ..':,AI.“.‘,_ i
J-EPISODE. [l Expenimented dosimeter Developed conversioncoefficients | [1]
[2] Dosimeter response data responseat JAEA for M-103: Japanese adult male
defined as readi.ngs per air refemed LARC study data voxel phantom

kerma, under combinations of
a specific photon energy: 119,
207 and 662 keV, and a specific geometry; antero-posterior geometry and 1sotropic geometry, were newly
experimented 1n the same way as IARC study for recently used three fypes of dosiumeters; glass badge (GB).
electronic personal dosimeter (EPD) and optically stimulated luminescence (OSL) dostmeter, while those
for film badge (FB) and thermoluminescence dosimeter (TLD) referred IARC study data.

[3] Conversion coefficients from air kerma to organ absorbed dose were developed for Japanese adult male
voxel phantom (JM-103) in order to compare with Caucasoid phantom.

(4] Fnally, conversion coefficients from readings to organ absorbed dose were computed using the above
data on dosiumeter response as well as coefficients from kerma to organ absorbed dose for each year and
each site where workers were exposed to photon, followed by reconstruction of organ absorbed dose for
subjects of J-EPISODE durmng 1957 to 2010. Then, Poisson regression method was applied for estimating
ERR (Excess Relative Risk) for cancer mortality.

Results: 1) The IARC assumptions of energy and geometry distribution were applicable.

2) Dosimeter response among dosiumeter types demonstrated small differences.

3) Conversion coefficients for IM-103 revealed small differences from Caucasord.

4) Conversion coefficients from readings to organ absorbed dose (Gy/Sv) were around 0.7 to 0.8.

5) Organ absorbed dose for several tissues was reconstructed from the recorded dose during 1957 to 2010.
6) ERRs for cancer mortality were estimated in terms of organ absorbed dose.

Conclusion: Evaluation method of cancer morbidity and mortality risk in association with organ absorbed
dose, which 1s recommended by ICRP, became applicable for Japanese nuclear workers.

Keywords: Epidemiology, Organ absorbed dose, Nuclear worker

ACKNOWLEDGMENTS: Tlus work was funded by Nuclear Regulation Authonty, Japan.

Fig. 1. Framework converting readings of personal dosimeter to organ absorbed dose
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Cohort profile of the Japanese epidemiological study on low-dose
radiation effects (J-EPISODE)
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The Institute of Radiation Epidemiology of the Radiation Effects Association has examined radiation
epidemiological study among Japanese nuclear workers since 1990. A new study was designed with a
background of that incidence data were needed in addition to mortality data and so on. The new study has
been conducted during 2015 to 2019 to obtain new informed consent and information of confounding
factors by lifestyle questionnaire survey. For those expressed agreement to informed consent were
requested to answer the lifestyle questionnaire simultaneously. The questionnaire was the self-administered
and included questions about lifestyle such as smoking and occupation. etc. The documents were distributed
in two ways. The first was distributing by mail to those included in the previous cohort whose their name,
addresses and dose records were identified The second was distributing to those currently working through
the organization of nuclear facilities such as nuclear power plants. research institute, and fuel processing
companies. The worker who replied in the second way. data linkage with database which is maintained by
Radiation Dose Registration Center by using their name. date of birth and address have performed to link
their dose records. Based on these surveys, a new cohort which was comprised by 77.993 male workers
was established. The mean cumulative dose was 15.4 mSv and the mean age was 59.4 years at the end of
March. 2019. The workers who had exposed less than 5 mSv or who were over 60 years old occupied half
and over. Duration of work. type of employer. job category. years of education. smoking status and body
mass index showed correlation with cumulative dose. Alcohol consumption did not show the correlation.
These results suggest that the estimated excess relative risks per sievert will reduce by adjustment for them
as same with the previous analysis®. The characteristics of new cohort denoted that adjustment for lifestyle
or socioeconomic status should be needed in future analysis.

Keywords: Epidemiology, Cohort study, Nuclear worker
ACKNOWLEDGMENTS: This work was funded by Nuclear Regulation Authority. Japan.
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The health effects of low-dose or low-dose rate of radiation are still controversial. There is little evidence to show if radiation
risk is greater than other risks, such as lifestyle or socio-economic factors, including smoking, This study aimed to directly
compare radiation and smoking risk on cancer mortality by deriving both risk factors simultaneously from one cohort. The
study population was Japanese nuclear workers who were engaged until the end of March, 1999. A lifestyle questionnaire
was distributed in 1997 and 2003 and smoking information was obtained. Radiation dose was supplied by Radiation Dose
Registration Center in Radiation Effects Association. Poisson regression was used to derive radiation excess relative risk (ERR)
per 100 mSv and smoking (ERR) per 20 pack-years. Radiation doses were lagged by 10 years. There were 71,733 subjects.
The total person-years was 591,000, and the number of deaths for all cancers excluding leukemia was 1,326, For all cancers
excluding leukemia, the ERR of radiation per 100 mSv was 0.08 (90% CI: -0.08, 0.28), and the ERR of smoking per 20 pack-
years was 0.57 (90% CL: 0.44, 0.73). In addition to all cancers excluding leukemia, stomach cancer, lung cancer, smoking-
related cancers showed significantly smaller radiation ERRs than smoking ERRs. These results suggest that, even if a low-
dose radiation risk existed, it was much smaller than smoking nsk.

KEY WORDS: low dose radiation, radiation risk, smoking risk, cancer, cohort study, epidemioclogical study.

I INTRODUCTION

Although health effects of high-dose or lugh-dose rate of
radiation based on the studies of atomic bomb survivors'~ has
been demonstrated, the health effects of low-dose or low-dose
rate of radiation are still controversial. There is little evidence
to show if radiation risk is greater than other risks, such as
lifestyle or socio-economic factors, ingluding smoking,

Some studies have compared the risk between radiation
and smoking,*® however, comparison between cumulative
radiation dese and total amount of smoking among nuclear
workers are limited.

The Institute of Radiation Epidemiology (IRE) of
Japan’s Radiation Effects Association (REA) commenced
an epidemiological study on low-dose radiation effects
(J-EPISODE) among radiation workers in Japan in 1990. To
examine non-radiation factors among radiation workers, the
IRE conducted lifestyle questionnaire surveys among a sample
of workers in 19977 and 2003.

The present study aimed to quantify the excess relative
risk (ERR} of both radiation and smoking that were derived
simultaneously from one cohort, and to directly compare the
two risk factors.

=1 Indtitute of Radiation Epidemniology, Radiation Effects Association;
1-9-16 Kajicho, Chiyoda-ku, Tokyo 101-0044, Japan.
#  Comesponding author, E-mail: s_kudo@rea.orjp

I MATERIALS AND METHODS

1. Ethics statement

All procedures involving human participants were in
accordance with the ethical standards of the institutional and/
or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical
standards, The study protocol was based on the Ethical
Guidelines for Medical and Health Research Involving Human
Subjects established jointly by Japan's Ministry of Health,
Labour, and Welfare, and Ministry of Education, Culture,
Sports, Science, and Technology. This work was reviewed and
approved by the Research Ethics Committee of the REA.

2. Cohort definition and follow-up of vital status

We conducted a follow-up of Japanese workers who
registered in the Radiation Dose Registration Center
(RADREC), which manages workers’ radiation dose records
from nuclear facilities as of the end of March 1999. Copies
of the workers’ residence registration cards (RRCs) were
acquired from local government offices to ascertain their
vital statuses. Copies of RRCs were issued when subjects
were alive, and copies of deleted residence records, including
death dates or new addresses, were issued when suljects were
deceased or had moved.

For those whose deaths could be ascertained through RRCs,
causes of death were obtained by record linkage with the death
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records approved for use and provided by Japan's Ministry of
Health, Labour and Welfare. Indices used for record linkage
were date of birth, date of death, sex, and municipality code
of residence.” A process to obtain individual informed consent
through an opt-out method was performed from 2007-2009.
The opt-out rate was approximately 7%. For those whose data
we obtained but who later refused participation, we stopped
all follow-up efforts, but included them among their cohort
until the last day on which their vital statuses were known.
The primary framework of the study population and follow-up
methods of the J-EPISODE have been described in detail in
previous papers.*-Y

3. Dosimetry

For this study, the individual recorded doses, including
photon, intemal, and neutron doses, were used. The photon
doses were the external exposure records of equivalent doses
at a tissue depth of 10 mm [HF(IO) {m8v)] for all workers in
nuclear facilities who are registered in the RADREC dose
database. Neutron doses and intemal doses were monitored,
but cases above the level to be recorded were rare. If they
were detected, they were added to external doses. The dose
records used in the analysis included the individual’s amount
that consisted of external, internal, and neutron doses by fiscal
year. In the present study, exposures below the detectable level
were set as zero mSv.

The use of nuclear energy in Japan commenced in 1957,
Therefore, the dosimetry records of workers from 1957 to
the time before the RADREC launched the registration in
1978, were retrospectively provided to the RADREC by the
respective nuclear facilities that had stored the data. The
present study covers radiation dose records from 1957 to 2010.

4. Lifestyle questionnaire survey

To examine factors potentially confounding the risk
assessment of nuclear workers, lifestyle questionnaire surveys
were performed twice (1997 and 2003) to a sample of workers.
The questionnaire was self-administered and included
questions on smoking, alcohol intake, and history of engaging
in work involving hazardous materials, such as asbestos,
benzene, etc. The first survey’s questionnaire (1957-1999) was
distributed to 55,271 workers in nuclear facilities; and almost
all respondents were working at the time of the survey. The
second survey’s questionnaire (2003-2004) was distributed
to 73,542 workers by postal mail to those who were 40 years
old or more on July 1, 2003. Based on cumulative doses as
of March 31, 2002, all workers exposed to 10 mSv or more
were surveyed, while 40% of workers with less than 10 mSv
were sampled. The questions in the second survey were almost
identical to those of the first survey, with questions on socio-
economic status such as years of education added. For those
who answered both surveys, the first survey’s answers were
analyzed in this study. Female workers were also distributed
to but were not included in the analysis because number of the
responses from female workers was too small (387 workers).
Those whose smoking status or pack-years were unknown
were excluded.
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5. Risk comparison strategy

To compare radiation and smoking risks, we had to set
some assumptions on model and unit. In this study, a linear
model was assumed to apply to both radiation and smoking.
In radiation epidemiology field, a linear model is broadly
used, although a linear no threshold (LNT} model is still
controversial. The consensus is that determining low-level
radiation risk is difficult due to a huge cohort that is needed
to increase statistical power and adjustment for confounding
factors such as lifestyle or socio ic status is g Iy
limited. LNT can be considered as a possible model under
such situations. Therefore, a linear model was used for
radiation risk estimate. To facilitate a comparison, linear model
was also used for smoking.

For nsk estimate units, both radiation nsk estimate and
smoking risk estimate vary by their unit. Workers who were
exposed to over 100 mSv comprised approximately 5% of the
whole cohort. Therefore, radiation risk estimate was based on
100 mSv to aveid underestimation of radiation nsk. Smoking
risk estimate was based on 20 pack-years to allow comparison
with other studies.

6. Statistical analysis

All individuals contributed person-years from two years
after the response date of the questionnaire'” until the earliest
of (a) the date of final confirmation of vital status, (b) the
date of death, or (c) December 31, 2010. Poisson regression
models were applied to analyze radiation risks and smoking
risks.'* % 19 Each individual’s last residence was used to
stratify respondents into eight regions within Japan. Given the
differences between the characteristics of respondents to the
first and second lifestyle surveys, as described above in the
“lifestyle questionnaire survey” section, a binary indicator was
used to show whether the first or the second survey was used
for analysis.

Radiation cumulative doses were categorized into 14
groups by mSv levels: 0,>0, 1-, 2—, 3—, 5, 7.5, 10—, 15—,
20, 25—, 50~, 100, 200+, Cumulative radiation doses were
updated monthly, with the assumption that annual doses were
distributed uniformly over the year Cumulative doses were
lagged by ten years > 119 The pack-years was defined
as follows: the mumber of cigarettes per day = (1 pack/20
cigarettes) = duration of smoking (the number of years since
the age at which an individual started to smoke, through
the age on the survey date for current smokers). Pack-vears
were categorized into eight groups: 0,>0, 10—, 15—, 20—,
25-, 30, 50+ We used only pack-years for current smokers
and added former smoker indicator as an adjusted variable.
Adjustment variables were attained age, calendar year, birth
year, residence, binary indicator of lifestyle questionnaire
survey, and binary indicator of former smoker Cumulative
dose, attained age, and calendar period were treated as time-
dependent variables. The model used to estimate radiation and
smoking risks was a linear additive model (1)

A=ly(a,c,y,r, s)explaz)(1+ Bz, + f. 2.) (1
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We also fitted the data to a linear multiplicative model (2)
and a log-linear model (3).

A=y (a, e,y r s)explaz)(1+f, 2,1 + . 2,) (2)

(3)

where 4 is the death rate at dose z, and pack-years z,. 4 is the
background death rate (stratified by o attained age (20-, 25—,
wry 1004), e calendar period (<2000, 2000-2004, 2005-2010),
. year of birth (<1920, 1920-, 1925, ..., 1970+), r: region
{divided into eight areas), and s survey indicator (1st, 2nd}),
z indicates former smokers (1= former smoker, 0 = cumrent
smoker or never smoker), z represents the person-year
weighted cumulative dose, and z, represents the person-year
weighted pack-years for current smokers. & represents the
coeflicient of z and denotes relative nsk for former smokers,
and £ and 3, represent the coefficient of z, and z,, respectively.
The umt of z, was 100 mSv, and the umt of z, was 20 pack-
years. Therefore, £, denotes radiation ERR per 100 mSv, and
f3, denotes smoking ERR per 20 pack-years. ERR denotes
an increase of risk by radiation or smoking, namely it is
equivalent to relative risk minus one. We also calculated the
90% confidence interval (CI) based on likelihood. When
CI based on likelihood was not converged, CI based on
Wald was calculated. Doses were lagged by 10 years, and
sensitivity analyses were examined under five- and 15-year
lag assumptions, in addition to a 10-year lag. In addition, we
verified an interaction between radiation and smoking by using
the model as follows (4):

A=dg(a, e y.r, syexplaz) (1+ Bz + Pz + B2y 2,) (4)
where zz, denotes interaction term of z, (radiation) and z,
(smoking) and §, represent the coefficient of z z,

The person-year table was created and the models were
fitted using Epicure software” Using this model, we
compared the ERRs of both radiation and smoking.

A=kla ey r s)explaz + Bz, + fz;)
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I RESULTS

There were 75,442 male workers who responded to
the questionnaire survey. There were 3,709 workers (5%)
excluded due to unknown smoking status. As a result, 71,733
with smoking information were analyzed as the present study
cohort, Table 1 shows the cohort characteristics. There were
approximately 591,400 person-years accumulated from 1999
to 2010 by 71,733 cohort members. The mean of cumulative
radiation dose which were lagged by 10 years and pack-years
at the end of follow-up was 21.0mSv and 27.8 pack-years,
respectively. The age at the end of follow-up was 56.2 years
old.

Table 2 denotes the proportion of subjects by the pack-
years and dose categories at the end of follow-up. Some dose
categories are combined for clarification purposes. The table
illustrates positive comrelation between the pack-years and
radiation dose (p-value of Pearson correlation™ < 0.001).
MNamely, the proportion of non-smokers decreases with
increasing dose categories, while the proportion of current
smokers with 30 or more pack-years increases with increasing
dose categories. More than half of workers are classified in the
=5 mSv dose category, while 5% of workers are classified in
the 100+ mSv dose category.

Table 3 shows the distribution of deaths, person-years and
mean attained age by dose category, smoking status and pack-
years. The mean attained age showed a positive trend with
cumulative dose and pack-years.

The results denved by model (1, 2, 3) were almost identical,
For all cancers excluding leukemia, the ERR of radiation
per 100 mSv was 0.08 (90%CI: -0.08, 0.28) and the ERR. of
smoking per 20 pack-years was 0.57 (0.44, 0.73) by linear
additive model. The ERR of radiation per 100 mSv was 0.03
(90%C1: —0.08, 0.16) and the ERR of smoking per 20 pack-
years was .56 (0.43, 0.72) by linear multiplicative model. The
ERR of radiation at 100 mSv was 0.04 (90%CI: -0.07, 0.15)
and the ERR of smoking at 20 pack-years was 0.30 (0.25, 0.36)

Table 1 Charactenstics of Japanese nuclear workers,

Follow-up period
Number of subjects
Person-years

Age at first radiation exposure

Duration of radiation exposure (Years)

Cumulative radiation dose at the end of follow-up

{m3v, Lagged by 10 years)
Age at start to smoke”

Duration of smoking” { Years)
Pack-years®

Age at the end of follow-up

1999-2010
71,733
591,400
Mean 300
Median (IQR) 27 (21-3T)
Mean 17.1
Median (IQR) 17 (6-26)
Mean 21.0
Median (IQR) 4.5(0.1-22.7)
Mean 19.5
Median (IQR) 20 (18-20)
Mean 24.1
Median (IQR) 24 (14-33)
Mean 278
Median (IQR) 25.0(13.0-38.0)
Mean 56.2
Median (IQR) 56 (47-65)

% Caleulated among current smoker (N'= 41,495,
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Table2 Number of subjects by smoking status, pack-years, and dose categories at the end of follow-up among Japanese nuclear

workers.
Smoking Dose ies (mSv)*
tatus Pack-years —3 % 5 1o 2 s 1o e oW
Never 0 3,954 5,085 1,331 1,759 1,862 833 388 78 15,290
(25.2%) (24.2%) (21.5%) (189%) (17.8%) (15.1%) (13.6%) (10.8%) (21.3%)
Former B 3716 4,084 1,114 2092 2,154 1,107 564 137 14,948
(23.7%) (19.4%) (18.0%) (22.4%) (20.6%) (20.1%) (19.8%) (18.9%) (20.8%)
0 1,483 2,966 892 902 845 322 74 10 7,494
(9.5%) (14.1%) (14.4%) (9.7%) (8.1%) (5.8%) (26%) (1.4%) (10.4%)
= 1472 2,507 848 1,126 1,387 738 333 51 8462
- " (9.4%) (11.9%) (13.7%) (12.1%) (133%) (13.4%) (11.7%) (7.0%) (11.8%)
20- 1,520 2.169 713 1.141 1436 914 487 133 8513
(9.79%) (10.3%) (11.5%) (12.2%) (13.7%) (16.6%) (17.1%) (18.4%) (11.9%)
30+ 3,545 4.203 1,283 2,304 2,778 1,598 1,000 315 17,026
(22.6%) (20.0%) (20.8%) (24.7%) (26.6%) (29.0%) (35.1%) (43.5%) (23.7%)
Total 15,600 20,994 6,181 9324 10462 5512 2846 724 71,733
(100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
Proportion by dose category 219% 293%  B6%  13.0% 146% TT% 4.0% 1.0% 100%
Note: Parenth indi age of pack-years within each dose category. Some categories are combined for clarification purposes.

* Lagged by 10 years,

Table 3 Distribution of deaths, person-years and mean attained age by dose category, smoking status and pack-years among

Japanese nuclear workers.
Cause of death
All cancers Stemiach Smoking-  Nonsmoking- Person-years/ Mean attained
excluding Liver cancer Lung cancer related related 10 age
. caneer b o
leukemia cancers cancers
“Total 1,326 218 138 319 952 322 39.1 493
Cumulative dose (mSv)
0 313 58 31 68 223 79 193 449
=0 312 44 33 63 206 92 16.5 488
5- 107 113 8 33 82 22 4.5 500
10~ 181 31 14 435 128 44 6.1 332
20- 214 37 25 54 166 42 6.9 536
50- 132 24 17 33 97 31 36 547
100- 47 5 9 17 38 i 18 562
200+ 20 3 1 4 12 5 0.4 587
Smoking status Pack-years®
Never 155 26 19 19 94 50 12.7 481
Former 372 53 35 89 247 110 10.8 56.9
=0 21 @ 1 3 13 3 7.6 36
10— 52 9 5 7 37 11 82 420
it 20- 386 59 45 102 183 41 10.7 535
30+ 340 63 33 99 278 54 9.2 36.6

* Calculated among current smokers. (Zero for non-smokers )

" Buecal and pharynx, esop st h, liver, p
CO0-Cl6, 22, C25, C30.0, C31-C34, C64-C67.

. All solid cancers other than smoking-related cancers.
C17-C21, C23-C24, C26-C29, €30.1-C30.9, C35-C63, C68-C80.

by log-linear model. These results showed lower radiation
ERR compared with smoking ERR by all models and suggests
that our results were robust. The linear additive model
showed the best fit in all causes of death except non-smoking
related cancers. AIC™s of all cancers excluding leukemia were
9,540.680 for the linear additive model, 9.541.092 for the

, nagal cavity, larynx, lung, bladder, kidney, ureter.

linear multiplicative model and 9,554.756 for the log-linear
model, respectively. Therefore, the results from the linear
additive model were used for the rest of the analysis.

Table 4 shows the ERRs and 90% Cls of radiation and
smoking. Mo significantly higher ERR per 100 mSv was
shown, while significantly higher ERRs per 20 pack-years
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Table 4 Excess relative risk and 90% confidence interval of radiation and smoking by cause of death among Japanese nuclear

workers,
Radiation ERR per 100 m3v Smoking ERR per 20 pack-years
Canses of Death ICD10 codes  Observed Deaths S0%CT 00%C

; ; C00-Co7 1,326 0.08 0.57
All cancers excluding leukemia except C91-C95 (-0.08, 0.28) ©.44,0.73)

St b canc Cle 218 -0.24 0.71
maci caneer (-0.55, 0.05F (0.33, 1.09)°

Liver cancer c22 138 0.71 0.61
(-0.004, 1.89) (0.26,1.25)

L . C33-C34 319 0.19 2.14
e e (<021, 0.81) (1.33,3.49)

. . N 952 009 0.87
Smoking-related cancers (0.13,037) (0,65, 1.13)

. e 0 322 ~0.04 0.18
Nonsmoking-related cancers (-0.30,0.22Y 0.03, 033y

* Buccal and pharynx, esophagus, stomach, liver, pancreas, nasal cavity, larynx, lung, bladder, kidney, ureter.

C00-Cle, C22, C25,C30.0, C31-C34, C64-C67.
b All solid cancers other than smoking-related cancers.

C17-C21, C23-C24, C26-C29, C30.1-C30.9, C35-Cs3, C68-C80.

“ Wald based confidence interval.

were shown in all analyzed causes of death. For all cancers
excluding leukemia, significantly smaller radiation ERRs (0.08
{90%CI: —0.08, 0.28)) compared with smoking ERRs (0.57
(0.44, 0.73)) were observed. Stomach cancer, lung cancer, and
smoking-related cancers also showed significantly smaller
radiation ERRs compared with smoking ERRs. The radiation
ERR for liver cancer (0.71 (-0.004, 1.89)) was higher than
for smoking ERR. (0.61 (0.26, 1.25)) with regards to point
estimate.

For all cancers excluding leukemia, the ERR of radiation
was 0.08 (90%CL —0.08, 0.26) and the ERR for smoking
was 0.57 (0.44, 0.73) when a five-year lag was assumed, and
the ERR of radiation was 0.09 (-0.09, 0.30) and the ERR
for smoking was 0.57 (0.44, 0.72) when a 15-year lag was
assumed. The lags were adapted only to radiation and were
not adapted to smoking. Therefore, the ERRs of smoking were
quite stable, We verified that all cancers excluding leukemia,
stomach cancer, lung cancer and smoking-related cancers
showed significantly smaller radiation RRs compared with
smoking RRs when lag assumptions were five or 15-years
(data not shown for stomach cancer. lung cancer and smoking-
related cancers).

We found no interaction between radiation and smoking,
The p-values of coefficient of the interaction term were 0.415
for all cancers excluding leukemia, and the p-values of other
causes of death were all greater than 0.1.

IV DISCUSSION

1. Principal findings

In this study, direct comparison between radiation risk and
smoking risk on cancer mortality was examined. Significantly
smaller radiation ERRs per 100 mSv compared wiih smoking
ERRs per 20 pack-years were shown for all cancers excluding
leukemia, stomach cancer, lung cancer, and smoking-related
cancers. For all cancers excluding leukemia, ERR of radiation
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per 100 mSv was approximately one seventh of smoking ERR
per 20 pack-years. Considering that the mean cumulative
dose of this cohort was 21.0 mSv, the estimated risk of cancer
mortality by smoking per 20 pack-years was over 30 times
larger than that of radiation risk for ordinary nuclear workers.

2. Liver cancer radiation risk

The radiation ERR for liver cancer was higher than other
causes of death and the point estimate was also higher than for
smoking ERR. We have examined the adjustment for alcohol
consumption status as follows:

A=Ay la, ey, s)explaz + )1 + B 2+ B ) (5)

where y denotes alcohol consumption status (1 = current
dnnker, 2 = former dnnker, 3 = never drnker, 4 = unknown)
and y denotes coefficient of y. Exp(y) means relative risk
by each alcohol category. After adjustment for alcohol
consumption status, the results were almost stable. The ERR
of radiation was 0.72 (0.006, 1.90) and smoking ERR was
0.56 (0.22, 1.17). This suggests the possible existence of other
factors, such as hepatitis virus®-* or that radiation itself
may increase ERR. However, the results of other radiation
epidemiology studies showed no significant increase in liver
cancer.'” ' The high radiation ERR for liver cancer might be
caused by chance, but this cannot be verified.

3. Comparison with other studies

Table 5 shows the comparison of ERRs of radiation for
all cancers excluding leukemia and lung cancer with other
studies. An atomic bomb survivor’s life span study (LSS),*¥
15-country study' (Pooled analysis include Australia,
Belgium, Canada, Finland, France, Hungary, Japan, Korea,
Lithuania, Slovakia, Spain, Sweden, Switzedand, UK and
USA), National Registry for Radiation Workers® study'®
(NEEW: Cohort study performed by UK), International
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Table 5 Comparison of excess relative risk and 90%
confidence interval of mortality by radiation with other
studies.

All cancers excluding
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Table 6 Comparison of excess relative risk and 90%
confidence interval of mortality by smoking with other
studies.

All cancers excluding

7 Lung cancer A Lung cancer
Study Observed deaths Observed deaths Study Obeerved deaths Observed deaths
ERR per 100mSv  ERR per 100 mSv Smoking ERR Smoking ERR
90% CI 90% CI 90% CI 90% C1
1,326 319 1,326 319
J-EPISODE 0.08" 0.19" J-EPISODE 0.57% 2.14%
(-0.08, 0.28) (-0.21, 0.8D) (0.44,0.73) (1.33,349)
5,235 1,445 2,513 645
LSS 0.03% 0.08" JACC 0.93% 297"
(0.02, 0.04)* (0,02, 0.15) (0.72, 1.19) (1.96,4.32)'
5,024 1,457 342 1,354
15-country 0.10° 019 JPHC 0.41°% 3.69%
(0.03,0.18) 0.05, 0.36) (-0.06, 1.10)" (2.32, 5.62)°
7,455 2,230 339
NRRW-3 0.03° 001 Three-Prefecture 1107
(0.002, 0.05) (-0.04,0.07) (0.62, 1.71)"
19,064 5,802 1,445
INWORKS 0.05° 0.05° LSS 5.70
(0.02,0.08) 0.00,0.11) (4.10,8.07)
446 446
Mayak 0.01% Mayak o
(-0.004, 0.04)* (5.4,17)
" Derived by linear additive model. * Derived by linear additive model.
®: All solid cancers. " Smoking excess relative risk at 20 pack-years ve 0 pack-years.
“ Derived by linear model. “ Denoted as relative risk or hazard ratio in original paper.
% 95% confidence interval. They are denoted as excess relative risk in this table by
*: Incidence. extracting one.
" Trachea, bronchus and lung cancer. * All cancers.

Derived by linear multiplicative model.

Nuclear Workers Study'*'" (INWORKS: Pooled analysis
include UK, US, France) and study of Russia’s Mayak nuclear
facility® were chosen for comparison of radiation risk. The
ERR for all cancers excluding leukemia of present study
per 100 m3v was comparable with other studies. The ERR
for lung cancers of the present study was also comparable,
althought the point estimate of the present study was slightly
higher than other studies.

Japan Collaborative Cohort Study for Evaluation on Cancer
(JACC),™ Japan Public Health Center-based Prospective
Study on Cancer and Cardiovascular Diseases (JPHC)*
Three-Prefecture Cohort study.® LSS5% and Mayvak® were
chosen for comparison of smoking risk (Table 6). The ERR
for all cancers excluding leukemia of present study per 20
pack-years was compatible with JPHC. However, the point
estimate was lower than JACC, although the confidence
interval overlapped. The ERR for lung cancer of the present
study was compatible with JACC, JPHC and Three-Prefecture
study, but was significantly lower than LSS or Mayak. This
may be caused by the difference in pack-years unit. While, 20
pack-years was used in our study, 50 pack-years was used in
the L53 study. The smoking category (current, former, never)
was used in the Mayak study, and it showed exceptionally high
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. Smoking relative rigk at 20-39 pack-years vs 0 pack-years.
95% confidence interval.

Smoking relative risk at 20-29 pack-years vs 0 pack-years.
Smoking relative risk of current smoker vs non-smoker,
Incidence.

: Smoking excess relative risk at 50 pack-years ve 0 pack-years.

EE_ N ]

ERR (9, 95%CI (5.4, 17)). The most likely possibility was
that many of the Russian workers smoked strong cigarettes,
usually without filters and in large quantities, as stated by the
authors.”

Risk estimates of radiation in the present study were
comparable with other studies (Table 5), while risk estimates
of smoking were slightly smaller than in other studies (Table
6). Mevertheless, our study’s results showed that radiation
risks were smaller than smoking risks (Table 4). Therefore,
it was likely that, if a low-dose radiation risk existed, it was
much smaller than smoking risk.

4. Limitations and strengths of this study

Cr study includes some limitations, one of which was
deficiency of statistical power. Wide confidence intervals for
radiation ERR comparing with other studies were caused
by short person-years (591,400) and observed deaths (1,326
for all cancers excluding leukemia). Another limitation was
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that smoking information was outdated to some extent, since
the onginal questiomnaires were performed in 1997 and
2003, while the follow-up period closed at the end of 2010.
Significantly higher ERR per 20 pack-years was shown for
nonsmoking-related cancer, although the point estimate was
slightly smaller compared with other causes of deaths. This
may be caused by confounding factors other than smoking,
To overcome these limitations, a new lifestyle questionnaire
survey is currently underway. The results of this new survey
may lead to more conclusive results for future research.

V CONCLUSION

The present study provided the evidence suggesting that,
even if alow-dose radiation risk for cancer mortality existed, it
was much smaller than smoking risk. This study was important
in deriving the risks of radiation and smoking simultanecusly
from one cohort.
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Estimation of cancer risk based on the organ-absorbed dose is underway for the Japanese Epidemiological Study on Low-Dose
Radiation Effects (J-EPISODE). The reconstruction method for the organ-absorbed dose follows the approach adopted in
the IARC 15-Country Collaborative Study, which examined the d ter r to photon exposure for the old film badge
(FB) type, a multi<lement FB and a thermoluminescence dosemeter, Until 2000 the dosemeters used in Japan were almost
the same in the IARC study, so IARC study data could be used as they were. Ilnwewr, since 2000, the Iype of dosenwter has
been replaced with active p 1d t (Imreai‘ter called el&clrmuc 1 ters), radio-p t glass
dosemeters (Glass badge) and optically stimulated | ence d @ badge). Hence, it was necessary to collect
these data again. A dosemeter response experiment was conducted using a device that irradiated an anthropomor phic phantom in
the Japan Atomic Energy Agency calibration laboratories. The aim of the paper i to provide a conversion factor from reading in
Ienrﬂ of Hy,(10) to air kerma for realistic conditions l'or fur ther conversion [rom air kerma to organ-absorbed dose, The obtained

for the d ter types ¢ tly used in Japan were consistent with those in the IARC study. These data

will be utilized for J-EPISODE in reconstructing the organ-absorbed dose.

INTRODUCTION AND AIM

The Japanese Epidemiclogical Study on Low-
Dose Radiation Effects (J-EPISODE)!) has been
conducted since 1990 and has analyzed the health
effects associated with radiation exposure evaluated
as the personal dose equivalent, H,(10). However,
the evaluation of cancer morbidity and mortality
using the organ-absorbed dose (Gy) is recommended
by the International Commission on Radiclogical
Protection (ICRP)®, and it was adopted for the
15-Country Collaborative Study of cancer risk among
radiation workers in the nuclear industry conducted
by TARCU-%), the International Nuclear Workers
Study (INWORKS)*), Mayak study™®) and the
Life Span Study of atomic bomb survivors!! =1, In
addition, the incidence data by cancer site from the
Japanese National Cancer Registry!'"), which became
available in 2019, are indispensable for morbidity
risk analysis with the organ-absorbed dose for the
J-EPISODE.

The most comprehensive previous study that
reconstructed the organ-absorbed dose from the
recorded dose was set up in the framework of
the IARC 15-Country Collaborative Study:'®),

where experiments on dosemeter responses to
photon exposure were performed for three types of
dosemeters: the old film badge (FB), a multi-element
FB and a thermoluminescence dosemeter (TLD).
These types of dosemeters were used in the facilities
that had participated in the IARC study from the
inception of the nuclear industry until approximately
2000. These response data were useful for our study
but were not sufficient, as those dosemeters have been
replaced since 2000 by active personal dosemeters
(hereafter called electronic personal dosemeters
[EPDs]), radio-photoluminescent glass dosemeters
(glass badges [GBs]) and optically stimulated Tumi-
nescence dosemeters (Luminess badges [LBs]). In
fact, until 2000, the dosemeters used in Japan were
almost the same as those in the IARC study, so IARC
study data could be used as they were. However, since
2000, the type of dosemeter has been changed, and it
was necessary to collect those data again.
Investigation of the dosemeter response in a
working environment requires a prior determination
of the energy and geometry distribution of photon
exposure. The IARC study estimated the organ dose
conversion factor using the assumed photon energy

@ The Author(s) 2020. Published by Oxford University Press. All rights reserved
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (httpVcrsativecommonz orgllicensesbwa O,
which permits unrestricted reuse, distrivution, aod reproduction io aoy medinm, provided the original work is properly cited
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H FURUTA ET AL.
Table 1. The dosemeters selected [or the study.

I'ype of Remarks
dosemeter
EPD The Fuji Electric Co., Ltd. EPD-type NRG 10811, which was in use at the Tokai Reprocessing Plant,

JAEA, and calibrated in 2018, The measurement minimum unit: 0.01 mSv, Complied with JIS Z
4312: 201308) based on IEC 61526: 2010117

GR(®)

The Chiyoda Technol Co. GBs (monitor code: FS) for wide-range Xy and 8, on the basis of

radiophotoluminescence phenomena. Case type G-5 with plastic clip. The measurement minimum
unit: 0.01 mSv.® Complied with J1S Z 4345: 2017019) based on IEC 62387: 2012(20)

LB(2D

The Nagase-Landaure, Lid. optically stimulated luminescence dosemeters, called ‘LB SG type' for

wide-range Xy and § radiation. For the body trunk, with a plastic clip, The measurement minimum
unit: 0.01 mSv.* Complied with 1S Z 4345: 20170 based on IEC 62387: 2012027

AWhile readin gs were rounded to one decimal place in the reports on

the decimal point were used for the study.

distribution and geometry distribution, based on the
judgement of experts at nuclear facilities around the
world. Taking into consideration this assumption,
the dosemeter response data under combinations
of a specific photon energy: N-150 (mean energy:
119 keV), N-250 (207 keV) and '/Cs (662 keV), and
a specific geometry (antero-posterior [AP] geometry
and isotropic [1SO] geometry ) were determined in the
present study in the same way as they had been in the
IARC study, but for an EPD, GB and LB. These data
were then used to calculate the results for the personal
dosemeter response in a working environment with
an average photon energy distribution and geometry
distribution experienced by Japanese nuclear workers.

The aim of this paper was to deseribe the doseme-
ter response determined by experiments conducted
by the Radiation Effects Association at the calibra-
tion laboratories of the Japan Atomic Energy Agency
(JAEA). The experiments examined three types of
dosemeter: EPD, GB and LB in the same way of the
TARC study. The organ-absorbed dose for nuclear
industry workers was reconstructed from informa-
tion obtained about the response of each dosemeter
to photon radiation under a combination of energy
ranges (100-300 keV and 300-3000 keV) and geome-
tries (AP and ISO), where exposure in the rotational
(ROT) geometry was considered negligible,

MATERIALS AND METHODS

The method of the study followed the IARC study
method. The goal was not to obtain a dosemeter
response in a lab but to obtain it in an actual
workplace. The response of personal dosemeter
to AP, ROT and ISO exposures on the human
body was compared with the dose delivered by
calculation simulation. For this reason, an experiment
was performed using a device that irradiated an

the ref e vlues with two digits after

anthropomorphic phantom while rotating it to
simulate ROT and ISO.

Dosemeters

For each type of dosemeter—EPD, GB and LB—
a specific dosemeter was selected for the study,
as listed in Table 11"V They all complied with
Japanese standards'"*'") based on intemational
standards!! " indicating that the type test was
completed. Although there is no performance
specification for discrete incident angles over 75°,
it is unnecessary in phantom-rotating irradiation
experiments, as mentioned before.

Irradiation apparatus

Experiments were carried out at two calibration lab-
oratories: the Facility of Radiation Standards (FRS)
and the Instrument Calibration Facility (ICF) in
JAEA, asdescribed in detail elsewhere! ™), The FRS
had T8O (International Standards Organization) X-
ray narrow spectra series N-150 (tube voltage 150 kV,
tube current 25.0 mA and mean energy 119 keV) and
N-250(250kV, 15.5 mA and 207 keV)\*") and the ICF
had a '¥7Cs source with nominal radicactivity of 1.85
TBq.

Simulation of working conditions

In the nuclear facilities under study, the workers
would have been exposed to different irradiation
geometries. The TARC study categorized facilities
into two types: nuclear power plants (NPPs) and
mixed activities (MA) facilities. The distribution of
photon energy and geometry exposed in the working
environment were then estimated as presented in
Table 20.15:3),
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DOSEMETER RESPONSE: JAPANESE NUCLEAR WORKERS

Table 2. Esti dp of the

ge dose from different photon energies and different geometries of exposure by

nuclear facility type.

Nugclear facility type

Percentage of dose received from
different energy photons (keV)

Percentage of dose received
in different geometry

0-100 100-300 300-3000 AP Tsotropic Rotational
NPPs
Average dose (Y4) 0 10 S0 0
MA facilities
Average dose (Y4) 0 20 0

Reference: Table 4 of Thierry-Chefl?).

Figure 1. Device to rotate the RANDO phantom. The motor and gear case on the left. The turntable is located between the
table and the device.

On average, in the NPPs, 10% of the dose was
thought to be due to photon energies ranging from
100 to 300 keV and 90% from photon energies rang-
ing from 300 to 3000 keV, with the average geome-
try being 50% in the AP geometry and 50% in the
IS0 geometry. Exposures in rotational geometry were
considered negligible.

The results for the MA facilities indicated that
20% of the average dose was from photon energies
ranging from 100 to 300 keV and 80% f(rom
photon energies ranging from 300 to 3000 keV. The

predominant geometry of exposure was 50% in
AP geometry and 50% in ISO geometry, on
average.

Phantoms and supporting device

The dosemeter response had to be assessed for both
AP and 1SO geometries. The body of the worker was
simulated using two types of phantom. One was the
slab phantom, which is a reference widely used for
dosemeter calibration. It consisted of a water tank
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with polymethyl methacrylate walls (outer dimen-
sions: 30 x 30 = 15 cm in depth).

The other was the anthropomorphic Alderson
RANDO phantom®®. Both arms of the CIRS

ATOM" phantom were attached, because an anthro-
pomaorphic phantom with arms was consistent with
the phantom model used for computer simulation in
ICRP Publ. 74" or ICRP Publ. 1169, In addition,
the effect of having both arms attached was verified
by conducting a response test using the phantom with
both arms removed.

A supporting device was constructed to rotfate
the anthropomorphic phantom in a horizontal posi-
tion, around the body axis at a constant speed (45 s
per totation), as described by Tsujimura (2016)%).
This device was fixed on a turntable and allowed the
experimenter to change the angle between the source
and rotation axis (Figure 1). The rotation center of
the turntable was at the position of the 16th slice
of the RANDO phantom; that is, the beam cen-
tral axis from the source and the phantom rotation
axis always intersected at the position of the 16th
shice,

Definition of dosemeter response

Before the RANDO phantom experiment, it was
confirmed that the dosemeters used had displayed
a response of 1.21 mSv per mG;' under the standard
calibration condition with the *'Cs source at 662 keV
in the AP geometry. A calibration factor was obtained
to correct individual differences in the sensitivities of
dosemeters and systematic deviation of calibration
among different dosemeters. The water slab surface
was placed 3.5 m from the center of the reference
source, and four personal dosemeters were taped
around the center of the slab surface (Figures 2 and
3). For the EPDs, calibration factors were obtained
for each dosemeter by placing and testing four EPDs
in the experiment. For the GBs and LBs, which
are passive dosemeters and whose quality of the
element per lot was considered uniform, four samples
from the same lot were tested, and the average of
the readings were used for the computation of the
calibration factor.

The calibration factor (mSv/mSv) was defined as
an inverse ratio between reading and the reference
H,(10) of 2.54 m8v. The dose rate of the air kerma
on the surface of the water phantom was 10.5 mGy
per h, theirradiation time was 720 s and the reference
irradiation dose was 2.10 mGy. It was converted to
H,(10) of 2.54 mSv using the conversion coefficient of
1.21 mSv per mGy, £,(10) per air kerma, which was
interpolated from Table A.24 in ICRP Publ. 74037,

e dosemeter response (mSv/imGy) was defined
by the following:

Reading (m3v) = Calibration factor (mSv/mS3v) /
Referencedose (mGy)

Adequate precision was ensured by simultane-
ously irradiating four dosemeters of each type on
the phantom. The average of the dosemeter response
obtained for the reading of each dosemecter was
taken as the average dosemeter response under each
irradiation condition.

AP geometry on the anthropomorphic phantom

The supporting device was installed so that the phan-
tom rotation axis was 3.5 m from the center of the
source. For AP irradiation, the rotation device was
stationary, with the phantom facing straight toward
the source. The dose of 3.38 m at the position of the
phantom surface was used as a reference air kerma.
For each type of dosemeter and each source, the
four holders were attached to the phantom and irra-
diated at a fixed angle of 90° to the beam central axis.
On the RANDO phantom, dosemeters were placed
on the 16th slice of the phantom, which corresponded
to the position of the left pocket of the work clothing
usually worn in most nuclear facilities in the study.
Since the EPD had a large package case, two of
the four EPDs were placed 15 cm apart at the posi-
tion of the 16th slice, and the other two EPDs were
placed upside down (Figure 4). The exposure dose for
each irradiation test was evaluated by calculating the
increment dose value from the readings each time.

Isotropic g v on the anth phic phantom

r
‘The large proportion of the dose exposure in isotropic
(ISO) geometry, as estimated by the TARC study,
required that the dosemeter response be assessed in
IS0 geometry. The ISO geometry was simulated by
rotating the phantom and changing the angle between
the rotation axis and the source (Figure 5).

Four angles (zenith angles 30, 60, 120 and 150°)
were studied to simulate 1SO irradiation by combin-
ing the results obtained from the rotational (ROT)
geometry of the exposure (zenith angle 90°).

A zenith angle of the 3(0° represents the weighted
average of the area limited by 0 and 45°, the 60° angle
was the weighted average of the area limited by 45
and 75* and the 90¢ angle was the weighted average
of the area limited by 75 and 105°. Similarly, the 120
and 150° angles were the weighted average of the areas
between 105 and 180°.

The response of the 1SO geometry of exposure
was obtained by integrating the results for rotation at
each angle (integrating the differential cross section
over the solid angle). The weight for each result was
determined by the corresponding area. The response
of the ISO geometry of exposure Bizo was given by

Brso = 0.146 x Brorae
+0.224 x Brori) + 0.259 x Brora)
+0.224 % Brorgae) + 0.146 % Bagrpse)

with Bpors) being the response at zenith angle of 6.
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Figure 2, Position of the EPDs on the slab phantom.

For each source and each angle, the dosemeters
were irradiated during an integer number of rotations.
This number was determined based on the motor
speed and the duration required to obtain an approx-
imately 1-mGy air kerma from each source, as shown
in Table 3.

The dose at the 3.5-m phantom rotation axis was
taken as the reference air kerma. The supporting
device was fixed at 3.5 m from the source for the rota-
tion axis. Because rotation was performed at angles
toward the source, the distance between the source
and the dosemeter was not exactly 3.5 m during the
rotation. However, since the number of rotations was
an integer, this resulted in an equal opportunity for
the distance to become longer than 3.5 m and to
become shorter, indicating no problem in applying the
dose rate of 3.5 m.

Measurement errors

In addition to the mean value of the dosemeter
response, the standard deviation (SD) was calculated

to estimate the uncertainty K under the assumption of’
lognormal distribution for the variable of dosemeter
response B for each type of dosemeter, each category
and each dosimetry.

K=exp (1.96 x SD)

RESULTS

Calibration test before the RANDO
phantom experiment

The calibration factor obtained with the '¥Cs source
at 662 keV in AP irradiation was calculated as the
ratio between the reference H(10) dose of 2.54 mSv
and the dosemeter reading. The individual doseme-
ter readings of the subsequent irradiation test were
multiplied by the calibration factors. The value of
the calibration factors was 1.01-1.04, that is almost
equal to unity. It was confirmed that the dosemeters
used almost displayed 1.21 mSv per mGy under the
standard calibration condition.
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Figure 4. Position of the dosemeters on the RANDO phantom (EPDs, GBs and LBs, from left to right).

Mean response on the RANDO phantom in specific
conditions

Table 4 shows the mean response and uncertainty for
each type of dosemeter irradiated on the RANDO
phantom at each of the three energies and three
geometries of exposure.

In summary, the dosemeter responses shown in
Table 4 according to dosemeter type (EPD. GB and
LB). energy and geometry indicate the following.
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(1) For APirradiation at 662 keV, the response was
about 1.2 mSv per mGy for all dosemeter types,
showing that the response of AP geometry on
the RANDO phantom was not much different
from AP geometry on the slab phantom, which
was used practically for calibration. A lower
energy gave a larger response value. However,
in comparison with the values of H,(10, 0°)/K,
interpolated from Table A.24 in ICRP Publ.
7470 the relative response to H,(10) per air
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Figure 5. Simulation of isotropic irradiation.

kerma at 119 keV was (.79 for EPD. 0.84 [or 3)
GB and 1.13 for LB, which were within the
range allowed by the standards.

(2) The ISO response value was about 0.8-0.9 mSv
per mGy at 662 keV (EPD 0.82, GB 0.86 and
LB 0.89). The difference in response due to
energy was smaller for the TSO geometry than
for the AP geometry. For instance, the value of 4)
response for LB at 119 keV in ISO geometry
was 1.14 mSv per mGy, which is 28% larger
than the value of 0.89 at 662 keV, while the
response value of 1.93 for LB at 119 keV in AP
geometry was 66% larger than the value of 1.19 5
at 662 keV.
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The response values were smaller for ISO than
for AP for all dosemeter types and energies.
In particular, a lower energy gave a larger dif-
ference for the AP. At 119 keV, the response
values in ISO(EPD 0.77, GB 0.79 and LB 1.14)
were smaller than those in AP; EPD was 44%
smaller, GB 46% and LB 42%, respectively.
For I.B at 662 keV, the response value ol 0.96
for ROT (90°) was larger than that for the
oblique geometry ROT (9); it was 0.88 for ROT
(60°) and 0.87 for ROT (120%). The EPD and
GB did not show such tendencies.

The response values for ROT (¢) showed no

major differences for & = 30-120° regardless of
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Table 3. Irradiation conditions of the dosemeter response ex periments by energy and geomeltry.

Narrow beam seriesiquality of dase N-150 N-250 137¢4
Mean énergy measured 119 keV 207 keV 662 keV
Dose rate of air kerma AP (3.38 m) 27.6 mGy per h 788 mGy perh 113 mGy perh
ROT (3.5m) 25.7mGy per h 733mGyperh  10.5mGyperh
Duration AP 315s 990 s 7205
ROT 180 s M55 360 s
(4 rotations) (11 rotations) (8 rotations)
Reference air kerma AP (3.38 m) 241 mGy 2.17 mGy 2.26 mGy
ROT (3.5m) 1.28mGy 0,91 mGy 1.05 mGy

ROT: Rotational geometry

the energy. For instance, the value of ROT (#)
was 0.87-0.89 mSv per mGy for GB when £
being between 30 and 120°, but it decreased to
0.79 when # was 150°. The response of ROT
(150°) might be affected by the shielding effect
of the waist.

Mean response in a working environment

The personal dosemeter response in a working envi-
romment with the average photon energy distribution
and geometry distribution experienced by Japanese
nuclear workers is shown in Table 5. According to the
TARC study', the dosemeter response in the 100
300 keV range was considered to be represented by
the response at 119 and 207 keV and was computed
as the weighted average (each ratio 25:75%) of each
result. In addition, the dosemeter responsein the 300
3000 keV range was considered to be represented by
a point at 662 keV.

According to Table 5, the mean dosemeter
respomse (mSvw/mGy) in the working environment
was close to 1 for both the NPP and the MA facility
for each type of dosemeter.

Measurement error in dosimetry

For the EPD, GB and LB, the minimum unit of mea-
surement was 0.01 mSv, and the rounding error was
0.005 mSv. The measurement error for a dosemeter
was defined as the SD of the individual deviation rates
from the mean readings. This value was 1.1% for the
EPD, 2.0% for the GB and 3.5% for the LB.

The error was considered to arise due to the
measurement error of the dosemeter and due to
the measurement method, such as the differences in
the inclination of the phantom surface depending
on the dosemeter attachment position and the
differences in distance between the phantom rotation
axis and the dosemeter.

No effect was noted for background radiation.
The evaluation value for the personal dosemeter used
as a control to confirm background radiation was

below the detection limit for the GB and 0 mSv for
the LB.

DISCUSSION
Differences from IARC study

The experiment on the dosemeter response was
conducted essentially as described by the IARC
study™'%). Some details differed as shown in Table 6,
but they did not affect the comparability of the
experimental results,

Since the TARC study included the old type of
dosemeters used in the 1940s or 1950s, the H,(10)
was adopted as a common quantity. For this reason,
H (10) assessed/H(10) delivered (mSv/mSv) was
used as a definition of the dosemeter response to
correspond to various dose concepts and units,

The distance from the source, the reference dose
in ROT geometry and the difference with/without
bhoth arms of the phantom had no effect on the dose
response value measured in the assumed working
environment.

The distance between the source and the phantom
was set to 2 m in the IARC study, but it was set to
3.5 m in the present study so that the whole phan-
tom was included in the irradiation field, taking into
account the opening angle of the conical collimator of
the X-ray irradiator and *’Cs gamma-ray irradiator.

The AP geometry defined by ICRP assumes an
ideal field of exposure to a parallel beam from a
planar source. Conversely, the irradiation appara-
tus used in the experiment was a divergent radia-
tion beam from a point source. When comparing the
responses measured in the ROT geometry at different
energies (119, 207 and 662 keV) and the distances
from the source (2, 3, 4 and 5 m) to those calculated
with collimated beams, the degree of deviation was
larger at the lower energy and at the shorter distance,
At a distance of 3.5 m, the deviation was 1-2% at
662 keV and 2-3% at 119 keV, revealing a negligible
difference when compared with the parallel beam
response.

378

65

1Z0Z Arenuer g1 uo jsanb Aq DEBEZRS/ | LE/E/68 L/e1aINe/Rd W0 dnoraluepEoE//:SANY WOy PapeojuMor



DOSEMETER RESPONSE: JAPANESE NUCLEAR WORKERS

Table 4. Resp of d ters irradiated on a phantom at three radiation energies (119, 208 and 662 keV) in AP and isotropic
geometries of exposure,

Dosemeter type  Geometry Mean response (8) (mSvimGy) Uncertainty (K)

EPD 119 keV 207 keV 662 keV 119 keV 207 keV 662 keV
AP 1.38 1.35 1.20 1010 1.008 1.000
ROT (307) 0.84 0.99 0.87 1.021 1.008 1.031
ROT (607) 0.83 0.97 0.86 1.021 1.027 1.008
ROT (90%) 0.83 0.97 0.87 1011 L.015 1014
ROT (120%) 0.78 0.92 0.83 1018 1.029 1.015
ROT (150%) 0.51 0.69 0.64 1.039 1.041 1.022
150 0.17 0.92 0.82 L.009 1.011 1.008

GB 119 keV 207 keV 662 keV 119 keV 207 keV 662keV
AP 1.47 1.30 1.21 1.046 1.035 1.021
ROT (30%) .65 .84 0.87 1.056 1.059 1.072
ROT (60) 0.80 0.89 0.87 1.014 1.037 1.036
ROT (907) (.83 092 (L.E8 1.040 1.017 1.015
ROT (1207) (.82 0.90 .89 1.059 1.021 1.009
ROT (150%) 0.80 0.79 0.79 1.058 1.023 1.020
180 0.79 0.88 0.86 1.020 1.014 1.014

LB 119 keV 207 keV 662 keV 119 keV 207 keV 662 keV
AP 198 1.55 1.19 1.049 1.062 1.079
ROT (30°) 1.15 1.01 0.90 1.055 1.065 1.097
ROT (607) 1.14 1.03 0.88 1127 1.064 1.066
ROT (907) 117 108 0.96 1046 L017 1.060
ROT (1207) 116 1.07 0.87 1.042 1.083 1.034
ROT (150%) 1.09 0.90 0.80 1128 1.021 1.094
180 1.14 1.03 0.89 1.037 1.025 1.029

AP antero-posterior geometry; ISO: isotropic geometry; ROT: rotational geometry.
Notes: (1) Uncertainty K of the dosemeter response at a certain energy and geometry category was obtained by the following
equation, where S[} is the standard deviation of the logarithm of each response estimate.

K =exp(1.96 x SD)

Hence, the 95% confidence interval of the mean response B was expressed as (H/K, B« K) using the uncertainty of K.
(2) K150, uncertainty in ISO geometry, was defined as follows using Kpeyp(g), the uncertainty of the dosemeter response of
each ROT (#), as well as the corresponding weight.

Kigo = exp(1.96 x sqri(0.146% » Kpoypgsony” + 0.224% % Kporgery” +0.259 % Kporo)®
£0.224% % Krgr(120” + 0.146* % Krorse)-
(3) The results for the EPD were obtained from only two dosemeters placed at the position of the 16th slice in the present
study. The gap of evaluation values between these two EPDs and the other two diverged more than 30% at the zenith angles
of 30 and 150% in the energy 100300 keV due to the differences in the attachment position and the inclination of phantom
surface. The EPD used in the experiment had a battery at the bottom, which might have yielded a smaller response to the
beam when irradiated from below.

Table 5. Dosemeter response and uncertainty by dosemeter type and nuclear facility type.

Dosemeter type Response (B) (mSv per mGy) Uncertainty (K)

NPP MA NPP MA
EPD 1.00 1.01 1.004 1.003
GB 1.02 1.02 1.011 1.011
LB 1.06 1.08 1.037 1.033

Notes: Dosemeter response B and uncertainty K by facility type were estimated using the values of B and K determined by
the energy in the AP and isotropic (ISO) geometry in Table 4, as well as the corresponding weights.

We irradiated the dosemeters with 1 mGy in the  below these levels. These irradiations were considered
ROT geometry, whereas IARC study irradiated with  sufficient to obtain accurate results and to minimize
5mGy. In working conditions, exposures would be far  the uncertainty.
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Table 6. Differences in the experiments between the present siudy and the IARC study.

The present study The TARC study

Type of dosemeter EPD, GBand LB 0ld FB, Multi-element FB

and TLD

Common quantity Air kerma Hpi10)

Definition and unit of dosemeter response Hyp(10)air kerma; Hyp(10) assessed/Hp(10)
m3vimGy; delivered; mSvw/mSv

Distance between the source and the phantom 35m 20m

Reference air kerma delivered in ROT (9) geometry About 1 mGy About 5mGy

Arms of RANDO phantom Attached Not attached

In the experiment, the dosemeter response test was
conducted with both arms attached to the RANDO
phantom. Comparison of the dosemeter response in
the presence and absence of both arms under the same
irradiation condition (662 keV in ROT [90°] geometry,
for the EPD) showed that the total response was
(.83 m8v per mGy with both arms and (.84 with-
out both arms. Although slight, a shielding effect by
wearing both arms was recognized.

Limitations of the experiment

The personal dosemeters investigated in this study
have been used in Japan since around 2000 and were
not covered in the TARC study. The original type
of dosemeter, which is supposedly representative of
those used in the period of interest, is no longer pro-
duced, so the type in current use was studied in this
experiment. However, as seen in Table 5, the differ-
ence in dosemeter response between dosemeter types
is small, so dosemeter selection for the experiment did
not appear to affect the mean dosemeter response in
the assumed working environment.

Data from TARC study

The IARC study examined 10 historical dosemeters.
The experimental results were described in Table 3
of Thierry-Chef''®), as well as in the Web annex
Table 4 of Thierry-Chefl*). We referred to the first
table because it had more significant digits. In orderto
compare the results of the IARC dosemeter responses
and those of the present study, the values were
converted to dosemeter response per air kerma. In the
TARC study, the values in Table 31"} were obtained
from ‘readings per air kerma’ divided by ‘conversion
coefficient from air kerma to H,(10) from Table 11'),
as the following:

[Readings/air kerma] / [Hp{lo),l’air l&n:rma] — [Rn:yjillgsy’ﬂpf ]{I]]

Therefore, the values in Table 379 could be con-
verted to dosemeter response per air kerma by multi-
plying by the ‘conversion coefficient from air kerma
to H,(10)’ from Table 101%).

The X-ray quality and beam code of the IARC
study were the same as in our study: ISO 4037-1/N-
150 and N-250*"), with a mean energy of 118 and
208 keV, respectively, and the differences of the mean
energy were negligible,

The dosemeter types used in Japan before 2000
were roughly categorized into three types in IARC
study as the old FB, multi-clement FB and TLD.
Reconstruction of the organ-absorbed dose in the
J-EPISODE study required selection of the most suit-
able of the 10 dosemeter types used in the IARC
study.

FBs previously used in Japan

We classified the FBs used in Japan into two types.
The first type was the JIS II 1§'pe FB for gamma-ray
based on JIS Z 4302 (1957)%7, one of the oldest FB
used in Japan, mainly in research organizations. This
type was regarded as an old FB in the TARC study.
The average dosemeter response of FR-1, US-2, UK-
2 and UK-5 was assigned to the old FB in Japan.

The other FB type was the multi-element FB of
the IARC study and corresponded to the average of
the UK-9, US-8 and FR-6 (Table 7).

TLDs used in Japan

A rigorous comparison of the TLD badges used in
Japan with those used in the IARC study was difficult
in terms of TLD materials and packaging cases. This
was because the TLD badge used in Japan was a
Panasonic UD-808 consisting of a resin filter, equiva-
lent to 1000 mg per em?, that covered a Li; B4O45(Cu)
element. In the IARC study, the UK-10 and FR-9
were selected as the LiF-based TLDs dominant in
the West, while the US-22 (Panasonic UD-802) was
selected as a combination of a CaSOy(Tm) element
and a lead filter. Strictly speaking, although UUS-22
made by Panasonic used at the Savannah River Site
in the USA differed slightly from the model numbers
and filters of the TLDs used in Japan, the similarity in
the basic dosemeter structure indicated that the data

380

67

1Z0Z Arenuer g1 uo jsanb Aq DEBEZRS/ | LE/E/68 L/e1aINe/Rd W0 dnoraluepEoE//:SANY WOy PapeojuMor



DOSEMETER RESPONSE: JAPANESE NUCLEAR WORKERS
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Figure 6. Dosemeter response per air kerma in the work environment experienced by nuclear workers by dosemeter type
and muclear facility type.

Table 7. Dosemeter types used in Japan and the corresponding data from the [ARC study.

Dosemeter types used in Japan

Corresponding data for the dosemeter
response in the TARC study

Old FB HS 11 type FB for p-ray
Multi-element FB Other FBs
TLD Panasonic product

Average of FR-1, US-2, UK-2 and UK-5
Average of UK-9, US-8, and FR-6
Us-22

for the US-22 were most suitable for comparison with
the TT.D used in Japan.

Dosemeter response by dosemeter type used in Japan

Figure 6 shows the dosemeter responses from the
TARC study and the present study, and the results are
consistent. The results of the three types on the left
in Figure 6 are from the TARC study, and those on
the right are the experimental results [rom the present
study.

Applicability of the TARC study assumption to
Japanese nuclear workers

The assumption of the IARC study on the energy
and geometry distribution of photons is fundamental
information in estimating organ-absorbed dose
from the reading of personal dosemeters. The
results of the literature survey in the 1980s found

381

that there were investigations for which electric
power companies actually measured energy and
geometry distributions at NPPs. The evidence of
the working environments ol Japanese workers in
NPP demonstrated the appropriateness ol applying
the TARC study assumption to reconstructing
0rgan—absq1‘bcd dose in J-EPISODL, as described

elsewherel™).

CONCLUSIONS

The data for the dosemeter response in a working
environment are fundamental information when
reconstructing the organ-absorbed dose. The doseme-
ter response experiment conducted in the present
study for EPD, GB and LB dosemeters was intended
to rectify the lack of response data for these
dosemeters. The dosemeter response data obtained
for the dosemeter types in current use in Japan were
consistent with those reported in the IARC study
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for the old FB, multi-element FB and TLD. These
data will be utilized for J-EPISODE in reconstructing
organ-absorbed doses. The findings will also be useful
for any nuclear workers cohorts using the new types
of dosemeters.
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In order to reconstruct organ-absorbed dose from recorded dose for risk estimation in nuclear wnrlmr cohort, the preccllmgamlh
of the International Agency for Rescarch on Cancer (1ARC) 15-Country Collaborative Study es d the organ dose

factor from the recorded dose of Hp(10) under the assumption that on average, in the nuclear power plants (NPPs), 10% of the
dose received by workers was due to photon energies ranging from 100 to 300 keV and 0% from photon energies ranging from
300 to 3000 ]neV w]th the average geomeu'v being 50% in the antero-posterior geometry and 50% in the isotropic geometry.
Similar was coni 1 at the Jay logical Study on Low-Dose Radiation Effects (J-EPISODE).
Literature survey disclosed that Japanese electric pnwer companies had jointly conducted the research on energy dritrlbmmn
and incidence direction distribution of gamma rays in working environments during periodical inspection and mai

well as during operation in the 1980s, The analysis of the survey results on photon energy and geometry distribution of Japanese
NPPs demonstrated appropriateness in applying the IARC study assumption for nuclear workers in Japan and reconstructing
organ-absorbed dose in the J-EPISODE, These results in Japan also provide strong evidence to support the robusiness and
generality of the IARC study assumption, which was estimated based on the judgment of experts at nuclear facilities around the

world.

INTRODUCTION

Although the concept of effective dose E and its oper-
ational definition of personal equivalent dose H,,(10)
are nowadays widely used for radiological protec-
tion purpose, the International Commission on Radi-
ological Protection (ICRP) has recommended that
effective dose should not be used for epidemiological
studiest!), It is desirable to use organ-absorbed dose
for the evaluation of cancer morbidity and mortality
in epidemiological cohort studies. Organ-absorbed
dose was adopted for the International Agency for
Research on Cancer (TARC) 15-Country Collabo-
rative Study*~*), the International Nuclear Workers
Study (INWORKS)-*), Mayak study(® and the Life
Span Study (LSS) of atomic bomb survivors!!'-12),
The TARC study assumption was that on average,
in the nuclear power plants (NPPs), 10% of the
dose received by nuclear workers was due to photon
energies ranging {rom 100 to 300 keV and 90% from
photon energies ranging from 300 to 3000 keV, and in
the mixed activities (MA) facilities such as research
and development organizations and fuel processing
factories, 20% from photon energies ranging from
100 to 300 keV and 80% from photon energies
ranging from 300 to 3000 keV. with the average
geometry being 50% in the antero-posterior (AP)
geometry and 50% in the isotropic (ISC) geometry
for NPPs and MA facilities!?), as shown in Table 1.

©The Author(s) 2020. Published by Oxford University Press

Here, the exposure by nuclear workers was regarded
to be derived from photon at energy level of 0.1-
3 MeV and in AP geometry and IS0 geometry,
meaning that photon with energy over 3 MeV,
exposure in rotational (ROT) geometry, neutron
exposure and intakes of nuclides were thought to be
negligible in the estimation of organ-absorbed dose.
The TARC study determined the above-mentioned
exposure condition basically based on the judgment
of experts at nuclear facilities around the world,
taking into consideration some prior experimental
studies®).

Thierry-Chef et al. (2001)1"*) described a method
to assess the proportion of the dose from photons
in three energy ranges (=100, 100-300, =300 keV)
using the responses under filters of a multi-element
dosemeter and stated that the experimental, simu-
lated data provided a good estimate of the propor-
tion of dose from photons below 100 keV, the most
critical for dosemeter response. Then the method was
applied to personnel readings in one facility of Saclay,
France, confirming the experts’ estimation. Thus, the
expert’s estimation results of the IARC study assump-
tion were supported by the experiment at Saclay
The authors' ™' also described that the results of the
Saclay analyses were consistent with estimates of dose
distribution with energy in the workplace carried out
in the UK and USA.

This is an Open Access article distributed under the terms of the Creative Comimons Attribution Licenss (hitp/Veresativecommons orgllicenses/byd. 0],
which permits uorestricted reuse, distribation, and reproduction in aoy medivm, provided the original work i3 properly cited.
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PHOTON EXPOSURE RECEIVED BY NPP WORKERS IN JAPAN

Table 1. The assumption of the IARC study; estimated percentage of average doses in nuclear power plants and *'MA' facilities
from different photon energies and different geometries of ex posure,

Items Percentage of dose received from different Percentage of dose received in
energy photons (keV) different geometries
0-100 100300 300-3000 AP Isotropic Rotational

Nugclear power plants

Average dose (%5) 1] 10 90 50 50 1]

Range of dose -1 20 B0-100 10-80 20-90 0
(minimum-—maximm) (%)

Uncertainty on average and +5(2SD) E10 (2 85Dy
ranges (¥o)
“MA’ facilies

Average dose (%) 0 20 80 50 50 i}

SD, standard deviation

Note: Cited Table 4 in Thierry-Chel (2007}0) and reproduced by the author.

Japanese epidemiological study

The Japanese Epidemiclogical Study on Low-Dose
Radiation Effects (J-EPISODE), funded by the
Nuclear Regulation Authority (NRA), formerly by
the Ministry of Education, Culture, Sports, Science
and Technology (MEXT), has been conducted by
the Radiation Effects Association (REA) since 1990
and analyzed health effects in association with
radiation exposure evaluated in personal dose equiv-
alent H,(10)"), However, in the above-mentioned,
internationally evaluated radiation epidemiological
studies, organ-absorbed dose is mainly used for
the evaluation of morbidity and mortality due to
cancer. In order for J-EPISODE to be compared
and evaluated internationally in the future, it is
indispensable to use organ-absorbed dose. In addi-
tion, cancer incidence data since 2016 have become
available by the National Cancer Registry!'s). These
condifions have enhanced J-EPISODE reconstruct
organ-absorbed dose, and the Expert Committee on
Reconstruction of Organ Dose was set up within
REA during fiscal year 2017-2018.

Aim of the study

The reconstruction of organ dose necessitates infor-
mation on the photon energy and geometry distri-
bhution of the exposed population. The TARC study
assumption seemed to be consistent with common
knowledge based on the practical experience of radi-
ation control staff in Japan. However, no document
clearly stating working environment compatible with
the IARC study assumption had been available in the
public domain.

In order to verify the validity of the IARC study
assumption also in Japan, a literature survey was con-
ducted to review documents on working environment,
such as photon energy distribution and geometry
distribution of Japan’s NPPs, which was also pointed

out by the Expert Committee. The present paper
describes the results of a literature survey on energy
distribution and geometry distribution in Japan’s
NPPs and a supplementary analysis of the data.
Reflecting the above result of literature survey,
conversion factor from dosemeter reading to air
kerma for nuclear worker for further conversion from
air kerma to organ-absorbed dose was constructed in
the preceding paper of Furuta er al. (2020)1%).

MATERIALS AND METHODS

The estimation of energy distribution and direction
distribution of gamma ray was an important research
item because it was the basic information for the
evaluation of the personal dosemeter characteristics
under actual working environment and the dose
eguivalent distribution in the body.

Features of Japanese NPP

The reactor type of NPPs operated in Japan was a
boiling water reactor (BWR) or a pressurized water
reactor (PWR). There were 50 operating NPPs as of
March 2013, Of these, 26 plants were BWR and 24
were PWR!'") In Japan, periodical inspection by the
successive regulatory authorities was implemented
within at most 13 months from the previous one,
and in many cases, nuclear operator conducted refu-
eling, disassembling, maintenance and improvement
work for dose reduction during shutdown period.
COumi er al. (2011)'®) reported that the operation of
the upper limit of regulation about 13 months and
periodical inspection outage about 30 days were car-
ried out in Japan and that the exposure dose during
the periodical inspection usually contributed to 80-
90% of the total annual dose. The authors!'®) also
described the features of Japans working environ-
ment in comparison with foreign countries, especially
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H FURUTA ET AL.
Table 2. Gamma-ray air dose rate and mean energy during PIM.

(1) PWR
Survey spot Location Exposure rate (mR/H) Mean gamma-ray
energy (keV)

lonization Nal®

chamber
Spent fuel pit A/B-5FL 24 A L6 653
Waste liquid evaporator room A/B-3FL 14 A 174 1225
CVCS non-regeneration cooler room AfB-3FL 14 A 8.6 851
RHR cooler room A/B-2FL 8 A 25 836
RHR piping area A A/B-1FL 26 A 5.2 920
RHR piping area B AJB-1FL 14 A 32 845
RHR pump room A/B-BFL 22 A 19.0 1113
SFL inside C/V C/V-5FL 32 A 2.2 793
Loop room entrance CIV2FL 24 A 25 661
Beside the 8G handhole Loop room 80 D 327 685
Below the 5G manhole Loop room 36 B 28.7 877
Beside the 8G barrier Loop room 30 B 22.1 827
Pressurizer Loop room 18 D 127 Tai
Reactor cooler pump Loop room 30 D 4. 767

(2) BWR

Survey spot Location Exposure rate (mR/H) Mean gamma-ray

lonization Nal® energy (keV)

chamber
Condensate water filter room T/B-1FL 0.0 C 0.05 859
Condensate demineralizer room T/B-1FL LS 10} L6 771
Radioactive waste disposal pump room RW/B-1FL 25 A 43 992
Radioactive waste disposal tank room RWIB-1FL 80 A 97 1097
Fuel inspection area R/B-5FL 1.0 A 1.0 921
SFL inside R/B R/B-5FL 4.0 A 26 382
Reactor well inside R/B-5FL 2.0 A B3 1017
CRD repair room B R/B-4AFL 36 C 36 866
FPC heat exchanger room R/B-3FL 48 A 54 807
CUW heat exchanger room R/B-2FL 4.0 A 09 633
CUW auziliary pump room R/B-2FL 35 A & 875
Around RHE. pump R/B-BFL 6.0 A 1.7 902
Equipment drain sump pump R/B-BFL 35 A 44 989
Around feed-water nozzle PCV-3FL 30 A 23 734
Around SRV A PCV-2FL 18.0 A 159 1008
Around RHR/CUW piping PCV-2FL 90.0 C 834 86
Around PLR ring header PCV-2FL 250 C 115 736
Around PLR moter PCV-1FL 9.0 A 6.9 1032
Around MSIV PCV-1FL 6.0 A 47 879
Machine loading hatch front PCV-1FL 110 A 7.3 1053
Pedestal inside PCV-BFL 200 A 16.2 1312
Around floor drain sump pump PCV-BFL 80 A 412 950

CVCS, chemical and volume control system; RHR, residual heat removal system; SG, steam generator; CRD, control rod
drive; FPC, fuel pool cooling and cleannp system; CUW, reactor water cleanup system; SRV, safety relief valve; PLR, primary
loop recirculation system; MSIV, main steam isolation valve.

AA: 3-inch spherical Nal, B: 2-inch spherical Nal, C: l-inch spherical Nal, D: l-inch diameter cylindrical Nal.

Note: Reproduced and translated by the author based on Figure 3.4.1 and Table 3.4.3 in REA (2019)21). The original was
Figure A and Table 1in EPCICR (1983).(19)

the USA, as follows: the duration of plant operation  larger. In this connection, the term of ‘periodical
was shorter, the duration of inspection activities was  inspection’ was hereafter referred to as ‘periodical
longer and the number of workers during outage was  inspection and maintenance (PIM)".
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PHOTON EXPOSURE RECEIVED BY NPP WORKERS IN JAPAN

Disclosure of survey result

Regarding literature survey results, the 10 major
electric power companies agreed to disclose the report
of electric power companies’ joint commissioned
research (hereafter called EPCICR)'™ ) to REA
and allowed REA to list the report as a reference
and also to reproduce several tables and figures in
the Expert Committees report, which was compiled
in 2019, submitted as one of deliverables to NRA
and then placed in the public domain®", in order to
enable a sharing of the basic information of working
environment with stakeholders, such as researchers,
government officials and radiation control staff of
NPP.

Literature survey

During a literature survey, it was revealed that an
energy spectrum analysis of the light-water reactor
in Japan was actively conducted in the 1980s, when
introduction of the concept of effective dose equiva-
lent recommended by ICRP Publ. 261*) was consid-
ered, Since drastic changes were expected in the field
of radiation protection at that time, it was considered
that, in anticipation of the changes, proactive research
activities had been carried out, which seemed alzo
aggressive from a modern perspective.

While conducting the literature survey, we arrived
at the publicly accessible report of the Central
Research Institute of Electric Power Industry
(CRIEPI) (1985)*"), which was a compilation of the
result of technical studies on measurement method
of direction distribution and energy distribution of
radiation. With that as a clue, it was found that the
10 major electric power companies jointly conducted
measurements on gamma-ray energy distribution and
incident direction distribution at several NPPs in the
1980z, using the measurement method described in
CRIEPI®, One of the EPCICR was the survey
during PIMU?), the other was the survey during
operation™), These two survey reports were disclosed
to REA upon request.

However, the energy distribution during PIM
described in EPCICR (1983)1") was found only in
the form of line charts of pulse-height count (PHC)
data, the result of which could not be compared
directly with the IARC study assumption. As a result
ofinquiring at each electric power company about the
existence of investigation data on energy distribution
during PIM, it was found that Tokyo Electric Power
Company (TEPCO) holdings conserved the result of
TEPCO commissioned survey during PIM™), which
REA also applied for disclosure.

EPCJICR survey method during PIM

Literature of EPCICR (1983)")  investigated
the energy distribution and incident direction

distribution of gamma rays in the working area
during PIM, exposure control during which was
very important. As for the purpose of the survey!'”),
the report described as follows: In line with the
external exposure control of various workers at NPP,
it was necessary to make an evaluation based on the
determination of radiation field under the working
environment. In 1981, the basic study on the related
information and the preliminary test at the site of
PWR were conducted, and in 1982, on-site evaluation
of external exposure dose using the measurement
apparatus was conducted on the main working areas
during PIM at representative plants of PWR and
BWR.

The work area investigated in the survey!") was
13 spots in PWR and 22 spots in BWR. In PWR,
six spots in the reactor auxiliary building (A/B),
two spots in the containment vessel (C/V) and five
spots in the loop room were selected. In addition,
in BWR, two spots in the turbine building (T/B),
two spots in the radioactive waste disposal building
(RW/B), nine spots in the reactor building (R/B) and
nine spots in the primary containment vessel (PCV)
were included in the survey. The report!”) stated
that the selected survey spots were well-represented
because almost all the major works during PIM
were performed there, or in the similar work
environment.

Measurement apparatus for energy distribution and
direction distribution

In order to measure the energy distribution and direc-
tion distribution of gamma rays at NPP where the
air dose rate spread widely, a measurement apparatus
using Nal detector was manufactured(!®> . 23 2]
The apparatus was structured to be shielded by a
lead material in order to reduce the influence of the
background radiation, and a lead head portion with
openable slits was provided on it so that gamma rays
from a specific direction could be separated and mea-
sured. The slits of the lead container were provided at
a total of nine positions in the northern hemisphere,
at the north pole, at four equal division points on
the 45° north circumference, and at four equal divi-
sion points on the equator. Figure 1 is an example
of a measurement apparatus using 2-inch spherical
Nal(®),

Regarding direction distribution, the spectral dif-
ference was measured by opening and closing the lead
shielding plug of each slit. As for energy distribution,
a PHC was measured without lead shield container
cap on Nal detector. Then, the dose rate, the mean
energy and the energy distribution of gamma rays
could be caleulated from this PHC data by applying
the response matrix method. The Nal detector of
3-inch spherical type was mainly used, but in the
high dose rate field, 2-inch spherical type or 1-inch
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Fligure 1: Fxample of gamma-ray direction measurement apparatus; Nal detector and lead shield container cap with slits.
Cited Figure 1in CRIIPT (19852 Unit of length: mm, ¢: diameter

spherical type was also used. For spectrum mea-
surement, a portable pulse-height analyzer was
cmplayedt®) .

TEPCO survey method during PIM

TLEPCO conducted the survey on the radiation distri-
bution of various working areas at Fukushima Dai-
ichi Nuclear Power Station (BWR) in 1983198424},
The survey work area was the whole arca of Unit
Three and the [ifth floor of the R/B in Unit One.

The measurement method of the energy distri-
bution of the gamma rays was the same as that of
EPCICR (1983)''%), In addition to the PHC data,
the analysis results of the gamma-ray intensity and
the dose distribution by energy were listed in detail
in tables and ligures for each survey spot. Table of
the cumulative dose contribution rate by energy at
100 keV band from 0 keV to 3000 keV was available
for each survey spot. Thus, the value in the 200—
300 keV band ol the table indicated the proportion
of dose <300 keV.
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PHOTON EXPOSURE RECEIVED BY NPP WORKERS IN JAPAN

EPCJCR survey method during operation

‘The EPCICR (1986)*") implemented in 1984-1986
was intended fo determine the dose rate distribution
and energy distribution of high energy gamma rays in
NPP during operation, when the radiation distribu-
tion status was regarded as different from that during
PIM. Gamma-ray energy distribution was measured
at a total of 19 spots in the selected two plants from
BWR, and at a total of nine spots in the selected two
plants from PWR. Although PWR survey measured
inside C/V, BWR survey did not cover inside C/V
because inert gas filled during operation. Direetion
distribution of gamma rays was not investigated.

RESULTS
EPCJCR survey result during P1M

Literature of EPCICR (1983)") described as fol-
lows: The main radiation type in each work area was
gamma rays, and the exposure rate was at least 0.02
mR/H {ambient dose equivalent rate: 0.2 pSv/h) and
at most 90 mR/H (0.9 mSv/h), as shown in Table 2.
It was below 40 mR/H (0.4 mSvh) in most work
areas(!%: 21},

Although the main radiation source during PIM
was “Co (gamma-ray energies: 1.17 MeV and
1.33 MeV), the report!"™ stated that there were many
work areas where the mean gﬂmma—rﬂy En{:l'gy was
in the range of 300-1000 keV due to the influence of
scattering components, ete.

Geometry distribution during PTM

According to Table 3, the actual working environ-
ment was not recognized as simple source distribution
such as single point source. In many cases, the source
direction in which the maintenance worker mainly
exposed to radiation was found to be front or upper
front.

Table 3 shows the results when the lead shield
container with slits was left standing in the main
source direction. In other words, it meant the expo-
sure geometry when the worker was standing station-
ary at the maintenance spot toward the main source.
The mean sum wvalue of the column of ‘6. Front’
and ‘2. Top front’ of Table 3, which was assumed as
AP geometry, was approximately 41% (interquartile
range (IQR): 10-70%:)" . The result supported that the
proportion of AP was set up to an average of 50% and
range 10-80% in IARC study assumption.

1 One survey spot of reactor cocler pump in PWR and two spots of
condensate water filter room and fuel inspection area in BWER were
excluded because of no description of the results.

In addition to this, a video shooting of the actual
worker’s motion during main jobs was implemented
to analyze the worker's ROT movements'"). The sur-
vey stated that the worker’s movements showed the
individuality such as right-handedness, fatigue, ete.,
and the rotation component was large even when the
work was done in a specific direction. According to
Table 4, the direction component of ‘Front” by ROT
motion analysis averaged 37%. It was found that even
though the main source was located stationary in
front of the measurement apparatus, the ROT move-
ment of the actual worker contributed to increase
the ratio of ROT or IS0 in the exposure geometry.
Considering that there were components of top front,
top left, top back and top right in Table 2, it was
appropriate for the worker’s exposure geometry to be
regarded as ISO rather than ROT.

Energy distribution during PTM

Figure 2 displays an example of gamma-ray energy
spectrum measurement for each of four representa-
tive working areas of PWR (upper) and BWR (lower)
during PIM. The X-axis of each chart was gamma-
ray energy (MeV) from 0 to 1.6 MeV, whereas the
measurement was performed up to 3 MeV. The Y-
axis was the common logarithm of the counting rate
(PWR: counts/40 sec, BWR: counts/80 sec). That ig
the figure represented gamma-ray PHC from Nal
detector. However, neither a table nor a chart showing
the energy distribution of the dose was included in the
rcport[' ),

Trial estimation of energy distribution from PHC data

Although analysis method of PHC data were
described in the Appendix in the present paper, the
result was described here. Reading the line chart
of counting rate of gamma rays at an interval of
0.1 MeV, the gamma-ray energy distribution under
a certain assumption was calculated as shown in
Table 5. The proportion of dose of 0.1-0.3 MeV
was a mean of 11% of eight survey spots (IQR: 4—
13%, mean for PWR.: 9%, BWR.: 14%) and was found
to be within the range expected by the IARC study
assumption.

TEPCO survey result on gamma-ray energy
distribution during PIM

Figure 3 shows the energy distribution at the 32 mea-
surement spots in Unit Three, Fukushima Draiichi
Nuclear Power Station except for the operation of
PCV head off. The dose ratio of gamma rays with
energy <300 keV showed the mean of 7.2% (IQR:
4.7-8.7%), and at most 18%, which were within the
range envisioned by the ITARC study assumption.
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Figure 2: PHC of photon energy during PIM at PWR and BWR plant. Cited Figure 3.4.5 in REA (2019)21), The original
was Figure 4 in EPCICR (1983)'1% written in Japanese. The caption was ‘Figure 4. Examples of measurement of gamma-
ray energy spectrum’. The X-axis was *Gamma-rays energy (MeV)’, representing 0-1.5 MeV. The upper four line-chars were
at PWR and the lower four at BWR. The Y-axis scale represented from 107 to 10%. The unit of Y-axis at PWR was *Count
rate (counts/40 sec)’ and that at BWR was ‘Count rate (counts/80 sec)’. Fach chart had two lines, the upper of which was
the measurement result without lead shield container cap on Nal detector, and the lower of which was the measurement
result with the lead shielding plug of a specific slit being open. The survey spots at PWR were, from the left, RHR pump
room, primary coolant loop room entrance, below the SG manhole and the (ifth floor inside C/V, whereas those at
BWR were radioactive waste disposal tank room, pedestal inside, reactor well inside and triangle corner in the reactor well.
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Proportion of dose less than 300 keV (%)

Survey spot

5 10 15 20

R/B-5FL- Beside the Well
R/B-5FL- Tensioner front
R/B-2FL-RCW/Hx
R/B-3FL-CRD repair room/A
R/B-3FL-CRD repair room/B
R/B-2FL CUW pump/A
R/B-3FL-CRD repair room/D
R/B-3FL-CRD repair room/E
R/B-5FL Beside the stairs
D/W-1FL Pedestal/A
D/W-1FL Pedestal/B

R/B-3FL RHR pump/C
R/B-1FL MSIV outer valve
R/B-3FL: FPC/Hx

T/B-2FL: Beside the high pressure turbine
RW/B-BFL High sludge pump
D/W-1FL: Pedestal entrance
D/W-1FL Pedestal C

R/B-5FL-Beside the well (after watering)
R/B-5FL-Tensioner front (after watering)

D/W-1FL: PLR pump

D/W-1FL: MSIV inner valve

T/B-BFL: Hot well

R/B-2FL Reactor water sampling rack

D/W-2FL SV; RV

D/W-2FL N2 nozzle

RW/B-1FL Pump area

R/B-1FL D/W entrance

R/B-2FL FPC/Hx

R/B-2FL CUW pump/D

R/B-2FL CUW pump/A

R/B-2FL Beside the north stairs

Tligure 3: Gamma-ray energy distribution during PIM (TEPCO survey at Unit Three, Fukushima Daiichi Nuclear Power
Station (BWR)). Cited Figure 3.4.7 in REA (2019)?1) and translated by the author. The original data were on the tables in
TEPCO (1984)(24)

On the other hand, the energy distribution when
opening PCV head was measured at Unit One,
Fukushima Daiichi Nuclear Power Station. At
the time of PCV head off operation, the energy
distribution change of the gamma ray was expected.
Making the use of high sensitivity type 3-inch height,
3-inch diameter cylindrical Nal detector, continuous
measurement ol energy distribution was performed.
The dose ratio of <300 keV was summarized by stage
when PCV head was opened, as shown in Table 6.

The dose ratio of <300 keV on the fifth floor of
the R/B before opening PCV head was 13%, sim-
ilar to the measurement results of Unit Three. As
the opening work of the PCV head progressed, the
mean energy value gradually decreased (not shown),

whereas the dose ratio of <300 keV was at most 27%.
The increased percentage of low cnergy gamma rays
along with opening PCV head seemed to bedue to the
gamma rays from inside the reactor being scattered at
the ceiling. When the well was filled full with water
after completion of the PCV head off operation, the
dose ratio of =300 keV returned to the value before
the PCV head was opened.

EPCJCR survey result during operation in BWR

In the BWR during operation, there was a spot where
gamma rays with much higher energy than “’Co were
generated. The nuclides of "N (half-life: 7.13 sec) and
I5C (half-life: 2.4 sec) were found which emit high
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Table 5. Trial esti result of g; ray energy distribution during PIM.
Survey spot Proportion of dose of
0.1-0.3 MeV (%)

PWR RHR pump room 32

Primary coolant loop room entrance 14.1

Below the SG manhole 6.0

The fifth floor inside C/V 132

Mean 9
BWR Radioactive waste disposal tank room 4.0

Pedestal inside 2.9

Reactor well inside 9.5

Triangle corner in the reactor well 84

Mean 14

Mean of the eight survey spots

11

Note: Cited Table 3.4.6 in REA (2019)21) and wanslated by the author. The estimation method was described in the

Appendix in the present paper.

Table 6. Change of gamma-ray energy distribution during PCV head off (TEPCO survey) (beside the reactor well on the fifth
[loor in the RfB, Unit One, Fukushima Daiichi Nuclear Power Station (BWR)).

Stages when opening PCV head Proportion of dose <300 keV (%)
Before PCV head opening (Seven-spot mean) 12.5
The day before PCV head opening 1.6

Just before opening the PCV head

Lifting the PCV head in the reactor well

Putting the PCV head on the fifth floor

PCV head opened completely

Reactor well filled with water after moving the dryer

13.2
20.3
211
274
(Two-spot mean) 11.0

Note: Cited Table 348 in REA (2019)(21) and translated by the author. The original data were on the tables in TEPCO

(1984)24),

energy gamma rays ('*N: 6.1 MeV and °C: 5.3 MeV)
while moving along the steam flow®"! However, it
was concluded that the effects of high energy gamma
rays from "N and "*C were negligible during PIM,
because such nuclides disappeared shortly after shut-
down due to their short half-lives and were no more
produced during PIM.

Figure 4 displays the dose contribution rates
by gamma-ray energy at the nine survey spots in
Hamaoka Nuclear Power Station (BWR.). The X-axis
of each chart was gamma-ray energy (MeV), which
was displayed 0-8 MeV at (.2 MeV bands. The Y-axis
represented the cumulative dose contribution rate of
gamma rays above the energy at the indicated point.
Therefore, assuming that the contribution rates of
the 0.1 MeV point, the 0.3 MeV point and the 3 MeV
point were a, b and c, respectively, the ratio of (a — b)
and (b — ¢) meant the dose ratio of 0.1-0.3 MeV and
0.3-3 MeV.

According to the results of reading the charts, the
proportion of dose of 0.1-0.3 MeV was in the range of

4 to 10% (Mean 7%), indicating that the results were
within an envisioned range of TARC study.

EPCJCR survey result during operation in PWR

During the operation of PWR, high-energy gamma
rays from '*N and "C were also measured. In addi-
tion, gamma rays with energy about 8§ MeV, which
was higher than that of '*N, were also detected. Tt
was considered that such gamma rays were emitted
from the **Fe (n, ) *'Fe neutron capture reaction,
in case that **Fe were contained in the reactor struc-
tural material and captured neutrons generated by
fission of 31, Therefore, such high gamma rays were
observed only inside C/V and in front ofits emergency
air lock near the reactor(®),

Figure 5 displays the dose contribution rates by
energy of gamma rays at five survey spots in Mihama
Power Station (PWR). Similar to the above Figure 4
of BWR, but the X-axis was displayed from 0 to
9 MeV at 0.2 MeV bands. The estimated proportion
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Figure 4: Gamma-ray energy distribution during operation at BWR plant. Cited Figure 3.4.9 in REA (2019)'2!). The original

was Figure 3 in EPCJCR (1986)2% written in Japanese. The caption was ‘Figure 3. Dose contribution rate of cach energy

of gamma rays at selected survey spots in Hamaoka Nuclear Power Plant (BWRY) . The X-axis was ‘Gamma-rays energy

E (MeVY and the Y-axis was ‘Dose contribution rate of cach energy of gamma rays (B = Li); %’. The nine line-charts

displayed respective dose contribution of survey spots; from upper left to right, MSIV room, low pressure turbine room exit,

rare gas hold-up pipe room, high pressure turbine room entrance, low pressure heater room entrance, CUW pump room,
high pressure turbine room exit, recombiner room and front of personal air lock.

Table 7. Gamma-ray direction distribution based on the EPCJCR.

Proportion of AP During PIM During operation Assumption of
geometry (%) BWR (22 spots) PWR (13 spots) BWR PWR IARC study
Mean 39 46 Not surveyed 50

1QR 472 16 62

Min—Max 0-94 5-100 10-80

Note: (1) The above ligures based on the results when the lead shield container with slits was lelt standing in the main source
direction. {2) Cited Table 3.4.11 in REA (2019)2!) and translated by the author.

Table 8. Gamma-ray energy distribution based on the EPCJCR.

Proportion of dose During PIM During operation Assumption of
in 0.1-0.3 MeV (%) BWR (4 spots) PWR (4 spots) BWR (9 spots) PWR (5 spots) TARC study

Mean 14 9 7 10 10
IQR 417 5-13 5-8 10-11 —
Min—Max 3-38 314 4-10 315 5-20

Note: Cited Table 3.4.12 in REA (301‘))‘2” and translated by the author.
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of dose 0.1-0.3 MeV ranged from 3 to 15% (mean
10%). The result in PWR during operation was also
found to be almost within an envisioned range of
TARC study,

Summary

With regard to the gamma-ray incident direction dis-
tribution during PIM in Table 7, the AP component
did not reach 50% with the stationary measurement
apparatus. However, considering the movement of the
actual worker by video shooting, the AP ratio of the
exposure geometry was not considered inconsistent
with the IARC study assumption.

Despite a lack of data during operation, the direc-
tion distribution during operation was understood
that it was the same as those during PIM.

Table 8 summarizes the ener§y distribution of
gamma rays at Japanese NPP!). The proportion
of dose in 100-300 keV was found to be within an
envisioned range of IARC study.

In the end, it was verified that the surveys were
conducted to assess the energy spectrum and direc-
tions of incidence on workers and that those surveys
demonstrate that both the spectrum and the direction
of incidence measured are compatible with the IARC
study assumption.

DISCUSSIONS
Estimation method of energy distribution

The approach for estimafing energy distribution
differed between Thierry-Chef (2001)1%)  and
EPCJCR!"™ ), The former used the differences
of the responses under filters of a multi-element
dosemeter, which was worn by a worker, whereas the
latter used PHC data from a Nal detector, which
was placed stationary at a specific working area.
Despite the different approaches, it was interesting
that the both resulted in almost the same ratio of
energy 100-300 keV and 300-3000 keV.

Trial estimation of energy distribution from PHC data

The gamma-ray energy distribution during PIM at
TEPCO whose energy distribution was not based
on the trial estimation, but derived directly from the
tables listed in the survey report'™!) was evaluated as
being within an envisioned range of IARC study. In
addition, the result of the trial estimation {Table 5)
was almost the same as the result of TEPCO
(Figure 3). Therefore, the trial method of estimating

dose distribution by energy from PHC data was
confirmed to be appropriate.

Gamma rays above 3 MeV during operation

Figures 4 and 5 show that a considerable portion of
gamma rays =3 MeV was present during operation.
However, since only a limited number of operators
and radiation control staff entered the control area
during operation, and the stay inside the control area
was also in short time, the portion of exposed gamma
rays =3 MeV was considered small.

Representativeness of the survey result over a long
period

J-EPISODE has published analysis reports every 5y
since 1995, The fifth analysis of J-EPISODE targeted
the dose data during 1957-2010, at an intermedi-
ate point of which the EPCICR were conducted.
Although the dose rate had dropped sharply in the
19803 as a result of the dose reduction measures, the
reactor type, the radiation source and job description
basically remained without a big change, suggesting
that the survey results in the 1980s represented the
whole period 1957-2010. That is, it turned out that
there was appropriate in applying the energy and
geometry assumption of IARC study to I-EPISODE.

CONCLUSIONS

The TARC study assumption on the energy and geom-
etry distribution of photon exposure is fundamental
information in estimating organ-absorbed dose from
personal dosemeter reading. Verifying whether the
IARC study assumption can be applied to Japanese
workers in NPP will be crucial for the assessment of
reconstructed organ-abzorbed dose.

As a result of the literature survey in the 1980,
it was found that there were reports of investiga-
tion by EPCICR where electric power companies
actually measured and assessed the energy spectrum
and directions of incidence on workers at the site of
NPP separately during PIM and during operation.
The results of EPCICR became the evidence that
the IARC study assumption was applicable for I-
EPISODE. The analysis of working environment of
Japanese workers in NPP demonstrated appropri-
ateness in applying the IARC study assumption for
reconstructing organ-absorbed dose in J-EPISODE.
These results in Japan also provide strong evidence
to support the robustness and generality of the IARC
study assumption, which was estimated based on the
judgment of experts at nuclear facilities around the
world.
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Figure 5: Gamma-ray energy distribution during operation at PWR plant. Cited Figure 3.4.10 in REA (2019)21). The origi-
nal was Figure 5 in EPCICR (1986)(2"), written in Japanese. The caption was ‘Figure 5. Dose contribution rate of cach encrgy
of gamma rays at selected survey spots in Mihama Power Plant (PWR)". The X-axis was "Gamma-rays energy E (MeV) and
the Y-axis was ‘Dose contribution rate of cach energy of gamma rays (E = Ei); %", The five line-charts displayed respective
dose contribution at survey spots; from upper to bottom, charging/safety injection pump room (A/B}, spent fuel pit (A/B),
emergency air lock (A/B), emergency air lock (C/V) and front of the in-core neutron monitoring system thimble tubes (C/V).
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cleanup system; MSIV, main steam isolation
valve; PCV, primary containment vessel; PLR,
primary loop recirculation system; PWR,
pressurized water reactor; R/B, reactor building;
RCW, reactor building closed cooling water
system; RHR, residual heat removal system;
RW/B, radicactive waste disposal building; SG,
steam generator; SRV, safety relief valve; T/B,
turbine building.

NOTE

The above list was based on the Information
Portal for the Fukushima Daiichi Accident
Analysis and Decommissioning Activities.
Available from: https://fdada.infofen/home/a
bbrev_top2/abbrev_search-en/ (5 July 2020,
date last accessed).
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Appendix. Trial estimation method of energy
distribution of gamma ray from PHC of Nal detector

A case of ‘below the steam generator (SG) man-
hole” of PWR is shown below.

(1) From the line of *without lead shield con-
tainer cap on Nal detector” at ‘below the SG
manhole” in Figure 2, the PHC between (0.1 and
1.6 MeV at 0.1 MeV interval was digitized as
Table Al.

Considering the Compton scattering fraction
in the PHC, the number of incident photons
by energy, called as unfolded data or corrected
count data, was estimated as follows.

(2) The counting rate of 9 (1000 counts/40 sec)
at the energy band of 1.6 MeV, indicating a
width of 1.5-1.6 MeV, was assumed to be
derived from gamma ray of that energy band.

(3) Compton scattering fraction at lower
energy bands derived from the highest energy
of 1.6 MeV was firstly removed from the PHC,
as the next. Figure 2 (4) of the response matrix
(0-3 MeV) for 3-inch spherical Nal in the
reference of CRIEPI (1985)*** was used for the
estimation of the Compton scattering fraction.
Tt was assumed that the response matrix was
M, G, j =1, 2,..., 30), i represented an
gamma-ray incident energy band of i/10 (MeV),
j represented channel of energy band j/10 (MeV)
and M(i, j) indicated the PHC at channel of
energy band j/10 (MeV) in case of gamma-
ray incident with energy band of /10 (MeV).
The Compton scattering fraction ratio derived
from gamma-ray incident of 1.6 MeV (i = 16)
was defined as M(16, j)/M(16, 16) for channel
of the lower energy band j (j = 1, 2,..., 15).
For each incident energy band (the i-th row),
the Compion scatlering [raction ratio included
in the lower energy band (the j-th column) is
determined as Table A2.

(4) The PHC of 9 at 1.6 MeV (Table Al) was
multiplied by the Compton scattering fraction

ratio at the energy band j of the 1.6 MeV row
(i = 16) in Table A2, followed by subtracting
the multiplication value from PHC at the energy
band j in Table Al.

Then, with respect to 1.5 MeV energy band,
next to the highest energy band, the same
process described above was performed. The
steps were sequentially performed until the
lowest energy band, completing the corrected
count data. This process, called stripping
method, was illustrated as the triangular matrix
(Table A3). A solution could not be obtained
because the PHC of 0.1 MeV or less disappeared
for the energy of (.4 MeV or less. The reason
might be that there was no information on the
lower limit energy of the pulse height and that
the response matrix itself was a reference value.
However, since this was a simple analysis, the
process was repeated until peak components
could be subtracted.

The first row at 1.6 MeV in Table A3 came
from Table Al. When the incident of gamma
ray at 1.6 MeV was 9", the value at 1.5 MeV
row was obtained by subtracting the Compton
scattering fraction generated thereby from PHC
of the first row at the energy band <1.5 MeV
(j=1,2,..., 15). Next, when ‘10" of the 1.5 MeV
band in column of the 1.5 MeV row was inci-
dent, the Compton scattering fraction generated
thereby was subtracted from the corrected PHC
at energy band of 1.4 MeV or less. This was
repeated until the 0.2 MeV row. The lowermost
row of ‘unfold’ was obtained by taking out diag-
onal components of a triangular matrix and
was the corrected count data in which Compton
scattering fraction had been removed (unit: 1000
counts/40 sec).

(5) The corrected count data were converted
into gamma-ray flux by energy band in consid-
eration of detection sensitivity of Nal detector,
as shown in Table A4, For detection sensitivity,

Table A1. PHC of ‘below the SG manhole’.

Energy band (MeV)

0.1 02 03 04 05 06 0.7

1.1 1.2 13 14 1.5 1.6

Counting rate (1000 counts/40 sec)
77 251 194 158 123 105 105 74

57 46 42 36 26 18 12 9
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H FURUTA ET AL.
Table A2, Compton scatiering [raction ratio.

0.2 0.10 100
03 0.21 0.08 1.00
04 027 022 003 1.00
0.5 0.29 023 022 0.01 1.00
0.6 023 0.23 0.22 025 0.02 1.00
0.7 0.23 023 0.23 027 022 0.02 100
08 0.21 021 021 0.24 028 020 002 100
(.9 021 021 021 022 (.24 0.28 0.20 004 1.00
1.0 0.21 021 021 0.21 622 0.23 0.29 0.20 0.05 1.00
1.1 0.20 0.20 0.20 0.21 .21 ©0.22 027 0.26 .18 006 1.00
1.2 0.20 0.20 020 0.20 0.21 0.22 022 028 0.29 017 007 100
13 0.12 0.19 021 021 0.21 021 026 026 0.32 035 0.18 0.25 1.00
1.4 0192 019 019 020 0.22 0.22 0.22 026 0.29 034 038 018 0.29 1.00
1.5 0.18 0.18 0.19 0.19 019 0.21 022 0.23 (.25 029 033 040 0.17 027 100
1.6 012 019 0.19 019 019 0.20 020 019 024 027 031 034 041 019 0.23 100
MeV 01 02 03 04 05 06 07 08B 09 10 11 12 13 14 15 16
Table A3, Corrected count data (1000 counts/40 sec).
MeV 01 02 03 04 05 06 07 08 09 10 11 13 13 14 15 16
1.6 77251 194 158 123 105 105 74 57 46 42 3 26 18 12 9
1:5 75 249 192 156 121 103 103 72 55 4 @3 12 16 10
14 74 248 190 154 119 101 101 70 52 41 3% 29 21 14
13 71 245 188 152 116 98 98 66 48 36 31 27 17
12 68 242 184 148 113 95 94 62 43 30 28 22
1.1 63 237 180 144 108 90 89 s6 36 26 26
1.0 S8 232 175 138 103 84 B2 49 32 25
19 8300227 169 133 97 78 T4 44 30
(18 47 221 163 126 90 TO 6B 43
0.7 37 211 1s4 116 78 6l 67
06 22 196 138 98 63 59
(.5 & 182 125 83 2
14 0 168 111 82
(L3 1] 150 109
0.2 0 142
Unfold 0 142 109 82 62 59 67 43 W0 25 26 2 17 14 W0 9
Table A4, Gamma-ray [lux by energy band.
Energy band (MeV)
01 0.2 0.3 04 05 06 07 0B 0.9 Lo 1.1 1.2 13 14 135 16
Gamma-ray flux (unit: 1073 pfem®/fsec)
1] 54 53 49 47 52 69 S 39 35 38 35 28 25 19 19

(6) The gamma ray flux by energy band was
converted to air kerma rate (unit: 10-% Gy/h),
as shown in Table A5, The fluence-kerma

the Figure 7.3 of ‘gamma counting efficiency
(%) of Nal (T1) scintillation detector’in MEXT
(1974)2) was referred.
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PHOTON EXPOSURE RECEIVED BY NPP WORKERSIN JAPAN
Table AS. Air kerma rate by energy band.

Energy band (MeV)
01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 1.6

Air kerma rate (unit: 10-1% Gy/h)
0 500 74 91 110 144 218 180 156 154 182 181 154 144 118 123

conversion factor (unit: 107" Gy e¢m?) was  this air kerma rate, the dose ratio of <0.3 MeV

applied by interpolating Table A.1 of ICRP  was estimated as the next.

Publ. 74 with quadratic formula. Based on Less than 0.3 MeV:0.3 MeV and over = 124:
1954 = 6%: 94%.
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Outline of the Radiation Epidemiological Cohort Studies for Leukemia among Nuclear Workers and A-bomb Survivors

Asako TAKAMASA *1# Hidelki TOMA*' and Shin'ichi KUDO*?

The risk of leukemia related with radiation exposure was pointed out in a case report of a physician in 1911 and in subsequent
reports. After that, many cohort studies among nuclear workers have been conducted in various countries on the leukemia risk
at low dose and/or low dose rate radiation. However, these studies did not have consistent conclusions. INWORKS and UK
NRRW cohort studies argued high risk with leukemia excluding chronic lymphocytic leukemia (CLL) mainly due to chronic
myelogenous lenkemia (CML), on the other hand, the 15-country study and J-EPISODE study did not show significant high
nsk of CML. There are some possibilities of this discrepancies and one of that may be based on lacking in statistical power
because of that leukemia is a rare disease. Other possibilities of these discrepancies between these studies are based on the
differences of dose rate, main component of cohorts, and statistical methods. In this paper, we summarize the subtypes of
leukemia, baseline mortality by each study. and methods and results from the major radiation epidemiological studies.

KEY WORDS: low dose radiation, radiation risk. leukemia, cohort study, epidemiclogical study, nuclear workers.
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Fig.1 Age adjusted male leukemia incidence by country, subtype (per 10°)."

Data by MIRANDA-FILHO A et al. (2019)."" Japanese leukemia incidence is different from Furope and other countries.
Farther more, the age adjusted leukemia incidence (per 107) is smaller than other countries.
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1. FEHSREOFSWE (1LSS) (RICHARDSON 5
(2009)) 7

(1) 3%k— bOIEMK
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Table 1

Asako TAKAMASA, Hideki TOMA and Shin’ichi KUDO

Summary of the results of LS8 and epidemiology studies among nuclear workers.

Study 1557 185"  J-EPISODE” 15-country™ INWORKS”  NRRW”  US Pooled™
UK, US, FRA, .
Country JPN JPN JPN CAN etc UK, US, FRA UK us
Chbserved period 1950-2000  1950-2001 1991-2010 1943-2000  1944-2005  1955-2011 1944-2005
Main component of cohort® > 20MP Acbomb o R wpp i MR TBRES e Ry Mili, Res
SUIVIVOr SUrVIvor NPP
Cohort size 86,611 113,011 204,103 407,391 308,297 173,081 119,196
Total person years 3,184,000 3,613,404 2,889,000 5,192,710 8.221.032 5,300,000 4,019,065
P ge of females (%) 35 &0 0 2 * 08 *
Person years per person 36.8 32.0 14.2 12.7 26.7 30.6 337
Doses used in analysis" REM RBM Rec RBEM RBM Rec Rec
Mean dose 200mGy* 100 mGy 13.8 mSv 19.4 mSv 15.9 mGy 25.5 mSv 20.2 m3v
. . . . . . Mortalit .
End point Mortality Incidence Mortality Mortality Montality Incidenci Mortality
Obs 310 371 209 275 HOG Gl6
All types ERR/Sv (Gy) 4.7 0.54 0.70 0.40
Cl 35,64 4,04, 2.96 <(), 4.52 041, 1.51
All types Obs 312 207 196 531 380 369
excluding ERR/Sv (Gy) g™ 0.54 1.93 296 1.38 1.7
CLL ClI 33,6.5° —4.04, 2.96 <0,7.14 1.17, 5.21 0.04, 3.34 -0.22.4.7
Obs 7 12 2 47 138 236 128’
CLL ERR/Sv (Gy) <0 -1.06 —0.60 —0.30
Cl NE,1.81 <=-1.69,065 -2.0,3.6
Obs 19 43 19 19 30 25
ALL ERR/Sv (Gy) 37 2.40° -2.08' <0 5.80 1.79
Cl 0.8, 13.0 0.63,7.90" 11.92, 7.76' NE/!31.57 <=-7.19,25.80
Obs 38 TE] 21 45 100 58
CML ERR/Sv (Gy) 6.4 5.24% 9.70 10.1 1045 6.77
ClI 3.0,13.7 1.92,11.8° 10.49,2080 086,402 4481965 2131544
Obs 124 176 119 &1 254 177
AML ERR/Sv (Gy) 43 L11* 0.83 =0 1.29 0.19
Cl 27,66 0.53,208" 528 3.6l 182,428 <-184,228
Obs 15 47 21
ATL ERR/SV (Gy) -0.2 5.20
Cl nd'1.78 —13.05, 23.45

* NPP: Nuclear Power Plant, Res: Research, Fu: Fuel processing, Mili: Military.

" Ree: Recorded dose, RBM: Red bone marrow dose.

* Deaths among cohort members with colon dose of 0.005 Gy or higher.

*Not determined.

“All types excluding CLL, ATL.

" Linear dose coefficient of only males.

# Linear dose coefficient (at 1 Gy) of Hiroshima city.
" Quadratic dose coefficient (at 1 Gy).

' Last estimate (Not converged).

' Not estimated.

¥ Not denoted.

! Includes nonunderying cause,

(3) WETH

Wl b OREREY, VAR OER, MR ORI
Lo TlgEsh,

(4) BHIRFSSR

30 A (BtE1es A, EE1s A) o mWECH
PRI, 7Y L THOWEE Fig. 2 2R T,
AML DIETHEA 40% 2 5D, TT COML A1 19% T

94

HYH, CML & AML T2#f0 e D Tw A, CLL
RECHM T AT, 80 2% LERCLTEEL
ToTwvd, CORITERCE BLAEThTsh,
FAMmMBHY R AR B DPTWEERLE TR TWY
Bo

R oA, AML TR R (L) o#EEIE
EFMICELTAv LT B LERSHWE, —FT



Outline of the Radiation Epidemiological Cohort Studies for Leukemia among Nuclear Workers and A-bomb Survivors 219

CML & ALL TiMEOMBREIGICE o T h b ¢ B
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(27. 66) THoTzs

=*CLL

= ALL

«CML =«AML =ATL =Others

Fig. 2 Distribution of death due to Leukemia in LSS Cohort
by RICHARDSON et al. (2009).*”

2. LSS (HSU &, 2013) ™
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Fig. 3 Distribution of leukemia incidence in LSS Cohort by
HSU etal (2013)"

3. J-EPISODE (Japanese Epidemiological Study On
Low-Dose Effects) ”
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Fig. 4 Distribution of death due to Leukemia in J-EPISODE
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Fig. 5 Distribution of death due to Leukemia in 15-country
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5. INWORKS (The International Nuclear Workers
Study) "
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