Óêðà¿íñüêèé Ðàäiîëîãi÷íèé Æóðíàë
© Iíñòèòóò ìåäè÷íî¿ ðàäiîëîãi¿ ³ì. Ñ.Ï. Ãðèãîð'ºâà (2004)

N.A. Maznyk, V.A. Vinnikov
Grigoriev Institute for Medical
Radiology,
Academy of Medical Science
of Ukraine, Kharkiv

Í.Î. Ìàçíèê, Â.À. Â³íí³êîâ
²íñòèòóò ìåäè÷íî¿ ðàä³îëîã³¿
³ì. Ñ.Ï. Ãðèãîðºâà
ÀÌÍ Óêðà¿íè,
ì. Õàðê³â

Calibration dose-response
relationshi ps for cytogenetic
biodosimetry of recent
and past exposure to low dose
gamma-radiation
Êàë³áðóâàëüí³ çàëåæíîñò³ «äîçà  åôåêò»
äëÿ öèòîãåíåòè÷íî¿ á³îäîçèìåòð³¿ íåäàâíüîãî
òà â³ääàëåíîãî ãàììà-îïðîì³íåííÿ
â íèçüêèõ äîçàõ

Öåëü ðàáîòû:Ïîñòðîåíèå áàçîâûõ êàëèáðîâî÷íûõ êðèâûõ
«äîçà  ýôôåêò» äëÿ öèòîãåíåòè÷åñêîé áèîäîçèìåòðèè â ðàííèå
è îòäàëåííûå ñðîêè ïîñëå γ-îáëó÷åíèÿ â íèçêèõ äîçàõ ñ èñïîëüçîâàíèåì êëàññè÷åñêîãî õðîìîñîìíîãî àíàëèçà è òåõíèêè ôëóîðåñöåíòíîé in situ ãèáðèäèçàöèè (FISH).
Ìàòåðèàëû è ìåòîäû: Îáðàçöû êðîâè ÷åëîâåêà áûëè ïîäâåðãíóòû îñòðîìó γ-îáëó÷åíèþ in vitro â äèàïàçîíå äîç îò 0 äî 1 Ãð.
Öèòîãåíåòè÷åñêèé àíàëèç êëåòîê 48 ÷ êóëüòóðû ëèìôîöèòîâ îñóùåñòâëÿëñÿ ñ ïðèìåíåíèåì ðóòèííîãî îêðàøèâàíèÿ è òåõíèêè
FISH (êîìáèíàöèè õðîìîñîì 1, 2 è 4 èëè 6, 9, 15 è 21; ïàí-öåíòðîìåðíûå çîíäû). Ðåãèñòðàöèÿ ñòàáèëüíûõ àáåððàöèé ïðîèçâîäèëàñü ñ èñïîëüçîâàíèåì ìîäèôèöèðîâàííîé PAINT-íîìåíêëàòóðû, ó÷èòûâàþùåé êàæäûé ïîëíûé ìåæõðîìîñîìíûé îáìåí êàê
îäíî ñîáûòèå. Äëÿ ïîñòðîåíèÿ êðèâûõ «äîçà  ýôôåêò» ïðèìåíÿëñÿ ìåòîä èòåðàòèâíî âçâåøåííûõ íàèìåíüøèõ êâàäðàòîâ.
Ðåçóëüòàòû: Çàâèñèìîñòü «äîçà  ýôôåêò» äëÿ âûõîäà ðàäèîãåííûõ àáåððàöèé, âûÿâëÿåìûõ ðóòèííûì ìåòîäîì èëè òåõíèêîé FISH, õîðîøî ñîîòâåòñòâîâàëà êëàññè÷åñêîé ëèíåéíî-êâàäðàòè÷íîé ìîäåëè. Íàáëþäàëîñü ñîâïàäåíèå êàëèáðîâî÷íûõ êðèâûõ äëÿ âûõîäà äèöåíòðèêîâ è êîëüöåâûõ õðîìîñîì, ïîñòðîåííûõ ïî äàííûì ðóòèííîãî è FISH-èññëåäîâàíèÿ; â îáîèõ ñëó÷àÿõ ëèíåéíûé êîýôôèöèåíò ñîñòàâëÿë îêîëî 3102Ãð1, êâàäðàòè÷íûé  îêîëî 8102 Ãð2. Ïóòåì èñêëþ÷åíèÿ èç àíàëèçà íåïîëíûõ òðàíñëîêàöèé â êëåòêàõ ñ ðåàëüíûì èëè ïðåäïîëàãàåìûì
îòñóòñòâèåì ÷àñòè õðîìîñîìíîãî ìàòåðèàëà áûëà ïîñòðîåíà äîçîâàÿ çàâèñèìîñòü äëÿ âûõîäà äåéñòâèòåëüíî ðàäèàöèîííî-èíäóöèðîâàííûõ òðàíñëîêàöèé, îêàçàâøàÿñÿ î÷åíü áëèçêîé ê êðèâîé
äëÿ äèöåíòðèêîâ. Êàëèáðîâî÷íàÿ êðèâàÿ äëÿ ñóììû òðàíñëîêàöèé è èíñåðöèé â «ñòàáèëüíûõ» êëåòêàõ õàðàêòåðèçîâàëàñü ëèíåéíûì êîýôôèöèåíòîì 1,4102Ãð1, ÷òî â 3 ðàçà ïðåâûøàëî
çíà÷åíèå ñîîòâåòñòâóþùåãî ïàðàìåòðà êðèâîé, ïîñòðîåííîé òîëüêî äëÿ ïîëíûõ òðàíñëîêàöèé. Ñ èñïîëüçîâàíèåì ïîëó÷åííûõ êàëèáðîâî÷íûõ çàâèñèìîñòåé áûëî ïîêàçàíî, ÷òî ìèíèìàëüíàÿ
äîçà, äîñòîâåðíî äåòåêòèðóåìàÿ ðóòèííûì äèöåíòðè÷åñêèì ìåòîäîì ïðè àíàëèçå 1000 êëåòîê, ñîñòàâëÿåò 0,14 Ãð îñòðîãî è
0,20 Ãð õðîíè÷åñêîãî γ-îáëó÷åíèÿ. Îòíîñèòåëüíàÿ ÷óâñòâèòåëüíîñòü FISH-áèîäîçèìåòðèè (ïðè àíàëèçå 1000 ãåíîì-ýêâèâàëåíòîâ) âàðüèðóåò îò 0,22 äî 0,31 Ãð îñòðîãî è îò 0,50 äî 0,85 Ãð õðîíè÷åñêîãî îáëó÷åíèÿ ñ ó÷åòîì ïîâûøåíèÿ ñïîíòàííîé ÷àñòîòû
ñòàáèëüíûõ àáåððàöèé ñ âîçðàñòîì â èíòåðâàëå 2060 ëåò.
Âûâîäû: Îáà õðîìîñîìíûõ êîêòåéëÿ, èñïîëüçîâàííûå äëÿ
FISH-àíàëèçà â íàñòîÿùåé ðàáîòå, ïîçâîëÿþò àäåêâàòíî îöåíèâàòü óðîâåíü àáåððàöèé õðîìîñîì â ðàñ÷åòå íà âåñü ãåíîì ïðè ïîñòðîåíèè êàëèáðîâî÷íûõ êðèâûõ. Ñîâïàäåíèå çàâèñèìîñòè
«äîçà  ýôôåêò» äëÿ âûõîäà äèöåíòðèêîâ è äåéñòâèòåëüíî ðàäèàöèîííî-èíäóöèðîâàííûõ òðàíñëîêàöèé õîðîøî ïîäòâåðæäàåò
ãèïîòåçó îá èäåíòè÷íîñòè ìåõàíèçìîâ ôîðìèðîâàíèÿ ýòèõ äâóõ
òèïîâ ìåæõðîìîñîìíûõ îáìåíîâ â îáëó÷åííûõ ëèìôîöèòàõ ÷åëîâåêà. Êàëèáðîâî÷íàÿ êðèâàÿ äëÿ ñóììû ðàäèàöèîííî-èíäóöèðîâàííûõ îáìåíîâ â «ñòàáèëüíûõ» êëåòêàõ îáëàäàåò áîëüøåé ïîòåíöèàëüíîé èíôîðìàòèâíîñòüþ äëÿ ïðàêòè÷åñêîé öèòîãåíåòè÷åñêîé áèîäîçèìåòðèè, ïî ñðàâíåíèþ ñ êðèâîé äëÿ âûõîäà òîëüêî ïîëíûõ òðàíñëîêàöèé, îñîáåííî â óñëîâèÿõ õðîíè÷åñêîãî îáëó÷åíèÿ.
Êëþ÷åâûå ñëîâà: äèöåíòðèêè è öåíòðè÷åñêèå êîëüöà, òðàíñëîêàöèè, ôëóîðåñöåíòíàÿ in situ ãèáðèäèçàöèÿ, ëèìôîöèòû, êàëèáðîâî÷íûå êðèâûå, áèîëîãè÷åñêàÿ äîçèìåòðèÿ.
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Objective: To generate the basic calibration curves for chromosomal biodosimetry of recent and past exposure to low dose
γ-irradiation using conventional cytogenetic analysis and
fluorescence in situ hybridization (FISH) technique.
Material and Methods: Human blood samples were acutely
irradiated in vitro to γ-rays within dose range 0-1.0 Gy.
Cytogenetic analysis was carried in 48 h lymphocyte cultures using
conventional method and FISH highlighting chromosome combinations 1, 2 and 4 and 6, 9, 15 and 21 and centromeres of all
chromosomes. Stable aberrations were recorded with modified
conventional-PAINT descriptive nomenclature, accounting each
complete chromosome exchange as an entity. The dose response
curve fitting was performed by iteratively reweighted least squares
method.
Results: The dose response for both conventionally and FISHmeasured chromosome aberration yields showed a good fit to the
classic linear-quadratic model. Calibration curve for the full
genome dicentrics plus centric rings yield estimated on FISH
coincided with that of estimated by conventional analysis, both
displaying a linear term about 3×102×Gy 1 and quadratic term
about 8×10 2×Gy 2 . Excluding incomplete translocations in cells
with actual or assumed partial lack of chromosomal material from
data treatment provided a dose response for truly radiationinduced translocations, which was very close to that of for dicentrics. The calibration curve for translocations plus insertions
in stable cells had a linear coefficient about 1.40×102×Gy 1 that
was 3 times higher than a respective parameter for complete
translocations alone. The calibration data showed that the minimum dose, which can be statistically detected by conventional
dicentric method with 1000 cells scored, was about 0.14 Gy of acute
and 0.20 Gy of chronic γ-exposure. The relative sensitivity of FISH
biodosimetry with 1000 genome equivalents analyzed varied from
0.22 to 0.31 Gy of acute and from 0.50 to 0.85 Gy of chronic
irradiation according to the increase of spontaneous yield of stable
chromosome exchanges with persons age within 20-60-year interval.
Conclusion:For the calibration purposes, both chromosome
cocktails used in our survey appeared to be suitable for detecting
the true level of aberrations in full genome. The coincidence of the
dose response curves for dicentrics and truly radiation-induced
translocations confirmed the hypothesis about identical mechanisms of balanced and non-balanced interchromosomal exchange
formation in irradiated human lymphocytes. The calibration curve
constructed for truly radiation-induced chromosome exchanges in
«stable» cells seems to be more appropriate in practical retrospective biodosimetry, in compare with complete translocations
alone, especially for chronic exposure conditions.
Key words: dicentrics and centric rings, translocations, fluorescence in situ hybridization, lymphocytes, calibration curves,
biological dosimetry.
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During last four decades the cytogenetic analysis
of human peri pheral blood lymphocytes has been
widely used as the biological technique for detecting and quantifying radiation exposure in man.
The main approach of cytogenetic biodosimetry for
assessing the absorbed dose is based on referring
the yield of aberrations observed in vivo to a
calibration curve generated in vitro with an appropriate reference radiation [1]. Since the basic
technique of metaphase preparation from human
PHA-stimulated lymphocyte cultures was elaborated, a large body of data concerning the doseresponse relationshið for chromosomal rearrange ments induced by ionizing radiation of
different quality has been accumulated using this
test-syste m [2].
Two types of chromosome rearrangåments
have been established as the end-points of choice
for measuring the radiation load to an individual.
The first type includes dicentrics and centric rings,
which can be identified easily using the routine
cytogenetic method with uniform staining of all
chromosomes. The only disadvantage is declining
of their yield with time following exposure. The
second type consists of translocations and insertions, which may persist in human lymphocytes
many years after irradiation and can be visualized
with a fluorescence in situ hybridization (FISH)
technique. Thus, acute exposure accompanied by
deterministic clinical effects or resulted from the
accident in the work place and detected shortly
after the incidence should be evaluated with
dicentriñ measure ment. Evidently, ³t is the past
or long term chronic exposure that will be preferentially investigated by FISH assay [1, 3].
However, in contrast to the progress in calibrating the dicentriñ test syståm and its successful
application in numerous incidents, a lot of questions still exist concerning the utility of translocations as a retrospective biodosimeter. One of
the main problåms w³th FISH-measured stable
aberrations is related to the insufficient standardization of the scoring criteria and differences
in the methods of calibration curve constructing.
The most frequent and popular types of dose
response relationshi ps were those built for all
translocations, but the curves generated for the
combination of complete and some of incomplete
translocations, complete translocations alone or
416

translocations in stable cells only could also be
found in the literature [4-16]. Alternatively to the
fitting a calibration curve from the data of aberration scoring at each dose point, a computational
way for deriving the translocation dose response
has been proposed. It converts the relatively easyto-establish curve for dicentrics into curve for
translocations applying the translocations to
dicentrics ratio as a correction factor, which could
be determined following in vitro or in vivo irradiation [3, 4, 8, 17]. Due to all these variations
the dose effect curves obtained in different laboratories with FISH are not easy to compare.
The world experience has shown that producing
in vitro calibration curves is necessary for each
cytogenetic laboratory undertaking a biodosimetry,
because any tiny inter-laboratory variability of
aberration scoring criteria could cause a meaningful difference in fitted dose-response coefficients and resultant dose estimations, especially
within the low dose range [2, 5, 18]. Taking into
account that the results of cytogenetic experiments
in vitro could be significantly influenced by
variations in physical dosimetry and cell cultivation technique, the dose effect curves should
be set up where possible in frame of collaborative
projects, with aberration scoring quality assurance
and standard irradiation conditions guaranteed.
The most extensive co-operative work on intercomparison and unification of the dose response
curves in different laboratories of the former
Soviet Union was carried out by the international
CEC-CIS Experimental Collaboration Project
No 6 Biological dosimetry for persons irradiated
by the Chernobyl accident (ECP-6) [5].
The task of the present work is to display our
calibration curves for conventionally scored
chromosome aberrations, to describe the original
approach for setting up the calibration curve for
FISH-detected rearrange ments and to determine
the theoretical magnitude of sensitivity for both
methods of biodosimetry.
Material and Methods
The material for constructing the basic calibration curves
in our laboratory was obtained during participating in the
international CEC-CIS Experimental Collaboration Project
Biological dosimetry for persons irradiated by the Chernobyl accident. The details of irradiation procedure and
cell cultivation were published earlier [5]. Briefly, blood
ÓÐÆ

from two healthy male donors was irradiated with Co 60
γ-rays at a dose rate of 0.5 Gymin1 to the following doses:
0.00, 0.10, 0.25, 0.50, 0.75 ànd 1.00 Gy. Setting up PHAstimulated lymphocyte cultures and metaphase harvesting
at 48 h were performed according to the standard method
[1]. Replicated coded slides were prepared from the fixed
cells and used for further analysis.
For conventional cytogenetic analysis the slides from
each dose and donor were stained by conventional Giemsa
method. All types of chromosomal rearrangements detected by routine staining with light microscopy were recorded in metaphases containing 46 centromeres; those
were dicentrics and centric rings accompanied by acentric
fragments, excess acentric fragments, chromatid breaks
and exchanges.
The preparations from one donors blood irradiated at
0.00, 0.25, 0.75 and 1.00 Gy were painted by FISH technique following the procedure adopted by Cytogenetic
Laboratory of National Radiological Protection Board of
the United Kingdom [4, 8]. Combinations of commercial
FITC-labelled whole chromosome probes for chromosomes
number 1, 2 and 4 or 6, 9, 15 and 21 (Cambio) plus a biotinlabelled pancentromeric probe highlighted with Texas Red
(Oncor) were used and other chromosomes were counterstained blue with DAPI. Although FITC was used for all
painted chromosomes, they could be distinguished by a
combination of size, centromere position and intensity of
fluorescence. The FISH-painted slides were examined
using the fluorescence microscopes (Nikon, Zeiss) equipped with separate filters for DAPI, FITC and and tripleband-pass filter for simultaneous vizualization of all three
fluorochromes.
Cells were only accepted for scoring if they contained
exactly 46 centromeres and normal diploid amount of painted material from FITC-highlighted chromosomes.
Unstable aberrations scoring was concentrated on centric
rings and dicentrics involving painted chromosomes, both
accompanied by an acentric fragment. Stable aberrations
were recorded using the modification of hybrid conventional plus PAINT descriptive nomenclature and accounting each exchange (either complete or incomplete) as an
entity. Translocation was recorded as complete if its
reciprocal bicolored counterpart was observed. Incomplete
translocations were described according to the PAINT
system [19]. Bicolored chromosomes with the centromere
located in the non-painted part and accompanied by a painted truncated chromosome were termed t inc(Ab). Incomplete translocations with DAPI signal on the end of painted
chromosome, i.e. t inc(Ba), were subdivided into three subgroups depending on the completeness and disposition of
the painted material in the cell. The terminal exchange
accompanied by an acentric fragment from the painted
chromosome was classified as tinc(Ba+ac). The situation
when the painted chromosome involved in translocation
was not noticeably shorter comparing with its homologue
and a fragment was absent was recorded as t inc(Ba*). At
last, if the translocation occurred in a painted chromosome, which appeared to be distinguishably shorter than
its non-aberrant homologue, and no missing painted fragment were detected somewhere in the cell, the exchange
was recorded as t inc(ÂàÌÐ), i.e. missing part. Insertions
of both (Aba) and (Bab)-types were pooled into one category. Markedly shortened painted chromosomes with a
segment absent were recorded for completeness.
For data comparison the aberration yields at each dose
were expressed per 100 cells. Numbers of the actual cells
scored by FISH were converted into genome equivalents
applying the monocolor version of the formula devised by
Lucas et al [20]. Calculations of the painted fraction of
male genome were performed using the sum of DNA content in highlighted chromosomes [21]. The randomness of
aberration-per-cell distribution was checked with dispersion to mean ratio (σ 2/Y) and Papworths u-test [22]. For
data comparison at different dose points Students t-test
ÓÐÆ

was applied. The dose response curve fitting was performed by the method of iteratively reweighted least squares
using the computer program kindly provided by A.A. Edwards (NRPB, UK).

Results and discussion
The results of aberration scoring in conventionally stained lymphocytes of two donors blood
irradiated at 0-1.00 Gy are presented in Table 1.
The increase of the aberrant cell yields with
radiation dose was clearly seen in both donors
cultures. For structural rearrange ments that was
related to chromosome type aberrations only,
meanwhile the chromatid rearrangåments level
råmained nearly constant around the control
values. For dicentrics, excess acentrics and total
chromosome type aberrations the statistical
increase above the spontaneous levels was detected at the 0.25 Gy dose point for the given
numbers of aberrations and cells scored (p<0.010.001). The chromosome exchanges and fragments appeared to be randomly distributed
amongst the scored cells in consistence with
Poisson statistics, that was confirmed by the values
of dispersion-to-mean ratio and Papworths utest (σ2/Y≈1, u<1.96). Cells containing >1
chromosome type aberration were found at dose
points 0.25, 0.75 and 1.00 Gy, but in each case not
more than 2 separate aberrations were seen in one
metaphase.
Due to the absence of any significant difference
between individual aberration yields at each dose
point, the results derived from cultures of two
donors were combined and the data were fitted
to the linear-quadratic model
Y = c + α  D + β  D 2,

(1),

where Y is the aberration yield, ñ is the background incidence and D is dose in Gy. Table 2
shows the resultant dose-response coefficients with
their standard errors for the different kinds of
chromosome type aberrations or their combinations.
The derived coefficients for background levels
of unstable exchanges and excess acentrics were
within the range of the known values for control
populations [23-25]. The linear coefficients of the
dose response equations for dicentrics and dicen417

trics plus centric rings appeared to be nearly
identical, but the quadratic term was 1.3-times
higher for the total unstable chromosome exchanges than for dicentrics alone. The curve for
excess acentrics yield was more linear and less
quadratic comparing with the regression for exchanges. The equation coefficients for total
unstable chromosome aberrations were close to
the sum of respective values from regressions for
exchanges and fragments.
It should be noted that our dose response data
for dicentrics showed a re markably good fit to the
classic linear-quadratic model (χ2=1.62; p=0.66
for 3 degrees of freedom), and no sign of the
plateau for this end-point within the dose range
100-250 mGy was detected. The presence or
absence of such plateau has been actively discussed during last two decades, because the
phenomenon of possible distortion of the monotonous dose response regression might limitate
the sensitivity of cytogenetic biodosimetry at low
doses [26, 27].
The dose response coefficients obtained in our
work for conventionally scored unstable chromosome exchanges are in very good agree ment with
the large body of the dose response data for
γ-radiation, that have been published by different
laboratories. In those experiments where sufficient
scoring at low doses was performed the linear
coefficients for γ-induced dicentric curves varied
from 0.90 to 5.910-2Gy-1, and the quadratic term
ranged from 2.9 to 7.1110-2 Gy-2 [2, 6-8, 12, 2833]. Both coefficients for dicentrics estimated in
our laboratory fall well in the middle of these
intervals.
The means of the linear and quadratic term for
dicentric dose response obtained under standard
irradiation conditions by different partici pants of
ECP-6 project varied from 1.17 to 5.7710-2Gy-1
and from 2.07 to 9.5810-2Gy-2, respectively.
Coefficients estimated by our laboratory were the
closest to the corresponding parameters of the
overall dicentric curve provided by pooling the data
from all laboratories partici pated in the ECP-6:
α=2.7110-2, β=6.9510-2 [5].
Table 3 shows the data derived from the FISHprocessed preparations scored for aberrations
involving the painted chromosomes, with aberration
yields expressed per 100 genome equivalents.
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Metaphases with ≥2 aberrations or complex
rearrange ments, åxcept rare insertions, were
not observed. According to the dispersion-tomean ratio and Papworths u-test, the aberrationper-cell distribution didnt differ from that of
expected from Poisson statistics at each dose point
(σ2/Y≈1, u<1.96).
The FISH-measured dicentric plus centric ring
yields were close to the respective means obtained
with routine staining at respective dose points.
The sum of incomplete translocations exceeded
the number of complete ones at doses 0.00 and
0.25 Gy, but the difference disappeared at higher
doses. The ratio of incomplete translocations
t(Ab) to that of t(Ba) type was 1:1 in the control
sample and re mained nearly constant at value
1.1 : 1 through the studied dose range.
Among different types of FISH-detected
chromosome aberrations the positive dose dependence was shown for complete translocations,
incomplete translocations of t(Ab), t(Ba*) and
t(Ba+ac) types, but not for incomplete t(BaMP)
translocations and deleted chromosomes with
fragment lost. Assuming the identity of the
mechanisms of formation for t(Ab) and t(Ba)
incomplete exchanges and taking into account
their constant ratio within the studied dose range,
the virtual proportions of different kinds
of t inc(Ab) were calculated. It was made with
multi plying the number of total tinc(Ab) translocations by the respective fractions of tinc(Ba*),
tinc(Ba+ac) and tinc(BaMP) within total tinc(Ba)
at each dose point. The obtained values were
rounded off to the integer numbers and used for
calculating the full-genome yields (Table 4,
columns 3-5). The standard errors were estimated assuming the Poisson per-cell distribution for
each aberration type.
For further data treatment the incomplete
t(Ab) and t(Ba) translocations were combined
into FP (full presence) or MP (missing
part) categories depending on whether all the
material from the chromosome involved into the
translocation was assumed to be present in the cell
(columns 6 and 7 in Table 4). No statistical
elevation of the tinc(MP) yield above the control
was detected even at 1.00 Gy (t=1.03; ð>0.05),
meanwhile the sum of incomplete FP-type translocations showed a sufficient exceeding the
ÓÐÆ

Table 1
Chromosomal aberrations scored by conventional analysis in lymphocytes following low dose Ñî γ-irradiation in vitro
60

Dose,
Gy
0.00

0.10

0.25

0.50

0.75

1.00

Numbers of abnormalities and their yield

Donor

Cells
scored

Ab Cells

Dic fr

CR fr

Ac fr

A Cs

A Ct

²

1000

24

1

0

6

7

18

²²

1000

21

1

0

10

11

10

²+II

Yield

2.25±0.33

0.10±0.07

0.00

0.80±0.20

0.90±0.21

1.40±0.26

²

1000

28

2

1

9

12

16

²²

1000

43

5

0

17

22

21

²+II

Yield

3.55±0.41

0.35±0.13

0.05±0.05

1.30±0.25

1.70±0.29

1.85±0.30

²

1000

52

9

3

25

37

16

²²

1000

55

17

0

29

46

15

²+II

Yield

5.35±0.50

1.30±0.25

0.15±0.09

2.70±0.37

4.15±0.47

1.55±0.28

²

425

47

13

2

3

38

9

²²

500

44

17

0

17

34

10

²+II

Yield

9.84±0.98

3.24±0.58

0.22±0.15

4.32±0.67

7.78±0.88

2.05±0.47

²

500

86

35

3

47

85

13

²²

400

54

24

2

29

55

6

²+II

Yield

15.56±1.21

6.56±0.90

0.56±0.25

8.44±0.99

15.56±1.35

2.11±0.48

²

560

120

53

10

58

121

13

²²

425

90

34

11

42

87

10

²+II

Yield

21.32±1.31

8.83±0.93

2.13±0.46

10.15±1.01

21.12±1.42

2.34±0.48

SE  standard error derived from aberrations-per-cell distribution; Ab Cells  cells with chromosomal rearrangements (either
chromosome or chromatid type); Dic fr  dicentrics accompanied by an acentric fragments; CR fr  centric rings accompanied by an
acentric fragments; Ac fr  excess acentrics; A Cs  total unstable chromosome type aberrations; A Ct  chromatid type aberrations.

Table 2
Dose response equations for unstable chromosome type
aberration yields in human lymphocytes
following 60Ñî γ-irradiation at low dose range in vitro

Aberrations

Dicentrics
Dicentrics + Centric
Rings
Excess Acentrics
Total Unstable
Chromosome
Aberrations

Coefficients of the regression
Y = c + α  D + β  D2
(per 100 cells, D  dose, Gy)
C (±SE c)

α (±SE α)

β (±SE β)

0.087
(±0.046)
0.093
(±0.029)
0.760
(±0.152)

3.052
(±0.787)
2.984
(±0.492)
6.333
(±1.529)

6.236
(±1.133)
8.049
(±0.717)
3.509
(±1.875)

0.852
(±0.169)

9.279
(±1.922)

11.589
(±2.477)

spontaneous level at 0.25 Gy dose point (t=2.39;
p<0.05). The same magnitude of statistical
difference between this dose point and zero dose
was observed for combination of the complete and
incomplete FP-type translocations (t=2.54;
p<0.05), as it is shown in column 8 of Table 4.
The index displayed in the final column is the
frequency of stable chromosome exchanges with
ÓÐÆ

actual or assumed full presence of chromosomal
material in cells without unstable aberrations, that
represents the sum of insertions, complete translocations and those incomplete FP-type translocations, which involved unshortened chromosome,
i.e. actual tinc(Ba*) and calculated tinc(Ab*).
The data for FISH-detected aberrations and
their combinations, which showed the positive dose
dependence, were fitted to the linear-quadratic
equation (Table 5). The coefficients for the full
genome dicentrics plus centric rings yield measured by FISH-technique are in a very good
agree ment with those estimated from conventional scoring. The linear term for complete
translocations alone appeared to be sufficiently
lower than that of for conventional dicentrics or
FISH-detected dicentrics plus rings. The dose
dependence for incomplete FP-type translocations had a quadratic coefficient nearly equal to
the linear one. The dose-response coefficients for
the sum of complete and incomplete FP-type
translocations nearly coincide with the respective
means for the dicentrics plus centric rings curve
419

Table 3
Full genome aberration yield measured by fluorescence in situ hybridization
in lymphocytes after γ-irradiation in vitro
Aberration yield per 100 cells ± SE
(actual number of aberrations involving painted chromosomes is shown in parenthesis)

Genome
Dose,
equivalents
Gy
scored

Dic+CR fr

tinc(Ab)

tcomp

tinc (Ba*)

tinc(Ba+ac)

tinc (BaMP)

Ins

Del Chs

0.37±0.19
0.28±0.16
0.09±0.9
0.00
0.19±0.13
0.00
1.31±0.35
(4)
(3)
(1)
(0)
(2)
(0)
(14)
0.87±0.43
0.65±0.38
0.22±0.22
0.44±0.31
0.22±0.22
0.22±0.22 1.53±0.57
0.25
459
(4)
(3)
(1)
(2)
(1)
(1)
(7)
4.36±0.91 2.18±0.65
0.59±0.34
0.59±0.34
0.20±0.20
0.00
1.39±0.52
6.93±1.13
0.75
505
(35)
(22)
(11)
(3)
(3)
(1)
(0)
(7)
11.11±2.10 7.11±1.72
3.11±1.16
1.33±0.77
1.78±0.88
0.44±0.44
0.89±0.63 1.78±0.88
1.00
225
(25)
(16)
(7)
(3)
(4)
(1)
(2)
(4)
SE  standard error derived from aberrations-per-cell distribution; Dic+CR fr  dicentrics and centric rings accompanied by an acentric
fragments; tcomp  complete translocations; tinc(Ab), tinc(Ba*), tinc(Ba+ac), tinc(BaMP)  incomplete translocations; Ins  insertions; Del
Chs  deleted chromosomes with fragment absent somewhere in the cell.
0.00

1070

0.09±0.09
(1)
1.31±0.53
(6)

Table 4

Full genome frequencies of chromosome exchanges with full presence (FP) or missing part (MP) of chromosomal
material in lymphocytes after γ-irradiation in vitro
Aberration yield per 100 cells ± SE

Dose,
Gy

Genome
equivalents
scored

tinc (Ab*)

tinc (Ab+añ)

tinc (AbÌÐ)

∑tinc (MP)

∑tinc (FP)

tcomp +tinc (FP)

St Exch

0.00

1070

0.09±0.09

0.00

0.19±0.13

0.37±0.19

0.19±0.13

0.56±0.23

0.56±0.23

0.25

459

0.22±0.22

0.22±0.22

0.22±0.22

0.44±0.31

1.09±0.49

1.96±0.65

1.53±0.57

0.75

505

0.79±0.39

0.99±0.44

0.40±0.28

0.59±0.34

2.97±0.76

7.33±1.16

5.74±1.04

1.00

225

1.33±0.77

1.33±0.77

0.44±0.44

0.89±0.63

5.78±1.56

12.88±2.24

10.67±2.06

SE  standard error derived from Poisson statistics; tinc(Ab*)  translocations with assumed full involvement of unpainted chromosome;
tinc(Ab+ac)  translocations with assumed accompanying by unpainted acentrics; tinc(AbMP)  translocations with assumed involving
shortened unpainted chromosome and absence of its fragment somewhere in the cell; Σtinc(ÌÐ)  sum of tinc(AbMP) and tinc(BaMP);
Σtinc(FÐ)  sum of tinc(Ab) and tinc(Ba) translocations with actual or assumed full presence of chromosomal material in the cell;
tcomp  complete translocations; StExch  chromosome exchanges with actual or assumed full presence of chromosomal material in
stable cells ( tcomp + tinc(Ab*) + tinc(Ba*) + ins).

constructed from either conventional or FISH
data. In case of chromosome exchanges with full
presence of chromosomal material in stable cells
the quadratic coefficient was similar to the
respective value for previous end-point, but the
linear term was intermediate between the respective parameters for complete plus incomplete
FP-type translocations and complete translocations alone.
The coincidence of the full genome dicentrics
plus rings yield in FISH-painted and conventionally stained preparations showed that the total
involve ment of the painted chromosome combinations into unstable exchanges did nît deviate
from that of expected from their combined length.
This result confirmed the assumption about the
randomness of the aberration formation in human
chromosomes according to their DNA content.
The similar conclusion was achieved in several
investigations with different combinations of
labeled chromosomes [4-9, 11, 12, 34-37]. So, for
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the calibration purposes, both cocktails used in our
survey appeared to be suitable for detecting the
true level of dicentrics and rings in full genome,
and that agree ment gives confidence that measured translocation yields can be corrected to the
full genome equivalent by the same formula.
The approach suggested in our work for calibrating the syste m of FISH-measured translocation was based on the main princi ple of
cytogenetic biodosimetry, that was setting up the
calibration curve for those types of chromosome
rearrange ments, which show the radiation
specificity and dose dependence. In case of
translocations this question is strictly related to
the mechanisms of their formation in irradiated
human lymphocytes and to correspondence of
these mechanisms to that of for dicentrics. Apart
from the pure àcàdåm³c ³ntåråst, the problåm
of translocations to dicentrics ratio has a practical
side. As mentioned earlier, this parameter can be
applied as a correction factor for deriving the
ÓÐÆ

Table 5
Dose response equations for chromosome aberration
yields measured by fluorescence in situ hybridization
in lymphocytes after γ-irradiation in vitro

Aberrations

Dic+CR fr
tcomp
tinc(FÐ)
tcomp + tinc(FÐ)
St Exch

Coefficients of the regression
Y per 100 cells = c + α  D + β  D2
(D  dose, Gy)
c (±SEc)

α (±SE α)

β (±SE β)

0.093
(±0.007)
0.373
(±0.016)
0.193
(±0.104)
0.568
(±0.105)
0.570
(±0.122)

2.835
(±0.205)
0.449
(±0.222)
2.433
(±1.911)
2.972
(±1.621)
1.401
(±1.682)

8.278
(±0.275)
6.388
(±0.289)
2.455
(±2.431)
8.720
(±2.071)
8.021
(±2.149)

calibration coefficients for translocations from the
corresponding parameters of the relatively easyto-establish dose response for dicentrics [3, 4, 8].
However, during such computations one should
keep in mind that total dicentrics measured by
conventional analysis represent the sum of complete and incomplete ones (i.e. with bicolored
and monocolored acentrics) if visualized by FISH
[4, 8]. Obviously, complete translocations are
analogues of those dicentrics, which are accompanied by bicolored fragment. The situation with
incomplete translocations is more complex and
requires some comments.
The truly incomplete translocations are represented by bicolored chromosomes and acentric
fragments, wh³ñh àrå unjî³nåd to the³r rec³procal chromosomal counterpart. That could arise
the same way as dicentrics accompanied by
monocolored fragments; the mechanism of both
kinds incomplete exchange formation may involve
a palindrome repair of broken DNA ends [38].
The most probable explanation for occurring
incomplete translocations, which are not accompanied by fragment but involve unshortened chromosome with joined counterstained material 
tinc(Ba*), is related to the assumption that they
actually represent reci procal exchanges involving
a small telomeric region, which is beyond the limits
of visual resolution by FISH. The comprehensive
support for this idea was obtained in the studies
where the telomeric probes were used and the data
showed that a dominant majority of all one-way
exchanges appeared to be actually complete ones
ÓÐÆ

resulted from breaks occurring at or near to the
telomeres of chromosomes [39]. Surely, if the
segment translocated from painted to unpainted
chromosome is smaller than required for detecting
by eye, the translocation will be scored as
tinc(Ba*).
The problåm with t inc(BaMP) translocations
was recognized recently as a part of general
question of choosing metaphases for chromosomal
analysis by FISH [40]. Our recording of these
translocations corresponds to designations Tri-,
t(Ba)-ac(b) or pp- (painted piece missing)
proposed by other authors [10, 19, 40]. The
occurrence of such kind translocations could be
caused by the lost of chromosome fragment during
the mitosis of those lymphocyte precursors where
an incomplete exchange of t(Ba+ac)-type initially
arose. So, the obvious reason for the absence of any
dose dependence for the yield of t inc(BaMP)
translocations in our in vitro experiment was the
prevalence of the first post-irradiation mitosis in the
standard 48-h lymphocyte cultures, that limited the
chance of loosing the fragments. But alternatively,
t inc(BaMP) may appear as the result of
chromosome segregation derived from the balanced
chromatid exchange in lymphocyte precursor
during its subsequent mitotic division. The
preference of the second mechanism was supported
by the fact of minority of tinc(BaMP) among all
translocations found in persons who were exposed
to high dose radiation, and including this type of
rearrange ments in data treatment may distort the
result of retrospective dose assessment [40]. When
such chromosome abnormalities are observed in
vivo their exact predecessors are usually unknown,
so the designation tinc(BaMP) see ms to be more
appropriate than t(Ba - ac) which restricts the
origins of these aberrations to initial incomplete
t(Ba+ac) exchanges only.
The main assumption applied in our study for
constructing the calibration curve for incomplete
translocations was the identical mechanisms of
formation for tinc(Ab) and tinc(Ba), implying that
the same three categories of incomplete exchanges
distinguished within total tinc(Ba) must be also
present amongst tinc(Ab). The correctness of this
idea was deduced from the stability of the
tinc(Ab) : tinc(Ba) ratio through the studied dose
range. Evidently, a slightly more frequent oc421

currence of total tinc(Ab) rearrange ments comparing with total tinc(Ba) ones was caused by the
known difference between minimum size of detectable segment for painted and unpainted material,
that was 11.1 Mb for painted and 14.6 Mb for
unpainted chromosomes [41]. The ratios of
t(Ab) to t(Ba) rearrange ments reported by
different authors range from 1.09:1 to 1.29:1
[4, 9, 42, 43], that are rather similar to our data.
Thus, the proportions of different types of
t inc (Ab) exchanges were calculated from the
respective percentages of tinc(Ba*), tinc(Ba+ac)
and tinc(BaMP) within all tinc(Ba) translocations;
and the sum of complete translocations, actual
tinc(Ba*) and tinc(Ba+ac) and virtual tinc(Ab*)
and tinc(Ab+ac) represented the total yield of
translocations truly induced by radiation. This
end-point sååms to be the most adequate for
comparison with radiation-induced dicentrics, and
the resultant similarity of the dose-response
coefficients for dicentrics and the sum of complete
and FP-type incomplete translocations is one of
the most intriguing facts in our study.
Despite all the attention paid to the comparison
of dicentrics and translocations radiation output,
this question has been still unsolved. Sometimes
the dose response curves for translocations and
for dicentrics were rather close, but in other
experiments the radiation induction of translocations appeared to be higher than that of for
dicentrics [4-9, 11, 12, 20, 34, 35, 44-46]. This
variability was caused by several reasons, such as
different nomenclatures used for dicentrics and
translocations scoring and difference in the control
level between these two end-points, especially
when their actual yields with nonsubtracted spontaneous incidence were compared at low doses.
Also, some discrepancies were related to the
technical question whether the centromere probes
were applied for providing the unambiguous
distinguishing between translocations and dicentrics. But strong evidence arises from our data
that the previous results of dicentrics versus
translocations comparison were contradictory
mainly because of somewhat inappropriate choice
of the FISH-measured end-points. The approach
suggested in our work for estimating the total
radiation output of complete and truly radiationinduced incomplete translocations provides a
422

good confirmation for a frequently quoted opinion
about the identity of the mechanisms of balanced
and non-balanced interchromosomal exchange
formation. Thus, the parameters of a calibration
curve for total translocation yield in human
lymphocytes irradiated at G0-phase can be easily
predicted now from the dicentric dose response
applying 1:1 converting factor.
The dose response relàt³însh³ps, which could
be found in the literature for total translocations,
were built either for all translocations including
those with part of chromosomal material missing
or for the sum of complete and all t(Ab)-type incomplete translocations [4-15]. Our present work
sååms to be the first time the splitting of tinc(Ab)
translocations into FP and MP categories has
been proposed for calibration curve constructing.
Therefore our calibration curve constructed for
total translocations could not be compared directly with those obtained in other laboratories, but
such comparison is available in case of the dose
response for complete translocations alone.
The reported estimations of the linear term for
complete translocations are: 1.1910-2Gy-1 (our
computation from their dicentric curve parameter)
[8], 1.5110-2Gy-1 [7] and 1.4110-2Gy-1 (for 2B
rearrange ments according to S&S nomenclature) [16]. It should be noted that two latter
values markedly exceed our estimation
(0.4510-2Gy-1), but they both were accompanied
by quite low means of the quadratic coefficients 
3.4710-2Gy-2 and 1.8310-2Gy-2, respectively.
Taking into account a known inverse correlation
between linear and quadratic terms of the dose
regression [2], a refitting of these two equations
with a quadratic term set at higher values (about
5-810-2Gy-2, as for dicentric curves) will cause
the respective declining of the linear term.
A càlibràt³în sóståm, wh³ñh wàs cînstruñtåd ³n
present work for practical purposes of retrospective FISH-biodosimetry, is not based on total
radiation-induced translocations, because the
potential stability of aberrations needs to be also
taken into account. Obviously, the acentrics
induced as a part of tinc(Ba+ac) and tinc(Ab+ac)
translocations in lymphocyte precursors are
subjects for elimination in subsequent mitotic
divisions, that may cause either mitotic death or the
resultant occurrence of incomplete translocations
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with missing part in mature lymphocytes.
Therefore, these two types of exchanges were
withdrawn from the data during fitting a calibration curve for potentially stable aberrations, but
insertions were added instead, that compensated
the decrease of the aberration number in statistical
analysis. The resultant practically applicable
calibration curve for total stable exchanges has a
significantly higher linear term comparing with that
of for complete translocations alone, that is especially valuable for biodosimetry at low doses.
In trying to derive such a curve in a computational way from the dicentric dose response, one has
to keep in mind that truly incomplete dicentrics
accompanied by a monocolored fragment representing the segment of only one chromosome
involved (equivalents of t inc(Ba+ac) and
tinc(Ab+ac) translocations) are not easy to distinguish from false incomplete ones with visibly
monocolored fragment, which actually carry a nondetectable by eye segment of the counterstained
chromosome (equivalents of t inc (Ba*) and
tinc(Ab*) translocations). Applying the telomer³c prîbås càn solve this problåm probably,
but the conductivity of such assay need to be
evaluated in practice. From other sidå, ³t sååms
appropriate tî uså the åmpirical ratio of total stàblå
exchanges to dicentrics as a converting factor, as
it was originally proposed for generating curves
for total translocations [3, 4, 8, 17]. It should be
noted that an establishing of this factor in vitro
has to be done at low doses for avoiding a possible
data distortion by saturation effects and significant occurrence of complex rearrange ments.
The converting factors coming from the ratios of
linear coefficients in our work is 0.47 for total
stable exchanges and 0.15 for complete translocations only.
Using the equations presented in Tables 2 and
5, the sensitivity of conventional and FISH techniques for practical biodosimetry was estimated.
The acute γ-radiation dose that may cause
doubling of the spontaneous level of conventionally scored aberrations is about 0.03 Gy for
dicentrics plus centric rings and 0.11 Gy for excess
acentrics. From that a higher sensitivity of unstable chromosomal exchanges than acentrics as
biodosimeters becomes obvious. A minimum
γ-dose, which could be detected on the level of
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statistical significance (t=2.00; p<0.05; assuming the Poisson dispersion) with dicentrics and
rings scored in 1000 cells in both irradiated and
control samples, is 0.14 Gy of acute irradiation
and 0.20 Gy of chronic exposure. Estimation of
minimum detectable dose of prolonged exposure
was performed with the quadratic term of the basic
acute curve set to zero. It is a usual practice
recommended by IAEA, if the duration of radiation exposure exceeds 24 hrs and the quadratic
term becomes reduced by the Lea and Catchisids
function to negligibly small value [1].
In case of FISH-measured stable aberrations
a comparison was carried out for end-points
practically applicable in retrospective biodosimetry, those were complete translocations and total
chromosome exchanges with assumed full presence
of chromosomal material in stable cells. For
strengthening the conclusions the known effect of
accumulation of stable aberration spontaneous
level with persons age was taken into account [25,
47-49]. The data describing the yields of FISHmeasured aberrations in three age groups of
control donors investigated in our laboratory had
been recently published [50]. These results were
utilized in the present work for calculating the
virtual FP-fraction within the spontaneous yield
of t(Ab) incomplete translocations, as it was done
for in vitro dose response. The numbers of complete translocations, t(Ba*) and t(Ab*) incomplete translocations and insertions were
pooled within each age group of donors, and the age
dependence for the control level of the chromosome exchanges with full presence of chromosomal material in stable cells was fitted to the
quadratic model. This resulted in the equation
YSp = 1.10 + 2.68  10-3  À2,
where YSp is the full genome yield per 1000 cells
and A is age in years. The coefficients of the age
dependence for the spontaneous yield of complete
translocations only were 1.68 and 1.2410-3 per
1000 cells, respectively [50]. The quadratic shape
of the regression in our work is in total agree ment
with data obtained by other authors [48, 49].
Table 6 presents the doses, which may double
the control level of these two end-points, and doses,
which may cause a statistical difference in aberration yield between irradiated and control sa423

γ-irradiation in vitro the following conclusions
may be drawn.
1. The dîså råspînså rålàt³însh³p fîr unstable
chromosome exchange yield under low dose
radiation exposure showed a good fit to the classic
linear-quadratic model. The calibration curve
coefficients for the full genome dicentrics plus
centric rings estimated from the FISH data
coincided with that of estimated by conventional
analysis. No sign of the plateau for aberration
yield within the low dose range was detected.
2. A new approach to data treatment was
suggested and applied for constructing a
calibration curve for translocations. It consisted
in combining the complete translocation yield with
mathe matically derived fraction of truly radiationinduced incomplete translocations. The dose
response curve generated in this manner appeared
to be very close to that of for dicentrics, confirming
a hypothesis about an identity of the mechanisms
of balanced and non-balanced interchromosomal
exchange formation in irradiated human
lymphocytes.
3. The end-point of choice for the practically
applicable FISH biodosimetry syste m represented the sum of insertions, complete translocations and calculated fraction of those incomplete translocations, which were probably
complete ones with indistinguishably small
translocated segment. The calibration curve
constructed for this end-point had a higher linear
term comparing with complete translocations only,
that may increase significantly the sensitivity of
retrospective FISH biodosimetry, especially in
chronic exposure conditions.

mples each of 1000 genome equivalents, scored in
individuals of different age. The chosen age values
represent the range of most frequent cases of
radiation overexposures known from the literature
data and our own experience. For predicting the
yield of stable aberrations under protracted
exposure the quadratic term of the calibration
curve was reduced in the same manner as for
dicentrics plus rings. The suitability of this
approach was deduced from the coincidence of the
acute dose response for total translocations and
dicentrics, that implied the identity of mechanism
of both types interchromosome exchange formation and an equality of DNA primary breaks
interaction time as a factor for curve modification.
The results show that the age-related accumulation of the spontaneous level are compensated more effectively by a radiation incidence
of total stable chromosome exchanges, comparing
with complete translocations alone. The difference
is especially pronounced at chronic exposure
conditions, where the linear term of the dose
response plays a critical role. That clearly indicates that despite somewhat sophisticated
manner of measuring and calibrating, the combination of complete plus FP-type incomplete
translocations and insertions in stable cells
could become an end-point of choice for retrospective FISH biodosimetry.
Conclusions
From the results of conventional and FISH
measure ments of chromosome aberration yield in
human blood lymphocytes after low-dose

Table 6
A comparison of the FISH-measured end-points resolution power for biological dosimetry
depending on individuals age
Age,
Years

Control level, per 1000
genome equivalents

γ-dose doubling the control level, Gy
Acute

γ-dose detected with 1000 genome
equivalents s cored, Gy

Chronic

Acute

Chronic

tcomp

St Exch

tcomp

St Exch

tcomp

St Exch

tcomp

St Exch

tcomp

St Exch

20

2.18

2.17

0.15

0.10

0.49

0.16

0.30

0.22

1.50

0.50

30

2.80

3.51

0.18

0.14

0.62

0.25

0.32

0.24

1.70

0.60

40

3.66

5.29

0.21

0.18

0.82

0.38

0.32

0.26

1.80

0.65

50

4.78

7.80

0.24

0.24

1.07

0.56

0.34

0.29

2.00

0.80

60

6.14

10.75

0.28

0.29

1.37

0.77

0.36

0.31

2.20

0.85

tcomp  complete translocations; St Exch  chromosome exchanges in stable cells (tcomp + tinc(Ab*) + tinc(Ba*) + ins).
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4. With practically acceptable number of cells
scored, the routine cytogenetic analysis allows an
unbiased detecting the γ-doses about 0.14 Gy
of acute irradiation and 0.20 Gy of chronic exposure. The resolution power of FISH biodosimetry relies on the age-dependent spontaneous level of stable aberrations and varies from
0.22 to 0.31 Gy of acute irradiation and from 0.50
to 0.85 Gy of chronic exposure within the studied
age range (20-60 years).
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