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Abstract Ionizing radiation can induce a wide range of

DNA damage that leads to chromosomal aberrations.

Some of those aberrations (dicentrics and micronuclei)

are applied in biodosimetry. Biological dosimetry as-

sumes similar radiosensitivity of each donor, but it does

not exclude inter-individual variations in radiation sus-

ceptibility. Therefore, for biological reasons, it is always

challenging to investigate inter-individual variability in

response to radiation. For mechanistic reasons, it is also

interesting to investigate the correlation between dicen-

tric and micronuclei formation in response to radiation.

In this experiment, irradiated blood specimens from 14

healthy male and female donors have been used to

evaluate inter-individual variability in response to the

genotoxic effects of X-ray radiation, as well as the dose–

response relationship and test sensitivity using two

endpoints (dicentrics and micronuclei). The results

showed similar patterns of cytogenetic biomarker dis-

tribution between donors, but differences in the response

of some donors at some doses. Data also showed that

responses of male donors were better detected using the

dicentric test, while for females, micronucleus frequen-

cies were higher in response to the same dose of ra-

diation. No influence of smoking status or age on

specific responses was observed. Group variability in

response to radiation was evaluated using coefficient of

variation for each group of individuals irradiated with

the same doses; as the dose increases, group variability

becomes substantially lower. Despite sporadic inter-in-

dividual variability, trend of radiation-induced changes

was similar. Produced calibration curves for both types

of damage revealed dicentrics as genetic damage more

typical for radiation than micronuclei.

Keywords Ionizing radiation � Dicentric chromosomes �
Micronuclei � Inter-individual variability

Introduction

Ionizing radiation (IR) is a potent genotoxic agent that can

induce a wide range of DNA lesions, including damage to

nitrogenous bases, DNA–DNA and DNA–protein cross-

linking, and single-strand DNA breaks (SSBs) and double-

strand DNA breaks (DSBs). It is generally agreed, how-

ever, that the formation of DSBs is the critical radiation-

induced type of damage that leads to chromosomal aber-

rations, such as formation of dicentrics, reciprocal

translocations and rings, which involve the interaction of

DSBs with each other (Rodrigues et al. 2005).

As a clastogenic agent, IR can also lead to micronuclei

(MN) formation. Micronuclei induced by IR arise from

acentric chromosome fragments and whole chromosomes

that are unable to interact with the spindle. They lag behind

at anaphase, so are not included in the main daughter nuclei

(IAEA 2011).
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Since their formation is induced almost exclusively by

IR, those aberrations are successfully applied in bio-

dosimetry, a methodology based on the investigation of

radio-induced biological effects in order to correlate them

with the dose of radiation (Silva-Barbosa et al. 2005).

Biodosimetry is a valuable dose assessment method,

especially when there are difficulties in interpreting the

data given by physical dosimetry, in cases of radiation

exposure where there are no physical dosimetry data, or in

cases of overexposure during an individual’s working

lifetime (IAEA 2011). Biological dosimetry using chro-

mosome damage biomarkers is particularly important be-

cause it assumes similar radiosensitivity of each donor, but

it does not exclude inter-individual variations in radiation

susceptibility. Therefore, for biological reasons, it is al-

ways challenging to investigate inter-individual variability

in response to powerful genotoxic agents such as IR,

especially at low doses.

For mechanistic reasons, it might also be interesting to

investigate the correlation between dicentric formation in

response to IR measured in individual cells by the dicentric

assay and the frequencies of MN found under the same

experimental conditions. This comparison should allow

estimation of the degree of variability observed by both

methods and the test capabilities in response to various

doses of radiation.

The aims of this study were to evaluate the inter-indi-

vidual variability in response to the genotoxic effects of

X-ray radiation, as well as the dose–response relationship

and test sensitivity using two endpoints (dicentrics and

micronuclei).

Materials and methods

Blood sampling and irradiation

The study included 14 healthy donors (6 males and 8 fe-

males), aged between 27 and 48 years (mean age

38 ± 6.5). Detailed information on the occupational and

medical history of all subjects was obtained by completion

of a targeted questionnaire including demographic data,

smoking history, diet, alcohol intake, use of medication and

exposure to radiation for medical purposes. Data on de-

mographic and lifestyle factors of the participants covered

by the questionnaire are presented in Table 2.

Eight peripheral venous blood samples were collected

from each individual by cubital venepunction in Li-heparin

vacutainers. Equal samples were collected shortly before

the start of irradiation (IAEA 2011). One of them was left

unirradiated (control), and the other seven were treated

with one of the following doses of 6-MeV X-ray radiation:

0.1, 0.2, 0.4, 0.8, 1, 1.5 and 2 Gy, respectively.

Using a CLINAC 600EX machine, samples were irra-

diated at 100 cm distance from the source, at 2 cm depth,

in a PMMA phantom of suitable dimensions, over an area

of 15 9 15 cm2, at the room temperature.

The study fulfilled all ethical standards according to the

Declaration of Helsinki.

Cell culture

Dicentric test

Li-heparin vacutainers were irradiated, and then the blood

was held at 37 �C for 2 h to provide a time interval in

which DNA reparation could occur. Unirradiated vacu-

tainers were prepared in the same manner as irradiated

ones.

Whole-blood microcultures were prepared using RPMI

1640 medium supplemented with 10 % of fetal bovine

serum (Life Technologies, Carlsbad, Calif.). Lymphocytes

were stimulated with phytohemagglutinin (PHA, PAA) at

5 lg/ml for 48 h at 37 �C. During the last 2 h of incuba-

tion, colchicine (0.05 lg/ml; Sigma-Aldrich, St. Louis,

MO) was added to the medium. The cells were exposed to

hypotonic solution (20 min) by stepwise addition of

0.075 M KCl followed by fixation (3 9 20 min) with cold

methanol/acetic acid (3:1). Fixed cells were spread on

slides and dried over a flame. The slides were aged for the

next 5 days. Giemsa-stained slides were coded and scored

blind under a light microscope. No FPG staining was used

to discriminate between M1 and M2 cells. One thousand

well-spread metaphases per subject per dose (including

unirradiated samples) were screened for chromosome

damage (dicentric chromosomes). Chromosomal aberra-

tions in peripheral blood lymphocytes were analyzed ac-

cording to the standard protocol (IAEA 2011).

CBMN test

For the CBMN test, irradiated as well as unirradiated

lymphocytes were cultivated by the same routine as for the

classical cytogenetic analysis (IAEA 2011). After incuba-

tion for 44 h, 0.1 ml of cytochalasin B (Sigma-Aldrich)

solution in DMSO (Sigma-Aldrich) (final concentration of

3 lg/ml) was added to the cultures, and cultivation was

continued for another 24 h. The cultures were then treated

with 0.9 % NaCl solution, followed by a cold hypotonic

solution (0.075 M KCl) to lyse red blood cells. The

supernatant was removed and replaced with fixative con-

sisting of methanol/acetic acid (3:1) with 1 % formalde-

hyde. After incubation for 20 min at room temperature, the

cells were washed with fixative for four times without

formaldehyde. The cells were then re-suspended gently,

and the suspension dropped onto clean glass slides and
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allowed to dry. Cells were stained using 10 % Giemsa in

distilled water.

One thousand binucleate cells per subjects per dose were

analyzed, and the total number of MN found and their

distribution recorded.

Statistical analysis

Dicentric and MN frequencies were calculated for controls

and each radiation dose. Data distribution was examined by

Kolmogorov–Smirnov’s test. The difference between dose-

dependent values of the examined parameters was accessed

by the paired samples t test and Mann–Whitney U test,

depending on the data distribution. Inter-individual varia-

tion in dose-responsive dicentric and MN frequencies was

evaluated by the one-sample Chi-squared test. Coefficient

of variation (CV) was used as the measure of group vari-

ability in response to IR for both dicentric and MN fre-

quencies. Groups defined for this purpose consisted of all

individuals subjected to the same dose of IR. Dose–re-

sponse curves, which display dicentric and MN frequen-

cies, were fitted by nonlinear regression using a linear-

square equation Y = c ? aD ? bD2. H-response ratio was

calculated as ratio of the number of higher than expected

(H) values of observed cytogenetic changes and the count

of measurements.

The analyses were performed using the Statistical

Package for Social Sciences, SPSS 17.0 statistics (SPSS

Inc, IBM, USA) and dose estimation software DoseEsti-

mate v.5.

Results

An increase in chromosome damage was demonstrated,

i.e., dicentric and MN frequency displayed dose-dependent

increases.

Mean values for parameters of chromosome damage

(dicentrics and micronuclei) for all donors at all doses are

given in Fig. 1. There was a highly significant difference

(p\ 0.001) in both dicentric and MN frequencies when

compared with non-irradiated blood samples. The apparent

dose-dependent increase in the examined parameters can

be observed in both histograms. Furthermore, for irradiated

samples, a highly significant difference (p\ 0.001) was

noted when dicentric frequencies were compared between

all dose points. For micronuclei, significant differences

were found between the following consecutive dose points:

0.4–0.8, 0.8–1, 1–1.5 and 1.5–2 Gy.

Looking at the data more closely, it can be seen that

some donors exhibit higher or lower responses at some

doses than the average. Inter-individual variabilities in di-

centric and MN frequencies are shown in Fig. 2. It can be

observed that, regardless of the dose, different donors had

similar distributions of the observed values.

Table 1 shows each donor’s response: higher response

than the average (denoted with H) or lower than the av-

erage (denoted with L). Comparing the results for dicentric

and CBMN test, it can be observed that some donors

tended to have a higher response than the average value,

regardless of the dose or method. In order to determine how

the response differs among donors and methods, we cal-

culated the H-response ratio for each donor, between the

number of H values and the count of measurements.

For example, donor 1 had higher values than the average

8 out of 8 times for dicentric analysis, so his H-response

ratio would be 1. The values of the H-response ratio of all

donors are given in Table 4 sorted by overall H-response

ratio. Some additional information about the donors (age,

gender and smoking habit) is also shown in Table 4.

Donor 1 exhibited a higher response in most cases

(overall H-response ratio 93.75 %), while donors 9 and 14

generally had lower responses (overall H-response ratio

18.75 %). Their results differed from those of other donors

whose H-response ratios were not so extreme. There were

also differences in H-response ratio between tests, i.e., the

response of some donors was better detected using the

dicentric test, and for some of them, micronucleus fre-

quencies were higher in response to the same dose of IR.

Moreover, females had higher H-response ratios for MN

than males in almost all cases (Table 2).

We further analyzed the data to see whether there was a

statistically significant difference between the proportions
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Fig. 1 Mean values expressed as a function of IR dose for a dicentric

frequencies and b MN frequencies
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of lower and higher responses among smokers and non-

smokers. Figure 3 shows the counts for lower and higher

responses for both groups and both methods.

Detailed proportions are given in Tables 3 and 4. Both

tables show the influence of smoking status on overall re-

sponse at all applied doses of radiation measured by di-

centric (Table 3) and micronuclei frequency (Table 4). As

can be seen in Table 3, there were 33.9 % overall lower

and 23.2 % overall higher responses among non-smokers

and 21.4 % overall lower and 21.4 % overall higher re-

sponses among smokers, measured by dicentric analysis.

Table 4 shows 33.9 % overall lower and 23.2 % overall

higher micronuclei responses among non-smokers and

19.6 % overall lower and 23.2 % overall higher micronu-

clei responses among smokers.

The proportions were analyzed by the Chi-squared test,

which did not show any statistically significant differences

between the responses of smokers and non-smokers in the

observed group of donors, either for dicentric analysis

(p = 0.411) or for MN analysis (p = 0.155).

Group variability in response to IR was evaluated using

CV for each group of individuals irradiated with the same

dose. The results for both tests are presented in Fig. 4. For

both tests, group variability in response to IR exponen-

tially decreased as the doses were increased. According to

the coefficients of determination shown in Fig. 4, it is

clear that group variability to IR reflected in dicentric

frequency is considerably lower and more homogenous

than it is reflected in the MN response. CVs for both

examined parameters have one common characteristic; as

the dose increases, group variability becomes substan-

tially lower.

Relationship between dose–response curves

for dicentric and micronucleus induction

All the donors showed similar trends of changes in ra-

diation-induced dicentrics and micronuclei. Therefore, one

type of damage for all donors was combined in a single

pool and compared to the other.
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The linear-squared parameters of the curve for the di-

centric test are a ± SE (0.0526 ± 0.0097) and b ± SE

(0.0591 ± 0.0073) and, for the micronucleus test, a ± SE

(0.0715 ± 0.0143) and b ± SE (0.0089 ± 0.0087). The

dose–response curves are presented in Fig. 5. At low-dose

points, it was observed that both curves follow similar

patterns as indicated by similar a values. However, at

higher doses, a large difference between b coefficients was

observed, with a higher b value for dicentrics.

Discussion

Radiation-induced chromosomal changes can be detected

and measured by the classical chromosomal aberration

technique, based on scoring unstable chromosomal aber-

rations (dicentric chromosomes), a change in chromosome

structure essentially unique for IR (IAEA 2011). Due to

very low background levels of dicentrics (1–2 dicentrics

per 1000 examined metaphase spreads), the test is sensitive

Table 1 Response of donors to radiation measured by dicentric and CBMN test

Donor 0 Gy 0.1 Gy 0.2 Gy 0.4 Gy 0.8 Gy 1 Gy 1.5 Gy 2 Gy

DIC CBMN DIC CBMN DIC CBMN DIC CBMN DIC CBMN DIC CBMN DIC CBMN DIC CBMN

1 H L H H H H H H H H H H H H H H

2 H L H L L L L L L L L H L H L L

3 H H H L H L H H E L L L H H H L

4 H H L L H L H L E H L L L L H H

5 H L E H E H H H H L L L L L L H

6 H H L H E H L H L H L H H L E L

7 H H H H L H E H E H L H H L H H

8 L H L L E L L L L H H H L H L H

9 H L E L L L E L H L H L E L L L

10 H L E L E L L L L L E H L H H H

11 H L L H L H L L E H H L H L H H

12 H L L L E L H L H L L L H L L H

13 H L L L L L E H H H H L L H E H

14 L H E L E L L L L H E H L L L L

Dicentric (DIC) and CBMN test: response to radiation

H higher than average, L lower than average, E equal to average

Table 2 Values of H-response ratio for all donors

Donor H-response ratio

for dicentric analysis

H-response ratio

for MN analysis

Overall H-response

ratio

Age Gender Smoking habit

1 1 0.875 0.9375 35 M No

7 0.5 0.875 0.6875 45 F Yes

3 0.75 0.375 0.5625 36 M Yes

11 0.5 0.5 0.5 27 F Yes

6 0.25 0.75 0.5 39 F No

4 0.5 0.375 0.4375 32 M Yes

5 0.375 0.5 0.4375 39 F No

13 0.375 0.5 0.4375 43 F Yes

8 0.125 0.625 0.375 34 F Yes

10 0.25 0.375 0.3125 31 F No

12 0.5 0.125 0.3125 40 M No

2 0.25 0.25 0.25 34 M No

9 0.375 0 0.1875 49 M No

14 0 0.375 0.1875 48 F No
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enough to estimate biological effects at low doses (IAEA

2011).

However, MN background levels are generally higher

than dicentric chromosomes and, unlike dicentrics, MN are

not specific for radiation (IAEA 2011), although the overall

impression, based on conducted studies of exposure to

genotoxic agents in vitro and in vivo (Kocisova and Sram

1990; Maki-Paakinen et al. 1991; Migliore et al. 1991), is

that the CBMN assay may be relatively insensitive to

exposure to chemicals and agents that are either S-phase

dependent or mainly induce covalent adducts on DNA

(Fenech 1993).

Both tests applied in this study are conventionally used

biomonitoring tools for analysis of human populations

exposed to various genotoxic agents, including IR (Paul

et al. 1997), as well as in biodosimetry (IAEA 2011).

(a)

(b)

Fig. 3 Counts of lower and higher responses for smokers and non-

smokers for a dicentric analysis and b MN analysis

Table 3 Proportions of lower and higher responses among smokers

and non-smokers for dicentric (DIC) analysis

DIC response Total

Lower Higher

Smoking status

No

Count 37 27 64

% within non-smokers 57.8 % 42.2 % 100.0 %

% within DIC response 60.7 % 52.9 % 57.1 %

% of total 33.0 % 24.1 % 57.1 %

Yes

Count 24 24 48

% within smokers 50.0 % 50.0 % 100.0 %

% within DIC response 39.3 % 47.1 % 42.9 %

% of total 21.4 % 21.4 % 42.9 %

Total

Count 61 51 112

% within smoking status 54.5 % 45.5 % 100.0 %

% within DIC response 100.0 % 100.0 % 100.0 %

% of total 54.5 % 45.5 % 100.0 %

Table 4 Proportions of lower and higher responses among smokers

and non-smokers for MN analysis

MN response Total

Lower Higher

Smoking status

No

Count 38 26 64

% within non-smokers 59.4 % 40.6 % 100.0 %

% within MN response 63.3 % 50.0 % 57.1 %

% of total 33.9 % 23.2 % 57.1 %

Yes

Count 22 26 48

% within smokers 45.8 % 54.2 % 100.0 %

% within MN response 36.7 % 50.0 % 42.9 %

% of total 19.6 % 23.2 % 42.9 %

Total

Count 60 52 112

% within smoking status 53.6 % 46.4 % 100.0 %

% within MN response 100.0 % 100.0 % 100.0 %

% of total 53.6 % 46.4 % 100.0 %

322 Radiat Environ Biophys (2015) 54:317–325

123



Furthermore, both assays are established cytogenetic

techniques in the evaluation of intrinsic cellular radiosen-

sitivity in both tumor cells and lymphocytes (Di Giorgio

et al. 2010).

In this study, peripheral blood samples from 14 healthy

donors were irradiated with seven doses, ranging from 0.1

to 2 Gy, in order to evaluate individual radiosensitivity,

measured by the difference in response to radiation, as well

as the ability of the tests to express this response. For the

dicentric test, no FPG staining of metaphases was used to

discriminate between M1 and M2 cells. Instead, cultures

were incubated for 48 h, and during the last 2 h of incu-

bation, colchicine was added to the medium. Based on

previous experiments in our laboratory, this protocol is

expected to give less than 5 % of cells in the second cell

cycle. Radiation-induced chromosomal damage in periph-

eral blood lymphocytes was measured by each technique

separately, and the results compared.

As anticipated, the control frequencies of dicentrics and

micronuclei from unirradiated cells were close to 1 di-

centric per 1000 metaphases and 10 micronuclei per 1000

binuclear lymphocytes and a clear dose-dependent increase

in frequency of both endpoints was observed (Stephan and

Pressl 1999; IAEA 2001, 2011).

Data showed similar patterns of cytogenetic biomarker

distribution between donors, but differences in the response

of some donors at some doses (higher or lower responses

than the average). In order to determine how the response

differs among donors and methods, the H-response ratio

was calculated for each donor, as the ratio between the

number of H values and the count of measurements. There

were two extremes—donor 1, with an overall H-response

ratio of 93.75 %, as an over-reactor, and donors 9 and 14,

who had lower responses in most cases (overall H-response

ratio of 18.75 %). All of the allocated donors were male

and non-smokers, and the low responders were older than

the over-reactor, showing that individual radiosensitivity,

as an inherent characteristic associated with an increased

reaction to IR, can probably be explained by differences in

DNA repair capacity, due to specific mutations or poly-

morphisms in DNA repair genes (Parshad and Sanford

2001; Smart et al. 2003), rather than by age or lifestyle

factors. Further analysis of differences in proportions of

lower and higher responses and smoking status confirmed

this. H-response ratios for other donors were not so

extreme.

The results also showed differences in the H-response

ratio between the tests. Thus, responses of male donors

were better detected using the dicentric test, while for fe-

males, micronucleus frequencies were higher in response to

the same dose of IR. No influence of smoking status or age

on specific responses was observed. This finding could be

expected for dicentrics since their formation is caused
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almost exclusively by ionizing radiation (Ainsbury et al.

2011) as confirmed in cytogenetic study of healthy unex-

posed persons, which reported that age, sex and smoking

habit were not significant predictors of chromosomal

aberrations (Stephan and Pressl 1999). Regarding mi-

cronuclei, it is well known that the micronucleus frequency

is affected by age, gender, diet and other lifestyle factors

(Fenech et al. 2011; Nefic and Handzic 2013; Antunes et al.

2014). Regarding the influence of smoking on micronuclei

formation, study results are inconsistent. Some authors

(Fenech 1993; Bonassi et al. 2005) showed that significant

increases were seen in those who smoked more than

30 cigarettes/day, while most laboratories included in

HUMN project (Bonassi et al. 2003) showed no significant

differences between smokers and non-smokers. These lit-

erature data are in compliance with the results of this ex-

periment: Our volunteers smoked maximum of

20 cigarettes/day, so no significant influence of smoking on

micronuclei formation could be expected.

The higher responses of micronuclei in female donors

can be explained by the fact that women have higher basic

values of MN than men (Fenech et al. 1994; Parshad and

Sanford 2001). In an international study involving nearly

7000 subjects, the baseline of micronucleus frequency in

woman was 19 % higher than in men (Bonassi et al. 2001;

Fenech and Bonassi 2011). These results suggest that an

additional mechanism, possibly the loss of X chromo-

somes, contributes to the micronucleus frequency in fe-

males. The importance of sex as a variable should be taken

into consideration when interpreting data from cross-sec-

tional studies utilizing the cytokinesis-block micronucleus

assay as a biomarker of chromosome damage.

Inter-individual variability of the response to IR depends

on various factors, among which intrinsic factors are of the

greatest significance (Parshad and Sanford 2001; Smart

et al. 2003). These include different genetic predispositions

in the efficiency of DNA repair mechanisms, cellular redox

status and overall quantitative features of each individual

(Bolegenova et al. 2009; Ginsberg et al. 2011; Mutlu-

Türkoğlu et al. 2003). In this study, we observed that when

low doses of IR are applied, these intrinsic differences

between individuals become visible; some persons will

react with greater genotoxic damage, while the others will

exhibit lower genotoxic damage that can be observed via

chromosome aberrations and CBMN testing. However,

high doses of IR are characterized by the emission of large

amounts of energy which causes significant damage to the

genome. This extent of damage comes close to the indi-

vidual’s adaptation maximum, and the intrinsic character-

istics become a factor of very poor influence on radiation

susceptibility and dose-dependent variability. However, the

group variability to different doses displayed the same

pattern for both tests used.

The chromosome aberration test using dicentrics as cy-

togenetic endpoint was shown to be a more accurate

biomarker with lower inter-individual variability in pre-

dicting radiation-induced damage than the CBMN test, as

previously stated by other authors (Ainsbury et al. 2011;

IAEA 2011). This suggests that micronuclei development is

much more dependent on intrinsic factors than the formation

of dicentric chromosomes, which is in compliance with re-

sults of related research (Fenech and Morley 1986; Fenech

2007; Ceppi et al. 2011). This finding could be used for

establishing more accurate confidence intervals for baseline

MN frequencies and for a fuller explanation of the hetero-

geneity of MN values obtained in unexposed populations.

As all the donors showed similar trends of changes in

radiation-induced chromosomal aberrations (dicentrics) and

micronuclei, one type of damage from all donors was com-

bined in a single pool and compared to the other in order to

produce dose–response calibration curves for both kinds of

chromosomal changes. A linear relationship between dose

and chromosomal changes was noted at low doses, but at

higher-dose points, a quadratic relationship was observed.

For low LET radiation (e.g., X- and c-rays), there is a very

strong evidence that the yields of chromosome aberrations or

micronuclei (Y) are related to dose (D) by the linear quadratic

equation: Y = C ? aD ? bD2, where C is the background

frequency of chromosome aberrations/micronuclei, a is the

coefficient for exchange aberrations produced by a single

electron track, and b is the coefficient for aberrations pro-

duced as a consequence of two electron tracks (IAEA 2011).

The linear quadratic curves shown in Fig. 5 do not differ

at low radiation doses. The linear components of the two

linear quadratic curves, which define the relationship be-

tween damage and radiation dose at low-dose points, were

similar, i.e., less than 30 % difference (a = 0.0526 for

dicentrics and a = 0.0715 for micronuclei). The quadratic

components of the curves at high doses were different

(b = 0.0591 for dicentrics and b = 0.0089 for micronu-

clei), with an almost sevenfold higher value of the b co-

efficient for dicentrics. This high value results from the

increase in dicentric frequencies with increasing radiation

dose. Therefore, dicentrics can be considered as more

typical cytogenetic change for radiation than MN. These

results are in accordance with other published data, re-

gardless of the type of radiation (IAEA 1986, 2001; Paul

et al. 1997; Vencatachalam et al. 2001; Wojcik et al. 2003).

Conclusion

Individuals show marked differences in radiation sensi-

tivity, which can be important in both radiation protection

and radiation therapy fields. At the moment, current dose

limits for occupational exposure, as well as protocols for
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radiation treatments are based on the assumption that the

human population is homogeneous in its radiosensitivity;

thus, individuals with high radiation sensitivity would be at

increased risk of both deterministic and stochastic effects.

The identification of such subgroups, as well as establish-

ing the best method for that purpose, is relevant in all fields

of application of IR.
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