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Objectives: Diagnostic medical radiation workers in Korea have been officially monitored for their occupational radiation doses since
1996. The purpose of this study was to design models for reconstructing unknown individual radiation doses to which diagnostic ra-
diation technologists were exposed before 1996.

Methods: Radiation dose reconstruction models were developed by using cross-sectional survey data and the personal badge doses
of 8167 radiologic technologists. The models included calendar year and age as predictors, and the participants were grouped into six
categories according to their sex and facility type. The annual doses between 1971 and 1995 for those who were employed before
1996 were estimated using these models.

Results: The calendar year and age were inversely related to the estimated radiation doses in the models of all six groups. The annual
median estimated doses decreased from 9.45 mSv in 1971 to 1.26 mSv in 1995, and the associated dose variation also decreased with
time. The estimated median badge doses from 1996 (1.22 mSv) to 2011 (0.30 mSv) were similar to the measured doses (1.68 mSv to
0.21 mSv) for the same years. Similar results were observed for all six groups.

Conclusions: The reconstruction models developed in this study may be useful for estimating historical occupational radiation doses
received by medical radiologic technologists in Korea.

Key words: Dosimetry, Historical reconstruction, Occupational exposure, Radiation, Workers

INTRODUCTION

Exposure information is essential for radiation epidemiolog-
ic research that aims to determine of the various health conse-
quences of radiation. Because occupational radiation exposure
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is protracted and cumulative rather than incidental, individual
dose data throughout entire employment periods are needed
for determining the dose-response relationship with health
effects [1]. However, complete information about exposure to
radiation is seldom available because many individual expo-
sures, particularly those that occurred in the remote past, re-
main undocumented. One way to overcome the problem of
insufficient exposure data is to reconstruct the undocumented
past doses by using the known doses and the related variables
that determine exposure levels, and to assign these values to
individuals [1].

Several studies have addressed historical dose reconstruc-
tion for external radiation exposure using different occupa-
tional exposure settings. Boice et al. [2] reported a reconstruc-
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tion method and results for 5801 workers who participated in
research at a nuclear reactor during the period from 1948 to
1999. Bouville et al. [3] also performed dose reconstruction for
the Million Worker Study in the US Eheman and Tolbert [4] de-
veloped a job exposure matrix for a wide range of occupations,
including military service members, nuclear fuel cycle workers,
NASA employees, and medical workers, and provided the esti-
mated annual dose distributions, categorized in terms of time.

Several studies specifically focused on radiologic technolo-
gists in different regions. Yoshinaga et al. [5] reported a dose
reconstruction model that utilized information on the work
history of 3461 diagnostic radiologists in Japan. While their re-
sults demonstrated a decreasing trend in the annual dose, the
reconstructed values were highly variable and systematically
overestimated. Simon et al. [6,7] reconstructed occupational
radiation doses for 90 000 US radiologic technologists for the
period 1916 to 1984. Using three models for different time pe-
riods, they found a more than 40-fold reduction in the mean
annual badge dose, from 100 mSv before 1940 to 2.3 mSv dur-
ing the 1977 to 1984 period. Zhang et al. [8] reconstructed past
doses by using survey information on different types of past
working conditions obtained from 3545 cohort participants,
and simulated workloads associated with the working condi-
tions of Chinese diagnostic X-ray workers. They presented the
results in the form of average annual doses for 5-year-long pe-
riods, from 1950 to 1994, and demonstrated that the down-
ward slope was steeper for the earlier periods.

A cohort study of diagnostic radiation workers was launched
in Korea in 2011 [9]. As of May 2013, 12 387 radiologic tech-
nologists were enrolled in the cohort who accounted for 63%
of the eligible population, and completed the baseline survey.
Then, the survey data were matched to the individual badge
readings, the central cancer registry, and the national health
insurance data. The incompleteness of exposure information,
however, remains one of the obstacles for conducting epide-
miologic investigations, because the dose registry does not in-
clude badge measurements before 1996. Considering the
downward trend in the occupational radiation exposure,
which implies higher levels of exposure in the past [10], in-
complete dose information could lead to insufficient informa-
tion on cumulative exposure.

This study, therefore, aimed to design models for recon-
structing unknown individual radiation doses received by di-
agnostic radiation technologists before 1996. By reconstruct-
ing the past doses, we expect this study to help determine cu-
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mulative radiation exposures, which subsequently are likely to
contribute to identifying the dose-response relationships per-
taining to occupational radiation exposure.

METHODS

Study Participants and Data Selection

The study population included 11 265 radiologic technolo-
gists who had dosimetry data in a diagnostic radiation work-
ers' health survey in Korea [9]. To filter out improperly mea-
sured badge doses, only those who responded “I always wear
a badge” and “I place my badge inside a lead apron” were cho-
sen. Next, we also excluded those individuals for whom infor-
mation on the type of facility where they were working was
not available. At the end of this selection process, 8189 partici-
pants, along with their badge doses, were selected as eligible
participants for our models. Informed written consent, includ-
ing permission to access radiation dosimetry data, was volun-
tarily obtained from all individual study participants prior to
enrollment. This study was reviewed and approved by the in-
stitutional review board of Korea University (KU-IRB-12-12-A-1).

The selected data were transformed into a long type, in
which multiple dose measurements for the same person dur-
ing separate years were recorded as unique observations in
separate rows. Data containing 69 413 badge doses were ob-

11 265 Total participants

2059 Not always wearing
a badge or no answer

9206 Always wearing badge

953 Improperly placed badge

8253 Placed badge inside apron

64 No information on the facility

8189 Have information on
the type of facility

22 By removing outliner values

8167 With 68 023 dose
measurement
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tained by this reshaping. Outliers above three standard devia-
tions of the log dose for each year were excluded from the
model dataset, which resulted in the removal of the data of 22
participants from the dataset. Consequently, 68 023 dose
measurements for 8167 radiologic technologists were re-
tained in the final dataset that was used for the modeling. Fig-
ure 1 shows the selection and manipulation processes and the
corresponding number of eligible participants.

Information Used

Two information sources were used for the modeling: a
cross-sectional survey of diagnostic radiation workers and the
national dose registry. The survey collected the information on
the types and frequencies of radiologic tasks performed by
these individuals, safety conditions and personal protection
behavior, badge-wearing habits, types of facilities, and general
demographic characteristics. Individual badge dose data from
1996 to 2011 were acquired from the national dose registry.
All radiologic technologists are required to wear badge dosim-
eters in the workplace according to the 1994 amendment of
the Medical Service Act [11]. Since medical facilities operating
radiologic equipment are mandated to report their radiation-
exposed workers’ badge doses every quarter to the Korea
Food and Drug Administration, the registry retains a complete
set of badge dose measurements. These data were matched
to the survey information by using individual identifiers, and
integrated into a single dataset. Quarterly doses were cumu-
lated into yearly doses for each individual participant. These
data, which contained both the information from the survey
and that from the annual dose measurements, were used as
the datasets for developing our dose reconstruction model.

Construction of Model

We developed a dose reconstruction model by adopting the
findings of previous studies conducted in Japan [5] and China
[8], in which past unknown doses were estimated as a func-
tion of time. We modified the model by adding age at the year
of exposure as an additional predictor variable (Equation 1).
The model features a log-linear function to account for the
log—normal distribution of individual annual badge doses. The
time variable corresponds to the number of years since 1970.
Using 1970 as the first year is justified by considering that only
27 out of the 8167 participants began their radiation-exposed
work before 1970.

Log(annual dose) = Bo+:(year-1970)+B:(age) ---- Equation (1)
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A tree regression analysis was conducted to identify the pri-
mary predictors determining the measured badge doses, as
shown in Supplemental Figures 1 and 2. Sex and age at the
year of exposure were identified as the two principal determi-
nants of exposure. Since age at the year of exposure was in-
versely proportional to the exposure dose, this variable was
incorporated into the model rather than being used as a strati-
fying variable.

The participants were grouped into six categories, according
to their sex and the type of facility where they worked. Three
types of facilities were considered: 1) “Hospital,” which includ-
ed tertiary and secondary hospitals; 2) “Clinic”; and 3) “Others,’
which included dental clinics and hospitals, and community
health centers. Next, the parameters of the model were esti-
mated for each of the six groups to yield six reconstruction
models. The number of participants and their annual badge
doses in each of the six groups are listed in Table 1. Group 1
(male radiologic technologists in the “hospital” category) com-
prised the largest proportion of participants and doses, while
group 6 (females in the “others” category) comprised the
smallest one (Table 1).

Next, for each of the six groups, we estimated three param-
eters for the two predictors and the constant term in Equation
(1): Bo for the constant term, 3 for the number of years since
1970, and . for the age at the year of exposure. Using these
models, we estimated the annual doses between 1971 and
1995 for those who were exposed to radiation before 1996.
The individual annual doses between 1996 and 2011 were
also estimated using these models and compared with the
measured badge doses for the same year. The agreement be-
tween the estimated and the measured badge doses was ex-
amined using the intraclass correlation coefficient.

For the purpose of model selection, we also compared the

Group  Sex Facility type pI::s.oor:s
1 Male General hospital/hospital 3874
2 Male Clinic 1385
3 Male Dental/community health center/others 349
4 Female  General hospital/hospital 1319
5 Female  Clinic 992
6 Female  Dental/community health center/others 248
Total 8167
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performance of three different models including different
combinations of predictor variables. The first model used a
single predictor and the year of exposure. The second one
added the age in the year of exposure to the first one. The
third one included additional information on the types and
frequencies of the radiologic tasks of individuals. Then, 10-fold
cross-validations were performed to compare the test mean
squared errors among these models. While the second model
showed improvement as compared to the first, the most com-
plex model revealed varying results across different groups
when compared with the results from the second model.
Combining these findings and considering the lack of infor-
mation on the past work history of individual participants, we
decided that it was reasonable to choose the second model as
the optimal model for the reconstruction.

RESULTS

For the 8167 radiologic technologists included in the mod-
el’s dataset, the ratio of males to females was 2:1, and approxi-
mately 40% were in their thirties. Nearly two-thirds were
working at either tertiary or secondary hospitals, while 29.1%
were working at clinics. The number of those working in met-
ropolitan regions was larger (54.1%) than the number of those
working in non-metropolitan areas (45.9%). More than half of
the participants began their career as radiologic technologists
after 2000, while those who began in 1970 or before consti-
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tuted only 0.4% of the enrollees (Table 2).
Annual median badge doses for each group are shown in

Characteristics n' %
Sex
Male 5608 68.7
Female 2559 31.3
Age in the year of survey (y)
23-29 1856 22.7
30-39 3426 42.0
40-49 2117 259
50-59 691 8.5
=60 77 09
Type of facility
Hospital 5193 63.6
Clinic 2377 29.1
Others 597 7.3
Region of facility
Metropolitan 4095 54.1
Non-metropolitan 3473 459
Work start year
1970 or before 34 0.4
1971-1980 155 1.9
1981-1990 1089 135
1991-2000 2189 26.9
2001 and after 4664 57.3

"Numbers may not sum up to the total because of certain missing information.
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Figure 2. Downward trends were observed for all six groups,
although the declining patterns were less clear for some
groups. Relatively significant drops between 1996 and 1997
were noticed for groups 1, 2, 4, and 5. Group 1 (male hospital
workers) exhibited the highest median doses for most of the
years, followed by group 2 (male clinic workers).

Table 3 lists the parameters of the model predictor variables.
For all groups, both B: and S, were negative, indicating that
these two variables are inversely related to the estimated log
doses in the models of all six groups. All of the 18 estimated
parameters were statistically significant at the 0.05 signifi-
cance level. The parameters for the years since 1970 (1)
ranged from —0.087 for group 2 to —0.042 for group 4, while
those for age at the exposure year (82) ranged from —0.058 for
group 3 to —0.015 for group 5.

The annual median estimated doses and the comparison
with the annual median badge readings from 1996 to 2011
are shown in Figure 3. For all of the participants, the median

Group Sex 'fl'gzﬁ i:; &' B B

1 Male Hospital 3.316 -0.062 -0.047
2 Male Clinic 3.345 -0.087 -0.028
3 Male Others 2.701 -0.061 -0.058
4 Female Hospital 1.433 -0.042 -0.035
5 Female Clinic 1.943 -0.080 -0.015
6 Female Others 2.051 -0.063 -0.052

'p-values for all parameters were less than 0.001.

Median dose

05
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estimated doses decreased from 1.22 mSv in 1996 to 0.30 mSv
in 2011, while the measured doses ranged from 1.68 mSv in
1996 to 0.21 mSv in 2010. Similar results were obtained for all
six groups (Supplemental Figures 3 and 4). The mean intra-
class correlation coefficient between the estimated and the
measured log average annual dose was 0.40.

Figure 4 and Supplemental Table 1 show the distributions of
the reconstructed annual doses received by those who worked
between 1971 and 1995, that is, the period for which no mea-
sured badge dose data are available. The median estimated
doses decreased from 9.45 mSv in 1971 to 1.26 mSv in 1995.
The reconstructed dose range also narrowed, from 7.77 mSv
(minimal dose of 4.04 mSv, maximal dose of 11.81 mSv) in
1971 to 1.81 mSv (minimal dose of 0.07 mSy, maximal dose of
1.87 mSv) in 1995. More rapid inter-annual changes in the
more remote past were found.

DISCUSSION

Our reconstructed occupational radiation doses exhibited
downward temporal trends, and the results were consistent
for all study groups. Because the measured and the estimated
median radiation doses for the 1996 to 2011 period agreed
fairly well, our model may be useful for estimating historical
occupational radiation doses received by medical radiation
workers in Korea. However, the models should be open to fur-
ther improvement by incorporating detailed past information,
which is not currently considered in the model.

The downward temporal trends for the annual badge doses,

—&— Measured
--m-- Estimated

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Year
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estimated in this study for the 1971 to 1995 period, for which
no measured doses are available, were congruent with the re-
sults of previous historical reconstruction studies conducted
on the population of medical workers in the US [6,7], China [8],
and Japan [5]. Relatively large declines in earlier years were es-
timated, which is also consistent with the results of these pre-
vious studies. When compared with the period-specific doses
estimated on the basis of the cohort of the US radiologic tech-
nologists [6,7], our estimates were relatively higher for the
same time period. For example, it was estimated that during
the 1977 to 1984 period, the US hospital radiologic technolo-
gists received a median dose of 2.0 mSv, while the median es-
timated annual doses received by their Korean counterparts
during the same period of time ranged from 3.5 to 5.9 mSv.
This difference might reflect both real differences (e.g., early
introduction of safety regulations in the US, including the es-
tablishment of the National Council on Radiation Protection
and Measurements in 1964 and the creation of the Nuclear
Regulatory Commission in 1975), and differences in modeling
methods (i.e., the doses in the US during the 1977 to 1984 pe-
riod relied on measured badge readings during the same peri-
od, while those in this study relied entirely on data from a dif-
ferent period).

The reconstructed values for China [8] were more compara-
ble with our findings. Average annual doses for four 5-year-
long periods—1975-1979, 1980-1984, 1985-1989, and 1990-
1994—were 6.4, 3.9, 2.8, and 2.3 mGy (1 Sv equals to 1 Gy for
X-ray radiation), respectively, for Chinese diagnostic X-ray
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workers, while those estimated for Korean radiologic technol-
ogists for the same time periods were 5.5, 3.4, 2.2, and 1.5
mSv. It is also suggested that the estimates for Japanese radio-
logic technologists are comparable to our estimates, judging
by the fact that these former estimates decreased from values
slightly under 10 mSv in 1979 to slightly above 1 mSv in 1993;
however, note that the estimated values were reported in a
graph rather than as exact numbers [5].

As the first attempt to reconstruct past individual radiation
doses among radiologic technologists in Korea, this study has
some limitations that should be addressed in a future refined
model. First, we applied only selected predictors for develop-
ing reconstruction models, owing to the current unfavorable
paucity of information on the potential determinants of doses.
It is reasonable, however, to assume that the level of exposure
to radiation strongly depends on the selected predictor vari-
ables included in our model: age, sex, and the type of facility.
Our results from a tree regression analysis support this. Sec-
ond, the models generated in this study assumed that the
type of facility at which a participant worked in 1996 to 2011
was the same at which the participant worked during the sur-
vey. This might be an unlikely assumption, considering that
approximately 8.5% of radiologic technologists in Korea
switch their employment every year [12]. This could lead to a
misclassification of participants, subsequently distorting the
estimation of parameters and dose reconstruction. Thus,
knowing past work history is crucial for a more reliable estima-
tion of radiation exposure. Third, we included only radiologic
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technologists who answered “I always wear a badge” to avoid
a potential misrepresentation of true doses; however, we were
unable to validate their self-reported responses. If it is as-
sumed that a certain proportion of the eligible respondents
did not actually always wear badges, then both the measured
and the estimated badge doses would be systematically un-
derestimated. Fourth, although our model satisfactorily
matched the existing data, the model’s predictive capability
cannot be guaranteed. In this study, it was not possible to ver-
ify the reconstructed doses in the period of time preceding
1996 because pre-1996 dose data for radiologic technologists
were not available. Instead, we found that the estimated doses
from our model were comparable with the measured doses
from the national dose registry.

In addition, this study did not consider uncertainties origi-
nating from dosimetry sensitivity and accuracy, because infor-
mation on the types of badges used by the study participants
and their technical specifications were not available. However,
if it is assumed that sensitivity was lower and badge exchange
was more frequent in the early days [13], the estimated doses
in the remote past were also likely to be underestimated. A
Berkson type error might also have occurred when we recon-
structed the pre-1996 period doses by assigning single esti-
mates to multiple participants within the same group, if their
predictors in the model, namely measurement years and age
at a specific year, were identical [14]. When reconstructed dos-
es are used as determinant variables in epidemiologic studies,
these errors should be accounted for by providing the ranges
of dose estimates within which the individual doses are likely
to be measured [15].

However, our models retain some strength and advantage
with respect to the extensiveness and the reliability of the
data used. The survey encompassed the majority (63%) of the
target population, which enabled us to incorporate radiologic
technologists with a variety of demographic characteristics.
Thus, a potential bias associated with participants was allevi-
ated by the extensive inclusion of the study population. In ad-
dition, the badge readings were obtained from the national
dose registry that has been collecting the data for 16 years,
and these dose data provided comprehensive and reliable ex-
posure information for our model.

In summary, we have developed a model for estimating ra-
diation badge doses received by radiologic technologists. Al-
though further effort should be devoted to the refinement of
reconstruction methods based on more detailed information,
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our findings contribute to calculating cumulative occupational
radiation doses, to estimating individual organ-specific doses,
and to determining dose-response relationships linking radia-
tion exposure to radiation-related health consequences.
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agem=26,

0.635 2.036
n=9867 n=20389
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0.353
n=1362
agem<29.5
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n=7338 n=7440 n=5435 n=13424

Supplemental Figure 1. Pruned regression tree of annual doses for radiologic technologists, 1996-2011. Elliptical nodes indi-
cate internal nodes, while rectangular nodes denote terminal nodes. agem, age in the year of exposure; facil, type of facility; xray,
frequency of diagnostic X-ray (categorical); scr, frequency of screen protection (categorical).
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Supplemental Figure 2. Sorted variable importance in the tree regression analysis for radiologic technologists. Variable impor-
tance refers to the total amount of reduced variability (e.g., residual sum of squares) attributable to splits over each variable in
a given tree. agem, age in the year of exposure; mammo, frequency of mammography; facil, type of facility; hold, whether the
participant holds the patients while conducting the task or not; scr, frequency of screen protection; portx, frequency of portable

X-ray; sep_b, whether the participant is always separated from the patients or not; xray, frequency of diagnostic X-ray; ultra, fre-
quency of ultrasound examination.
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nologists, 1996-2011. (A) Group 1, male hospital workers; (B) Group 2, male clinic workers; (C) Group 3, male others workers; (D)
Group 4, female hospital workers; (E) Group 5, female clinic workers; (F) Group 6, female others workers.
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Supplemental Table 1. Estimated median badge doses (mSv)
in the pre-1996 period by 6 group of radiologic technologists

Calendar

year 1 2 3 4 5 6
1971 9.45 10.63

1972 8.49 9.49

1973 8.03 8.59

1974 7.96 1.67

1975 7.16 749

1976 6.43 7.09 -

1977 593 7.03 0.78 - - -
1978 5.74 6.37 0.71 0.62 - 0.47
1979 5.16 5.86 0.69 0.61 - 0.43
1980 4.87 9.95 0.83 0.70 1.52 0.41
1981 4.60 5.10 0.78 0.71 1.46 0.43
1982 413 4.69 0.73 0.72 1.47 0.43
1983 3.90 4.18 0.73 0.78 1.35 0.40
1984 3.51 3.73 0.83 0.80 1.33 0.40
1985 3.15 3.43 0.82 0.75 1.23 0.40
1986 2.98 3.06 0.87 0.69 1.18 0.44
1987 281 2.82 0.77 0.67 1.09 0.41
1988 2.53 2.51 0.73 0.64 1.01 0.37
1989 2.39 2.24 0.69 0.60 0.92 0.37
1990 2.25 2.06 0.6 0.55 0.85 0.34
1991 213 1.84 0.57 0.53 0.78 0.30
1992 1.91 1.69 0.51 0.50 0.71 0.27
1993 1.81 1.51 0.45 0.46 0.64 0.24
1994 1.62 1.39 0.42 0.44 0.60 0.22
1995 1.53 1.24 0.37 0.41 0.54 0.20
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