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a  b  s  t  r  a  c  t

Biological  dosimetry  plays  an  important  role  in  case  of a radiation  accident  or  incident,  either  when  it
is  the  only  way  to  estimate  the  dose or  when  it is used  to  complement  physical  dosimetry.  A cytoge-
netic  study  was  conducted  in  a group  of 16 Portuguese  individuals  by  use  of  the  cytokinesis-blocked
micronucleus  (CBMN)  assay.  A  dose–response  curve  for micronuclei  yield  was  established  with  a  linear-
quadratic  model:  Y =  (0.0122  ± 0.0010)  +  (0.0241  ±  0.0023)D  +  (0.0193  ±  0.0007)D2.  Also,  baseline  values
for  the  micronucleus  formation  in the  16  donors  were  analyzed,  with  results  in close agreement  with
those  from  other  laboratories.  A  validation  experiment  was  carried  out  with  three  individuals.  The  real
ose–response curve
icronuclei

iological dosimetry
verexposure

and  the  estimated  doses  obtained  with the  dose–response  curve  were  in very  good  agreement,  allowing
the  use  of  the  micronucleus  dose–response  calibration  curve  in  biological  dosimetry  for  estimation  of
radiation  dose  in  case  of  overexposure.

The  results  obtained  for  the  cytogenetic  endpoints,  studied  in the  same  group  of  16  individuals,  were
also  analyzed  as  a  function  of age  and  gender.  A  higher  inter-variability  was  observed  for  the  higher dose

respo
points  and  differences  in  

. Introduction

The widespread use of ionizing radiation for medical, indus-
rial, research and other purposes increases the risk of accidental
uman exposure. Around 400 episodes of overexposure involv-

ng high acute radiation doses have been formally reported by the
nternational Atomic Energy Agency (IAEA) [1,2]. In fact, according
o UNSCEAR [3], the use of ionizing radiation in medical applica-
ions, such as diagnostics and radiotherapy, has seen a remarkable
ncrease in the last decades. Also, the occurrence of large-scale
adiological accidents, or terrorist attacks with ionizing radiation
ave become a realistic concern [1,4].

Biological dosimetry plays an important role in case of radiation
ccidents or incidents either when it is the only way  to estimate
he dose or when it is used to complement physical dosime-
ry [5,6]. Among the radiation-induced chromosomal aberrations
CA), dicentric chromosomes and micronuclei are the most useful
ndpoints for quantitative analysis in cases of radiological acci-
ents [7]. Analysis of dicentric chromosomes in peripheral blood

ymphocytes is considered the ‘gold standard’ technique for bio-

ogical dosimetry [8] because of the very low background level of
icentrics in the healthy general population, and the specificity of
he response to ionizing radiation [9–11]. However, this analysis

∗ Corresponding author. Tel.: +351 219946344.
E-mail address: octavia.gil@ctn.ist.utl.pt (O. Monteiro Gil).
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nse  were  identified  between  genders,  above  2  Gy,  for  all  endpoints.
© 2014 Elsevier B.V. All rights reserved.

is time-consuming and requires highly skilled scorers to evaluate
the samples [2,5]. The cytokinesis-blocked micronucleus (CBMN)
assay, developed by Fenech and Morley in 1985 [12], is an alterna-
tive method to evaluate the biological damage induced by ionizing
radiation [13–17]; it allows quantification of both chromosome
breakage and loss [18,19]. The CBMN assay has the advantage, over
the CA assay, of a more rapid evaluation of samples, not requiring
highly trained scorers [5]. The uncertainty on the dose assessment
is not significantly different between the dicentrics and micronu-
clei for radiation doses exceeding 1 Gy [15]. The main disadvantage
of micronucleus formation is the lack of specificity for ionizing radi-
ation, since it is known that its frequency is affected by other factors
such as age, gender, diet and exposure to chemical agents [20].
Despite this, in the last years the CBMN assay has become a thor-
oughly validated and standardized technique to evaluate exposure
to ionizing radiation [19,21,22] at doses above 0.2–0.3 Gy of X- or
�-rays [6,17,23]. Moreover, several studies have been conducted to
validate the use of the CBMN assay for triage in cases of mass casu-
alty events, where a large number of individuals are involved. For
this purpose, the approaches identified are based in the automa-
tion of the assay and in the reduction of the number of cells scored
[2,24,25]. According to McNamee et al. [5], scoring of only 200 bi-
nucleated cells per subject is sufficient to detect radiation doses

above 1 Gy.

The use of CBMN assay in biological dosimetry needs an
appropriate dose–response curve. As there are inter-laboratory dif-
ferences in the dose–response of micronucleus formation due to

dx.doi.org/10.1016/j.mrgentox.2013.09.012
http://www.sciencedirect.com/science/journal/13835718
http://www.elsevier.com/locate/gentox
http://www.elsevier.com/locate/mutres
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he use of different protocols and scoring criteria, any laboratory
hat intends to carry out biological dosimetry should determine
ts own in vitro calibration curve [6]. In this context, an in vitro
ose–response curve has been established at our Institute (IST/ITN)
or the CBMN assay.

Additionally, a particularly interesting feature of bio-dosimetry
as been not only to obtain estimates of the absorbed dose with
dequate calibration curves, but also to find a way  to demonstrate
nter-individual radiosensitivity [26,27] and a possible correlation

ith age and gender. The influence of age and gender in base-
ine micronucleus frequencies has been reported in several studies
28–30]. Women  are known to have higher baseline micronucleus
requencies than men. In an international study involving nearly
000 subjects, the baseline micronucleus frequency in women was
9% higher than in men  [30,31]. Aging has also been positively
orrelated with an increase in the frequency of micronuclei [29,30].

. Materials and methods

.1. Subjects

To establish the dose–response curve for the CBMN assay, 16
ealthy non-smoking individuals without previous exposure to

onizing radiation for at least the last six months, were studied. All
onors explicitly agreed to participate in this study and answered a
uestionnaire about demographic data, smoking habits, exposure
o ionizing radiation, intake of drugs and diet. Peripheral blood sam-
les were taken from each donor by venipuncture. The subjects,
anging in age from 20 to 59 years, were divided in two  age groups,
rom 20 to 39 and 40 to 59 years, each one consisting of 4 men  and

 women. To validate the dose–response curve, three further indi-
iduals were selected, one woman and two men  aged 31 (donor
), 42 (donor B) and 48 (donor C) years, respectively. Donor B is an
xposed radiation worker (cumulative dose of 3.02 mSv  between
992 and 2012), while the other two had no previous history of
adiation exposure.

.2. Irradiation conditions

The blood samples were irradiated in vitro at the Metrology Lab-
ratory of Ionizing Radiation at IST/ITN. Samples were placed at a
istance of 80 cm from the 60Co radiation source and were irra-
iated at room temperature with an AECL ELDORADO 6 irradiator

n a square radiation field of 8 cm × 8 cm.  Dose rates ranged from
57 mGy/min to 126 mGy/min, due to the decay of the 60Co source.
or each donor, a non-irradiated control was included and six dif-
erent doses were studied: 0.25, 0.50, 0.75, 1.00, 2.00 and 3.00 Gy.
lso, a dose of 5 Gy was given to blood samples of 12 individuals.
he blood samples of donors A, B and C were used to validate the
alibration curve and were irradiated with 1.75 Gy.

.3. Cytogenetic analysis

The CBMN assay was  performed according to the method
escribed in Monteiro Gil et al. [32]. Briefly, aliquots of heparinized
eripheral blood were cultured in RPMI-1640 supplemented with
etal bovine serum, antibiotics (Sigma, St. Louis, MO)  and heparin
B Braun, Queluz de Baixo, Portugal). Lymphocytes were stimulated
ith phytohaemagglutinin (Gibco, Grand Island, NY) and incubated

or 72 h at 37 ± 1 ◦C. Cytochalasin B (Sigma, St. Louis, MO)  was  added
fter 44 h of culture. Cells were harvested by centrifugation, washed

wice and submitted to a mild hypotonic treatment. Centrifuged
ells were placed on dry slides and smears were prepared. Slides
ere fixed with cold methanol/acetic acid (3:1) and stained with
iemsa 4%.
search 760 (2014) 17– 22

For each individual, a total of 1000 bi-nucleated cells per
dose were analyzed in terms of micronucleus frequency, accord-
ing to the criteria of the IAEA [6]. For the validation samples
2000 binucleated cells were scored per individual. The nuclear
division index (NDI) was  calculated according to the formula:
NDI = (M1 + 2M2 + 3M3 + 4M4)/N, where M1–M4 represents the
number of lymphocytes with 1–4 nuclei and N is the total number
of viable cells scored [6,33].

2.4. Dose estimation and statistical analysis

The NDI standard error (SE) was calculated as described by the
IAEA [6]. To analyze if micronucleus formation followed a Pois-
son distribution, the dispersion index (�2/y) and the normalized
unit of this index (u) were used [34]. Dose–response calibration
curves were constructed with the Chromosome Aberration Calcu-
lation Software (CABAS, v.2) [35] and the Dose Estimate software,
v.5.1 [36]. The corresponding 95% confidence intervals were cal-
culated according to Merkle’s simplified approach as described in
IAEA [6] and in Szłuińska et al. [37]. The goodness-of-fit and the
chi-squared test for homogeneity were performed with the Dose
Estimate software [36]. Doses given to the three validation samples
were estimated with the Dose Estimate software [36] and the 95%
confidence limits include the combined Poisson and calibration-
curve errors. Statistical analysis was also performed with the paired
Student’s t-test, the one-way analysis of variance (ANOVA) and the
Spearman’s test.

3. Results

The data for micronucleus formation obtained from 16 healthy
donors were pooled to construct a calibration curve for the CBMN
assay. Prior to the construction of the calibration curve, the chi-
squared test for homogeneity was applied to all doses. For the
pooled micronucleus data, homogeneity between donors was ver-
ified only for the zero dose (p > 0.05). Also, dose–response curves
were constructed for men  and women  and for the 20–39 and 40–59
age groups, separately. The same test was conducted to analyze
homogeneity between donors when the data were split by age and
gender. For both males and females, homogeneity was  determined
only for 0 Gy. For both age groups homogeneity was found in the
0, 0.25 and 0.50 Gy dose groups and for the older group (40–59
years) homogeneity between donors occurred also at 1 Gy. Despite
the inhomogeneity found at most of the radiation doses, results
obtained for the 16 healthy donors were pooled to construct the
calibration curves.

In a total of 124,000 bi-nucleated cells analyzed, 16,231
micronuclei were found and a statistically significant dose-
dependent increase in micronucleus formation was  observed
(p < 0.01). To determine the accuracy of the dose estimation from
the established calibration curves for micronucleus formation we
conducted an in vitro irradiation of peripheral blood simulating
whole-body exposure at 1.75 Gy. After blind scoring 2000 bin-
ucleated cells for donors A, B and C, doses were estimated by
referring the micronucleus frequency to the calibration curves.
Table 1 presents the number of cells scored, the micronucleus fre-
quencies and distributions after irradiation with �-rays at different
doses, both for the pooled data and for the validation samples. The
NDI (±SE), the u-value and the dispersion index are also indicated.
The distribution of micronuclei was tested for Poisson distribu-
tion using the u-test [34] and revealed over-dispersion in all doses,

with u-values between 6.23 and 11.16. Only two of the validation
samples (donors A and B) were consistent with Poisson, with the
u-value between ±1.96. The dispersion-index values are close to
1, ranging from 1.069 and 1.125 for the pooled data, showing
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Table  1
Number of micronuclei and their distribution in binucleated human lymphocytes of blood samples exposed in vitro to different doses of 60Co.

Cells scored Mn  Distribution of Mn  in binucleated cells NDI ± SE u �2/y

0 1 2 3 4 5

Data from 16 donors
Dose (Gy)
0.00 16,000 196 15,812 180 8 0 0 0 1.78 ± 0.20 6.23 1.069
0.25 16,000 327 15,693 289 16 2 0 0 1.79 ± 0.18 10.23 1.114
0.50  16,000 435 15,595 378 24 3 0 0 1.79 ± 0.18 11.16 1.125
0.75  16,000 656 15,392 562 45 0 1 0 1.77 ± 0.17 10.25 1.115
1.00  16,000 879 15,178 765 57 0 0 0 1.75 ± 0.16 6.70 1.075
2.00  16,000 2302 13,968 1791 213 27 1 0 1.73 ± 0.16 10.45 1.117
3.00 16,000 4041 12,556 2902 491 48 2 1 1.64 ± 0.16 6.50 1.073
5.00 12,000 7395 6789 3454 1398 300 50 9 1.50 ± 0.13 8.58 1.111
Validation samples
Donor A 2000 230 1788 195 16 1 0 0 1.84 ± 0.14 1.61 1.051
Donor  B 2000 235 1785 195 20 0 0 0 1.53 ± 0.14 1.69 1.053
Donor  C 2000 221 1805 171 22 2 0 0 1.85 ± 0.16 4.55 1.143

Mn – micronuclei.
NDI – nuclear division index.
SE – standard error.
�2/y – dispersion index.

Table 2
Coefficient values and goodness of fit parameters calculated with Dose Estimate software, for the pooled data and related to age and gender.

c ± SE  ̨ ± SE (Gy−1)  ̌ ± SE (Gy−2) �2 df p

Total 0.0122 ± 0.0010 0.0241 ± 0.0023 0.0193 ± 0.0007 8.6 5 0.127
Men  0.0108 ± 0.0020 0.0266 ± 0.0049 0.0203 ± 0.0014 19.4 5 0.002
Women 0.0136 ± 0.0013 0.0224 ± 0.0028 0.0177 ± 0.0008 6.1 5 0.295
20–39  years 0.0103 ± 0.0019 0.0174 ± 0.0044 0.0209 ± 0.0012 17.5 5 0.004
40–59  years 0.0139 ± 0.0011 0.0313 ± 0.0027 0.0174 ± 0.0008 4.5 5 0.485
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E – standard error.
f – degrees of freedom.

o variation with dose. An analysis of variance study (ANOVA)
as performed and a significant decrease of the pooled NDI val-
es with increasing radiation doses was observed (p < 0.01). Also,

 significant difference of NDI between genders was  identified
p < 0.01) with men  having higher NDI values (data not shown).

oreover, a correlation between NDI and micronucleus frequency
as observed in the Spearman’s rank-order test on the data of the

6 donors (p < 0.01) and also when the values were grouped by age
p < 0.05) and gender (p < 0.01). In addition, the data obtained at the
ndividual donor level were analyzed, and a correlation between

DI and micronucleus formation (p < 0.05) was found for 5 of the
6 donors.

The fitted coefficients of the constructed dose–response curves
re shown in Table 2, taking into account the pooled data and
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ig. 1. Dose–response curve for �-rays using the CBMN assay. Coefficient fit-
ed values of the linear quadratic function Y = c + ˛D + ˇD2 are c = 0.0122 ± 0.0010;

 = 0.0241 ± 0.0023 and  ̌ = 0.0193 ± 0.0007. Observed frequencies of micronuclei
re represented by �. Solid line represents the fitted dose–response curve. 95%
onfidence intervals are represented by dashed lines.
the data split by age and gender. The coefficients were calculated
with CABAS and Dose Estimate softwares, which yielded the same
results. Differences appeared only in the SE values, since the Dose
Estimate software corrects these for under- and over-dispersion.
The resultant fitted curve for micronucleus formation, obtained
with Dose Estimate considering the data from the 16 donors is
YMn = (0.0122 ± 0.0010) + (0.0241 ± 0.0023)D + (0.0193 ± 0.0007)D2

(�2 = 8.6, degrees of freedom = 5, p = 0.127) and shown in Fig. 1, with
the corresponding 95% confidence intervals adjusted according
to IAEA recommendations [6]. Dose estimates for the validation
samples were obtained with the dose–response curve of the pooled
data and the gender- and age-specific calibration curves (Table 3).
The values for the dose estimates ranged from 1.623 ± 0.107 Gy
to 1.860 ± 0.108 Gy. The real dose fell within the 95% confidence

interval of the estimated dose for all donors and for all calibration
curves.

Table 3
Dose estimates for the validation study.

Donor Curve Estimated dose
(Gy) ± SE

95% dose
confidence interval
(Gy)

A Total 1.767 ± 0.093 1.584–1.949
Women 1.843 ± 0.106 1.636–2.050
20–39 years 1.860 ± 0.108 1.649–2.071

B Total  1.793 ± 0.093 1.611–1.976
Men  1.729 ± 0.122 1.489–1.969
40–59 years 1.701 ± 0.107 1.491–1.911

C Total  1.717 ± 0.093 1.535–1.899
Men  1.656 ± 0.122 1.417–1.894
40–59 years 1.623 ± 0.107 1.413–1.832

SE – standard error.
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Table  4
Variation with dose of different cytogenetic endpoints according to age and gender.

Dose (Gy) Total (Mean ± SD) Women  (Mean ± SD) Men  (Mean ± SD) 20–39 years (Mean ± SD) 40–59 years (Mean ± SD)

Micronuclei/binucleated cell
0.00 0.012 ± 0.004 0.013 ± 0.003 0.012 ± 0.004 0.011 ± 0.003 0.013 ± 0.004
0.25  0.020 ± 0.007 0.021 ± 0.008 0.020 ± 0.006 0.015 ± 0.003 0.026 ± 0.006
0.50  0.027 ± 0.009 0.028 ± 0.009 0.026 ± 0.010 0.020 ± 0.005 0.034 ± 0.006
0.75  0.041 ± 0.013 0.045 ± 0.014 0.037 ± 0.012 0.037 ± 0.012 0.045 ± 0.013
1.00  0.055 ± 0.012 0.053 ± 0.012 0.057 ± 0.012 0.050 ± 0.014 0.060 ± 0.007
2.00  0.144 ± 0.034 0.128 ± 0.030 0.160 ± 0.031 0.139 ± 0.030 0.148 ± 0.039
3.00 0.253  ± 0.073 0.234 ± 0.052 0.272 ± 0.089 0.239 ± 0.044 0.266 ± 0.095
5.00 0.616  ± 0.099a 0.577 ± 0.124b 0.645 ± 0.075c 0.624 ± 0.101d 0.602 ± 0.111e

Chromosomal aberrations/cell
0.00 0.038 ± 0.021 0.034 ± 0.013 0.043 ± 0.027 0.036 ± 0.022 0.041 ± 0.022
0.25  0.055 ± 0.024 0.061 ± 0.028 0.048 ± 0.020 0.047 ± 0.012 0.063 ± 0.031
0.50  0.098 ± 0.047 0.085 ± 0.048 0.110 ± 0.046 0.100 ± 0.062 0.095 ± 0.032
0.75 0.164  ± 0.051 0.179 ± 0.051 0.149 ± 0.051 0.180 ± 0.053 0.149 ± 0.048
1.00  0.239 ± 0.045 0.232 ± 0.026 0.246 ± 0.059 0.246 ± 0.043 0.231 ± 0.048
2.00  0.732 ± 0.070 0.749 ± 0.089 0.715 ± 0.042 0.714 ± 0.057 0.750 ± 0.081
3.00  1.534 ± 0.277 1.724 ± 0.171 1.344 ± 0.229 1.558 ± 0.291 1.511 ± 0.280
Dicentric chromosomes/cell
0.00 0.001 ± 0.002 0.001 ± 0.002 0.001 ± 0.002 0.001 ± 0.002 0.001 ± 0.002
0.25  0.008 ± 0.007 0.009 ± 0.007 0.008 ± 0.006 0.006 ± 0.004 0.010 ± 0.008
0.50  0.017 ± 0.014 0.015 ± 0.013 0.019 ± 0.017 0.019 ± 0.018 0.015 ± 0.011
0.75  0.036 ± 0.017 0.041 ± 0.022 0.030 ± 0.005 0.038 ± 0.020 0.033 ± 0.013
1.00  0.058 ± 0.019 0.055 ± 0.015 0.061 ± 0.024 0.058 ± 0.020 0.058 ± 0.020
2.00  0.210 ± 0.032 0.221 ± 0.030 0.198 ± 0.032 0.201 ± 0.030 0.219 ± 0.033
3.00 0.455  ± 0.098 0.514 ± 0.085 0.395 ± 0.071 0.472 ± 0.112 0.438 ± 0.085

SD – standard deviation.
a 12 individuals.
b 5 individuals.
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c 7 individuals.
d 8 individuals.
e 4 individuals.

Table 4 presents the results for micronuclei, CA and dicentrics of
he 16 individuals studied grouped by age and gender. The results of
A assay were from a previous study conducted in the same group
f individuals [38]. For all groups, the results for the three end-
oints analyzed, from 0 Gy to 3 Gy, are the average results for eight

ndividuals. For the results of ‘number of micronuclei/bi-nucleated
ell’, the number of individuals in the 5-Gy dose group varies
epending on the different groups analyzed. Analysis of variance
as performed. Women  showed higher values of dicentrics/cell

nd chromosomal aberrations/cell than men, for 2 and 3 Gy. For
he 3-Gy dose the difference between men  and women  is statis-
ically significant (p < 0.01) for both endpoints. No variation with
ge was seen. Concerning the ‘number of micronuclei/cell’, the
verage baseline for the 16 donors is 12 micronuclei/1000 bi-
ucleated cells. Baseline micronucleus frequencies are higher for
omen and for the older age group. For the doses of 2, 3 and 5 Gy,
en  show more micronuclei/cell than women. Also, for all doses

xcept 5 Gy the older age group shows higher micronucleus fre-
uencies. No significant differences were found between the 16
onors or between genders were found. Significant differences in
icronucleus frequencies were found between age groups for 0.25

nd 0.5 Gy (p < 0.01).

. Discussion

To construct a �-radiation dose–response calibration curve by
se of the CBMN assay, we pooled the data from the 16 donors
o take into account the variability between individuals, since it
s known that the micronucleus frequency is affected by factors
uch as age, gender, diet and exposure to chemical agents [20]. The
esults obtained from the 16 donors were also divided by age and

ender and the corresponding calibration curves were constructed.
he spontaneous level of micronuclei assessed from the 16 healthy
onors ranged from 7 to 18 (data not shown), with a mean value
f 12 micronuclei per 1000 binucleated cells, in good agreement
with baseline values obtained in other laboratories [39,40] and
with what was  expected since baseline values ranging from 0 to
40 micronuclei per 1000 binucleated cells have been reported [6].
In the present work a decrease of NDI was detected with increas-
ing radiation doses; similar results were reported by Bolognesi et al.
[2]. We  also found a correlation between NDI and micronucleus for-
mation in the data of the 16 donors (p < 0.01) and also in the age
(p < 0.05) and gender (p < 0.01) sub-groups. Although the NDI is not
sufficiently robust for direct application as a biological dosimeter, it
can be employed to indicate alterations to the cell cycle that can be
induced by exposure to ionizing radiation [6]. Furthermore, it has
been reported that the NDI can be an useful tool in dose-estimation
after accidental high-dose exposures (exceeding 5–7 Gy), in com-
bination with the CBMN assay [41].

All doses from the pooled data present u-values above 1.96,
which indicates over-dispersion and hence deviation from a
Poisson distribution. Several other studies also showed the
same tendency for over-dispersion in micronucleus distribution
[39,42,43]. Unlike the dicentrics, the distribution of micronuclei
in irradiated cells commonly exhibits over-dispersion, since it
is difficult to determine if the exposure is a total- or a partial-
body irradiation. However, in a study with cancer patients after
hemi-pelvic irradiation, Senthamizhchelvan et al. [7] were able to
identify partial exposures, due to the high �2/y values, which varied
between 2.52 and 2.93.

The values of the  ̨ and  ̌ coefficients obtained here are com-
parable with other studies, despite a certain degree of variation
between different laboratories [39,42,44–46]. It is thus strongly
recommended that every laboratory has its own dose–response
curve [6]. When we  distributed the data by age and gender, no sig-
nificant variations in the calibration curve parameters were found,

although a clear difference can be observed in the  ̨ coefficients
between the calibration curves for the two  age groups. Also,
between males and females the calibration-curve coefficients dif-
fer, although less clearly.
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A validation experiment was performed with three individuals
o test the accuracy of the established dose–response curve to esti-

ate radiation doses. For all cases the 95% confidence interval
ncompassed the actual dose. For donor A, the age and gender cali-
ration curves gave over-estimates when compared with the values
btained with the pooled dose–response curve, while for donor B
he use of the age and gender curves resulted in under-estimates
f the real dose. For donor C, the dose-estimates were lower than
he real dose for all calibration curves, and the dose estimated with
he pooled dose–response curve was the closest to the real dose.
ased on these results the micronucleus dose–response calibration
urve for the 16 individuals is the more suitable to be used in bio-
ogical dosimetry for estimation of dose in case of an accidental
verexposure to radiation.

We  analyzed the results obtained from the 16 individuals as a
otal and also divided by age and gender (Table 4), with the CBMN
nd the CA assays [38]. Women  and the older age group presented
he higher baseline micronucleus levels, in accordance with the
nown differences in age and gender in baseline micronucleus fre-
uencies [20,30,47], but without statistical significance, probably
ainly due to the small size of the study population. A correlation
ith age can also be found in micronucleus formation for all doses

xcept 5 Gy, most likely as a result of the different number of indi-
iduals in each age group for this dose. The older age group presents
igher micronucleus rates, with statistical significance for 0.25 and
.50 Gy (p < 0.01). When the data for micronucleus frequency are
plit-up by gender, men  show higher numbers of micronuclei/cell
han women for 2, 3 and 5 Gy, but this is without statistical sig-
ificance. Analyzing the data of dicentrics/cell and chromosomal
berrations/cell by gender, women present higher yields than men
or 2 and 3 Gy, and for the 3-Gy dose this difference is statistically
ignificant (p < 0.01). A study performed by Marcon et al. [49] with
1 individuals found no influence of age and gender in the number
f CA after 2 Gy (�-rays).

A larger inter-individual variability was seen at 3 Gy, for
icentrics and total CA, and at 3 and 5 Gy for micronuclei. In a pre-

iminary study concerning CA, with six of the donors included in
he present work, we already found a similar inter-individual vari-
bility for the 3-Gy dose [48]. The inter-variability observed in both
ytogenetic assays, for the higher dose points (above 2 Gy), shows

 notable difference in response to high doses of ionizing radia-
ion between individuals, which may  be associated with differences
n genotype [49–51]. In this work inter-individual variability was
bserved in the level of different cytogenetic biomarkers induced
y high doses of ionizing radiation. Moreover, the analysis of the
esults of the 16 individuals in this study suggests a difference
etween genders in the biological response to higher doses of ion-

zing radiation, and further work on this subject can contribute to
larify this idea.
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