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Abstract: Ionizing radiation is a well-known carcinogen that causes genomic instability. However,
the biological and carcinogenetic effects of occupational radiation exposure at low doses have not
been extensively studied. The aim of this study was to assess chromosomal instability in power plant
workers exposed to occupational radiation at low doses in South Korea. Chromosomal aberrations
in the lymphocytes of 201 nuclear power plant workers and 59 sex-matched controls were mea-
sured. Chromosomal aberrations in the lymphocytes of 201 nuclear power plant workers (mean age:
41.4 £ 10.0 years) and 59 sex-matched controls (mean age: 47.2 & 6.0 years) were measured. A total of
500 metaphases for each subject were scored randomly. The means of recent 1.5-year, recent 5.5-year,
and cumulative exposed radiation doses among workers were 8.22 4+ 7.0 mSv, 30.7 £ 22.0 mSv, and
158.8 & 86.1 mSy, respectively. The frequency of chromosome-type and chromatid-type aberrations
was significantly higher in workers than that in the control group (p < 0.001), and the frequency
of chromosome-type aberrations among workers increased in a radiation dose-dependent manner
(T=0.16, p = 0.005). Poisson regression analyses revealed that chromosome-type aberrations were
significantly associated with recent 1.5-year dose after adjusting for confounding variables such as
age, smoking, and alcohol intake, even when only the exposed worker was considered. Frequency
of multi-aberrant cells (two or more chromosome aberrations within a cell) increased according to
cumulative neutron exposure. Our study demonstrates that chromosome damage can be induced in
nuclear power plant workers occupationally exposed to ionizing radiation at low doses below the
occupational permissible dose limit. Furthermore, an increase in multi-aberrant cells may provide
evidence for chronic neutron exposure in nuclear power plant workers. This study was performed
to obtain baseline data for a surveillance program of workers occupationally exposed to ionizing
radiation long-term.

Keywords: ionizing radiation; nuclear power plant; chromosome aberration; multi-aberrant cells;
chronic neutron exposure

1. Introduction

It is well known that ionizing radiation (IR) produces DNA damage and chromosomal
alterations, indicating induction of genomic instability. Genomic instability is characterized
by an increased tendency to alter the genome, subsequently increasing cancer risk [1-4].
Chromosomal aberrations are a striking form of radiation-induced genomic instability [5].
In particular, dicentric chromosomes, a chromosome-exchange aberration, have been con-
sidered a gold standard marker for IR exposure and may play an important role in the
early stage of cancer progression [6]. Chromosome aberration analyses in peripheral blood
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are widely used to estimate the absorbed dose in biological dosimetry and are a reliable
biomarker for predicting cancer risk in healthy populations [7,8]. Therefore, monitoring
increased chromosome aberrations in the peripheral blood from workers and the public
who are occupationally or accidently exposed to IR may be useful to survey workers and
the public for their susceptibility to cancer development [9].

Although IR is a well-known carcinogen, the question of biological and carcinogenic
effects of IR exposure at low doses has not been fully understood. Therefore, the risk of
low-dose IR exposure has been increasingly highlighted as a potential concern regarding
environmental, therapeutic, and occupational exposures [10]. In particular, research on low-
dose radiation is needed on individuals occupationally exposed to IR to better understand
the biological and carcinogenic effects of IR exposure at low doses. Several studies have
reported that occupational exposure to low-dose radiation, even at a few hundred mSy,
can induce chromosomal damage, including micronuclei, sister chromatid exchange, and
chromosome aberrations [11-14].

Occupational IR exposure has decreased in recent decades and is now far below the
regulatory limit of 20 mSv (2 rem) per year, averaged over five years (100 mSv/5 years) [15].
However, exposure to IR may result in cumulative effects with increasing duration of
employment in workers occupationally exposed to low-dose IR at nuclear power plants.
Nuclear power plant workers are exposed to various types of radiation, such as gamma-ray;,
tritium, and neutrons. In general, densely ionizing radiation (high-LET radiation), such
as o-particles and neutrons, generates multiple damaged sites in DNA, and consequently,
multi-aberration could be induced. Although the presence of chromosome damage itself,
in workers occupationally exposed to IR, does not necessarily lead to immediate adverse
health effects, high levels of chromosome aberrations are thought to indicate an increased
risk for cancer. However, most studies on workers exposed to radiation were conducted
using total exposure radiation, not considering high LET, especially neutrons. In the
present study, 201 workers exposed to low dose IR from four nuclear power plants in South
Korea and 59 controls were analyzed using conventional chromosome aberration analysis
methods to assess the level of chromosome damage under exposure conditions below the
currently accepted level of 20 mSv per year for the workplace.

2. Materials and Methods
2.1. Study Population

The study population was comprised of 201 male workers occupationally exposed to
low doses of IR from four nuclear power plants located in South Korea (Kori, Wolsong,
Yonggwang, and Ulchin) and 59 sex-matched volunteers. We recruited nuclear power
plant workers exposed to 100 mSv IR as a recorded cumulative dose, during their whole
work experience, and collected biospecimens and exposure data from the participants
from 2007 to 2009 in this study. In 2010, high-exposure workers who participated in
regular inspections were included (4.54 £ 0.46, 10.16 & 1.21, respectively, in 2007-2009 and
2010). The controls were office workers who had never been occupationally exposed to
IR; their blood was collected during the same periods as that of the nuclear power plant
workers. Information regarding smoking, drinking habits, medical history, drug intake,
and duration of occupational exposure to radiation (years of employment) was obtained
via personal interviews. Neither the nuclear power plant workers nor the controls had
a personal medical history of cancer or genetic disease. The study participants were not
exposed to medical irradiation and had no prescription medications in a month prior to
the study. To determine the occupational radiation dose among workers, official personal
dosimetry records were obtained from the Korean National Dose Registry, managed by the
Korea Radio-Isotope Association (KRIA). The doses resulting from external and internal
radiation and internal were combined to determine the total effective dose [16]. In our
study population, the external doses account for about 97% of the total exposed doses while
internal exposures represented only 3%.
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2.2. Chromosome Aberration Analysis

Heparinized blood (1 mL) was added to 9 mL RPMI 1640 medium (Gibco BRL, Grand
Island, NY, USA) containing 10% fetal bovine serum (Sigma Chemical Co., St. Louis,
MO, USA), penicillin (100 U/mL), streptomycin (100 uL/mL), phytohemagglutinin M
(1%), and bromodeoxyuridine (BrdU). The cultures were incubated at 37°C for 48 h in an
atmosphere containing 5% CO2. Colcemid (Sigma, 0.1 uL/mL) was added to the cultures
3 h before harvest. Chromosome preparations were performed according to the standard
procedure [17]. Slides were coded blindly and 500 metaphases for each subject were
scored randomly.

Chromosomal aberrations were evaluated based on the following 4 categories: chromatid-
type deletions, chromatid-type exchanges, chromosome-type deletions, and chromosome-
type exchanges. Gaps were not scored as aberrations. Cells with two or more chromosome-
type aberrations were considered multi-aberrant cells. After chromosome aberration
analysis, the radiation records were linked to a code number for data analysis.

Fluorescence plus Giemsa (FPG) staining for sister chromatids [18] was also performed
to differentiate between metaphases in the first and second cell division, and only first
division metaphases were selected. The first metaphase was observed in 87-95% (average
90.5%) of samples using BrdU incorporation.

2.3. Statistical Analysis

Statistical analyses were carried out using SAS 8.1 statistical program for Windows
(SAS Institute, Inc., Cary, NC). Differences in the frequency of chromosome aberrations
between nuclear power plant workers and controls were analyzed by the Mann-Whitney
U-test. The association between aberration yield and radiation dose was tested by the
Kendall rank correlation coefficient (t). Correlations of aberration yield with years of
employment or recorded doses were tested by the Pearson correlation and p for trend.
Poisson regression analysis was applied to evaluate the independent association between
the yield of chromosome aberrations and various variables, including age, smoking sta-
tus, alcohol intake, and radiation doses. A goodness-of-fit test for Poisson assumption
and dispersion test for detecting heterogeneity for Poisson distribution were done with
chromosomal aberrations. The association between the presence of multi-aberrations and
neutron exposure was analyzed by logistic regression. The criterion for significance was
set at p < 0.05.

3. Results

The general characteristics of the study population are listed in Table 1. All subjects
in the study were healthy males, and the mean age of the nuclear power plant workers
was higher than that of the controls. The age of the workers and controls ranged from
24 to 65 years, with a mean of 41.4 £ 10.0 years, and 29 to 59 years, with a mean of
47.2 + 6.0 years, respectively. There were no significant differences in patterns of smoking
status between workers and controls; however, workers consumed more alcohol than the
controls. The mean duration of employment for the exposed workers was 19.9 & 6.2 years
and ranged from 3 to 32 years. Dosimetry records for the duration of employment show
that the mean recent 1.5-year, recent 5.5-year, and cumulative exposed radiation doses
among workers were 8.22 &+ 7.0 mSv (range, 0-33.5), 30.7 £ 22.0 mSv (range, 0-81.7), and
158.8 £ 86.1 mSv (range, 1.98-403.13), respectively. Differences in the frequency of chromo-
some aberrations between exposed workers and the control group were statistically signifi-
cant for both chromatid-type (deletion only) and chromosome-type aberrations (p < 0.001,
Table 2). The mean values of total chromosome aberrations were 8.42/500 metaphase cells
in workers and 4.22 /500 metaphase cells in controls.
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Table 1. General characteristics of study population.

No. of Subjects (%)

Variables p-Value
Controls Workers
Number 59 201
Age (mean £ SD, years) 41.4 £10.0 472+ 6.0 0.001 2
<50 47 (79.7) 135 (67.2) b
>50 12 (20.3) 66 (32.8) 0.07
Smoking status (mean + SD, 146 + 135 126 +113 0.522
pack-years)
Never smoker 26 (44.1) 49 (24.4) b
Currently smoking 28 (47.5) 78 (38.8) 0.001
Ex-smoker 5(8.5) 74 (36.8)
Alcohol intake
No 22 (37.3) 39 (19.4) b
Yes 37 (62.7) 162 (80.6) 0.01
Duration of employment (mean + SD, _ 19.9 + 6.2
years)
<20 - 99 (49.3)
20-25 - 75 (37.3)
>25 - 27 (13.4)
Dosimetry radiation dose
Recent 1.5-year (mean £ SD, mSv) - 823 £7.01
Recent 5.5-year (mean =+ SD, mSv) - 30.68 + 22.01
Cumulative dose (mean + SD, mSv) - 158.78 + 86.05

SD, standard deviation. @ Determined by Mann-Whitney U-test. ® Determined by x? test.

Table 2. Frequencies of chromosomal aberrations in nuclear power plants workers and controls.

Types of Controls Workers
Chromosome Aberration Mean/500 Cells SEM Range  Mean/500 Cells SEM Range p-Value
Number 59 201
Chromatid-type deletion 3.59 0.32 0-12 5.38 0.19 0-17 <0.001 *
Chromatid-type exchange 0.09 0.04 0-2 0.05 0.02 0-1 0.131
Chromosome-type deletion 0.41 0.10 0-3 2.02 0.14 0-14 <0.001 *
Chromosome-exchange 0.14 0.05 0-2 0.94 0.07 0-6 <0.001 *
Total aberration 422 0.35 0-13 8.42 0.26 1-25 <0.001 *

SEM, standard error of the mean. * Significantly different from control subjects (determined by Mann-Whitney
U-test, p < 0.05).

Total cumulative radiation dose shows a positive correlation with years of employment
(r=0.37, p < 0.001), but the recent 5.5-y dose (r = —0.20, p = 0.009) and recent 1.5-y dose
(r=—0.23, p = 0.003) are inversely correlated (Figure 1).
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Figure 1. Correlation between years of employment and cumulative dose (A), recent 5.5-year dose
(B) and recent 1.5-year dose (C).
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Chromosome-type aberration / 500 cells

The frequency of chromosome aberrations by the different radiation doses is shown
in Figure 2. The frequency of chromosome-type aberrations was significantly higher for
the recent 1.5-y dose (t = 0.17, p trend = 0.04), whereas no significant relationship between
chromosome-type aberrations and recent 5.5-year dose was found (data not shown). There
was a borderline significant inverse dose response between cumulative radiation dose and
chromosome-type aberrations among workers (t = —0.13, p = 0.06).
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Figure 2. Association of recent 1.5-y dose with chromosome-type aberration. Error bars represent the
standard deviation of the mean. *, p < 0.05 (p for trend).

As shown in Table 3. when Poisson regression analysis was applied only to the
exposed group, the recent 1.5-year dose was significantly associated with frequency of
chromosome-type aberration after adjusting for age, smoking status, and alcohol intake
(p =0.032).

Table 3. Poisson regression analysis for chromosome-type aberrations associated with age, smoking
status, alcohol intake, and dose in exposed group.

Outcome Variable B Coefficient 95% C.L. p-Value
Age (in years) —0.002 —0.060, 0.016 0.722
Chromosome- Smoking status
type ©,1) 1 0.080 —0.135,0.294 0.467
aberration o
Alco(}(‘)oll)lgtake —0.018 —0.271,0.234 0.887
Total cumulative
Dose(mSV) —0.001 —0.0024, 0.003 0.126
Ch Age —0.002 —0.060, 0.016 0.831
rotmosome' Smoking (0,1) ! 0.090 —0.124,0.303 0.411
ype Alcohol (0,1) 2 ~0.020 —0.272,0.231 0.874
aberration Recent 1.5-y
Dose(mSV) 0.008 0.0014, 0.032 0.032

1 Smoking status: 0, never smoker;1, smoking. 2 alcohol intake: 0, never; 1, current.

We also examined the distribution of multi-aberrant cells (cells with 2 or more chromosome-
type aberrations) in the workers and controls. Multi-aberrant cells appeared more fre-
quently in exposed workers than that in the controls. Fifty-seven exposed workers (28.4%)
had multi-aberrant cells, whereas three controls (5.1%) had multi-aberrant cells. Further-
more, the frequency of multi-aberrant cells tended to increase according to cumulative
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neutron exposure, and there was a significant different in multi-aberrant cell frequency
between cumulative neutron exposure doses (< 1 vs. > 10) (Figure 3).

e
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0.1 1

Multi-aberrant cells / 500 cells

0.0 T T T
<1 1=-<10 210

Cumulative neutron exposure (mSv)

Figure 3. Association of multi-aberrant cells with neutron exposure. Error bars represent the standard
deviation of the mean. *, p < 0.05 (p for trend).

The association between the presence of multi-aberrations and neutron exposure was
analyzed by logistic regression (Table 4). Multi-aberrant cells occurred 1.67 times more
in people with 10 mSv or more compared to those with total neutron exposure less than
1 mSv, even after adjusting for age, alcohol intake, and smoking.

Table 4. Logistic regression analysis for multi-aberrant cell associated with age, smoking status,
alcohol intake, and cumulative neutron exposure.

Outcome Variable RR 95% C.L. p-Value
Age (in years) 1.00 0.92,1.03 0.351
Smoking status (0,1) 1 1.00 0.51,2.00 0.981
Alcohol intake (0,1) 2 1.35 0.58, 3.07 0.503
Presence of
. Neutron exposure (mSv)
multi-aberrant cells
<1 reference
1<—<10 1.02 0.53,1.98 0.947
>10 1.67 0.37,7.48 0.502

RR: Relative risk, ! smoking status: 0, never smoker; 1, smoking. 2 alcohol intake: 0, never; 1, current.

4. Discussion

IR can induce specific types of cancer, particularly leukemia, and chromosome aber-
rations are frequently found in many cancer types [19]. The potential for chromosome
aberrations to be used as a biomarker in cancer is supported by recent epidemiological stud-
ies showing a positive association between a high frequency of chromosomal aberrations
and increased cancer [1-4]. The use of chromosome aberrations as biomarkers for accurate
radiation dose reconstruction at the individual level is uncertain; however, high levels
of chromosome aberrations apparently indicate potential risk. Therefore, chromosome
aberrations can likely be used as an effective early marker of radiation exposure at the
population level in long-term follow-up studies.

This study was performed to obtain baseline data for a surveillance program of work-
ers occupationally exposed to IR long-term. Although the level of exposure was below the
accepted annual limit of 20 mSv in this study, the yields of both chromosome-type and
chromatid-type aberrations were significantly higher in the radiation workers than those
in the controls. The frequency of chromosome-exchange aberrations (i.e., dicentric chro-
mosome) was 0.94/500 cells in the exposed workers and 0.14/500 cells in control subjects.
These results agree with our previous study [20] and several other studies [13,14,21,22].
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The levels of dicentric chromosomes in the controls in this study were a little lower than
those in other published studies; however, they remained within the range of earlier studies
(0.2/1000 cells) [23].

We found no association between age, smoking status, or alcohol intake and the
incidence of any type of chromosome aberration, although the age effect on chromo-
some damage is still controversial [20,24,25]. Furthermore, an inverse relationship was
observed between work duration and cumulative dose in our study (Figure 1). This is
likely attributable to changing working conditions or job position (i.e., promotion, thus
new employees are more likely working in areas where they are exposed to IR), suggesting
that duration of work is not a proper surrogate for total individual radiation dose [26].

We analyzed the association between aberration yield and total cumulative, recent
5.5-year, and recent 1.5-year dose to determine whether radiation-exposed time points
are important contributors to the frequency of chromosome aberrations in workers occu-
pationally and chronically exposed to IR. Our data show a dose-dependent increase in
chromosome-type aberrations in relation to recent 1.5-year dose, but not recent 5.5-y or
cumulative radiation doses. Poisson regression analyses revealed a significant association
between the frequency of chromosome-type and recent 1.5-year dose among radiation-
exposed workers after adjusting for age, smoking status, and alcohol intake. These data
suggest that recent radiation exposure more effectively causes chromosomal damage, and
chromosome aberrations may serve as biomarkers for recent exposure to IR, but not chronic
exposure. Twenty years after the Chernobyl nuclear accident, the frequency of dicentrics in
people exposed to radiation decreased to the background level [27]. This can be explained
by the level of unstable chromosome aberrations, such as decreased dicentric chromosomes
in the peripheral blood lymphocytes with time.

Of particular interest, the frequency of multi-aberrant cells in exposed workers was
higher than that of the control group, and the frequency of multi-aberrant cells also in-
creased with cumulative neutron exposure. It Indicates that neutron generated multi-
aberrant cells through damaging multiple sites in DNA. The appearance of multi-aberrant
cells is expected from high linear energy transfer (LET) radiation [24,28] and useful for clas-
sifying radiation type, even though the mechanisms of multi-aberrant cells are not yet fully
understood. It is well known that high LET radiation, such as neutrons, more effectively
induces complex chromosome aberrations than low LET radiation [29] Moreover, In this
study, we considered neutron as the main source of high LET radiation exposure, neutrons
induced an increase of multi-aberration. [30,31]. Multi-aberrant cell formation resulting
from high LET irradiation in pilots and astronauts has been proposed as a mechanism
of toxicity [28,30]. This study has a limitation focusing on only unstable chromosomal
aberrations caused by radiation exposure. Fluorescence in situ hybridization (FISH)-based
translocation assay is a representative methodology to assess stable chromosomal aber-
rations [32], which could help to study further the impact of their occupational radiation
exposure on stable chromosomal damages. Specifically, the 24-multicolor FISH technique
would allow evaluating complex chromosome exchanges induced by high LET radiation
and thereby find the contribution of neutron exposure to the chromosomal damages of
our subjects [33-35] Another limitations to this study includes the low number of multi-
aberrant cells, the inexact criteria for multi-aberrant cells, and the fact that insignificant
amounts of neutron exposure contribute to all external effective doses.

5. Conclusions

In this study, the recent 1.5-year dose was significantly associated with frequency of
chromosome-type aberration in nuclear power plant workers, supporting that the applica-
bility of unstable chromosome aberration as biomarkers for monitoring recent radiation
exposure. Therefore, chromosomal aberration analysis could be used as a biodosimetry
supplementing the physical dosimetry and as a biological indicator that can detect a disease
before it occurs to evaluate the human health effects of workers exposed to radiation. In
addition, we found an increase in the number of multi-aberrant cells in workers exposed
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to radiation, suggesting that is possible evidence for chronic neutron exposure in nuclear
power plant workers.
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