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Cytogenetic dosimetry based on dicentric analysis and premature chromosome condensation plays an im-
portant role in the triage and medical management of affected people in radiological accidents. In our studies,
blood samples from persons that were suspected of accidental exposure to ionizing radiation during interventional
radiology procedure (plastic surgery of the renal arteries) were investigated for the purpose of the retrospective
biological dosimetry of absorbed dose. In this case, the obligatory reported dose value, kerma area product,
was high: 106.04 Gy cm?. The peak skin dose was reported by X-ray machine system as 17 Gy. Peak skin dose for
an iso-centric interventional fluoroscope is measured at defined reference point, located 15 cm from the isocenter
toward the X-ray tube. Due to the lack of possibility to connect kerma area product with an effect (kerma area
product could be connected with the maximum local dose in the X-ray field) the patient’s blood and 2 most-at-risk
people (medical doctors) were investigated. In addition, 5 dosimeters for the whole body (Hp(10)) and 1 ring
dosimeter measuring the skin exposure (Hp(0.07)) of medical workers participating in the radiological procedure
were investigated. The measurements of individual doses by the thermoluminescent dosimeters were carried out by
the Laboratory of Individual and Environmental Dosimetry (Polish acronym LADIS). To estimate the potentially
absorbed dose lymphocytes from blood were analyzed for the presence of chromosomal aberrations (dicentrics
and rings), which are the “gold standard” assay for biodosimetry. Additionally, the absorbed dose was monitored
by the analysis of excess fragments with premature chromosome condensation technique, which is recommended
for high doses and partial body exposure. Finally, estimated doses for obtained blood samples were compared
to the dose-response curves for dicentrics and premature chromosome condensation excess fragments, detected in

our laboratory after induction in human lymphocytes by in vitro X-ray irradiation.
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1. Introduction

At present two main approaches of retrospective
dosimetry, biologically-based and physically-based, have
been developed. The effective biodosimetric technique
must fulfill the following three criteria: the dose can
be assessed promptly after-the-fact; the technique can
evaluate dose at the level of an individual, and the
method should provide information sufficient to deter-
mine the type of action that should be taken for that
individual [1]. Physically-based dosimetry always incor-
porates by using a detector that registers results of radi-
ation interaction with matter, for example, the energy of
radiation or traces left by radiation.

Biologically-based biodosimetry approaches are based
on biological processes or biomarkers that are affected
by ionizing radiation. The standard biological dosimetry
technique is based on observation of chromosomal aberra-
tions, particularly the presence of dicentric chromosomes
in peripheral blood lymphocytes (DCA), which are highly
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specific to ionizing radiation and allow for an effective
and reliable estimation of the equivalent whole-body dose
received [2, 3]. However, the above method is limited
by the necessity to achieve nuclear division resulting in
the metaphase which take at least 48 h, therefore not
allowing for same-day biodosimetry assessment and it is
not applicable for high-dose exposure (> 10 Gy) [4].

The limitations of the above method were resolved by
the modification of cytogenetic methods by taking ad-
vantage of the unique features of cell fusion mediated
premature chromosome condensation (PCC) in blood
lymphocytes for biological dosimetry [5]. This phe-
nomenon enables visualization, analysis, and quantifica-
tion of chromosomal aberrations directly in unstimulated
GO-peripheral blood lymphocyte prematurely condensed
chromosomes (PCCs), without requiring a two-day blood
culture [6, 7].

The present study aimed to estimate the dose absorbed
in lymphocytes of persons that were suspected of acci-
dental exposure to ionizing radiation during interven-
tional radiology (IR) procedure (skin dose 17 Gy) and
to compare the potential high-dose radiation exposure
indicators on the same specimen to screen the optimal
biomarker of high-dose radiation exposure.
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2. Materials and methods

Blood samples from 6 persons (patient and 5 medical
workers) that were suspected of accidental exposure to
ionizing radiation during the same interventional radiol-
ogy (IR) procedure (plastic surgery of the renal arteries)
were collected to heparin tubes. Detailed information
on the occupational and medical history of all examined
subjects was obtained by completing a targeted ques-
tionnaire. Blood samples and 5 dosimeters for the whole
body (Hp (10)) and 1 ring dosimeter measuring the skin
exposure (Hp (0.07)) of medical workers participating
in the radiological procedure were delivered to the In-
stitute of Nuclear Physics, Polish Academy of Sciences
after 48 h. Due to the lack of possibility to connect kerma
area product (KAP) with an effect the patient’s blood
and 2 most-at-risk people (medical doctors) were inves-
tigated for the purpose of the retrospective biological
dosimetry of absorbed dose.

3. Physical dosimetry

The measurements of individual doses, in terms of
individual dose equivalent for whole body Hp(10) and
individual dose equivalent for skin Hp(0.07) of medi-
cal staff taking part in the radiological procedure were
carried out by the Laboratory of Individual and En-
vironmental Dosimetry (LADIS) [8]. The laboratory
runs a dosimetry service based on thermoluminescent
dosimeters and is accredited according to PN-EN ISO
17025:2005 standard [9] by the Polish Center for Accred-
itation. Measurements of doses for people working with
ionizing radiation are obligatory in Poland according to
Polish law [10]. For both whole body and ring dosime-
ters used in the measurements lithium fluoride detectors
doped with magnesium and titanium LiF:Mg Ti were
applied. Dosimeters sent back to the laboratory after
the measurement period underwent the standard proce-
dure of readout. Dosimeters were first annealed at tem-
perature of 75°C for 30 and 10 min for whole body and
ring dosimeters, respectively, and cooled down on a thick
aluminum plate. After cooling down automatic read-
out in RADOS RE-2000 reader in 340 °C was performed.
The measurement range is 0.1 mSv—10 Sv for Hp(10) and
0.1 mSv—1 Sv for Hp(0.07).

4. Biological dosimetry

4.1. Culturing, slide preparation

Cultures were set up according to standard proce-
dures [11, 12]. Briefly, whole blood (0.5 ml) was added
per 4.5 ml of the RPMI 1640 culture medium (PAA
Laboratories GmbH Pasching, Austria) that was sup-
plemented with 20% fetal calf serum (Gibco, Carls-
bad, United States), antibiotics, and a small amount
of bromodeoxyuridine. Lymphocytes were stimulated
with PHA (10 mg/ml) (Sigma-Aldrich, St.  Louis,

United States). The cultures were incubated for 48 h
at 37°C, 5% COs. Two hours before the end of culturing,
0.1 ul/ml of colcemid solution was added to each DCA
culture. In the case of PCC culture, in exact 30 min
before ending the culturing process calyculin A (50 nM)
was added to the culture medium. Then, the cells were
fixed as well as stained with Giemsa for PCC and a fluo-
rescence plus Giemsa solution ((Merck Millipore, Darm-
stadt, Germany) for chromosome preparations following
a standard procedure described elsewhere [11].

4.2. Chromosome aberration analysis
and dose estimation

Chromosome analysis was performed according to the
International Atomic Energy Agency (IAEA) manu-
ally [2, 13] by a trained, experienced observer. Cells
finding and image capturing were performed on a Nicon
E-200 microscope. The frequency of dicentrics per cell
in 46 chromosomes was scored manually in an open-
access graphic program ImageJ.

A conventional dose-effect curve obtained from in vitro
irradiation experiments using X-rays (250 kV, 10 mA)
was used to estimate the exposure dose of victims.
The calibration curve was generated by fitting the yield
of aberrations to linear-quadratic dose dependencies.
The dose estimations and the corresponding 95% con-
fidence intervals according to the number of dicentrics
plus centric rings were performed with the free software
CABAS V2.0 [14]. Curve fitting was done by least square
regression method and the quality of the fit was tested
by the chi-squared test. The dose-effect relationship was
Y = 0.0015(£0.0017) 4+ 0.047(+0.0124) x D +
0.054 (£0.007) x D?, where Y equals the number of di-
centrics plus centric rings per cell and D equals the dose
in Gy. The dose range used for the calibration curve was
from 0.3 to 4 Gy.

4.3. PCC excess fragments analysis
and dose estimation

Cells finding and image capturing were performed
on a Metafer 4 scanning system (MetaSystems, Ger-
many) equipped with a Zeiss Axio Imager Z2 microscope.
The PCC fragments per cell in excess of 46 PCC chromo-
somes were scored manually for each experimental point
in aprogram ImageJ. For PCC test the data analysis was
performed using the Microsoft Office Excel 2013 program
and the sum of the PCC excess fragments was obtained
by the OriginPro 9.0 64 bit (OriginLab, Northampton,
MA). The error given in each measurement point is
the standard deviation (SD) of the mean [11].

A PCC excess fragments dose-effect curve obtained
from in vitro irradiation experiments using high doses of
X-rays (250 kV, 10 mA) was used to estimate the expo-
sure doses of the victim. The dose-effect relationship was
Y = 4.64 (£1.63)+25.14 (£2.41) x D+0.70 (£0.21) x D2,
where Y equals the sum of PCC excess fragments in an-
alyzed cells (50 cells) and D represents the dose in Gy;
the used dose range was from 1 to 20 Gy.
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5. Results and discussion

As a result of measurements, 5 values of Hp(10) and
one value of Hp(0.07) were provided. Results of mea-
surements are presented in Table I showing no increase
in dose received by medical staff during the procedure.
Only based on the ring dosimeter the individual dose
equivalent of 2.11 + 0.12 mSv was detected. The results
of measurements thus cannot yield any information on
the exposure and risks to the donor.

The retrospective biological dosimetry was performed
for three persons that were suspected of accidental ex-
posure to ionizing radiation during interventional radi-
ology (IR) procedure. Chromosomal aberration (DCA)
and PCC tests were used for estimation of absorbed dose
of ionizing radiation [15]. Table II presents the num-
ber of unstable CA (dicentrics and rings) in lympho-
cytes as well as their frequencies per cell for three
potentially exposed persons. Obtained results showed
the dicentrics presence only for a patient sample coded
as CA-1-03-2015 (0.012 dic/cell) and a one medical
worker CA-3-03-20153 (0.017 dic/cell). For secondary
worker sample CA-2-03-2015 dicentrics were not ob-
served. To identify partial body exposure the distribu-
tion of dicentrics was analyzed as a deviation from Pois-
son with the u-test [16]. In case the u-test was significant,
a partial body dose was estimated together with the irra-
diated volume of the body using the Dolphin method [13].
The test for the Poisson distribution (Table II) showed
that the distribution of dicentrics plus centric rings in
peripheral blood lymphocytes of both victims followed
a Poisson distribution (u < |£1.96]). The absorbed dose
of ionizing radiation was estimated with using by our
X-ray induced dose-dependent calibration curve based on
dicentric chromosomes plus centric rings (Fig. la) and
amounted to 0.21 Gy for patient and 0.29 Gy for med-
ical worker (CA-3-03-2015). The estimated doses may
suggest low exposure of the donor and medical person-
nel, which might be due to the morphological picture of
the analyzed cells showing poor cell division and a low
number of good quality metaphases. This problem con-
firms many researchers [17-19], which pointed out that
problems with complete nuclear division influencing re-
liable biodosimetry for high-dose exposure (> 10 Gy),
because an insufficient amount of dividing cells can be
obtained.

TABLE I

Measurement results of thermoluminescent dosimeters.

. Whole body Individual
Medical . :
worker 1o dose equivalent dose equivalent
Hp(10) [mSv| | for skin Hp(0.07) [mSv]
1 < 0.1 —
2 < 0.1 -
3 < 0.1 -
4 < 0.1 -
5 < 0.1 2.11£0.12

14

(a)
_ 12
) Eq.Y=C+axD+BxD’
e 1 Coefficients:
o C= 0.0015 +/- (0.0017)
o 08 B = 0.047 +/- (0.0124)
2 a = 0.054 +/-(0.007)
x 0,6 - .
[J]
L
o

4
1000
2 900 (b)
5 800 Eq.Y=C+axD+BxD?
Coefficients:
uEn 700 C= 4.64 +/-(1.63)
© 600 B = 25.14 +/- (2.41)
: 500 o =070 +/-(0.21)
(7]
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Fig. 1. The whole-body of X-rays induced dose-

dependent calibration curves based on dicentric chro-
mosomes plus centric rings (a) and the sum of PCC
excess fragments in analyzed cells (b).

In comparison with conventional cytogenetic tech-
nique, the potential advantage of PCC assay is to elim-
inate the problem of mitotic delay and interphase death
leading to an underestimation of the dose [19, 20].
In our studies, for patient after the accident the PCC
excess fragments analysis was performed in 50 cells
in G2/M phase. Results of the sum of PCC excess frag-
ments in lymphocytes as well as their frequencies per
cell are presented in Table ITI. As might be seen from
PCC excess chromosome fragments (1.2/cell) are over-
dispersed for a studied person, showing u value > 1.96.
From the whole-body of X-ray induced dose-dependent
calibration curve based on the sum of PCC excess frag-
ments in analyzed cells (Fig. 1b) estimated absorbed dose
of ionizing radiation was matched as 2.08 Gy. The ob-
tained results confirmed the high probability of occurring
of accidental situation, however, with a large underesti-
mation of the potential absorbed dose. On the other
hand, the obtained information regarding the exposure
conditions as well as the distribution of chromosomal
defects suggest partial body exposure. Therefore, an
attempt was made to estimate the partial body dose
using the Qpcc method [19, 21, 22]. Obtained results
(Table IIT) showed that the partial-body dose evaluated
on the base of PCC excess fragments in damaged cells
calibration curve was 13.15 4+ 2.53 Gy.
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TABLE II
Comparison of the results of frequency and distribution of dicentrics and estimation of absorbed dose in samples of
human peripheral blood taken from three persons accidentally exposed.
Cells Dic Dic Aberrations a*/y Estimated Dose
scored per cell | 95% LCL | 95% UCL | ratio a dose [Gy|] | 95% LCL | 95% UCL
patient
2 .012 .62 . . —0.11 21 . .02
CA-1-03-2015 59 3 0.0 0.6 8.77 0.99 0 0 0.03 0.5
medical worker
251 0 0.0 0 0 - -
CA-2-03-2015
medical worker
116 2 0.017 0.24 7.22 0.99 | —0.09 0.29 0.02 0.80
CA-3-03-2015
In all samples the distribution of dicentrics in cells followed the Poisson distribution
TABLE IIT

Results of PCC excess fragments analysis and estimation of absorbed dose in human peripheral blood from person
accidentally exposed.

Whole body dose estimation

Cells PCC excess PCC excess Estimated
Patient + SD ?Jy rati + SD
amen scored fragm. fragm./ cell 0" /y ratio a dose [Gy]
PCC-1-03-2015 50 60.00 +30.89 1.2 14.7 68.3 2.08 +2.53
Partial body dose estimation (Qpcc method)
. Cells PCC fragm. Estimated
Patient 95% LCL | 95% UCL + SD
atien damaged / dam. cell % % dose [Gy]|
PCC-1-03-2015 8 7.5 45.8 7.2 13.15 +3.19

Distribution analysis of the number of excess PCC fragments was analyzed as described by Papworth [16] using the o2 /y

and overdispersion parameter (u). A p value > 1.96 indicates that the distribution is significantly overdispersed.

6. Conclusion

The conventional dicentric assay with low background
and high specificity may be a good indicator for biological
dose evaluation. However, it has limitations while esti-
mating high dose exposure. Therefore, apart from the di-
centric assay, it seems appropriate to use other methods
available, such as the PCC assay. Considering the time
needed to give a dose estimate from a blood sample and
lack of cell divide problems, the PCC technique appears
quicker and more flexible than conventional cytogenetics
and could be applied as an additional screening method
to an accidental situation.
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