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RESEARCH ARTICLE
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ABSTRACT
Purpose: In the framework of RENEB, several biodosimetry exercises were conducted analyzing differ-
ent endpoints. Among them, the analysis of translocations is considered the most useful method for
retrospective biodosimetry due to the relative stability of their frequency with post irradiation time.
The aim of this study was to harmonize the accuracy of translocation-based biodosimetry within the
RENEB consortium.
Materials and methods: An initial telescoring exercise analyzing FISH metaphase images was done to
harmonize chromosome aberration descriptions. Then two blind intercomparison exercises (IE) were
performed, by sending irradiated blood samples to each partner. Samples were cultured and stained
by each partner using their standard protocol and translocation frequency was used to produce dose
estimates.
Results: The coefficient of variation in the 1st IE (CV ¼ 0.34) was higher than in the 2nd IE (CV ¼ 0.16
and 0.23 in the two samples analyzed), for the genomic frequency of total translocations. Z-score ana-
lysis revealed that eight out of 10 and 17 out of 20 dose estimates were satisfactory in the 1st and
2nd IE, respectively.
Conclusions: The results obtained indicate that, despite the problems identified in few partners, which
can be corrected, the RENEB consortium is able to carry out retrospective biodosimetry analyzing the
frequency of translocations by FISH.
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Introduction

Biological dosimetry allows the estimation of dose from an
exposure to ionizing radiation by the analysis of a biomarker.
The gold standard method for recent and acute exposures is
the analysis of the frequency of dicentric chromosomes in
peripheral blood lymphocytes. In addition, other methodolo-
gies including the analysis of translocations in metaphases,
micronuclei in binucleated cells or ring chromosomes by
using premature chromosome condensation assays are also
recognised as useful (International Atomic Energy Agency
[IAEA] 2011). Moreover, other methodologies are recently
being introduced into the biological dosimetry field, e.g.
cH2AX foci assay, optically stimulated luminescence/electron
paramagnetic resonance, gene expression analysis and
others. Most of these methods are mainly accurate for recent

and acute exposures, but their sensitivity decreases with time
after exposure. The only method capable of dose estimation
years after exposure or in follow-up studies is the analysis of
translocations (IAEA 2011), because their frequency remains
relatively stable with post irradiation time (Salassidis et al.
1995, Lindholm et al. 1998, Duran et al. 2009, IAEA 2011).

In the RENEB (Realising the European Network in
Biodosimetry) project, several quality-controlled biodosimetry
intercomparison assays were conducted analyzing different
endpoints in order to establish the operational basis of the
network. One of these endpoints was translocations, analyzed
by fluorescent in situ hybridization (FISH). Therefore, the aim
of the present exercise was to carry out this assay, including
expert laboratories and others less experienced in FISH ana-
lysis, to determine the efficiency of the different laboratories
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in the analysis of translocations and in dose estimation.
Before starting the practical part of the intercomparison, an
initial harmonization exercise was carried out sending
50 FISH images of cells with different chromosome aberra-
tions. These images were sent electronically to the partici-
pants for telescoring. Then, two FISH translocation
intercomparisons were done. The first intercomparison exer-
cise (1st IE), involved the shipment of an irradiated sample to
the partners for processing, analysis and dose estimation.
Further training was offered to the partners, where required,
to provide a sound basis for future dose estimation. A
second intercomparison exercise (2nd IE) served to improve
the efficiency of dose estimation and harmonization of the
network

Materials and methods

Participant laboratories

The 11 participant laboratories can be seen in Table 1. The
harmonization exercise by telescoring images was carried out
in 2012. The 1st IE was performed in 2013 and the 2nd IE in
2014.

Telescoring exercise

As an exercise of harmonization, 50 FISH-coded images of
cells containing chromosome aberrations were sent electron-
ically to the participant laboratories. The images came from
four different laboratories, and 40 cells showed one colour
painting and 10 three colour painting. The laboratories were
asked to score them and to describe the chromosome aber-
rations according to the modified PAINT nomenclature
(Tucker et al. 1995, Knehr et al. 1998).

Samples, irradiation and delivery

Ten laboratories took part in the 1st IE. Peripheral blood sam-
ples were obtained, with informed consent, from a healthy
male donor aged 53, in accordance with the Ethics
Commission on Animal and Human Experimentation of the
Universitat Aut�onoma de Barcelona (UAB) approved proced-
ure. The samples were irradiated at 2 Gy with a Cs137 source
(IBL437C, CIS Biointernational, GiF sur Yvette, France) located
at the UAB, at a dose rate of 5.4 Gy/min. The samples were
irradiated at 37 �C and maintained at this temperature for 2 h
post irradiation. Then samples were packaged and delivered,
at room temperature, by express services to the different lab-
oratories, arriving approximately 24 h after irradiation. In this
exercise, temperature changes and doses received by the
samples during transport were not monitored. Shipments
were declared as UN 3373 Biological Substance Category B.

Again 10 laboratories took part in the 2nd IE. Nine had
taken part in the 1st IE, but one laboratory was no longer
able to continue and a new partner was recruited. Blood was
taken from two healthy donors, a 31-year-old female (Re5)
and a 22-year-old male (Re6). The irradiation was performed
at the BfS laboratory, with a 137-Cs gamma ray source (HWM

D2000). Doses of 0.85 Gy (Re5) and 2.7 Gy (Re6) were given at
a dose rate of 0.478Gy/min. The samples were irradiated at
37 �C and kept for 2 h at 37 �C. Coded blood samples were
then sent to the participants by express service. Shipments
were again declared as UN 3373 Biological Substance
Category B. Each shipment contained one sample of a low
dose (Re5) and a high dose (Re6). Furthermore, in this second
exercise, each package included a temperature logger and
dosemeter (glass dosemeter, Typ SC-2) to monitor the tem-
perature and record any dose received by the samples dur-
ing transport.

Aberrations scoring and dose estimates

Each laboratory set up blood cultures following standard pro-
tocols, and the FISH technique was applied according to the
individual laboratory’s procedure. The chromosomes painted
by each laboratory are shown in Table 2. The different paint-
ing strategies cover different proportions of the genome,
therefore to compare the frequencies of translocations
between laboratories the observed frequencies were con-
verted to genomic frequencies (FG), according to Lucas and
co-workers proposed model (Lucas et al. 1992, Lucas and
Deng 2000). The chromosome aberrations involving painted
chromosomes can be described by different nomenclatures.
This allows to score different types of chromosome aberra-
tions (i.e. one- or two-way, apparently simple etc.), in all cells
or in stable cells (those without dicentrics, rings or acentric
fragments). In order to compare the same data, it was

Table 1. Participant laboratories

Partners Country IE

Bundesamt f€ur Strahlenschutz (BfS) Germany 1st & 2nd
Bundeswehr Institute of Radiobiology (BIR)

Universitaet Ulm (UULM)
Germany 1st & 2nd

Commissariat �a l’Energie Atomique et aux
�Energies Alternatives (CEA)

France 2nd

Public Health England (PHE) England 1st & 2nd
Instytut Chemii i Techyniki Jadrowej (ICHTJ) Poland 1st & 2nd
Institut de Radioprotection et de Surete

Nucleaire (IRSN)
France 1st & 2nd

Leiden University Medical Centre (LUMC) The Netherlands 1st
National Centre of Radiobiology and Radiation

Protection (NCRRP)
Bulgaria 1st & 2nd

Sateilyturvakeskus (STUK) Finland 1st & 2nd
Universitat Aut�onoma de Barcelona (UAB) Spain 1st & 2nd
Servicio Madrile~no de Salud (SERMAS) Spain 1st & 2nd

Table 2. FISH strategy of each partner.

Partner Painting strategy Chromosomes painted Aberrations scored

1 One colour 2, 4 & 8 Tt
2 One colour 1, 4 & 12 Tt, ASt; 2w-t
3 Three colour 1, 4 & 11 Tt
4 One colour 2, 3 & 5 Tt, TtSC; 2w-t; TtSGEC
5 One colour 1, 2 & 3 Tt
6 Three colour 2, 4 & 12 Tt, ASt
7 One colour 2, 3 & 5 Tt
8 Two colour 1 (green), 4 & 11 (red) Tt
9 One colour 1, 2 & 4 Tt, 2w-t;
10 One colour 1, 4 & 11 Tt, ASt; 2w-t
11 One colour 1 & 2 Tt, ASt; 2w-t

Tt: total translocations in all cells; ASt: apparently simple translocations in all
cells; 2w-t: two-way translocations; TtSC: total translocations in stable cells;
TtSGEC: total translocations in stable genome equivalent cells.
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intended that all laboratories scored the frequency of total
translocations in 500 cells. However, as can be seen in
Table 2, some laboratories carried out dose estimates using
other types of translocations which were not considered in
the present study.

The partners produced dose estimates for the coded sam-
ples using their own FISH dose-effect calibration curves for
translocations. However, three partners in the 1st IE (partners
2, 5 and 8) and two laboratories in the 2nd IE (partners 5
and 8) did not have their own FISH dose-effect curves. For
these partners, the FG of total translocations was interpolated
to their dicentric dose-effect curve, a procedure recom-
mended when no FISH dose-effect curve is available (IAEA
2011). In Table 3 the dose-effect curve coefficients used in
the present intercomparison are shown. The majority of the
dose estimates were done blindly, but it must be pointed
out that, due to various circumstances, the work was delayed
in the laboratories of partners 7 (1st IE) and 3 (2nd IE) and
their dose estimates were produced after the sample codes
were uncovered. However, the translocation frequency and
dose estimation from partners 3 and 7 were in line with
those from the other participants and their results are
included in this report. The lack of a full blind procedure is
noted for the sake of transparency.

Statistics

To compare the FG of translocations, two analyses were car-
ried out. First, the robust z-score (Algorithm A, ISO 5725-
5:1998-6.2-) was used to analyze deviations from the mean
genomic frequency. Values of the z-score between 2.0 and
3.0 are regarded as questionable and higher than 3 or below
�3 as unsatisfactory. Second, to determine if there were dif-
ferences between partners a one-way ANOVA with Tukey’s
correction for multiple comparisons was performed in the 1st
IE. In the 2nd IE, where the distribution of translocations
among cells was known, a non-parametric ANOVA (Kruskal-
Wallis) was used.

The expected Poisson distribution of translocations among
cells was checked using the normalised unit u of the disper-
sion index (Rao and Chakravarti 1956, Savage 1970).

Dose estimates were mainly carried out using ‘Dose
estimation’ software (Ainsbury and Lloyd 2010). To compare
dose estimates between laboratories, the robust z-score was
also used.

Results

Telescoring exercise

In total, 400 metaphase chromosome aberrations descriptions
(40 cells �10 laboratories) were done for one colour FISH.
Forty metaphase descriptions, those from the laboratories
that supplied the images, were considered as reference, so
360 new descriptions were carried out. A total of 86.1% of
these descriptions exactly matched those of the reference
laboratory. For three colour FISH, 90 new metaphase descrip-
tions were done, and 81.1% were in agreement with the ref-
erence description. Globally, the metaphase description of
aberrations was 84.7% consistent for all laboratories and the
discrepancies were discussed in an annual RENEB meeting,
before the start of the 1st IE

First intercomparison exercise

The results of this exercise are summarized in Table 4. In rela-
tion to the FG of total translocations, the mean frequency
was 0.438, ranging from 0.214–0.696. The robust z-score ana-
lysis showed satisfactory results for all partners, indicating
that no frequency differed significantly from the mean.
However, a wide range of FG was detected by a coefficient of
variation (CV) of 0.34. This variability was also seen when a
one-way ANOVA was applied. Significant differences with the
highest FG (partner 2), were observed for partners 4, 5, 7, 8, 9
and 11. On the other hand, significant differences with the
lowest FG (partner 7) were observed for partners 1, 2, 4, 6
and 10 (in all cases p< .05).

In relation to dose estimates (Figure 1), the CV (0.20) was
lower than for translocation frequencies. Two of 10 dose esti-
mates were questionable after the robust z-score analysis.
Both were higher than 3Gy, which is at least a 50% higher
than the real dose of 2 Gy.

Initially, in the 1st IE, the partners presented their results
in different ways, e.g. some laboratories sent the aberrations
scored but did not calculate the frequencies, u or FG, making
it difficult to carry out comparisons and dose estimates. A
conclusion of the 1st IE exercise was that a better

Table 3. Total translocations dose-effect curve coefficients from all partners
except 5 and 8, whose coefficients correspond to their dicentrics dose-effect
curves.

Y¼ C þ aD þ bD2

Partner C ± SE a± SE b± SE

1� 0.0072 ± 0.0021 0.0152 ± 0.0108 0.0809 ± 0.0061
2�� 0.0007 ± 0.0004 0.0375 ± 0.0085 0.0531 ± 0.0054
2 0.0084 ± 0.0033 0.0121 ± 0.0134 0.0371 ± 0.0094
3 0.0173 ± 0.0112 0.0216 ± 0.0046
4 0.0049 ± 0.0016 0.003 ± 0.0061 0.0221 ± 0.0031
5 0.0012 ± 0.001 0.0197 ± 0.0064 0.0597 ± 0.0037
6 0.0012 ± 0.0004 0.0027 ± 0.0039 0.0152 ± 0.0019
7 0.004 0.089 0.06
8 0.0008 ± 0.0005 0.0283 ± 0.0056 0.0255 ± 0.003
9� 0.006 ± 0.001 0.008 ± 0.008 0.06 ± 0.004
10 0.0027 ± 0.0004 0.0208 ± 0.0036 0.0205 ± 0.002
11 0.0005 ± 0.0004 0.0027 ± 0.0032 0.0202 ± 0.0024
�dose-effect curve for equivalent cells; ��dose-effect curve for dicentrics in
the 1st IE.

Table 4. Frequency of translocations in 1st intercomparison exercise.

Partner Cells t Freq ± SE FG ± SE

1 500 77 0.154 ± 0.018 0.481 ± 0.055
2 502 111 0.221 ± 0.021 0.696 ± 0.066
4 500 77 0.154 ± 0.018 0.453 ± 0.052
5 497 77 0.155 ± 0.018 0.426 ± 0.049
6 718 138 0.192 ± 0.016 0.567 ± 0.048
7 350 30 0.086 ± 0.016 0.300 ± 0.055
8 500 36 0.072 ± 0.012 0.214 ± 0.036
9 500 69 0.138 ± 0.017 0.383 ± 0.046
10 877 145 0.165 ± 0.014 0.519 ± 0.043
11 166 16 0.096 ± 0.024 0.344 ± 0.086

t: translocations; Freq ± SE: frequency ± standard error; FG ± SE: genomic fre-
quency ± standard error.
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harmonization in the management of results was necessary.
As some laboratories were not as experienced in the man-
agement of FISH data, an excel file was designed to automat-
ically obtain other data of interest such as the variance,
calculating the u statistic from the distribution of transloca-
tions among cells and the genomic frequency, for use in the
2nd IE.

Second intercomparison exercise

In the 2nd IE, two irradiated blood samples were analyzed.
One received a dose of 0.85Gy (Re5) and the other 2.7 Gy

(Re6) and Tables 5 and 6 show the results of the two sam-
ples, respectively.

The robust z-score analysis for the FG of total translocations
showed satisfactory results for all the partners, with a mean FG
of 0.117 and a range from 0.083–0.140 for sample Re5. In this
sample the coefficient of variation was clearly lower than in
the 1st IE (0.16 vs. 0.34, respectively), and the non-parametric
ANOVA analysis did not show significant differences between
the FG of the partners. In the Re6 sample, the mean FG of
translocations was 0.652 (range 0.478–0.921). The robust z-
score analysis also showed satisfactory results for all the part-
ners, with a coefficient of variation (0.22) slightly higher than
in Re5, but again clearly lower than in the 1st IE. However, in
contrast to Re5, the non-parametric ANOVA (Kruskal-Wallis)
analysis for Re6 showed significant differences between the FG
of some partners. The partner with the highest FG (partner 8)
showed significant differences with partners 2 (p< .05) and 4,
5, 6, 9, 10 and 11 (p< .01). The partner with the lowest FG
(partner 9) showed significant differences with partners 1 and
2 (p< .01) and 3 and 8 (p< .05).

Dose estimates for the Re5 sample (Figure 2(A)) showed
questionable results for two partners (6 and 8), using the
robust z-score analysis. In both cases dose estimates were
higher than the real dose. For the Re6 sample (Figure 2(B)),
these two labs also showed the highest dose estimates, but
the robust z-score analysis only showed an unsatisfactory
result for partner 8.

Discussion

Dicentrics and translocations are induced at a similar fre-
quency by ionizing radiation, so both can be used for dose
estimates if appropriate dose-effect curves are available.
However, translocations cannot be usually detected by uni-
form stain and chromosome painting by FISH becomes a
useful tool because an easy detection of exchange chromo-
some aberrations is possible.

It is assumed that translocations are more persistent with
post irradiation time (Salassidis et al. 1995, Lindholm et al.
1998, 2002) than dicentrics, making the analysis of transloca-
tions the method to choose for retrospective biological dosim-
etry. However, the persistence of translocations is influenced
by some factors, i.e. the type of translocations scored (Duran
et al. 2009), if the exposure is whole body or partial (Guerrero-
Carbajal et al. 1998, Duran et al. 2002), the initial dose (Duran
et al. 2002, Sevan’kaev et al. 2005), the dose fractionation
(Muller et al. 2005, Xuncl�a et al. 2008), the completeness and
complexity of the aberration (Hande and Natarajan 1998,
Lindholm et al. 1998, Xiao et al. 1999, Pala et al. 2001, Duran
et al. 2002, Gardner and Tucker 2002) and the co-occurrence
of translocations and unstable aberrations in the same cells
(Rodr�ıguez et al. 2004, Romm and Stephan 2004).
Nevertheless, the analysis of translocations has been useful in
retrospective biodosimetry studies (Salassidis et al. 1994, 1998,
2000, Finnon et al. 1995, Darroudi and Natarajan 1996, 2000,
Snigiryova et al. 1997, Montoro et al. 2005).

To our knowledge, no quality-controlled intercomparison
biodosimetry studies using the FISH translocation assay have

Table 5. Frequency and distribution of translocations among cells of the Re5
sample (2nd intercomparison exercise).

Cells with n t
(n¼ 0, 1 or 2)

Partner Cells t 0 1 2 Freq ± SE FG ± SE

1 507 15 492 15 0 0.030 ± 0.008 0.093 ± 0.024
2 853 38 815 38 0 0.045 ± 0.007 0.140 ± 0.023
3 420 16 404 16 0 0.038 ± 0.009 0.111 ± 0.028
4 500 14 486 14 0 0.028 ± 0.007 0.083 ± 0.022
5 477 22 455 22 0 0.046 ± 0.010 0.127 ± 0.027
6 543 22 528 22 0 0.041 ± 0.009 0.120 ± 0.026
8 500 22 478 22 0 0.044 ± 0.009 0.131 ± 0.028
9 500 24 481 24 0 0.048 ± 0.010 0.133 ± 0.027
10 500 18 482 18 0 0.036 ± 0.008 0.113 ± 0.027
11 505 17 488 17 0 0.034 ± 0.008 0.120 ± 0.029

t: translocations; Freq ± SE: frequency ± standard error; FG ± SE: genomic fre-
quency ± standard error.

Table 6. Frequency and distribution of translocations among cells of the Re6
sample (2nd intercomparison exercise).

Cells with n t
(n¼ 0, 1, 2, 3 or 4)

Partner Cells t 0 1 2 3 4 Freq ± SE FG ± SE

1 503 127 389 104 8 1 1 0.252 ± 0.023 0.792 ± 0.070
2 503 112 405 85 12 1 0 0.223 ± 0.022 0.701 ± 0.066
3 285 74 221 54 10 0 0 0.260 ± 0.030 0.758 ± 0.088
4 500 102 407 84 9 0 0 0.204 ± 0.020 0.602 ± 0.060
5 280 53 233 41 0 0 0 0.189 ± 0.027 0.520 ± 0.071
6 546 106 451 84 11 0 0 0.194 ± 0.019 0.576 ± 0.056
8 500 155 368 112 17 3 0 0.310 ± 0.025 0.921 ± 0.074
9 500 86 425 64 11 0 0 0.172 ± 0.019 0.478 ± 0.052
10 500 88 416 80 4 0 0 0.176 ± 0.018 0.553 ± 0.059
11 494 86 411 81 1 1 0 0.174 ± 0.018 0.622 ± 0.067

t: translocations; Freq ± SE: frequency ± standard error; FG ± SE: genomic fre-
quency ± standard error.

Figure 1. Dose estimates in the first intercomparison exercise. The sample was
irradiated at 2 Gy. Empty diamonds indicate agreement between the dose of
irradiation and the dose estimates (robust z-score analysis). Half filled diamonds
indicate a questionable dose estimates. Error bars show 95% confidence
intervals.
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been performed until now. Some participating partners of
the present study had little or no experience with FISH until
taking part in the RENEB project. It is for this reason that,
after a telescoring exercise to harmonize the nomenclature
to describe chromosome aberrations, the exercise was sched-
uled in two stages. In the first (1st IE), the laboratories
received an irradiated blood sample and proceeded accord-
ing to standard laboratory procedures. The partners with
experience in FISH technique have dose-effect curves for dif-
ferent types of translocations, but other partners only have
dose-effect curves for dicentrics. When using the latter type
of curve, the total translocation frequency must be converted
to FG to produce a dose estimate, therefore, in the present
article we have only used total translocation data. Moreover,
after the 1st IE a meeting to harmonize the FISH analysis was
organized, with the participation of six partners. Only then
was the 2nd IE carried out.

In relation to the FG of total translocations, in the 1st IE
the coefficient of variation (0.34) was clearly higher than in
the 2nd assay (0.16 and 0.22 for Re5 and Re6 samples,
respectively), indicating that in general the score of transloca-
tions improved and hence the usefulness of training and
intercomparison exercises. Partners 2 and 6, with the highest
FG in the 1st IE showed FG closer to the mean in the 2nd IE.
When the partners were ranked from highest to lowest FG,
no trend was observed between the 1st and 2nd IE.

In the 1st IE, the two partners with the highest FG were
those with questionable dose estimates. Partner 2 used their
dicentric calibration curve to estimate the dose of the 1st IE
sample. However, before the 2nd IE this partner constructed
a FISH dose-effect curve, and in the 2nd IE, their dose esti-
mates were much more precise. Partner 6 showed FG very
close to the mean, indicating successful translocation scoring
in the 2nd IE. However, their dose estimates remained higher
than the true dose, especially for the Re5 sample where the
estimated dose was questionable. In this case, the reason for
the elevated dose estimates can be attributed to their dose-
effect curve, established at the beginning of FISH dosimetric
studies with slightly different scoring criteria. This partner is
now establishing a new dose-response curve by FISH.

In the 2nd IE, partner 8 showed questionable (Re5) and
unsatisfactory (Re6) dose estimates. The FG was in line with
the other partners for the Re5 sample, but it was clearly

higher than the other partners for the Re6 sample. Partner 8
also produced the highest doses estimates for both samples
compared to the other partners. All the doses estimated by
partner 8 were made using their dicentric calibration curve
and a similar problem has occurred with dicentric dose esti-
mates from this lab (data not shown). The combination of
the effect of the calibration curve and the high frequency of
translocations scored in the Re6 sample gave a dose estimate
of 5.48 Gy, 2-fold higher than the real one.

Overall, an improvement was seen between the 1st and
2nd IE in the dose estimates produced by RENEB partners. In
the 1st IE, two out of 10 dose estimates were questionable
and in the 2nd IE, two were questionable and one unsatisfac-
tory out of a total of 20. Those classified as questionable or
unsatisfactory were all over estimates of the true dose, indicat-
ing that in these cases a correction must be done for accurate
dose estimation in cases of real exposures. As possible reasons
for these results have been established, they can be corrected
with further training and repeating the dicentric dose-
response curve or by establishing a FISH calibration curve. A
final consideration is that part of the variability in dose esti-
mates is inherent to this type of studies. First, because the dif-
ferent laboratories established their own dose-response
curves using different types of radiation (i.e. gamma rays from
Co60 or Cs137, or X-rays of different energies) and different
dose rates. Second, because the type of radiation and/or the
dose rate received by the sample can be different from the
one used in the establishment of the dose-effect curve.

Conclusion

In summary, despite the problems identified in few partners,
the results obtained indicate that analysis of translocations
gives reproducible biodosimetry results with a good level of
accuracy. This means that the RENEB consortium is able to
carry out retrospective biodosimetry using the FISH transloca-
tion assay in case of large-scale studies.
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