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1. INTRODUCTION

Relevance of the study

The intensive use of ionising radiation (IR) sources and development of IR
technology 1is related to increased exposure and adverse health risk to workers and
public. The importance of detecting risk of low doses in radiation protection is well
recognised; the IR doses are measured and regulated. Although the occupational
exposure doses are generally low and reduced consistently, the exposure makes a
potential hazard to induce various types of cytogenetic damage. Recent studies have
confirmed chromosome aberration assay as a reliable indicator of future cancer risk and
an applicable method to assess the biological effects of IR. The significant increase of all
types of cancer has been shown in the subjects with high frequency of chromosomal
aberrations. Number of studies reported the presence of elevated chromosome damage
frequencies in the exposed workers compared to those in the general population.

Despite of the large amount of literature, effects induced by low doses of IR are not
sufficiently investigated, the results are contradictory (UNSCEAR, 2000). Results
sometimes are quite inconsistent, particularly about the dependence of chromosome
aberration frequency on duration of work with the sources of IR and the received dose.
Therefore, it remains important to continue cytogenetic studies of new critical groups to
determine the potential genotoxic risk exposure to low ionising radiation doses.

The staff of the Ignalina Nuclear Power Plant (NPP) constitutes the largest group
of occupationally exposed workers in Lithuania. Though exposure doses are generally
low and don’t exceed the annual effective dose limit (20 mSv), somewhat higher doses
were obtained during the planned maintenance outages. The additional occupational
exposure, most likely, will be also received during the decommissioning activities at the
Ignalina NPP: performing the shutdown of the reactor unit, dismantling of equipment
and decontamination. That is why this occupational group was chosen for the
cytogenetic studies.

The use of IR sources is related to radiation accident risk and also remains the
threat of a terrorist act using radioactive or nuclear materials. In case of radiation
accident, more people could be exposed, thus it is important to estimate the absorbed
doses in order to determine whether the medical intervention is needed and to plan
appropriate medical treatment. The dicentric assay in peripheral blood lymphocytes is
most reliable, sensitive and most frequently used biological dosimetry method for
assessing radiation dose. The absorbed dose to an individual can be estimated by
comparing the individual aberration yield to an appropriate dose-response curve
generated in vitro, since in vitro and in vivo irradiation of lymphocytes induces similar
yields of chromosome damage per dose unit (IAEA, 2001). Dose assessment using a
calibration curve produced by other laboratories may have significant uncertainties.
Therefore it is important for biological dosimetry laboratory to produce its own curve.
According to international practice the gamma calibration curve is the most important
for dealing with large scale accidents or a terrorist event because the overexposure doses
are most frequently received from gamma or X-ray sources. Therefore in our study we
aimed to establish gamma (°°Co) radiation dose-response curves for unstable
chromosome aberrations. The Lithuanian Committee of Bioethics has approved the
study.



Objectives of the study

L. To assess chromosome aberration frequencies in peripheral blood lymphocytes
from radiation workers exposed to low levels of ionising radiation and to estimate the
potential occupational exposure risk.

2. To produce gamma radiation (*’Co) dose-response calibration curves for unstable
chromosome aberrations in human peripheral blood lymphocytes in vitro and estimate
biological doses of cytogenetically investigated people.

The main tasks of the study

The following tasks were set to achieve the objectives:

1. To analyse occupational exposure doses of Ignalina NPP radiation workers in
order to select the study groups properly.

2. To assess the unstable chromosome aberration (CA) frequencies in the peripheral
blood lymphocytes of radiation workers.

3. To compare CA frequencies between groups of workers receiving external
gamma, neutron and internal exposure radiation.

4. To estimate the impact of different factors (IR exposure type, measured exposure

dose, duration of work with IR, age and smoking) to the CA frequencies.

5. To perform the CA analysis for study subjects with the highest CA frequencies
determined repeatedly.

6. To estimate the stable CAs in the study subjects group using FISH method.

7. To establish the gamma radiation (*°Co) dose-response curves for dicentrics and
acentrics in human peripheral blood lymphocytes in vitro.
8. To perform the biological dosimetry for cytogenetically examined radiation

workers using the produced dose-response curve; to compare the estimated (using
biological dosimetry methods) doses to those measured (using the physical dosimetry
methods).

The novelty and practical relevance of the research

Cytogenetic analysis of the nuclear energy workers in Lithuania was carried out in
the present study for the first time. Previously, the Chernobyl NPP accident liquidators,
medical radiation workers and patients after X-ray diagnostic procedures had been
investigated. During this study the assessment of chromosome of aberration frequencies
in peripheral blood lymphocytes from radiation workers exposed to low levels chronic
ionising radiation exposure was carried out. For the study a group of the Ignalina NPP
workers, who received significantly higher doses than the doses received by previously
investigated groups, was selected. The results of this cytogenetic study showed
quantitative and qualitative dependence of CAs on the occupational activities of donors.
The assessment of impact of IR type and exposure type and work activities for CA
frequency in the study group subjects was done. Such data in the scientific papers are
limited. The risks were found to differ with the type of activities, type of exposure and
IR. The activity of radioactive waste processors at the Decontamination Department and
metal workers at the Reactor Department, can be considered to be more dangerous as
compared to other activities at the Ignalina NPP. The estimation of the impact of IR type
and exposure type has shown the statistically significant impact of internal and neutron
exposure to the frequency of chromosome type aberrations (p<0.05). Activities related to
internal and neutron exposure risk may be regarded as potentially more dangerous when



compared to other activities related with external gamma exposure doses only. The
relationship between CA frequencies and radiation doses recorded as total cumulative
dose, cumulative dose over the last three-year, one-year dose prior blood sampling and
corrected doses, taking into account the lymphocyte life span and their elimination from
the blood circulation was estimated.

The gamma radiation (“°Co) dose-response curves in vitro for unstable CAs in
biological dose assessment was established for the first time in Lithuania. Application of
the established dose-response curves enables to perform the biological dosimetry in this
country, to assess the doses of the first responders and people accidentally exposed to IR.
These curves can be used to assess the measured increased IR exposure dose for
radiation workers, to confirm or reject the IR doses measured above the annual dose
limit. The calibration gamma radiation (“*Co) dose-response curve established during
this study for dicentric chromosomes was used to assess the biological doses received by
the study subjects. This curve also was used for the investigation of a suspected overdose
of occupational exposure by a radiation worker. After the biological dose assessment
was done, the measured physical dose to occupational exposure was not found to exceed
the limit, thus, the worker was allowed to continue his work with IR sources.

The determined CA frequencies in the radiation workers involved in different type
activities from different departments will provide additional information to ensure and
optimise the radiation protection of the Ignalina NPP workers. The results of this study
show that CA analysis can be used for IR exposure risk assessment for different
occupational groups of radiation workers and may provide additional information to ensure
and optimise the radiation protection of radiation workers.

Defended statements:

1. The low ionising radiation doses being lower than annual dose limits can
induce CAs in lymphocytes of people occupationally exposed to ionising radiation.

2. The CA frequency observed in peripheral blood lymphocytes of radiation
workers depends on the ionising radiation type and exposure type.

3. The established gamma radiation dose-response curve for dicentrics fits to the
linear-quadratic dose-response model and can be used for biological dosimetry.

Validation of the results (scientific approval and publications)

The results of this research have been presented at 9 international and 5 national
conferences (8 oral presentations and 6 posters). The subject of the dissertation has been
covered in 12 publications, including 2 scientific papers in the journals listed by IS7
Master Journal List, 4 scientific papers in Lithuanian and foreign scientific journals, and
6 publications in the proceedings of the conferences.

Structure of the dissertation

The dissertation manuscript is written in Lithuanian and composed of the following
chapters: Introduction, Literature review, Material and Methods, Results, Discussion of
Results, Conclusions, References and the List of author’s Publications. The work volume
makes 134 pages, 20 pictures and 21 table, as well as the annexes with 1 picture and 8
tables. The list of references contains 181 sources.



2. LITERATURE REVIEW

This chapter contains a brief review of the properties of IR and the main dosimetric
units, biological effects of low IR exposure doses, IR-caused carcinogenic effects, a
review of epidemiological findings of the studies of different study groups: the survivors
of the atomic bombings in Hiroshima and Nagasaki (Japan), the population groups
exposed to increased natural IR exposure doses, the radiation workers affected by
occupational exposure, the patients affected by medical IR exposure doses. The
application of CA analysis in the studies on IR impact, the use of CAs as biomarker of
cancer risk assessment and CA analysis in biological dosimetry are also reviewed.

3. RESEARCH OBJECTS AND METHODS

Study subjects

The study group comprised 84 male radiation workers of the Ignalina NPP. The
mean age of the radiation workers during the blood sampling was 46.1+1.0 years and
mean duration of work at nuclear power plant was 14,4 £ 0,6 years. The study group
comprised 24% of Ignalina NPP radiation workers who received annual IR doses above
minimal registered level (1mSv). The analysis of the occupational exposure doses of
Ignalina NPP workers showed that the highest doses were received by workers employed
at the Reactor, Centralised Repair, Metal and Technical Control departments. Therefore
the study group was formed mainly from the departments listed above. The blood
sampling was performed at the end of the outages in 2004-2006. A questionnaire on
personal data and life style (health status, occupational and medical history, involvement
in radio-diagnostic procedures and smoking habits) was obtained from all subjects. In
order to estimate the impact of IR type and exposure type to CA frequency the study
group subjects were divided into three subgroups according the IR and exposure type:
group A — workers whose exposure resulted from the external gamma rays only, group B
— those with additional internal exposure, group — those with external gamma and
neutron exposure and internal exposure.

The controls comprised 82 healthy male donors who were not exposed to the IR.
None of the radiation workers and the control subjects received the radiotherapy,
chemotherapy or medical drugs. A summarised information on age and smoking habits
of the study groups is provided in Table 1.

Table 1. Summarised information on age and smoking habits of study groups and control group

Study group Number of Age, Smoke,Y/N*
donors years = SEM

Total study group 84 46.1 £1.0 52/32
Group A - with external gamma 29 45.1+£1.9 27/17
exposure
Group B - with external gamma 44 465+ 1.1 17/12
and internal exposure
Group C - with external gamma 11 473+26 8/3
and neutron and internal
exposure
Control group 82 354+ 14 28/54

*_Y, smoke; N, does not smoke.



Cytogenetic analysis

Peripheral blood samples were obtained from each donor by venipuncture and
collected into heparinised “BD Vacuteiner” tubes. For cultivation of lymphocytes, the
standard technique was used. In brief, phytohaemagglutinin (7.8 pg/ml) stimulated
cultures were incubated at 37°C for 72 hours in RPMI 1640 medium supplemented with
12% heat-inactivated newborn calf serum, 40 pg/ml gentamycin, 0.25 pg/ml colchicine.
All reagents were purchased from Sigma (St. Louis, MO, USA). The harvested
lymphocytes were treated with hypotonic KCl (0.075 M) and then fixed in methanol-
glacial acetic acid (3:1). Flame-dried slides were prepared and stained using the
conventional Giemsa staining procedure. All slides were coded and scored blind.
Generally 500 cells per subject were analysed. The examples of normal lymphocyte cell
metaphase and metaphase cells with CAs are given in Figs. 1-4.
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Fig. 2. Abnormal metaphase containing
chromatid-type aberrations

Fig. 1. Normal human lymphocyte metaphase
containing 46 normal chromosomes (Giemsa
staining)
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Fig. 3. Abnormal metaphase cell containing
dicentric chromosomes (DIC) and acentric
fragments (ACE)

Fig. 4. Abnormal metaphase cell containing
ring chromosome (RC) and acentric fragment
(ACE)



The CAs for statistical analysis were grouped as chromosome-type (dicentrics,
centric rings, excess acentrics, i.e., fragments, acentric rings, minutes) and chromatid-
type (chromatid breaks, chromatid exchanges, i.e., quadri- and tri-radials) aberrations.
Gaps were not included into the analysis.

Translocation analysis using fluorescent in situ hybridisation (FISH) method

The preparation of metaphase chromosomes from peripheral blood cells was
carried out as described earlier in cytogenetic analysis methodology with exception that
lymphocytes were fixed in methanol-glacial acetic acid (4:1) and slides were dried in air.
The prepared lymphocytes were painted using FISH technique. The FISH analysis was
carried out following the chromosome painting protocol of the Department of
Toxicogenetics Leiden University Medical Centre. Whole chromosome painting probes
(Cambio, UK) for chromosome 1 (Biotin labelled, red) and chromosome 4 (FITC —
labelled, green) were used with pancentromeric probe (FITC labelled, green). The
metaphase cells for different types of translocations, namely terminal, reciprocal and
interstitial were scored with fluorescent microscope Zeiss Axioplan using DAPI, FITC,
BIO filters. The typical human metaphase visualised with different filters is presented in
Fig. 5. Classification of aberrations was carried out using PAINT CA nomenclature
system (Tucker et al., 1994). Metaphase spreads were scored for unstable aberrations
(dicentrics, acentric fragments, etc.) using DAPI filter also. The genomic translocation
frequency (Fg) was calculated by using the formula for the painted fractions of the
genome (Lucas et al., 1992) as follows:

Fg = Fp/2.05fp(1 — fp)

where the translocation frequency detected by FISH is Fp, and fp is the fraction of genome
hybridised taking into account the sex of the subjects.

Fig. 5. Human metaphase with dual coloured chromosome #1 (biotin labelled, red) and
chromosome #4 (FITC — labelled, green), centromeres painted with pan-centromeric probe FITC
(green) and contrastained with DAPI. A — metaphase using FITC and BIO filters; B — metaphase
using DAPI filter.
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Production of gamma radiation dose-response curve in peripheral blood
lymphocytes in vitro

Heparinised blood samples were taken from healthy female (age 48 year) and male
(age 28 year) donors with no drug and radiation exposure at least one year prior to
sampling. Irradiation and preparation of blood samples was carried out following the
International Atomic Energy Agency (IAEA) recommendations (2001). Blood samples
from donors were exposed to gamma rays from “Co gamma-therapy AGAT-S unit
located at Institute of Oncology, Vilnius University. Samples were irradiated in a water
bath at +37°C with 9 doses ranging from 0.1 to 4.0 Gy at a dose rate of 0.256 Gy min.
Samples were cultured according to the same procedure, which was used for cytogenetic
studies of radiation workers. 400-2000 first cycle metaphases were scored for the
presence of unstable CAs for each radiation dose per donor after the standard metaphase
preparation and staining of the slides. The pooled observed dose calibration data were
fitted to a linear quadratic model using software program CABAS (Chromosomal
ABerration cAlculation Software) (Deperas et al., 2007). The software uses maximum
likelithood method to fit calibration data to a linear quadratic dose response curve. The
standard u-test was used to test the yield of CAs with dose for Poisson probabilities. The
method is also based on the concept that for Poisson distribution, the ratio of variance
(62) to mean () is equal to 1. If the value of u is greater than + 1.96, the under- or over-
dispersion of CA yield is significant at 95% confidence interval. The calibration curve
parameters were compared with results from other studies.

Statistical analysis of data

Statistical evaluation of cytogenetic analysis data was performed using GraphPad
InsStat v. 2:02 and SPSS/w 12.0 (Statistical Package for Social Sciences, SPSS Inc.,
USA) programs and Microsoft Office Excel. One-way analysis of variance (ANOVA),
post-hoc LSD test, Poisson regression analyses, Pearson correlation test were applied for
detection of differences between the groups and correlations among the variables.
P < 0.05 was considered as the level of significance.

4. RESULTS AND DISCUSSION

4.1. Analysis of the occupational exposure doses
Gamma radionuclide measurements and internal exposure dose assessment

We have performed gamma radionuclide activity measurements at the Radiation
Protection Centre (RPC) for 9 study subjects and compared our data with the results
obtained in Ignalina NPP Individual Dosimetry Control Laboratory (IDCL). This study
has shown that the recorded activities of radionuclides (“°Co, "*’Cs, *Fe, *Mn) are
comparable and the internal exposure measurements performed in IDCL are reliable. The
results of the intercomparison measurement are given in Table 2.

Four case scenarios have been developed by author to simulate routine or
accidental realistic cases for internal exposure dose assessment. According to these case
scenarios we calculated an intake and committed effective doses and compared our
results with those obtained in IDCL. The internal exposure committed effective doses
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were calculated according to the requirements of Lithuanian Hygiene Standard
HN:112:2001 (2001) and the ICRP recommendations (1998).

Table 2. Comparison of gamma radionuclide activity measurements of Ignalina NPP
workers made in RPC and IDCL

Institution RPC | IDCL RPC | IDCL RPC | IDCL
Person code Co-60, Bq Cs-137, Bq Mn-54, Bq

1 532+111 567+128 n.’ n. n. n

2 941+143 677+146 n. n. n. n

3 476+103 446+150 n. n. n. n

4 624+117 389497 n. n. n. n

5 733+125 230+67 139+85 122459 n. n

6 780129 765+162 240+103 233+89 n. n.

7 201+74 29080 n. n. n. n.

8 394+95 343191 n. n. 20390 356+122
9 152+68 243+69 n. n. n. n.

k

- n. — not determined.

The committed effective doses were estimated by using computer software IMBA
Professional (Integrated Modules for Bioassay Analysis) which operates the latest ICRP
biokinetic models and dose coefficients (Birchall et al., 2003; Birchall et al., 2007). The
results of the internal exposure assessment intercomparison were in good agreement. In
conclusion we can say, that comparison study showed that the gamma radionuclide
activities measured at the Ignalina NPP are similar with the radionuclide activities
measured at RPC and that the internal exposure doses calculated at Ignalina NPP are
similar with those calculated by us.

Occupational exposure dose analysis of study subjects

Occupational exposure doses of the study subjects were evaluated in the IDCL at
Ignalina NPP. The subjects were routinely monitored with “Rados” thermoluminescent
dosimeters consisting of 3 Li,B40; pellets covered with 1-mm Al filter in a standard
holder. The background radiation was subtracted from the accumulated dose. Monitoring
periods varied from one day to one month depending on the type of the work performed.
Doses that resulted from neutron exposure were estimated assuming that they are equal
to the gamma doses measured by thermoluminescent dosimeter during the work period
at neutron exposure. The whole body counter with HPGe and Nal(Tl) detectors enabling
to detect radionuclides with gamma energies from 50 keV to 3 MeV were used for direct
measurements of the internal exposure. The main estimated radionuclides were “°Co and
7Cs. The received neutron doses were estimated assuming that neutron dose is equal to
the gamma dose measured with personal dosimeter during work period under conditions
where neutron exposure was possible. The analysis of occupational exposure doses of
Ignalina NPP workers showed that the highest doses were received by workers employed
in the Reactor, Centralized Repair, Metal and Technical Control departments (2-4 times
higher than the average doses of all workers).

The summarised results of the analysis on occupational exposure doses for the
study subjects are presented in Table 3. The investigated 84 radiation workers of the
Ignalina NPP received cumulative doses of 1-632 mSv (mean 227.9 = 20.0 mSv) during
employment periods of 1-25 years. For 29 subjects studied, the IR exposure resulted
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from the external gamma rays only. Their mean dose over the 3-year period prior blood
sampling was 23.843.7 mSv. The mean total cumulative dose was 135.0 = 25.0 mSv. For
44 investigated subjects, the intake of gamma radionuclides (*°Co, "“’Cs) was
contributing to the total dose up to several mSv. Their mean total cumulative dose was
289.8 +£29.6 mSv. The mean dose over the 3-year period prior blood sampling was
31.3+£2.4 mSv. For 11 subjects, additionally to external gamma and internal exposure
doses, the neutron doses below 1 mSv (£0.1 mSv) were recorded. Their mean dose over
the 3-year period prior blood sampling was 25.4 = 2.9 mSv. The mean total cumulative
dose was 224.9 + 35.4 mSv.

Table 3. The employment duration (years) and occupational exposure doses (mSv) of study
groups

Study groups
Total study Group A Group B Group C
group With external | With external | With external
gamma gamma and gamma,
exposure internal neutron and
exposure internal
exposure
Number of donors 84 29 44 11
Years of employment, 144 +£0.6 13.3+1.2 15.0+£0.9 15.1+1.3
mean = SEM
Dose over last 3 years | 28.0+ 1.9 23.8+3.7 31.3+£24 254+29
. E period
% ©»1| Dose over last year 79%0.7 70x1.2 8.6+0.9 72%+1.0
é t prior blood sampling
i (é) Total dose 227.9+20.0| 135.0+£250 | 289.8+£29.6 | 2249+354

4.2. Chromosome aberration analysis in radiation-exposed workers and
controls

The analysis of CA frequencies for Ignalina NPP radiation workers was done by using
the conventional cytogenetic analysis method. An estimated CA frequency in the total
radiation-exposed group (N=84) was 2.27 £ 0.17 CA / 100 cells, while the individual CA
frequency ranged from 0.16 to 9.00 CA /100 cells. CA frequency of the study group
(p=0.018) differed significantly from that determined in the control group
(1.76 £0.13 CA / 100 cells). Significant differences in frequencies of acentric fragments
(0.89+0.09 vs. 0.6+£0.08 CA/100 cells, p=0.014), dicentrics (0.2 £0.04 vs.
0.07 £0.02 CA /100 cells, p=0.004) and chromosome type (1.11 £ 0.10 vs. 0.70 = 0.08
CA /100 cells, p=0.002) aberrations were found in the study group as compared to those
in the control group. However the differences for chromatid type (1.16+£0.10 vs.
1.06 £0.10 CA /100 cells, p=0.52) aberrations were not significant. Chromosome-type
aberrations are typical indicators of IR exposure. Significant increase in the frequency of
acentric fragments (p <0.05) and dicentric chromosomes (p < 0.01) was found in the
study group as compared to that for the controls. Our data are in agreement with the
findings of other authors who reported a more pronounced increase in acentric fragments
as compared to dicentrics in workers exposed to low doses (Balasem et al., 1992;
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Barquinero et al., 1993). Barquinero et al. (1993) consider acentric fragments to be the
best indicators of irradiation for doses below 50 mSv. As compared to the controls, a
significant increase in the frequency of dicentric chromosomes was determined in the
radiation exposed groups. The background level for the total dicentrics determined in our
controls (0.07 = 0.02 per 100 cells) is in accordance with the findings of other authors
who reported the mean frequency of dicentrics to be between 0.035 and 0.15 per 100
cells (Bonasi et al., 1997; Rozgaj et al., 1999; Jha, Sharma, 1991). The spontaneous yield
of excess acentrics is usually higher than that of dicentrics. The range of aberration
frequencies for acentric fragments varies from 0.3 to 0.7 per 100 cells. Though acentrics
are more variable and cannot serve as a dosimeter for radiation exposure alone, the
presence of high frequency of acentrics along with dicentrics supports radiation exposure
to a low dose rate at a low LET exposure.

The data of investigations on the dependence of CA frequency upon the exposure
and IR type are limited. In order to investigate the impact of IR and exposure type for
CA frequency the study group subjects were divided into three subgroups according the
IR and exposure type: group A — workers whose exposure resulted from the external
gamma rays only, group B — those with additional internal exposure, group C — those
with external gamma and neutron exposure and internal exposure. The results of the
cytogenetic analysis are presented in Table 4.

Table 4. Frequencies of chromosome aberrations in radiation-exposed and control individuals
(number / 100 cells= SEM)

Group Group A Group B Group C Total study Control
group group
Number of 29 44 11 84 82
subjects
Chromosome-type aberrations
Acentric fragments | 0.67+0.11 0.9340.13" 1.29+0.23"* | 0.89+0.09* | 0.59+0.08
Dicentrics 0.10+0.03 0.24+0.06" 0.30+0.09° 0.20+0.04™ | 0.0740.02
Translocations 0,0340.01 0.0140.01 0.0340.02 0.0240.01 0.0340.01
Total 0.79+0.12 1.18+0.16" 1.63£0.23"? | 1.11£0.10” | 0.70+0.08
Chromatid-type aberrations
Chromatid breaks | 0.77+0.14 1.25+0.12* 1.23 +0.25 1.08+0.09 0.99+0.10
Chromatid
exchanges 0.04+0.02 0.1140.03 0.0940.03 0.0840.02 0.07+0.04
Total 1.81+0.15 1.36+0.13° 1.3240.25 1.1620.10 1.06+0.10
Total 1.60+0.21 2.54+0.25% | 2.95+0.34F | 2.27+0.17° | 1.76+0.13

" P<0.05, " P<0.01,

"P<0.001 as compared with controls;
'P<0.05, *P<0.01, *P<0.001 as compared with group A (with external gamma exposure).

CA analyses revealed no significant differences between the group A and the control
group (1.60 = 0.21 vs. 1.76 £ 0.13 CA / 100 cells, p = 0.50). However, significant increase
in total CA frequency was observed in group B (2.54 £ 0.25 CA /100 cells, p =0.002).
Besides, significant increase in chromosome type aberrations (p = 0.003), excess acentrics
(p=0.002) and dicentrics (p=0.001) was estimated for the workers with additional
internal exposure as compared to the controls. Significant increase in total CA frequency
was observed in group C (2.95%0.34 CA /100, p=0.002) as compared to the controls.
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Also differences were significant between these groups for chromosome type aberrations
(p =10.0001), dicentrics (p=0.001) and excess acentrics (p =0.004). The group A was
observed to have significantly lower CA frequency if compared to CA values in group B
(p=0.002) and Group C (p=0.009). Significantly higher frequencies in chromosome
type aberrations (p=0.001), excess acentrics (p=0.01) and dicentrics (p=0.01) were
estimated in group C if compared to those in group A. Significant differences in
chromatid-type aberration frequencies (p = 0.008) were found between group B and group
A. However, no significant difference in chromosome aberration frequencies between
group B and group C was found.

The analysis of CA frequency distribution in the study subjects showed that one-
two CA/100 cells was the prevalent CA frequency in lymphocytes of the studied persons
(for 33 from 84 persons). CA frequency less than 3 CA /100 cells were found for 61
study subjects (72.6%) and for 70 control subjects (85.4%). Assuming that the
background frequency of CAs is 0-3 CA / 100 cells, we can confirm that increased CA
frequency was found in 27.4% investigated workers and 14.6% subjects of the control
group.

During the study the correlation, dispersion and regression analyses were used to
investigate the impact of different factors, which can influence the CA frequency: the
duration of work with IR sources, type of IR exposure, total occupational exposure dose,
dose over the last three-year or one-year periods prior blood sampling, age and smoking.
Tests on the between-subject effects revealed the confounding impact of the internal
exposure (p <0.001) on the total CA frequency, chromosome-type aberration frequency
(p <0.05) and chromatid type aberration frequency (p < 0.05). The confounding impact
of neutron exposure (p <0.05) on the frequency of chromosome-type aberrations was
also determined.

No significant trend of increased aberration frequency as a function of duration of
employment was found in the total study group, however correlation was significant
(r=0.44, p<0.001) between CA frequency and duration of employment in the study
group with internal exposure.

No significant trend of increased aberration frequency as a function of the total
occupational exposure dose (Fig. 6.), dose over the last three-year or one-year periods
prior blood sampling was determined. This observation is in agreement with other
cytogenetic studies among radiation workers (Littlefield et al., 1998, Balakrishnan, Rao,
1999; Lindholm et al., 2001; Ballardin et al., 2007). However, it should be noted that the
results of numerous studies on the effect of cumulative dose and/or exposure duration on
CA yield are quite inconsistent. Since the qualities and quantities of IR are different and
poorly described, sometimes it is difficult to compare the results obtained in different
studies. The absence of correlation between aberration frequency and radiation dose may
be attributed to several factors. According to most authors, the main reason is thought to
be the limited life span of lymphocytes and the slow disappearance of cells with
aberrations from the circulation (Jha, Sharma, 1991; Ramalho et al., 1995). Variable
half-lives in the range of 130-1600 days were reported in circulating lymphocytes
(Ballardin et al., 2007).
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Fig. 6. Cumulative doses (mSv) and CA frequencies (CA/100 cells) for the Ignalina
NNP workers

Peripheral lymphocytes are eliminated from circulation with time, thus the
measured physical doses were corrected taking into account the mean life of
lymphocytes and the exponential loss of those with unstable aberrations. The corrected
physical doses were calculated by weighting annual recorded doses for mean-life of
lymphocytes m = 4.3 years (half-life 7}, = 3 years) or m = 10 years (half-life 7, =7
years) (Balakrishnan, Rao, 1999). The formula was used:

> Annual dose x exp — (0.693 x ¢/ T}))
where ¢ is the elapsed time in years for each annual dose, 77, is lymphocyte half-life.

The corrected physical doses ranged from 0.5 mSv to 243 mSv for 7y, being 7
years and from 0.2 mSv to 103 mSv for T}, being 3 years. The relationship between
corrected cumulative doses and CA frequencies was found not significant. However a
significant correlation was found between CA frequencies and corrected doses (T2 =7
year) in the study group with internal and neutron exposure (p < 0.05). It is interesting to
note, that Balakrishnan and Rao (1999), Braselmann et al. (1994) found a good
agreement between the biological dose and the corrected physical dose based on a half-
life of 6.9 years for lymphocytes. The dose-response relationship may also be influenced
by inter-individual differences in the proliferation rate of PHA-responsive lymphocytes
(Crossen et al., 1977), the variability of individual radiosensitivity and adaptive response
to a very low level of IR (Aka et al., 2004).

The data of investigations on the dependence of CA frequency upon the exposure
type and work type of NPP employees are limited. An attempt to assess the impact of
different working conditions on the frequencies of CAs was made in the present study.
The comparison of CA frequencies for study subjects employed at different departments
was done. The lowest CAs frequency was found in group of persons occupied at
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Chemical Protection Department (1.38 £0.19 /100 cells), and it was the highest in the
study group from the Decontamination Shop (2.88 +0.48 / 100 cells) and the Reactor
Department (2.80+0.37 /100 cells) (Fig. 7.). The dispersion analysis showed the
significant impact of the department the study subjects worked on total CA frequency
p <0.01), chromosome type aberration frequency (p<0.05) and chromatid-type
aberration frequency (p < 0.05). The impact of different occupation type on frequencies
of CAs was also assessed. The highest CA frequencies — 3.16 CA/100 cells and
3.14 CA /100 cells — were established for such staff positions as radioactive waste
processors and metalworkers, correspondingly. Among other profession groups, the
difference in CAs frequency was found to be insignificant. Therefore we suppose that
the higher risk of having an occupational activity at the Ignalina NPP can be considered
for workers dealing with the radioactive waste processing at the Decontamination Shop
and metalworkers employed in Reactor Department if compared to other employees at
the Ignalina NPP.
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Fig. 7. Average frequencies of chromosome aberration in the study groups from different
Departments of Ignalina NPP: 1 — Centralised Repair Dept, 2 — Chemical Protection Dept, 3 —
Work Security Dept, 4 — Decontamination Shop, 5 — Metal and Technical Control Dept, 6 —
Reactor Dept

The impact of other factors — smoking and age — on CA frequency for the study
subjects was also assessed. There is no doubt regarding tobacco smoke as carcinogen,
and a number of studies had been conducted to assess the impact of smoking on CA
frequency in peripheral blood lymphocytes. The present study showed that CA
frequency in the group of smokers (N =80) did not differ significantly from that
observed in non-smokers (N = 86) group (p > 0.05). No reliable difference in frequency
of chromosomal aberrations was found (p > 0.05) in comparing smokers of Ignalina NPP
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workers to the non-smoking group. No significant difference between smokers and non
smokers in the control group subjects (p=0.05) was also observed. The Poisson
regression analysis showed that smoking has no significant association with the yield of
different types of CAs. The data concerning the impact of smoking to CA frequency are
controversial. There are number of studies, the authors of which found no impact of
smoking on chromosomal damages (Carpenter et al. 1989, Peterson et al. 1990, Kubelka
et al. 1992, Chung et al. 1996; Rozgaj et al.. 2002) However, there are studies, which
showed higher frequency of CAs for smoking radiation workers compared to non-
smokers (Gribbin et al. 1993, Ramsey et al. 1995, Murata et al. 2002; Maffei , 2004, Au
et al. 2005). The impact of age on the frequency of CAs was found to be insignificant.
Some authors state that the age is not an important factor in the frequency of CAs
(Bauchinger et al. 1980; Rozgaj et al.. 2002). On the other hand, other authors
determined the relationship between the chromosomal aberrations, in particular the
stable ones, and the age (Anderson et al. 1993; Znaor et al. 2003).

Other studies indicate that IR at doses far below annual dose limits can increase
the CA frequencies in lymphocytes of occupationally exposed workers (Maffei et al.,
2001; Cardoso et al., 2001). We did not observe any increase of chromosome damage in
the Ignalina NPP workers exposed to the external gamma rays only, but determined
significantly higher aberration frequencies in the workers with incorporated
radionuclides and additional neutron exposure. Thus, despite very low neutron and
internal exposure doses, the present results suggest that radiation exposure type seems to
be quite relevant in determining the radiation-induced chromosome damage.

To conclude, the present study showed no dose-related increase in the CA
frequency for the Ignalina NPP workers. However, no increase in the CA frequency was
determined only for the workers exposed to external gamma radiation, while the
demonstration of the elevated levels of CAs for the workers with incorporated
radionuclides and neutron exposure indicates their more hazardous work activities with
consequential risk to health.

4.3. Translocation analysis using fluorescent in situ hybridisation (FISH)
method

This chapter deals with the results of translocation analysis done for 4 study
subjects using fluorescent in situ hybridisation (FISH) method. The analysis was done
during the TAEA fellowship at the Department of Toxicogenetics of Leiden University
Medical Centre. The frequencies of translocations were determined in Ignalina NPP
workers occupationally exposed to doses of 163—326 mSv. Overall, 4156 metaphase
spreads were scored and 10 stable translocations, (8 from them full reciprocal
translocations) were determined. The translocation frequency measured by FISH was
extrapolated to whole genome translocation frequency for each person. It was found that
the mean genomic translocation frequency (0.00865) of studied group is slightly higher
than the background frequency of population for the same age group (0.00732)
(Whitehouse et al., 2005). The results of cytogenetic analysis of translocations and
dicentric results are presented in Table 5. The spontaneous translocation frequency in the
of 45-59 year population group is one translocation per 500 metaphases (Whitehouse et
al., 2005). In our study we found a higher genome translocation frequency (0.03194) in
one person. However the total frequency of unstable chromosome aberrations
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(0.46/100 cell) and dicentric chromosomes (0.0/100 cell) determined in this person was
not increased. The measured total occupational exposure dose (192 mSv) during his
work at the Ignalina NPP should not lead to increased translocation frequency; it could
be resulted due to received IR exposure prior work at NPP.

Table 5. The determined numbers of translocations, genome translocation frequencies, total
unstable chromosome aberration (CA) and dicentric (DIC) frequencies for a group of Ignalina

NPP workers

Code of Number of | Total of Genome CA/100 cells | DIC/100 cells
donor translocations | scored cells translocation
frequency

AE 80 5 563 0.03194 0.46 0

AE 92 3 1810 0.00596 0.66 0.13

AE 77 1 510 0.00705 0.8 0

AE 89 1 1273 0.00282 1.33 0.11

4.4. A repetitive study of persons with the highest frequencies of

chromosomal aberrations

Repetitive cytogenetic analysis of unstable CAs was carried out in 2008 for a
selected group (N=7) of persons, for whom in 2006 year the highest frequencies of CAs
were determined. The summarised results of this study are presented in Table 6.
Comparing the first and the second analyses of the study group, it was found that the CA
frequencies did not differ significantly (5.37 + 0.74 vs 4.38 + 0.62, p = 0.173). However,
the determined statistically significant decrease in chromatid-type aberrations (1.70 =+
0.23 vs 2.75 £ 0.40, p=0.024) and chromatid breaks (1.53 + 0.20 vs 2.48 + 0.31,
p=0.015) in the second sampling were found. The decrease in chromatid type
aberrations can be attributed to the fact that chemical exposure at the workplace of the
study subjects was reduced.

Table 6. Frequencies of CAs (number/100 cells £ SEM) in lymphocytes of individuals, for
whom cytogenetic analysis was done in 2006 and 2008 year

) Year of donors blood sampling

Chromosome aberrations

2006 year 2008 year

Chromosome type aberrations/100 cells +SEM
Acentric fragments 2.19+£0.52 1.97+0.21
Dicentric chromosomes 0.42+0.19 0.60 +0.27
Translocations 0.00 £ 0.00 0.11+0.07
Total 2.61 +0.43 2.68 + 0.44
Chromatid-type aberrations/100 cells + SEM

Chromatid breaks 248 £0.31 1.53 £ 0.20*
Chromatid exchanges 0.27+0.12 0.16 + 0.08
Total 2.75 £ 0.40 1.70 + 0.23*
Total chromosome aberrations 5.37+£0.74 4.38 £ 0.62
*n < 0,05; Student t-test for dependent samples
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4.5. The production of gamma radiation (*°Co) dose-response curves for
dicentrics and acentrics in the human peripheral blood lymphocytes in vitro

In total, 14700 metaphase cells of irradiated peripheral blood samples were scored,
and 1636 dicentrics and 76 centric rings and 960 access accentrics were registered. The
summarised results of the analysis of dicentrics and centric rings are presented in Table
7. The yield of dicentrics at 0.0 Gy dose, which corresponds to the spontaneous dicentric
aberration yield, was 0.46 +0.49/1000 cells. A similar yield was reported by other
authors (Top et al., 2000; Senthamizhchelvan et al., 2007). The intercellular distribution
of the observed dicentric chromosome and centric ring chromosomes is given in Table 8.

Table 7. The yields of dicentrics and centric rings in peripheral blood lymphocytes after acute in
vitro irradiation with various doses of “®Co gamma rays

Number of chromosome aberrations
Dose, Gy Cells scored | Dicentrics (DIC) Centric rings (DIC+CR)/100 cells
(CR) + SEM
0.0 1800 1 0 0.06 £ 0.06
0.1 2000 1 0.50+0.16
0.2 2000 34 0 1.70 £ 0.29
0.3 2000 42 6 2.40 +0.34
0.5 2000 77 2 3.95+0.43
0.75 2000 156 6 8.10+0.61
1 1500 209 5 14.27 £ 0.90
2 600 251 7 43.00 + 2.02
3 400 376 20 99.00 +0.51
4 400 481 29 127.50 +2.96

Table 8. Distribution of dicentric chromosomes (DIC) observed in peripheral blood
lymphocytes after acute in vitro irradiation with “’Co gamma rays at various doses

Dose, Gy | Cells DIC Distribution of DIC o /Y |u
scored 0 1 P 3 4 6

0 1800 1 1799 0 0 0 0 1.00 0.00
0.1 2000 9 1991 9 0 0 0 0 0.996 —0.134
0.2 2000 34 1967 32 1 0 0 0 1.042 1.359
0.3 2000 42 1958 42 0 0 0 0 0.980 —0.656
0.5 2000 77 1523 75 1 0 0 0 0.988 —0.383
0.75 2000 156 1847 150 |3 0 0 0 0.961 -1.239
1 1500 209 1300 191 |9 0 0 0 0.947 —1.443
2 600 251 381 191 | 24 4 0 0 0.869 —2.265
3 400 376 134 185 | 59 17 4 1 0.848 -2.147
4 400 481 87 185 | 86 32 7 0 0.722 -3.921

¥ - - - . .
*67/Y- dispersion index, **u — unit normal deviate.
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In order to test the homogenenity of irradiation, the dispersion index (¢*/Y) and the
magnitude of statistical test quantity u were calculated (Table 8). The U-test analysis
showed that the data fitted in Poisson distribution as values ranged between —1.96 and
+1.96 in the range of irradiation doses of 0.1-1 Gy. The dicentric data show
overdispersion after 1 Gy.

The relationship between CAs and IR was expressed by the linear quadratic model:

Y =c +aD + pD?,

where Y is the frequency of dicentrics and central rings, D is the dose, ¢ is the background
frequency, a - represents the linear component, where CAs are result of single-track events and
it is mostly responsible for aberrations at low doses, 3 - represents the quadratic component,
where CAs are the result of two-track events, and it is mostly responsible for aberrations at high
doses.

Yields of dicentrics, centric rings and excess acentrics following different radiation
doses were used to establish dose-response curves. The pooled observed dose calibration
data were fitted to a linear quadratic model using software program CABAS
(Chromosomal ABerration cAlculation Software) (Deperas et al., 2007). The dose-
response curve for dicentric and centric rings yield is:

Yield = (0.00046 = 0.00049) + (0.055 + 0.006)D + (0.076 = 0.004)D’.

An appropriate dose-response curve with the 95% confidence intervals of the yield of
dicentric chromosome and centric rings as a function of radiation dose is shown in
Fig. 8.
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The parameters of calibration curve were compared to results from other studies.
The B value was somewhat higher than the other reported studies. Besides the inter-
laboratory variations in the established dose-response curve coefficients, in comparison
of our dose-response curve with similar published studies shows general good agreement
(Lloyd et al., 1986; Lindholm et al., 1998; Top et al., 2000; Venkatachalam et al., 2001).

Biological dose is estimated when the frequency of dicentric chromosome is
greater than the background, and the biological dose estimate may be regarded as a
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measurement of the 95% lower confidence limit greater than zero (Lloyd et al. 2000).
The minimum estimated absorbed dose depends on background frequency of dicentrics,
amount of cells analysed, the number of data used for fitting the dose-response curve. In
this study, according the established dose-response curve the minimum estimated dose in
case of analysis 500 metaphase cells is 90 mGy with the confidence interval 14-234
mGQGy. According to literature data, the unstable CAs method reliably enable to estimate
100 mGy, and higher doses (IAEA, 2001, Voisin et al. 2004). Increasing the number of
scored cells leads to the decreasing of the minimum estimated dose and the range of
confidence intervals.

Acentric fragments associated with dicentrics, tricentrics, tetracentrics or rings
were not included in the number of excess acentrics. At high doses of radiation, higher
numbers of acentrics in cells were observed. The background level of excess acentrics
was 0.0066+ 0.0016. The observed dose-response data for acentrics were fitted to a
linear quadratic model. The o and values 3 with their standard errors were respectively
0.0768 = 0.0067 and 0.0099 + 0.0028). The dose-response curve for acentrics yield is:

Yield = (0.0066 + 0.0016) + (0.0768 + 0.0067)D + (0.0099 % 0.0028)D>.

An appropriate dose-response curve with the 95% confidence intervals of the yield of
acentrics as a function of radiation dose is shown in Fig. 9.
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The determined value of o was higher, while § value was lower than in the other
reported studies (Top et al., 2000; Senthamizhchelvan et al., 2007). Formation of excess
acentrics is not specific to IR since they may occur as a result of exposure to other
clastogenic agents. Therefore, these aberrations for biological dose assessment alone are
not used. However the established dose-response curve for acentrics can be used for
biological dose assessment as additional method, when there is no sufficient data only on
dicentrics.
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4.6. Application of the established dose-response curve for biological
dosimetry

The biological dose assessment of radiation worker occupational exposure
dose

During this study the established calibration gamma radiation (“*Co) dose-
response curve for dicentric chromosomes was used for the investigation of suspected
overexposure of radiation worker. The external exposure dose (138 mSv) above the
annual dose limit was measured with individual dosimeter for industrial radiography
worker. It was estimated that in order to statistically evaluate the resulting dose of 138
mSv, a minimum number of cells analysed should be 220 cells. After scoring of 500
peripheral blood lymphocytes metaphase cells the biological dose assessment was done
using dicentric and ring chromosome findings and CABAS software program. The
calculated absorbed dose is 65 mSv (8-201 mSv, with 95% confidence interval). Fixed
odds ratio (OR=6.12) indicates that the probability of the fact that the investigated
person did not receive dosimeter measured exposure dose (138 mSv) is 6.12 times higher
than the fact that has received. The estimated biological dose was close to the total dose
(51 mSv) recorded during the work with IR. Based on these results the measured dose
was not assigned to the occupational exposure, and this worker was allowed to continue
work with IR sources.

The biological dose assessment for study subjects

The established dose-response curve in vitro has been used for biological dose
assessment for 34 study subjects, for whom dicentric chromosomes were determined
(Table 9). The resulting exposure doses were calculated using dicentric and ring
chromosome findings and CABAS program. The absorbed dose assessment was based
on a component (a=0.055) of the dose-response curve. The B component was ignored
since only chronic low level exposure was suspected. The absorbed doses were estimated
and ranged from 18 to 225 mSv. The maximum estimated dose — 225 mSv — was close to
the corrected dose measured by physical methods (197 mSv). In this group there were 10
subjects, for whom doses with lower confidence interval above 0 mSv were estimated.
The average biological dose of this study group was 132+ 7 mSv, the measured
corrected dose was 53 £ 5,6 mSv, assuming the lymphocyte half life T,,= 3 years, and
116 £ 13 mSv, assuming T,,= 7 years. The average biologically estimated dose was in
good agreement with that measured by physical methods and corrected dose taking into
account lymphocyte half life T2 = 7 years.

Application of the established dose-response curves presents an opportunity to
perform the biological dosimetry in Lithuania, to investigate the measured dose above
the annual limit for a radiation worker, to assess the doses of first responders and people
accidentally exposed to IR. In case of radiation accident the information about the
received doses will help to develop the treatment strategy of an IR-exposed person.
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Table 9. The results of study group (N=34) cytogenetic analysis, doses measured by physical

dosimetry, doses estimated by biological dosimetry

q Results O.f Doses measured by physical Doses estimated by biological
2 cytogene':tw dosimetry methods dosimetry methods
= analysis
Q.
= = > = ~ > o
3 S>5 | T o 89 L |28l o 2 3 - * — A
O | gE°| 2EFLE [E°x |E°x e 2 O S o
< © A °g © & [© & B3 3
9 435 5 234.8 85.4 142.3 163.4 55.2 329.2
12 400 1 550.7 84.0 201.4 35.3 0.0 193.1
13 558 1 376.6 92.0 184.7 23.4 0.0 144.2
14 975 2 81.0 54.6 67.5 27.8 0.0 109.6
23 645 1 19.2 1.6 6.5 19.3 0.0 126.4
26 600 2 7.6 0.6 2.4 48.9 0.0 170.2
34 580 2 43.4 24.9 33.7 50.7 0.0 175.3
35 660 1 29.6 15.3 21.8 18.7 0.0 123.8
37 680 1 212.3 51.2 102.8 17.9 0.0 120.4
38 480 1 72.7 32.4 50.7 28.4 0.0 164.9
42 676 2 273.6 67.2 138.1 42.8 0.0 153.2
43 303 1 522.1 86.0 207.4 48.3 0.0 243.6
47 500 1 414.0 76.3 170.3 27.0 0.0 159.0
48 270 2 43.3 32.7 38.2 109.5 7.9 328.6
49 400 3 506.2 87.9 204.1 110.8 19.2 280.8
52 340 1 15.8 0.7 3.4 42.5 0.0 221.5
53 300 1 58.9 17.1 29.7 48.9 0.0 245.6
55 680 6 121.4 16.2 41.6 128.9 473 252.4
58 470 1 36.5 25.8 31.4 29.1 0.0 167.9
60 200 1 22.8 8.8 14.4 74.7 0.0 339.0
69 303 2 150.5 18.0 53.8 98.2 6.1 300.2
70 400 1 96.0 38.6 63.2 353 0.0 193.1
76 307 1 174.0 43.5 87.6 47.6 0.0 241.0
83 461 2 317.9 38.4 117.3 64.6 0.0 213.4
86 500 2 159.7 44.1 85.4 59.4 0.0 199.2
87 100 1 219.1 64.1 122.1 144.4 0.0 564.4
89 900 1 162.6 55.3 93.8 11.7 0.0 92.3
91 150 1 234.0 72.2 130.8 99.1 0.0 421.3
92 770 2 226.5 76.2 131.5 36.9 0.0 136.3
94 333 2 8.0 4.7 5.7 89.6 4.8 278.5
96 699 5 554.8 76.8 190.7 106.0 32.4 224.9
99 659 11 565.8 89.8 196.8 224.9 122.3 357.6
101 357 4 537.3 65.7 165.0 159.8 44.4 346.7
102 400 3 381.9 54.3 124.8 110.8 19.2 280.8

*- LCL- CI lowel level, **- UCL - CI upper level
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CONCLUSIONS

1. Significantly higher frequencies of total chromosome aberrations (2,27 vs 1,76),
chromosome type aberrations (1,11 vs 0,70), acentric fragments (0,89 vs 0,59) and
dicentric chromosomes (0,20 vs 0,07) (p<0.05) were determined in the whole nuclear
energy workers group, if compared to the control.

2. The observed chromosome aberration frequency in peripheral blood lymphocytes
of radiation workers depends on IR type and exposure type. Chromosome aberration
analyses revealed no significant differences in chromosome aberration frequency
between the study group with external exposure doses and the control group (1.60 vs
1.76 p>0.05). A reliable increase in chromosome aberration frequencies was
determined in both study groups — with additional internal exposure doses (2.54 vs 1.76
CA/100 cells, p <0.01) and with additional internal and neutron exposure doses (2.95 vs
1.76 CA/100 cells, p < 0.01).

3. The activities of radioactive waste processing workers in Decontamination Shop
and metal workers in the Reactor Department are at the highest risk in the Ignalina NPP.
The highest chromosome aberration frequencies of 3.16 CA/100 cells and
3.14 CA/100 cells were determined for radioactive waste processing group and metal
workers, correspondingly.

4. For a study group, exposed to low level chronic exposure doses, the cytogenetic
analysis of which was performed repeatedly, there were no significant differences in
total chromosome aberration frequency between the first and second analyses done in a
two-year span (4.38 vs 5.37, p > 0.05). However, significant decrease in chromatid-type
aberrations (1.70 vs 2.75, p < 0.05) was determined during the second analysis.

5. There was no statistically significant correlation among occupational exposure
doses, corrected doses taking into account lymphocyte lifespan and elimination from
blood circulation and chromosome aberrations frequencies (p > 0.05).

7. Dispersion analysis of cytogenetic results showed statistically significant
confounding impact of internal exposure factor to the total chromosome aberration
frequency and chromosome type aberration frequency and confounding impact of
neutron exposure factor to the chromosome type aberration frequency (p <0.05). The
impact of smoking and age for chromosome aberration frequency was found to be
insignificant.

8. The gamma radiation dose-response curves were established in vitro for dicentric
and centric rings and acentrics in human peripheral blood lymphocytes, as described by
equations:

Yieldpic = (0.00046 + 0.00049) + (0.055 % 0.006)D + (0.076 + 0.004)D?.
Yieldacr = (0.0066 + 0.0016) + (0.0768 + 0.0067)D + (0.0099 + 0.0028)D".

0. Using gamma radiation dose-response curve for dicentrics and centric rings, the
study group average dose (estimated by biological dosimetry methods as 132 =7 mSv)
was found to be close to that measured by physical methods and corrected taking into
account lymphocyte half life T2 = 7 year (116 = 13 mSv).
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Recommendations

Summarising the obtained results the following recommendations are given:

1.  To use the established gamma radiation dose-response curve in vitro for dicentric
and ring chromosomes in the following cases:

(a) for determination and approval of occupational exposure dose, above the annual
limit (50 mSv) measured by personal dosimeter;

(b) for emergency exposure dose assessment for radiological emergency rescue
workers, people involved in emergency work, and population.

2. To perform cytogenetic monitoring by analysing chromosome aberration
frequencies in human peripheral blood lymphocytes for evaluation of the occupational
IR exposure risk to the separate groups of workers. In case of determined increased
chromosome aberration frequency to recommend for worker to repeat the cytogenetic
analysis after one year and in case if chromosome aberration frequency remains
increased to recommend to change the type work activity.

3. For optimisation of radiation protection of Ignalina NPP radiation workers, whom
activities related with internal and neutron exposure, we recommend to increase the
internal exposure monitoring measurement frequency, to re-estimate the neutron dose
calculation coefficient and in case of possibility periodically to change the nature of
work activity of these workers.
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SANTRAUKA
Darbo aktualumas

Jonizuojanc¢iosios spinduliuotés Saltiniy intensyvus naudojimas {vairiose
medicinos, pramonés, mokslo srityse yra susijes su juos aptarnaujanciy darbuotojy ir
gyventoju apSvita bei jos zZalingo poveikio sveikatai rizika. Tod¢l didelis démesys yra
skiriamas gyventojuy ir darbuotojy radiacinei saugai, gaunamos apSvitos dozés yra
matuojamos ir reglamentuojamos, atlickami JS apSvitos poveikio tyrimai. Gauti tyrimy
rezultatai patvirtina prielaida, jog net mazos apsSvitos dozés gali iSSaukti {vairius
genetiniy  struktiiry paZeidimus. Citogenetiniy tyrimy déka galima nustatyti
jonizuojanciosios spinduliuotés padaryta zala. Yra Zinoma, kad chromosomy struktiiros
pokyciai vaidina svarby vaidmeni aktyvinant protoonkogenus ir inaktyvinant navika
slopinamyjy geny veikima, yra irodytas rysys tarp padidinto chromosomy pazaidy kiekio
ir padidintos susirgimy véziu rizikos (Bonassi et al., 2000). Daugelio mokslininky
tyrimai rodo, kad net ir nedidelés profesinés apSvitos dozés sukelia citogenetiniy pazaidy
kiekio padidéjima periferinio kraujo limfocituose (Chung et al., 1996; Cardoso et al.,
2001). Taciau tyrimy rezultatai daznai biina nevienareik§miai, gaunami gana priesStaringi
rezultatai visy pirma vertinant pazaidy daznio priklausomybg¢ nuo darbo su
jonizuojanciosios spinduliuotés Saltiniais trukmes ir gautos apSvitos dozes. Mazy doziy
sukeliami reiSkiniai yra nesibaigianciy diskusiju objektas. Nors §iuo metu tarptautinés
organizacijos — Tarptautiné atominés energijos agentira (TATENA), Tarptautiné
radiacinés saugos komisija (ICRP), mazy doziy sukeliamai rizikai taiko linijing
beslenksting apSvitos dozés ir atsako priklausomybg (ICRP, 1990), ja remiamasi
reglamentuojant galima apSvita, nustatant apSvitos dozés ribas, taiau mazy
jonizuojanciosios spinduliuotés doziy sukeliami reiSkiniai néra pakankamai iStirti, tyrimy
rezultatai yra prieStaringi (BEIR VII, 2005; UNSCEAR, 2000). Tai rodo, kad tikslinga
testi naujy rizikos grupiy citogenetinius tyrimus, siekiant iSaiskinti gaunamos ap§vitos
galima rizika.

Intensyvus jonizuojanciosios spinduliuotés Saltiniy naudojimas yra susijgs su
radiologiniy avariju ir padidintos apSvitos rizika, kartais neiSvengiama nelaimingy
atsitikimy, kuriy metu vir§ijamos leistinos doziy ribos. Pastaryjy mety ivykiai rodo, kad
taip pat iSlieka teroristinio akto, panaudojant radioaktyvias ar branduolines medziagas,
gréesme. [vykus radiacinéms ar branduolinéms avarijoms, padidinta jonizuojanciosios
spinduliuotés doze gali gauti daugiau asmeny. Siekiant efektyviai suteikti medicining
pagalba, labai svarbu greitai jvertinti gauta apSvitos doz¢ (IAEA, 1989). Nukentéje
asmenys dazniausiai neturi dozimetry, ir fizikiniai doziy vertinimo metodai yra negalimi.
Siais atvejais biologiné dozimetrija yra geriausias gautos ap3vitos dozés jvertinimo biidas
(IAEA, 1986; TAEA, 2001). Antra vertus, zinoma, jog skirtingi zmonés pasizymi
skirtingu radiojautrumu - jvairiy Zmoniy apsSvitinimas vienoda doze gali sukelti
skirtingus biologinius padarinius (Bender et al., 1988). Nors fizikinés dozimetrijos
metodai ir yra tikslesni, ne visada galima pasakyti, kokio dydzio biologiniai pakitimai
gali buti sukelti apSvitinto zmogaus organizme.

Citogenetiniais tyrimais irodyta, kad vienoda apSvitos dozé indukuoja panasy
chromosomuy pazaidy kieki tiek in vivo, tiek in vitro. Turint in vitro salygomis sudaryta
kalibracing dozés-atsako kreive, avaring apsSvitos doze galima jvertinti nustacius
chromosomuy pazaidy kiekj ja gavusiy zmoniuy limfocituose (IAEA, 1986; IAEA, 2001;
Voisin et al., 2002). Biologin¢ dozimetrija, paremta chromosomy pazaidy analize, kartu
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su klinikiniais simptomais bei fizikine dozimetrija jau yra neatsiejama avariniy apsvitos
doziy ivertinimo dalis (Bender et al., 1988; Voisin et al., 2002). IS biologingje
dozimetrijoje naudojamy citogenetiniy metody (mikrobranduoliy, iSankstinés
chromosomu kondensacijos, translokaciju tyrimo fluorescencinés in situ hibridizacijos
metodu ir kt.), nestabiliy chromosomuy aberaciju, dazniausiai dicentriniy chromosomu,
analiz¢ yra tinkamiausias ir daZniausiai naudojamas ap$vitos doziy nustatymo biidas
(IAEA, 1986, 2001).

Biologinis dozés ivertinimas, panaudojant kitose laboratorijose sudarytas dozés-
atsako kreives, gali salygoti Zymias paklaidas. TATENA (2001) rekomenduoja, kad
kiekviena laboratorija, numatanti atlikti biologing dozimetrija, sudaryty savo kalibracing
dozés-atsako kreivg. Kadangi Lietuvoje kaip ir kitose Salyse gama ir rentgeno
spinduliuotés avarinés apSvitos tikimybé yra didziausia, vienas i§ Sio darbo tiksly yra
sudaryti kalibracing gama spinduliuotés dozés-atsako kreivg naudojant nestabiliy
chromosomuy aberacijy analizés Zmogaus periferinio kraujo limfocituose in vitro metoda.

Biomedicininiams tyrimams atlikti yra gautas Lietuvos Bioetikos Komiteto
leidimas (2004.06.14, No. 49, tyrimo pavadinimas ‘Profesinés/medicininés apsvitos
poveikio citogenetinis jvertinimas”). Dalj tyrimy parémé Lietuvos valstybinis mokslo ir
studijy fondas (Nr. T33/06).

Darbo tikslai
. Atlikti chromosomu pazaidy analizg¢ jonizuojanciosios spinduliuotés aplinkoje
dirban¢iy asmeny periferinio kraujo limfocituose ir jvertinti galima gautos profesinés
apsvitos rizika.
. Sudaryti kalibracines gama spinduliuote indukuoty nestabiliy chromosomy
aberaciju dozés-atsako kreives ir atlikti citogenetiSkai iStirty asmeny biologini doziu
[vertinima.

Pagrindiniai darbo uZdaviniai

1. Atlikti Ignalinos AE darbuotoju gaunamy apsvitos doziy analizg siekiant tinkamai
atrinkti tirlamyjy asmeny grupes.

2. [vertinti nestabiliy chromosomy aberaciju daznius jonizuojanciosios spinduliuotés
aplinkoje dirbanciy asmeny kraujo limfocituose.

3. Palyginti chromosomy aberacijy dazni darbuotojy, gaunanciy jonizuojanciosios
spinduliuotés iSoring, viding bei neutrony apsvita, grupése.

4. Ivertinti skirtingy veiksniy (ap$vitos tipo, gautos apSvitos dozes, darbo

jonizuojanciosios spinduliuotés aplinkoje trukmés, amziaus, rikymo) jtaka chromosomu
pazaidy dazniui.

5. Pakartotinai atlikti chromosomu aberacijy analize¢ asmenims, kuriems buvo
nustatyti didZiausi chromosomy aberaciju dazniai.

6. Ivertinti stabiliy chromosomy pazaidy daznius FISH metodu grupéje tiriamyjuy
asmeny.

7. Sudaryti gama spindulivote (“°Co) Zmogaus periferinio kraujo limfocituose in
vitro indukuoty dicentriniy chromosomy ir acentriniy fragmenty dozés-atsako kreives.

8. Naudojant parengta gama spinduliuote indukuoty dicentriniy chromosomy dozés-

atsako kreive atlikti tirty asmeny biologini doziy jvertinima ir palyginti su fizikinés
dozimetrijos biidu nustatytomis dozémis.
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Darbo naujumas ir praktiné reikSmé

Sio darbo metu pirma karta buvo atlikti Lietuvos branduolinés energetikos
darbuotoju citogenetiniai tyrimai, nustatyti chromosomu pazaidy dazniai didZiausias
apSvitos dozes gaunanciy darbuotojy periferinio kraujo limfocituose. Anks¢iau Lietuvoje
buvo tirti Cernobylio AE avarijos likvidavimo darbuose dalyvave asmenys, padidintos
JS aplinkoje dirbantys medicinos darbuotojai bei pacientai po rentgenodiagnostiniy
procediiry. Sio darbo metu atlikti mazy JS doziy létinés apivitos poveikio tyrimai
asmenims, ilga laika dirbantiems su JS ar jos aplinkoje. Tyrimams atrinkti Ignalinos AE
darbuotojai gavo Zymiai didesnes apSvitos dozes, palyginti su anksCiau tirtomis
grupémis. Gauti citogenetiniy tyrimy rezultatai parodé kiekybing ir kokybing
chromosomy aberaciju priklausomybe nuo donory profesinés veiklos pobiidzio, nustatyta
skirtinga atlickamy darby bei skirtingy profesinés apSvitos tipy rizika. Pirma karta
nustatyta, kad didesn¢ rizika turinia veikla gali buti laikoma radioaktyviyjy atlieky
perdirbéjy, dirban¢iy Dezaktyvacijos ceche, ir Saltkalviy, dirbanciy Reaktoriy ceche,
profesine¢ veikla, palyginti su kita veikla. Skirtingy veiksniy itakos analizé parode
patikima vidinés apSvitos ir neutrony aps$vitos itaka chromosominio tipo aberacijy
dazniui (p <0,05). Ivertinta priklausomybé tarp chromosomy aberaciju daznio ir
iSmatuoty fizikiniy bei koreguoty, atsizvelgiant i limfocity gyvavimo trukme ir ju
eliminacija i§ kraujo apytakos, doziy.

Sio darbo metu sudarytos gama spinduliuote indukuoty nestabiliy chromosomy
aberaciju dozés-atsako kreivés, skirtos biologiniam jonizuojanciosios spinduliuotés
doziy jvertinimui. Gautos kreivés atitinka tiesinj-kvadratinj dozés ir atsako modelj, o
nustatyti koeficientai artimi kity autoriy nustatytoms reik§méms. Si kreivé panaudota
tirlamyjy asmeny gauty JS doziy biologiniam jvertinimui. Taikant sudaryta dozés-atsako
kreive atliktas biologinis dozés ivertinimas asmeniui, kuriam individualiuoju dozimetru
iSmatuota iSorinés apsSvitos dozé, didesné uz meting ribing. Atlikus biologini dozeés
tvertinima padidinta profesiné apSvita buvo atmesta.

Sio darbo metu sudarytas dozés-atsako kreives bus galima naudoti atlickant
biologing dozimetrija. Sios kreivés skirtos naudoti atliekant darbuotoju gautos JS
padidintos apS$vitos {vertinima, patvirtinant arba atmetant individualiaisiais dozimetrais
1Smatuota iSorinés apSvitos dozeg, virSijan¢ia meting ribing doze, taip pat, ivertinti JS
avaring apSvita gavusiy radiacinés avarijos gelbétojy ir kity asmeny dalyvaujanciy
avarijos likvidavimo darbuose gautas dozes bei gyventoju, gavusiy JS avarinés apsvitos
dozes. Radiacinés avarijos atveju bus galima nustatyti nukentéjusius asmenis, gavusius
dideles JS apsvitos dozes ir kuriems butina skubi medicininé pagalba ir tai leis tinkamai
parinkti gydymo metodus.

Nustatyti chromosomy aberaciju dazniai Ignalinos AE atskiry cechy ir pareigy bei
pareigybiy grupése suteiks papildomos informacijos uztikrinant ir optimizuojant AE
darbuotoju radiacing sauga. Gauti tyrimy rezultatai rodo, kad chromosomu pazaidy
analizé gali biiti taikoma atskiry darbuotojy grupiy JS apSvitos rizikos vertinimui.
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Ginamieji teiginiai
L. Mazos jonizuojanciosios spinduliuotés dozes, nevirSijancios metiniy doziy riby,
gali i§Saukti chromosomy aberacijas profesing ap$vita gavusiy asmeny limfocituose.
2. Jonizuojanciosios spinduliuotés aplinkoje dirbanciy asmeny limfocituose stebimas
chromosomu aberaciju daznis priklauso nuo jonizuojanciosios spinduliuotés risies ir
apsvitos tipo.
3. Sudaryta gama spinduliuote indukuoty dicentriniy chromosomu dozés-atsako
kreivé atitinka tiesini-kvadratini dozés ir atsako modeli ir gali biti naudojama
biologiné¢je dozimetrijoje.

Darbo aprobavimas

Darbo rezultatai buvo pristatyti 9-iose tarptautinése ir 5-iose Salies konferencijose
(8 zodiniai praneSimai ir 6 stendiniai praneSimai). Disertacijos tema paskelbti 6
straipsniai (2 — recenzuojamuose uzsienio periodiniuose leidiniuose, itrauktuose {
Mokslinés informacijos instituto duomeny bazés pagrindini saraSa (angl. ISI Master
Journal List), 4 publikacijos — recenzuojamuose mokslo Zurnaluose ir testiniuose mokslo
leidiniuose) ir 6 publikacijos konferenciju medziagoje.

Apimtis ir struktira

Disertacija sudaro Sie skyriai: ivadas, literatiiros apzvalga, tyrimuy objektas ir
metodai, tyrimy rezultatai ir jy aptarimas, darbo iSvados, cituojamos literatiiros sarasas,
(181 Saltinis), 12 publikaciju darbo tema sarasas ir priedai. Darbo apimtis — 134
puslapiai, darbe pateikiama 20 paveiksly, 21 lentel¢ o prieduose yra 1 paveikslas ir 8
lentelés. Ivade trumpai pagrindziamas darbo temuy aktualumas pateiktas darbo tikslas ir
uzdaviniai, mokslinis naujumas ir praktiné reikSmé, ginamieji teiginiai, autorés
publikaciju saraSas. Antrame skyriuje pateikta literatliros apzvalga. Trumpai
apzvelgiamos jonizuojanciosios spinduliuotés (JS) savybés ir pagrindiniai dozimetriniai
vienetai, JS biologinis poveikis, mazy jonizuojanciosios spinduliuotés doziy sukelti
reiSkiniai, JS kancerogeninis poveikis, atominius bombardavimus i§gyvenusiy Hirosimos
ir Nagasakio gyventojy epidemiologiniai tyrimai, padidintos gamtinés apSvitos vietovese
gyvenan¢iy asmeny epidemiologiniai tyrimai, profesing apSvita gavusiy asmeny
epidemiologiai tyrimai, medicining apSvita gavusiy asmeny epidemiologiniai tyrimai.
Aptariamas chromosomy pazaidy analizés taikymas jonizuojanciosios spinduliuotés
poveikio tyrimuose, chromosomy paZzaidy taikymas kaip bioZymuo veéZio rizikos
vertinimui, chromosomuy pazaidy analizé¢ biologin¢je dozimetrijoje. TreCiame skyriuje
pateikiami tiriamieji asmenys ir taikyti tyrimo metodai. Ketvirtame skyriuje pateikiami
tyrimy rezultatai: gama radionuklidy aktyvumuy palyginamyjy matavimy ir vidinés
apSvitos doziy ivertinimo rezultatai, nestabiliy chromosomy aberacijy analizés tiriamyju
asmeny limfocituose rezultatai, veiksniy, galinCiy turéti jtakos nestabiliy chromosomuy
pazaidy dazniui, analizés rezultatai, translokacijy analizés taikant fluorescencings in situ
hibridizacijos (FISH) metoda rezultatai, asmeny, kuriems nustatyti didZiausi
chromosomuy aberacijy dazniai, palyginamojo tyrimo rezultatai, gama spinduliuotés
sukelty chromosomuy aberaciju in vitro dozés-atsako kreiviy sudarymo rezultatai,
sudarytos gama spiduliuotés dozés-atsako kreivés taikymo rezultatai: darbuotojui
1Smatuotos padidintos profesinés apSvitos dozés jvertinimui ir tiriamyjy asmeny gautos
biologiniam dozés nustatymui. Rezultaty aptarime ir iSvadose pateiktas rezultaty
aptarimas ir bendrosios iSvados.
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ISVADOS

1. Visoje tirty branduolinés energetikos darbuotojy grupéje nustatytas patikimai
didesnis, palyginti su kontroline grupe, bendras chromosomy aberacijy daznis (2,27 vs
1,76 CA/100 last.), chromosominio tipo aberacijy (1,11 vs 0,70), acentriniy fragmenty
(0,89 vs 0,59) ir dicentriniy chromosomy (0,20 vs 0,07) daznis (p < 0,05).

2. Nustatyta chromosomu aberaciju daznio priklausomybé nuo jonizuojanciosios
spinduliuotes rusies ir apsvitos tipo. Asmeny grupéje, kurioje buvo registruota tik iSoriné
gama apS$vita, chromosomy aberaciju daznis patikimai nesiskyré nuo daznio, stebéto
kontroliniy asmenuy grup¢je (1,60 vs 1,76 CA/100 last., p>0,05). Patikimas
chromosomy aberaciju kiekio padidéjimas nustatytas grupése tiriamyjy asmeny, kuriems
be iSorinés gama spinduliuotés buvo registruotos papildomos vidinés (2,54 vs 1,76
CA/100 last., p<0,01) ir vidinés bei neutrony (2,95 vs 1,76 CA/100 last., p <0,01)
apSvitos dozés.

3. DidZiausia rizika turin€ia profesine veikla Ignalinos AE galime laikyti
radioaktyviyjy atlieky perdirbéjy, dirbanéiy Dezaktyvacijos ceche, ir Saltkalviy,
dirban¢iy Reaktoriy ceche, veikla. Siy pareigybiy darbuotojams buvo nustatyti didZiausi
chromosomy aberacijy dazniai: 3,16 CA/100 last. radioaktyviyju atlieky perdirbéjy ir
3,14 CA/100 last. saltkalviy grupéje.

4, Asmeny, gavusiy mazy doziy léting apSvita ir kuriems pakartotinis citogenetinis
tyrimas atliktas po dviejy mety, chromosomy aberacijuy daznis nesiskyré nuo nustatyto
pirmojo tyrimo metu (4,38 vs 5,37 CA/100 last., p>0,05), taciau buvo stebimas
patikimai mazesnis chromatidinio tipo aberaciju (1,70 vs 2,75, p < 0,05) daznis.

5. Patikimos koreliacijos tarp chromosomy aberaciju daznio ir iSmatuoty bei
koreguoty (atsizvelgiant | limfocity gyvavimo trukme¢ ir ju eliminacija 1§ kraujo
apytakos) doziy dydzio nenustatyta (p > 0,05).

0. Rezultaty dispersiné analizé irod¢ patikima vidinés apSvitos veiksnio jtaka bendro
chromosomy aberacijy ir chromosominio tipo aberaciju (p < 0,05) daZniui ir patikima
neutrony apsvitos veiksnio itaka chromosominio tipo aberaciju dazniui (p <0,05).
Riikkymo ir amZiaus jtaka chromosomy aberaciju dazniui nenustatyta.

7. Sudarytos kalibracinés in vitro gama spinduliuote (°°Co) indukuoty dicentriniy ir
ziediniy chromosomy bei acentriniy fragmenty dozés-atsako kreivés, kurias aprasSo
lygtys:

Ypicszc =(0,00046 + 0,00049) + (0,055 + 0,006)D + (0,076 + 0,004)D°.

Yacr = (0,0066 = 0,0016) +(0,0768 % 0,0067)D + (0,0099 = 0,0028)D".

8. Panaudojant sudaryta gama spinduliuote (*’Co) indukuoty dicentriniy ir Ziediniy
chromosomu dozés-atsako kreive, apskaiCiuota tiriamyjy asmeny grupés viduting
efektiné doze (132 = 7 mSv) yra artima koreguotai, fizikiniais metodais iSmatuotai, dozei
(116 = 13 mSv) laikant, kad limfocity gyvavimo pus¢jimo trukmeé TY2 yra 7 metai.

33



Rekomendacijos
Apibendrinus gauty tyrimy rezultatus teikiamos §ios praktinés rekomendacijos:

1. Sudaryta kalibracine gama spinduliuote (*’Co) indukuoty dicentriniy ir Ziediniy
chromosomu dozés-atsako kreiveg rekomenduojame taikyti:

a) dozés nustatymui ir patvirtinimui, kai darbuotojui individualiuoju dozimetru
iSmatuota dozé yra didesné uz meting ribing (50 mSv);

b) asmeny, dalyvaujanciy radiacinés avarijos likvidavimo darbuose, bei gyventoju
avarinés ap$vitos doziy nustatymui.

2. Citogenetini monitoringa, tiriant chromosomy aberaciju dazni darbuotoju
periferinio kraujo limfocituose, rekomenduojame taikyti jonizuojanciosios spinduliuotés
apSvitos profesinés rizikos vertinimui. Nustac¢ius padidinta chromosomy aberaciju
(dicentriniy chromosomuy) dazni, rekomenduoti darbuotojui po vieneriy mety atlikti
pakartotini tyrima ir jei chromosomy aberacijy (dicentriniy chromosomuy) daznis islieka
padidintas, sitilyti darbuotojui pakeisti darbo veiklos pobiidi.

3. Optimizuojant Ignalinos AE darbuotojy, vykdanc¢iuy veikla, kurios metu yra
galima neutrony ir vidiné apS$vita, radiacing sauga, rekomenduojame padidinti vidinés
apSvitos monitoringo matavimy dazni, perziiiréti neutrony apsSvitos doziy skaic¢iavimo
koeficienta ir, esant galimybeli, periodiskai keisti Siy darbuotoju darbuy veiklos pobudi.
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