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ABSTRACT

Purpose

In case of a mass-casualty radiological event, there would be a need for networking to overcome surge
limitations and to quickly obtain homogeneous results (reported aberration frequencies or estimated
doses) among biodosimetry laboratories. These results must be consistent within such network. Inter-
laboratory comparisons (ILCs) are widely accepted to achieve this homogeneity. At the European
level, a great effort has been made to harmonize biological dosimetry laboratories, notably during the
MULTIBIODOSE and RENEB projects. In order to continue the harmonization efforts, the RENEB
consortium launched this intercomparison which is larger than the RENEB network, as it involves 38
laboratories from 21 countries. In this ILC all steps of the process were monitored, from blood
shipment to dose estimation. This exercise also aimed to evaluate the statistical tools used to compare

laboratory performance.

Materials and Methods

Blood samples were irradiated at three different doses, 1.8, 0.4 and 0 Gy (samples A, C and B) with 4-
MYV X-rays at 0.5 Gy min’!, and sent to the participant laboratories. Each laboratory was requested to
blindly analyze 500 cells per sample and to report the observed frequency of dicentric chromosomes per

metaphase and the corresponding estimated dose.

Results

This ILC demonstrates that blood samples can be successfully distributed among laboratories worldwide

to perform biological dosimetry in case of a mass casualty event.

Having achieved a substantial harmonization in multiple arcas among the RENEB laboratories issues
were identified with the available statistical tools, which are not capable to advantageously exploit the

richness of results of a large ILCs. Even though Z- and U-tests are accepted methods for biodosimetry
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ILCs, setting the number of analyzed metaphases to 500 and establishing a tests” common threshold for

all studied doses is inappropriate for evaluating laboratory performance.

Another problem highlighted by this ILC is the issue of the dose-effect curve diversity. It clearly appears
that, despite the initial advantage of including the scoring specificities of each laboratory, the lack of
defined criteria for assessing the robustness of each laboratory’s curve is a disadvantage for the "one

curve per laboratory" model.

Conclusions

Based on our study, it seems relevant to develop tools better adapted to the collection and processing of
results produced by the participant laboratories. We are confident that, after an initial harmonization
phase reached by the RENEB laboratories, a new step towards a better optimization of the laboratory

networks in biological dosimetry and associated ILC is on the way.
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1- INTRODUCTION

In case of a large-scale radiation emergency, the dose estimation of the victims should be assessed as
fast and accurate as possible. Firstly, a triage should be performed by qualified medical staff according
to clinical signs. Subsequently, a categorization of the exposed people by dosimetry must be carried out
according to their degree of suspected overexposure. Biological dosimetry rapid assessment
complements the clinical triage by categorizing potentially exposed victims in different ranges of
exposure (Vaurijoux et al. 2015; Ainsbury et al. 2014) and is a key element when physical dosimetry is
not available (Christie et al. 2010; Romm et al. 2014a). Because triage based on manual dicentric
chromosome analysis (DCA) is done with a low number of analyzed cells (usually 50), it makes it highly
imprecise as it has large confidence intervals. For this reason, the categorization should be defined by
dose ranges and not in terms of dose alone. Furthermore, after initial triage, dose assessment is needed
in order to confirm the categorization and to give a more precise individual dose estimation (Romm et
al. 2014a). As precise dose assessment requires the analysis of a large number of cells, usually from 500
to 1000 by DCA, the time needed for a correct dose assessment is larger than that needed for triage. As
an example, using manual scoring, one operator would perform triage in 1 hour per sample, but dose

estimation would take approximately two days.

In general, biodosimetry laboratories can manage only a limited number of victims at one time. Thus,
in the case of a mass-casualty radiation incident, where the management of several hundreds of victims
would need to be performed, there is a prerequisite for national and/or international networking.
However, networking must be based on the ability to provide homogeneous results (Voisin 2015; Kulka
etal. 2015, 2017). This means that for any single case, the reported chromosomal aberration frequencies
or estimated doses should be consistent and comparable among the laboratories responding to the
emergency. Harmonization needs standardized procedures; this is an essential point for the successful
coordination of different laboratories (Beinke et al. 2013; ISO 19238; Wilkins et al. 2008; Christic et al.
2010; Beinke et al. 2011). The strategy of establishing a cooperative network among laboratories
requires that each laboratory follows internationally accepted methods for analysis (IAEA 2011, ISO
19238 2014) and regular inter-laboratory comparisons (ILCs) to test performance analysis (Wilkins et
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al. 2008, Di Giorgio et al. 2011). Nowadays it is widely accepted that networking should include regular
international ILC exercises simulating different scenarios, as this would guarantee a more rapid response

and a higher reliability of dose estimates (Wojcik et al. 2010).

During the last decade several ILCs have been performed. Some of them were focused on the triage
(Wilkins et al. 2011; Lloyd et al. 2000; Ainsbury et al. 2009; Garcia et al. 2013; Romm et al. 2011,
2014a, b, Oestreicher et al 2017) while others mainly on dose-assessment (Yoshida et al. 2007; Pan et
al. 2019; Bakkiam et al. 2015; Liu et al. 2016, Roy et al. 2004). In a large-scale ILC involving 7 countries
from the Latin American Biological Dosimetry Network (LBDNet) and 6 laboratories from the
European Union, a good agreement among participants was shown in terms of the reported dicentric
chromosome yields and assessed doses. In this ILC the results after the analysis of 50, 100 or 500 cells
from shared stained slides were evaluated by using robust methods described in different ISO standards
(D1 Giorgio 2011). Another effort in validating international networking using the DCA in the case of a
potential mass-casualty event was done by Wilkins et al. (2008). Several ILCs based on triage have
shown that more than 90% of the participant laboratories correctly categorize the tested samples (Miller
et al. 2007; Di Giorgio et al. 2011; Beinke et al. 2011, 2013; Bhavani et al. 2014; Yoshida et al. 2007,

Roy et al. 2004).

At European level, different projects have been founded in order to improve standardization and
harmonization for the different biomarkers of dose. MULTIBIODOSE helped in defining what would
be the best assay to use depending on different exposure scenarios (Jaworska et al. 2015, Ainsbury et al.
2014). In addition, a NATO project studied the possibility of reducing the number of analyzed cells from
50 to 20 for triage purposes (Beinke et al. 2013). Recently, several RENEB (Realising the European
Network of Biodosimetry) project training sessions and ILCs have allowed the main cytogenetic assays
to be homogenized and standardized among participants. Therefore, RENEB has helped in creating an
efficient European network of biodosimetry laboratories (Kulka et al. 2012). The harmonization and the
quality of the results for triage mode obtained among the RENEB members let us claim that at the
present day RENEB is able to categorize a large number of victims in mass-casualty radiological events
(Kulka et al. 2017; Gregoire et al. 2017; Oestreicher et al. 2017).
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As indicated above, an individual dose assessment should be performed after triage (Romm etal. 2014a,
Wojcik et al. 2010). The present ILC concerned different biomarkers (Micro-Nucleus (MN), Premature
Chromosome Condensation (PCC), gamma H2AX and Gene Expression) and its main goal is to delve
deeper and check the entire process needed for proper networking, from blood sample shipment to dose
estimation. The present work has been focused on the DCA. In addition to the 20 RENEB laboratories,
another 19 laboratories were invited to participate. Finally, as this ILC evaluates the entire process for
dose-assessment by biodosimetry, we will take advantage of the large data set to critically review the

statistical tools used to evaluate laboratory performance.

2- MATERIALS and METHODS

a. Irradiation and Shipment

A 420 ml blood sample from a female donor (Etablissement Frangais du Sang (EFS), France; Agreement
CPSL UNT N°13/EFS/123) was irradiated at 37°C in a water bath with 4-MV X-rays delivered by a
Linear medical accelerator (Elekta Synergy, IRSN, Fontenay aux Roses, France) at 0.5 Gy min-!, dose
in water. The irradiation field was 30 x 30 cm and the distance between the source and the sample was
of 1.07 m. Radiation field mapping and dosimetry was confirmed using cylindrical ionization chamber
(0.125¢c n® 4920) calibrated in dose to water. The blood sample was placed in 3 tubes corresponding to
the different dose points, a high dose of 1.8 Gy, a low dose of 0.4 Gy, and a sham-irradiated sample.
After irradiation, samples were maintained 2 h at 37°C and then the blood was aliquoted into 2 mL
tubes. Blood samples were then coded as follows: the high dose as A, the low dose as C and the sham
irradiated as B. Then, samples were sent to the 39 participant laboratories from 19 countries who were
informed by e-mail of the shipment of three samples. The e-mail informed that there were three blind
samples, that corresponded to high-, low- and sham- irradiated samples. In the same ¢-mail the RENEB

standard scoring sheet for dicentrics, or dicentrics plus centric ring, analysis was attached.

Shipment was performed using commercial express delivery services as UN 3373 Biological Substance

Category B, as described in detail in the manual of the Intemmational Atomic Energy Agency (IAEA
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2011). Each package of blood samples included a temperature logger and a dosimeter to monitor the
temperature and any dose received during transportation. A second blood sample (male donor,
Etablissement Frangais du Sang (EFS), France; Agreement CPSL UNT N°13/EFS/123) was processed

as above and sent to 2 laboratories for whom there were shipment issues (see section 3).

In this study, the laboratories classified as RENEB laboratories (L1 to L20) correspond to those
belonging to the RENEB project that took part in the last RENEB ILC in 2015 (Oestreicher et al. 2017).

The other participants are classified as non-RENEB group (L21 to L38).

b. Cell culture and dicentric chromosome assay

Thirty of the participant laboratories were requested to set up lymphocyte cultures. Blood samples were
transmitted to three other participants by an intermediary laboratory in Bulgaria or South Korea. Thus
33 laboratories received blood samples. In all cases, cultures were processed using each laboratory’s
standard protocol following the recommendations of the TAEA (2011) and the ISO standard 19238
(2014). Finally, a contact laboratory from Canada set up the lymphocyte cultures and sent stained slides
to its network of 6 laboratories. In all cases, the analyses were performed according to a RENEB standard
scoring sheet for the dicentric chromosome assay that was provided to the 39 participants. For each
sample, manual scoring of dicentric chromosomes (or dicentric chromosomes plus centric rings) in 500
cells by two different scorers if possible and using at least two slides (250 cells in each) was requested.
In addition to dicentric frequency per metaphase and dose assessment (Gy) for each sample, participants
were asked to report the Colcemid treatment used and the coefficients and associated errors of their
calibration curve. All participants sent the results directly (30 laboratories) or indirectly (through their

reference laboratory in Bulgaria, Canada and South Korea) to the organizing laboratory at the IRSN.

c. Dose assessment

For dose assessment, laboratories converted the frequency of aberrations observed per metaphase into
absorbed dose using their own calibration curves based on dicentric chromosomes or dicentric
chromosomes plus centric rings scoring. Some of the laboratories without their own calibration curve

decided to use the calibration curve data available in the last technical IAEA report on biodosimetry
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(IAEA, 2011). The calculations needed to convert the observed dicentric chromosomes (or dicentric
chromosomes plus centric rings) into estimated doses were made by means of various software
programs: CABAS V2.0 (Deperas et al 2007), different versions of Dose Estimate (Ainsbury and Lloyd
2010), or in-house developed software based on Microsoft Excel (L6, L15, L19 and L34). All

laboratorics estimated the doses in Gray (Gy) and included the 95% confidence intervals as requested.

d. Statistics

To assess the performance of each laboratory and the reproducibility of the exercise, the statistical
analysis followed the (ISO 5725 1998) recommendations which provide detailed guidance of general
statistical methods to use in proficiency testing schemes. These methods were successfully applied for
biological dosimetry in Di Giorgio et al. (2011). In brief, the robust estimations of the mean and standard
deviations of frequencies or doses were performed using the Algorithm A (algA function of the R
software “metrology” package) (ISO 13528, 2015). This algorithm yields robust location and scale
estimates by the “winsorisation” of the original data (the extreme values, instead of being deleted, are
shifted towards the bulk of the data using adequate upper and lower thresholds obtained by an iterated
scale). The “Breakdown points™ for these estimators (proportion of outliers without an adverse impact
on the estimates) are approximately 30, which constitutes an adequate resistance to outlying values. A
robust estimation of the coefficient of variation can then be obtained as the ratio of the robust standard

deviation to the robust mean.

Once the mean and standard deviation robustly estimated, the performance analysis was conducted using
the Z- and U-tests. The Z-test measures the deviation of each laboratory’s reported frequency or
estimated dose from the robust mean of the reported frequencies or the delivered dose, both considered
as reference values. The Z-test also takes into account a robust standard deviation from the reported
frequencies or doses, and a standard uncertainty of the reference value. Laboratory performance using
the Z-test categorizes reported values into “satisfactory” when the |Z | value is < 2, “questionable” for
a |Z | value between 2 and 3, and “unsatisfactory” when the |Z | value is > 3. Z-tests do not consider the
uncertainty of each participating laboratory. On the other hand, the U-test considers the mean value and

its confidence interval. With the U-test, the results of each laboratory are interpreted considering the

14

E-mail: JRB@Northwestern.edu URL: http://mc.manuscriptcentral.com/ijrb


mailto:IJRB@Northwestern.edu
http://mc.manuscriptcentral.com/ijrb

OOV WN =

International Journal of Radiation Biology

upper critical value of Student's t distribution, usually with a 0.05 probability of exceeding the critical
value, and with N-1 degrees of freedom (where A is the number of laboratories). For both tests, Z and
U, and to prevent against the multiple testing issues in the statistical inference, the Benjamini-Hochberg
(BH) (Benjamini and Hochberg 1995) adjustment was performed for controlling the false discovery rate
(FDR). This FDR-based control has been widely used in cases where a large number of hypotheses are
simultaneously tested and has been shown to be less conservative than the Bonferroni adjustment

(Shaffer 1995).
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3- RESULTS
a. Shipment

A total of 39 laboratories were involved in this ILC. From the initial shipping of blood samples by the
organizing laboratory (IRSN), 11 laboratories belonging to the European Union (EU) received them
within a period of 24h; and 22 laboratories received them within a period of 48 h regardless of location
(EU or non-EU). 4 laboratories received the blood samples after a period larger than 48 h (from 48.5 h
to 68 h), and 2 laboratories did not receive the samples due to an issue with customs authorities. A new
shipment for the latter 2 was made by the IRSN laboratory and it was received within 48 hours. Each
package included a dosimeter and none of the recorded doses was above 0.1 mSv. Among the
laboratories that received blood samples, 32 out of 33 were able to set up lymphocyte cultures and to
successfully obtain chromosome spreads. Considering all participants, including the 6 labs that received

coded slides with chromosome spreads, a total of 38 laboratories were able to report their results.

b. Reported Frequencies

Table 1 shows the total number of dicentric chromosomes or dicentric chromosomes plus centric rings
found by each laboratory for the three evaluated samples (A, B and C). From the total 114 reported
values (38 labs x 3 samples), 99 of them correspond to the analysis of around 500 cells and the other 15
values correspond to 300 analyzed cells or less (Table 1). Two laboratories submitted 2 dose-effect
curves each for manual scoring, as follows: one sent curves based on different kinds of staining (Giemsa
(L2) or FISH coupled with pan-telomeric and pan-centromeric probes (L2b)), and one sent curves based
on chromosomal aberration scoring (dicentrics (L31) and dicentrics plus centric rings (L31b)). All the
sent results have been included in the analysis to show what can happen in a real case. Indeed it is
possible, whatever the cause, that a laboratory obtains a poor mitotic index, even when it is a very

experienced laboratory.

TABLE INEAR HERE
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The figure 1 shows only the dicentric frequency per metaphase in order to effectively compare the same
frequencies to each other. For sample A (1.8 Gy), the dicentric frequencies sent by each participant
laboratories are shown in Figure 1A. The observed frequencies of dicentric chromosomes per cell ranged
from 0.10 to 0.34. The robust estimate of the mean (+ robust standard deviation) was 0.22 = 0.058, and
the coefficient of variation (CV) was of 27%. When only RENEB laboratories were considered CV was

20%. Figure 1 also shows the results of the Z and U tests.

FIGURE 1 NEAR HERE

Z- and U-tests were only done using the frequency of reported dicentric chromosomes per metaphase
(Figure 1). For both tests, the BH adjustment was applied. The Z-score obtained for 97% of the labs
were satisfactory. Different results were obtained using the U test, where the results of 10 labs (26% of
labs) were unsatisfactory after BH adjustment. Evaluating separately RENEB (from L1 to L.20) and non-
RENEB laboratories (L21 to L38), we can notice that 85% of RENEB laboratories had satisfactory U-

test values and among non-RENEB laboratories, only 61% showed satisfactory U-scores.

For sample B (0 Gy), dicentric chromosome frequencies sent by each participant laboratories are shown
in Figure 1B. The observed frequencies of dicentric chromosomes per cell ranged from 0.0 to 0.01 and
the robust estimate of the mean (+ robust standard deviation) was 0.0014 = 0.0017 and the CV was
128%. The results of the Z and U tests are also shown in Figure 1B. Concerning the Z-test, the results
of only three participants (L14, L20 and L29) were considered unsatisfactory. 90% of the RENEB and
949% of the non-RENEB participants had a satisfactory Z-score. The U- test considered that all the values

given by the laboratories are satisfactory.

The dicentric frequencies for sample C (0.4 Gy) sent by each participant laboratories are shown in Figure
1C. Observed mean frequencies of dicentric chromosome per cell ranged from 0.0 to 0.08 and the robust

estimate of the mean (+ robust standard deviation) was 0.025 = 0.011. The CV was 44%.
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As shown in Figure 1C, only one Z value was considered as unsatisfactory (L7). Therefore, 97% of the
participants present satisfactory Z-scores. When the U-test was applied, 2 frequencies gave
unsatisfactory results (L36 and L37). With the U-test, L7 was not unsatisfactory anymore as the
uncertainty associated with its frequency per metaphase is quite large due to the analysis of only 12

cells. So, 95% of the participants had a satisfactory U-score.

¢. Estimated Doses
TABLE 2 NEAR HERE

The second step of this intercomparison was to estimate the three delivered doses. The ILC requested
cach laboratory to calculate the estimated doses and their associated confidence intervals, using their
own dose-effect curve and applying the statistical method established in their laboratory. In addition,
the RENEB scoring sheet requested each laboratory to indicate the coefficients and standard errors of
the calibration curve used (Table 2). Twenty-nine laboratorics sent the coefficients of a single dose-
effect curve, generally constructed using gamma- or X-rays (Table 3). Four laboratories submitted 2
dose-cffect curves each, as follows: 2 participants sent curves based on different irradiation sources
(gamma- (L4 and L5) and x-rays (L4b and L5b)), and the two others (L2/L2b and L31/L31b) were
mentioned earlier in the “reported frequencies™ section. Finally, five laboratories did not have any
calibration curve but two of them chose to use the calibration curve data available in the last technical
TAEA report on biodosimetry (IAEA, 2011), as it is also an acceptable method. For the other three, as it
was their first time of participation to an intercomparison, they were not aware of the possibility to use
an established dose-effect curve. Figure 2 shows only the values from the participants that reported an

estimated dose.

TABLE 3 NEAR HERE

FIGURE 2 NEAR HERE

Using the values sent by each laboratory, 65% of the reported dose estimation participants include the

high dose (sample A) in the 95% confidence interval of their dose estimates (93% and 89% for sham
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irradiation (sample B) and low dose (sample C), respectively). As mentioned above, each laboratory
calculated the absorbed doses using the program routinely used in their laboratory, and there was a great
heterogeneity in the calculation of the 95% confidence interval. In fact, 16 laboratories used the CABAS
software that only considers Poisson’s error on the observed yield. 13 participants used Dose Estimate
software, that can consider both, the error of the curve and the error of the observed yield of dicentric
chromosomes applying the delta method (IAEA manual 405, 2001). Among the 13 participants which
used the Dose Estimate software, 11 considered the delta method, and 2 only considered the error of the
observed yicld. As well 6 laboratories that used their own software applied a Merkle approach to
consider both errors (Merkle, 1983). Finally, 3 laboratories gave no results on dose estimation. Among
the 38 laboratories that sent results, 2 laboratories sent miscalculated doses due to typo errors. To avoid
the impact of this heterogeneity in Z- and U-test analysis, all the dose estimations were recalculated
using a single method. The method used was Merkle’s approach that was proposed in the last IAEA
manual (IAEA, 2011). However, because covariances of the fitted coefficients of curves were not
previously requested, the 95% confidence intervals were calculated considering only the standard errors
on curve coefficients. These results are reported in Figures 3, which show 39 results each because some

laboratories provided 2 dose effect curves leading each to dose estimations.

FIGURE 3 NEAR HERE

For the high dose (sample A), the estimated doses ranged from 1.31 to 2.51 Gy, and 90% of the
participants included the delivered dose in their 95% confidence interval (Figure 3A). After applying
the BH adjustment all laboratorics showed satisfactory Z-scores. Using the U-test, 90% of the
laboratories showed satisfactory results, 96% for RENEB and 81% for NON-RENEB participants. The

CV was of 15%.

For the sham-irradiated sample (B), the estimated doses ranged from 0.0 to 0.19 Gy, and in all cases
the 95% confidence intervals included the 0 Gy dose, except L35 (Figure 3B). For sample B, results

cannot be analyzed using the Z-test because of the algorithm A convergence failure of the robust
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standard deviation estimation (abundance of null values). The U-test showed that 97% of the results

were satisfactory. All RENEB and 94% of non-RENEB participants had satisfactory U-scores.

Results for the low dose (sample C) can be seen in Figure 3C. Estimated doses ranged from 0.24 to 1.20
Gy, and the Z-test shows unsatisfactory result for only one participant. Therefore, 97% of the

laboratories had satisfactory scores. All U-scores were satisfactory. The CV was 29%.

Importantly, we noticed a substantial heterogeneity in the calibration curves from the participants as
reported in Table 3 and Figure 4. Concerning the gamma-rays calibration curves, the lowest dose rate
was 0.04 Gy min! (L3), and the highest 1.16 Gy min! (L34). For calibration curves using X-rays, dose
rates ranged between 0.35 Gy min! irradiating with X-rays of 243 kVp (L4b) and 2.5 Gy min’!
irradiating with X-rays of 6 MeV (L19). The IAEA technical report (IAEA, 2011) recommends that to
produce a dose-cffect curve applicable to an acute accidental exposure the dose rate should be chosen
such that all doses are given in less than 15 min. Considering this recommendation and taking into
account that usually the highest dose used in a calibration curve is 4 or 5 Gy, a dose rate of about 0.34
Gy -min! will allow to irradiate the highest dose in less than 15 minutes. Therefore 7 laboratories (L3,

L7,L16,L22, L33 and L34) used a dose rate that is under the IAEA recommendations.

An altemative to reporting satisfactory result rates is to rank the results of each laboratory belonging to
the same network for a given sample based on their Z- and U-scores. Table 4 shows the differences in

ranking of the laboratories between the 2 tests.

TABLE 4 NEAR HERE

In fact, differences in scoring criteria should be balanced by the use of individual curves, which logically
includes the specific scoring criteria of each laboratory. This effect is not clearly observed in the present
study. Table 5 shows the differences of laboratory ranking from the frequency to the dose estimation by
Z-score. For example, at group level, the mean Z-score calculated for the RENEB network or the non-
RENEB group does not change as much between frequency and estimated dose. For frequency and dose

estimation, RENEB and non-RENEB laboratories were ranked based on their Z-scores, from the lower
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to the higher values. The mean of the rank obtained for RENEB and non-RENEB laboratories are 17.4
and 21.8 respectively. This is quite the same for dose estimation, the mean of the laboratory rank based
on Z-scores is 18.7 for RENEB, and 21.8 for non-RENEB laboratories. It should be noted that the mean

dose for all laboratories is not far from the delivered dose (1.74 Gy vs 1.80 Gy).

TABLE 5 NEAR HERE

The curves reported for the present ILC show great variability in their calibration curve coefficients
(Table 2) and highlight the existing diversity among laboratories. A more visual representation of these
differences can be seen in figure 4. As an example, a frequency of 0.5 dicentric chromosome per

metaphase gives a dose of 1.80 Gy for L2b and a dose of 3.90 Gy for L9.

FIGURE 4 NEAR HERE.
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4- DISCUSSION

In a mass-casualty radiological event, networks of biological dosimetry laboratories can decide to share
different types of samples such as whole-blood, fixed cells, slides or metaphase images. Multiple Inter-
Laboratory Comparisons (ILCs) have already tested different possibilities: blood (Roy et al. 2004;
Oestreicher et al. 2017, Bakkiam et al. 2015, Romm et al. 2011, Pan 2019, and Wilkins et al. 2008);
fixed cells (Roy et al. 2004); slides (Liu et al. 2016; Miller et al. 2007); or metaphase images (Garcia et
al. 2013, Romm et al. 2014a and 2016). The present ILC has chosen to send whole blood to test all the
steps of a biological dosimetry study (i.e. blood culture, slide preparation and staining, dicentric analysis
and dose estimation).

Evaluating the shipment, 87% of the participant laboratories received the blood samples within 48h,
including those outside Europe (Canada, USA, South Africa, South Korea, India and Vietnam). In
addition, 97% of the laboratories were able to obtain chromosome spreads, even those that received the
samples after 48h. In fact, only 6 out of 38 laboratories did not reach the 500 metaphases needed. The
only laboratory that did not obtain any chromosome spreads received the blood sample in 48h.
Therefore, no link could be established between sample-travel time and culture growth, and some delay
in the shipment did not prevent lymphocyte growth in this study. In future ILCs it would be of interest
to report the mitotic index in order to evaluate lymphocyte activation. Moreover, the impact of the
shipment itself has been tested in other exercises. Particularly, in the ShipEx exercise between the Latin-
American network (LDBNet) and several laboratories around the world. In this case, blood samples
were also properly received and lymphocytes were able to satisfactorily grow for most of the participants
(Garcia et al. 2013). The blood shipment has also been tested in other European ILCs (Beinke et al.
2013), where the same observation was made for the longest shipment times, including 96 h but this was
not optimal (Oestreicher et al. 2017).

In our study, the dose received during the transport of the samples (mainly cosmic radiation and X-ray
safety checks) amounted to a maximum of 0.1 mSv. In addition, only long-distance shipments were
exposed to measured doses between 0.05 and 0.1 mSv. As comparison, similar exposures were reported

in the ShipEx-1 exercise (Garcia et al. 2013). Thus, these dose levels can be considered negligible
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compared to the sensitivity limits of the biological dosimetry method used. However, it seems prudent
to systematically include a dosimeter in the blood sample shipment, in case there are abnormal exposure
levels during transit safety checks. The results presented here and those previously reported (Oestreicher
etal. 2017, Wilkins et al. 2008) show that blood samples could be shared among laboratories around the
world in the event of a major radiological accident in order to perform biological dosimetry based on

chromosome aberrations.

Interpretation of ILC Results

Periodic ILCs allow the evaluation of the performance of laboratories that belong to a network. They
help to standardize practices and contribute to the improvement of the quality and robustness of the
results from such a network. One important aim of ILCs is to identify problems encountered by the
participants and define actions for improvement, such as harmonization, training and dose estimation
exercises. In biological dosimetry, the results are mainly based on the estimation of the chromosome
aberration frequency per metaphase. This value is subsequently converted into an estimated absorbed
dose using a pre-established dose-response curve specific to ecach laboratory. For biodosimetry
laboratories, the main goal of an ILC is to compare the results for these two values, frequency and

estimated dose, among the participant laboratories.

The objectivity of these comparisons is generally achieved through the Z- and U- score tests (Di Giorgio
et al. 2011). These two quantities evaluate, under different normalizations, the difference between the
value reported by each laboratory and a reference value considered as correct (i.e. the robust mean for
frequencies, or the delivered dose for dose estimation). In fact, the Z-Score is computed under a common
normalization based on the robust standard deviation while the U-score is computed using a laboratory
specific normalization based on the uncertainty measurement of each participant (which is highly
associated to the number of cells scored, but also to the level of exposure). Thus, these two tests give
complementary elements to interpret ILC results. In the present study, the U- and Z-scores were adjusted
using the Benjamini & Hochberg (1995) correction in order to take into account the large number of

calculated scores (at least one for each participating laboratory) and the associated increase of false
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positive risk. Finally, by defining thresholds, one could distinguish acceptable, questionable and
unsatisfactory results. The comparison of frequencies aims to provide an overview of the state of
harmonization between the participating laboratories concerning chromosome aberration recognition.
In other words, this analysis allows the evaluation of the homogeneity among participating laboratories
concerning aberration detection and scoring criteria. From an overall perspective, with the Z-score, the
percentage of satisfactory results decreases with the level of exposure: 100%, 97% and 92% for samples
A (1.8 Gy), C (0.4 Gy), and B (non-exposed) respectively. Contrary to what the percentages of
satisfactory results might suggest, it cannot be concluded solely on the basis of the Z-score that
laboratory harmonization is worse at low doses than at high doses. The reason is that these percentages
are simply not directly comparable. In fact, the standard ISO 13528 (2015) justifies the use of the limits
“2” and “3” for the Z-score by the fact that “measurements that are carried out correctly are assumed to
generate results that can be described by a normal distribution”. Therefore, it is easy to see that the
validity of the Z-scores limits (2 and 3) is intrinsically related to the large-sample asymptotic normal
approximation of a Poisson distribution, which is usually used to describe the distribution of dicentric
chromosomes in a uniform irradiation context. The Berry-Essen Theorem (Berry 1941, Essen 1942)
provides an easy way to quantify this convergence rate which, in the case of a Poisson distribution, states
that a bound on the maximal error of the normal approximation is inversely proportional to the square
root of the product of the number of metaphases times the dicentric rate.

According to the sample A and the sample C aberration rates per cell (approximately 0.2 and 0.02
respectively), this implies that 5000 analyzed metaphases are needed for the low dose (sample C) to
achieve the normal approximation precision after analyzing 500 metaphases of the high dose (sample
A). In other words, by fixing the number of analyzed metaphases to 500 for all investigated doses, the
corresponding Z-score distributions are significantly different in terms of normal approximation,
making it inappropriate to have common satisfactory/unsatisfactory thresholds (here 2 and 3).

The same conclusion can be made for the U-score, even though it gives opposite results. With the U-
test, the percentage of satisfactory results decreases when the sample dose increases: 100% for non-

irradiated sample (dose B), 95% for 0.4 Gy (dose C) and 74% for 1.8 Gy (dose A). Once again, and for
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the same reasons explained above for the Z-scores, it would be erroneous to conclude that laboratory
harmonization is worsening as the dose to be estimated increases.

An alternative to reporting satisfactory result rates is to rank the results of each laboratory belonging to
the same network for a given sample based on their Z- and U-scores. As explained above, the
methodology underlying the Z- and the U-score is not the same and the analysis of the ranking obtained
with each one should be interpreted in light of these differences. The Z-score ranks the laboratories
based on the distance between the value reported by each of them and the reference frequency (i.c. the
robust mean of all reported frequencies). Basically, the farther you are from this average value
representative of the group, the lower you are ranked. A disadvantage of this method is that two
laboratorics that report the same mean frequency will have the same score, even if one of them has a
larger uncertainty for the measurement. This can be illustrated by comparing the Z-score of L6 and L7
for sample A. The two laboratories obtained a Z score very similar (0.34 and 0.28) as their reported
frequencies for sample A are similar (Table 4). However, the frequency of L7 has a much higher
uncertainty due to the low number of scored metaphases, and it can be considered less reliable than the
result of L6, which is not reflected in the Z-score ranking. The U-score makes it possible to account for
this difference between the 2 laboratories, but not in the direction that one would expect. In fact, the U
score for L7 (0.12), is lower than for L6 (0.86). Therefore, when performing the U-test for two
laboratories with similar frequencies, one of them can be better ranked because of its large uncertainty.
Because the number of dicentric chromosomes that can be detected will depend on the delivered dose
and on the number of cells analyzed, these two tests should be used carefully when ILC frequencies of
detected aberrations are considered. It seems more reasonable to use these tests to evaluate the level of
harmonization between laboratories, or networks of laboratories, rather than to evaluate cach
laboratory’s performance. The present RENEB ILC involves laboratories belonging to different groups
(RENEB network and non-RENEB participants) that have independently harmonized dicentric
chromosome scoring. In the present ILC, RENEB laboratories constitute half of the participants and
most of them have already participated to several ILCs (Oestreicher et al. 2017, Jaworska et al. 2015,
Romm et al. 2014a, Ainsbury et al. 2014). This has a strong effect in the robust mean and robust standard
deviation considered as reference values.
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The global analysis of frequencies by Z-score and U-score as presented in Table 4 can lead to
misinterpretations. As mentioned above, the real interest of the frequency analysis is to evaluate the
level of harmonization in the recognition of dicentric chromosomes. The present study involving 38
laboratories around the world that do not belong to the same network, or do not even belong to a network,
necessarily highlights an expected heterogeneity in the results, which is not very surprising or
informative. [t might be of interest to focus on a sub-group of laboratories that have worked to harmonize

themselves, and to assess the gain associated with this harmonization process.

TABLE 6 NEAR HERE

Table 6 presents the results for sample A and for the Z-score analysis performed only on the 20
laboratories belonging to the RENEB network. Within this group, the robust coefficient of variation is
20.1%, with 3 labs (15% of all RENEB labs) showing questionable results (L11, L18 and L3). If these
3 laboratories are excluded, the coefficient of variation calculated from the frequencies obtained by the
remaining 85% of the laboratories is around 15%. These values can then be compared to the expected
value for the coefficient of variation which can be obtained by simulating 20 or 17 chromosome
aberration frequency estimates following a Poisson distribution with a parameter (lambda) equal to the
robust means observed on the RENEB subgroup, and taking into account the respective numbers of
metaphases scored by each laboratory. Then, the median value of these “theoretical” coefficients of
variation 1s 13.5% with 95% confidence interval of [7.7% - 27.4%]. This means that, due to the
stochastic nature of the measures, 20 laboratories involved in a "fully harmonized" ILC situation is
expected to obtain, in median, a coefficient of variation of 13.5%. Thus, the dispersion of the values
obtained for the RENEB network, 20% or 15% is included within the 95% confidence interval of the
“theoretical” coefficient of variation and close to the median “theoretical” value of 13.5%. In
comparison, the robust coefficient of variation obtained for all 38 laboratories is 26.7%, and if only the
non-RENEB laboratories are considered, the dispersion reaches a value of 36.5%. This shows that an
intercomparison analysis based on chromosomal aberration frequencies only makes sense among
laboratories that are involved in a common ¢ffort of harmonization. This should not be interpreted as a
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better proficiency of a specific network in detecting dicentric chromosomes with respect to another, but

as a reflection of different ways of harmonization.

In conclusion, although Z- and U- tests are accepted methods to assess laboratory performance in
metrology (ISO 13528 2015), they are not ideal for ILCs. To this day, no commonly used tool proves to
be fully adapted and relevant to the needs of ILCs that are based on the frequency of radiation-induced
dicentric chromosomes per metaphase. To mitigate this deficiency, it seems appropriate for the
reliability of future ILCs to focus on radiation doses that are able to generate enough dicentric
chromosomes for 500 analyzed cells. This would limit the impact of Poisson uncertainties on the ILC
results. In addition, it seems essential to only include in the intercomparison analysis those laboratories
that have analyzed the requested number of metaphases, and to exclude those that have not, thus
allowing a comparison with an equivalent Poisson uncertainty. Otherwise, a comparison of results from
all participants appears hazardous. Additionally, one should consider that ILCs may include laboratories
from different networks that could have their own harmonized way of scoring dicentric chromosomes.
This could lead to questionable or unsatisfactory results because of different scoring criteria, and it
should not be interpreted as bad performance, but as a lack of harmonization among all the participating
laboratories.

While ILCs based on the frequency evaluate the level of harmonization of scoring criteria,
intercomparisons based on estimated doses involve additional elements to be taken into account when
analyzing the results. One is the dose-effect curve required to estimate a dose from the observed
frequency, of which most of the participant laboratories have their own. It is widely accepted that in
ILCs, better results are generally obtained with estimated doses than with observed frequencies (Di
Giorgio et al. 2011). In fact, differences in scoring criteria should be balanced by the use of individual
curves, which logically includes the specific scoring criteria of each laboratory. This effect is not clearly
observed in the present study. For example, at group level, the mean Z-score calculated for the RENEB
network or the non-RENEB group does not change as much between frequency and estimated dose. For
frequency, the mean rank based on the Z-scores obtained for RENEB and non-RENEB laboratories are
17.4 and 21.8 respectively. This is quite the same for dose estimation, the mean rank based on the Z-
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scores are 18.7 for RENEB, and 21.8 for non-RENEB. This is confirmed at the laboratory level, as
drastic changes in Z-score ranking (gain or loss of more than 15 places) between frequency and dose
estimation are limited to a minority of laboratories (Table 5). This is the case for L18, which
systematically improves its Z-score by more than 1.5 points between frequency and estimated dose (a
progress of 25 ranking places). Inversely, L9 gained more than 2 Z-score points when its dose-effect
curve was used to convert its chromosome aberration frequency to an estimated dose (a 35-row drop in
the overall ranking).

It is interesting to note that, although these changes in results between frequency and dose are small in
magnitude for most laboratories, globally, they are quite unfavorable. In fact, an increase of the Z-score
is observed for the majority of participants (58% for the high dose, sample A and 55% for the low dose,
sample C) when estimated doses are considered. Indeed, for the high dose, a mean loss of 2 ranks per
lab were observed between the ranking obtained for frequency and the one obtained for dose estimation.
This could indicate that the dose-effect curves include biases that prevent them from positively
compensating for differences in scoring criteria. The curves reported for the present ILC show great
variability in their calibration curve coefficients (table 2) and highlight the existing diversity among
laboratories. A more visual representation of these differences can be seen in figure 4.

The above-mentioned differences have multiple origins such as the number of dose points used to
calibrate the curve, the number of metaphases analyzed at each dose point, the dose-rate and the radiation
source (X- or gamma-rays). Another source of uncertainty is the way that the delivered doses were
calculated (Trompier et al, 2017). Briefly, depending on the radiation source, X-or gamma-rays, and
their energy, the calculation of the delivered dose to the samples can be based on air Kerma or dose to
water. Depending on the overall energy of the source, this could lead to different absorbed dose values
for the same irradiation. Consequently, this can impact the result of the dose estimation in an ILC if the
doses of a given dose-effect curve are not calibrated the same way than the dose delivered to the analyzed
sample. It is important to mention that usually in biodosimetry laboratories, all these details are not very
well traced. Furthermore, there are no minimum criteria for defining whether or not a dose-response
curve is acceptable for use in a given intercomparison. Currently, and in most of ILCs, calibration curves
from all participants are used, regardless of the way they are built. In fact, 7 laboratories reported dose
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effect curves that were built using a dose rate too low to fully respect the IAEA recommendations
concerning how to build a dose effect curve applicable to an acute exposure. This point must absolutely
be considered for future intercomparisons as it has a very strong impact on the interpretability of the
results and on the identification of improvement areas for a specific network. Additionally, evolution in
the scoring criteria within a laboratory over the time elapsed between the calibration curve establishment
and the present intercomparison may lead to additional uncertainty in the dose assessment. In fact,
scorers are changing over the time so there is a need for periodical harmonization. Another important
issue is how the participation in intercomparisons have modified the scoring criteria and so the dose-
effect curve. This is particularly important if the dose-effect curves were produced prior to the
harmonization work carried out within the RENEB network.

One more issue brought forward by this intercomparison was the lack of homogeneity in the calculation
of the uncertainties associated to the doses reported by the participants. In fact, there are different
generally accepted ways to estimate a dose and its associated uncertainties, as several calculation
software programs are available (CABAS, Dose Estimate and Microsoft Excel-based spreadsheets).
Considering that these tools do not implement the same methodologies to calculate uncertainties, it made
it difficult to compare the raw reported values because they were not calculated in a homogenous
manner. In the present study, the estimated doses and uncertainties initially sent by participants were
calculated by each laboratory using their own methods. This led to a great heterogeneity in the reported
values and in the reported curve coefficients, which further complicated their interpretation in the
context of an intercomparison. For this reason, all dose estimates were re-calculated using the reported
frequencies and their own dose-response curves using the method described by Merkle et al (1983) and
mentioned in the ITAEA manual (2011). For future ILCs, it scems essential to clearly define the
methodology to be applied by the laboratories for the calculation of the dose and the associated
uncertainties. To go further, the implementation of a single integrated and open-ended tool available to
the participants seems to be relevant. This was the strategy adopted by the RENEB association, through
the development of BiodoseTools, a software based on R with a Shiny interface

(https://github.com/biodosetools-team/biodosetools).
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5- CONCLUSION AND PERSPECTIVES

Standardization of chromosomal aberration scoring during the various FEuropean projects
(MULTIBIODOSE and RENEB) has improved results of dose assessment in ILC exercises (Jaworska
et al. 2015, Oestreicher et al. 2017). The present work demonstrates that harmonized and trained
networks such as RENEB (in terms of chromosomal aberration scoring) obtain better results than a non-
harmonized group. This is illustrated by the high level of satisfactory results obtained either in frequency
or dose by L1-L20 when using classical intercomparison analysis tools, such as the Z-score and its
associated decision thresholds. However, one cannot conclude that RENEB laboratories are fully
harmonized, not only for those non-satisfactory results but also by the statistical tools used. These
statistical tools appear to be limited and are not able to advantageously exploit the richness of results
from large intercomparisons. At present, these tools do not allow a fine diagnosis of laboratory
performance, neither do they serve as new avenues for improvement for the network of laboratories. For
example, it would seem interesting to be able to easily discriminate results such as those obtained by the
L5, L7 and L9, which intuitively do not scem equivalent, but are considered as such by looking at their
Z- and U-scores. After this first stage of harmonization using these tools, the use of other approaches to
test laboratory performance in future intercomparisons seems to be necessary. Solutions based on the

bias-variance trade-off are currently being explored.

Another issue highlighted by this ILC is the question of the infinite diversity of dose-effect curves. It
clearly appears that, despite the initial advantage of including the scoring specificities of each laboratory,
the lack of recommendations and minimum criteria to evaluate the robustness of each laboratory’s curve
seems to be a negative point for the model of "a curve per lab". The construction of a robust curve is a
long-term procedure, which should be part of a constant and dynamic evolution process in order to take
into account the changes occurring over time in the laboratories, or the evolutions inherent to the process
of harmonization of a network. In addition, the relevance of a dose-effect curve established 25 or 30
years ago by members who are no longer present in a given laboratory is questionable. By definition,
the process of harmonization would generate a change in practices and may raise questions about the

validity of a pre-existing dose-response curve. One of the main advantages of a large laboratory network
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is its power in terms of data production. The present intercomparison generated the analysis of a striking
20,000 different metaphases per dose. When harmonization of practices is achieved, such a network
could build an extremely robust dose-response curve in just 2 or 3 intercomparisons. This would also
have the advantage of consolidating practices in terms of calculating coefficients and the associated

uncertainties, making it a strategy that should be seriously considered in large.

Finally, and in the same spirit of unification, it seems relevant to develop tools that are better adapted to
the collection and processing of results produced by the various participant laboratories. For the moment,
this collection happens at a relatively small-scale (notably through the exchange of spreadsheet files).
The coupling of tools such as BiodoseTools and web portals for collecting results seems to be
particularly promising, both in terms of definition and application of the methodologies necessary for
their processing (in particular, the calculation of uncertainties), but also in terms of the reliability

associated with the traceability of results.

After a first harmonization phase lasting more than ten years (Kulka et al. 2017, Oestreicher et al. 2017,
Gregoire et al. 2017), and even if there is still room for improvement, the level of harmonization reached
by RENEB members definitely confirms the operational value of international networks of biological

dosimetry laboratories, particularly in the case of large-scale radiological accidents.
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Figures and Tables Legends

Table 1. Reported scoring values from each laboratory; dicentric (dic) and dicentric plus ring
(dic+r). In italics, reported values that did not include the cell distribution of aberrations. L1 to L.20
arc RENEB members and L21 to L.38 are non-RENEB group. *L.2 and L2b represent different kinds
of staining (Giemsa (L2) or FISH coupled with pan-telomeric and pan-centromeric probes (L2b)).
**L.31 and L31b represent chromosomal aberration scoring (dicentrics (L31) and dicentrics plus rings

(L31b)).

Figure 1: Dicentric frequencies per metaphase for sample A (A), sample B (B) and sample C (C)
from each of the participant laboratories. Triangles represent the dicentric frequency per metaphase
obtained by each laboratory for sample A (A), sample B (B) and sample C (C). The solid black line is
the robust mean when laboratories reported the dicentric frequency per metaphase. Dashed lines mark
the 95% confidence interval of the robust mean. Z-and U-scores were calculated with a Benjamini-
Hochberg adjustment. Stars denote an unsatisfactory U-score and circles denote an unsatisfactory Z

score. RENEB laboratories are within the grey rectangle.

Table 2. Calibration curve coefficients of the participant laboratories. NA: Not Available. These
laboratories have no dose-effect curve. Some laboratories did not include standard deviations for the
coefficients (= NA). *L2 and L2b represent different kinds of staining (Giemsa (L2) or FISH coupled
with pan-telomeric and pan-centromeric probes (L2b)). **L4/L5 and L4b/L5b represent calibration
curves based on different irradiation sources (gamma- (L4 and L5) and x-rays (L4b and L5b)). ***L31
and L31b represent chromosomal aberration scoring (dicentrics (L31) and dicentrics plus rings

(L31b)). L1 to L20 are RENEB members and L21 to L38 are non-RENEB group.

Table 3: Source and dose rate used by the laboratories for their calibration curve.
* . L2 used Giemsa for dicentric chromosomes and centric rings staining, and L2b used TC-FISH for

dicentric chromosomes and centric rings staining. ** : L31 scored only dicentric chromosomes to
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build its curve and L31b scored dicentric chromosomes and centric rings to build its curve. L1 to L20

are RENEB members and L.21 to L38 are non-RENEB group. NP : Not Provided

Figure 2: Dose estimations sent by the participant laboratories for samples A, B, C. Solid circles
represent the dose estimation based on the total number of metaphases analyzed. Some laboratories
sent two estimated doses for each sample, which are represented by open triangles. Error bars
correspond to the reported 95% confidence interval. The horizontal line represents the delivered

physical dose to the blood.

Figure 3: Re-calculated doses by the IRSN based on Merckle’s approach and using each
laboratory’s own curve coefficients for sample A (3A), sample B (3B) and sample C (3C).
Diamonds represent the average dose obtained and error bars correspond to the 95% confidence
interval of the estimated dose. Values considered as unsatisfactory by the U-test are indicated with a
star. Unsatisfactory results by the Z-test are indicated with a circle. RENEB laboratories are within the

grey rectangle.

Table 4: Laboratory ranking by Z-Score (A) and by U-Score (B). a : CA Frequency : Frequency of

chromosomal aberrations (dicentric chromosomes per cell).

Table 5: Comparison of laboratory rankings between the Z-score obtained for dicentric
frequency per metaphase and the Z-score obtained for assessed dose. Rectangles show the
laboratories whose rank changes the most between frequency and dose. L9 is highlighted by a solid
line rectangle and L18 is highlighted by a dashed line rectangle. L36, L37 and L38 are not present in
the dose column since they did not provide dose estimations. L4b, L5b and L31b are present only in
the dose column because the dicentric frequencies are similar within the same laboratory (L4/L4b ;
L5/L5b ; L31/L31b). NA: Not Available: The Z-score for L2b was not calculated because the staining
technique (TC-FISH) was different from the rest (GIEMSA staining) and thus could not be compared

using this test.

Figure 4: Calibration curves of the Inter-Laboratory Comparison participants. The horizontal

line represents the frequency of 0.5 dicentric chromosomes or dicentrics + centric rings per metaphase
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and the grey vertical lines indicate the mean estimated dose obtained with the two most distant curves.

The dashed curve, indicated by an arrow, is that of the IAEA manual (IAEA 2011).

Table 6: Comparison of robust values among laboratory categories. x, s and CV correspond
respectively to the calculated robust mean, robust standard deviation and robust coefficient of

variation calculated.
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Laboratory SAMPLE
A B C

cells dic dic+r cells dic dic+r cells dic dic+r
L1 500 106 - 500 0 - 500 8 -
L2* 501 104 120 511 0 0 500 14 19
L2b" 517 158 185 570 1 1 656 2 35
L3 300 98 104 300 0 0 300 13 14
L4 500 127 - 500 0 500 8 -
L5 500 122 - 500 3 - 525 9 -
L6 473 93 104 510 1 1 512 18 19
L7 15 3 - 38 0 - 12 1 -
L8 500 116 - 500 2 - 500 14 -
L9 500 113 116 500 0 0 500 5 6
L10 520 116 124 500 0 0 531 8 9
L11 250 31 33 250 0 0 250 7 7
L12 500 93 - 500 0 - 500 12 -
L13 259 51 57 344 0 0 298 7 7
L14 500 90 - 500 5 - 500 9
L15 500 118 - 500 1 - 500 14 -
L16 500 98 - 500 1 - 500 13 -
L17 500 87 89 500 0 0 500 24 24
L18 540 167 - 500 1 - 526 19 -
L19 474 79 88 500 0 0 477 10 11
L20 500 143 - 500 4 - 500 17 -
L21 421 100 106 500 3 3 603 14 15
L22 500 151 - 500 0 - 500 20 -
L23 427 100 100 500 1 1 500 11 11
L24 500 101 104 500 1 1 500 10 10
L25 500 105 - 500 0 - 500 8 -
L26 500 121 121 500 0 0 500 11 11
L27 500 104 - 500 1 - 500 11 -
L28 500 160 - 500 0 - 500 20 -
L29 500 128 - 500 5 - 500 15 -
L30 500 86 86 500 1 1 500 14 15
L31* 500 129 147 500 1 - 500 10 10
L31b™ 500 129 - 500 1 1 500 10 -
L32 500 71 75 500 0 0 500 5 5
L33 256 59 - 500 0 - 500 15 -
L34 500 98 - 500 1 - 500 12 -
L35 500 172 - 500 0 - 500 12 -
L36 500 53 57 500 1 1 500 0 0
L37 500 56 63 500 1 1 500 2 2
L38 200 20 33 500 3 4 200 12 12
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Figure 1: Dicentric frequencies per metaphase for sample A (A), sample B (B) and sample C (C) from each
of the participant laboratories. Triangles represent the dicentric frequency per metaphase obtained by each
laboratory for sample A (A), sample B (B) and sample C (C). The solid black line is the robust mean when
laboratories reported the dicentric frequency per metaphase. Dashed lines mark the 95% confidence interval
of the robust mean. Z-and U-scores were calculated with a Benjamini-Hochberg adjustment. Stars denote
an unsatisfactory U-score and circles denote an unsatisfactory Z score. RENEB laboratories are within the
grey rectangle.
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Laboratory o+ SE: B+ SE: C £ SE:

L1 0.0187 + 0.0047 0.0527 + 0.0039 0.0002 + 0.0001
L2* 0.0573 + 0.0090 0.0778 + 0.0037 0.0012 + 0.0006
L2b* 0.0956 + 0.0248 0.1010 + 0.0089 0.0014 + 0.0017
L3 0.0057 + 0.0053 0.0817 + 0.0051 0.0012 + 0.0006
L4** 0.0120 + 0.0030 0.0560 + 0.0020 0.0010 + 0.0040
L4b** 0.0350 + 0.0030 0.0640 + 0.0020 0.0010 + 0.0040
L5** 0.0197 + 0.0064 0.0597 + 0.0037 0.0012 + 0.0010
LSb** 0.0537 + 0.0123 0.0626 + 0.0218 0.0006 + 0.0017
L6 0.0399 + 0.0061 0.0485 + 0.0029 0.0010 + 0.0003
L7 0.0105 £ 0.0035 0.0480 + 0.0019 0.0011 + 0.0006
L8 0.0413 + 0.0058 0.0444 + 0.0033 0.0007 + 0.0060
L9 0.0283 + 0.0056 0.0255 + 0.0030 0.0008 + 0.0005
L10 0.0193 + 0.0024 0.0612 + 0.0036 0.0004 + 0.0002
L11 0.0117 + 0.0020 0.0456 + 0.0064 0.0043 + 0.0017
L12 0.0142 + 0.0044 0.0759 + 0.0027 0.0005 + 0.0005
L13 0.0101 + 0.0051 0.0720 + 0.0043 0.0006 + 0.0004
L14 0.0690 + 0.0230 0.0310 + 0.0110 0.0000 + 0.0000
L15 0.0229 + 0.0049 0.0622 + 0.0039 0.0081 + 0.0030
L16 0.0419 + 0.0080 0.0529 + 0.0018 0.0010 + 0.0063
L17 0.0283 £+ NA 0.0718 + NA 0.0005 + NA
L18 0.0612 + 0.0097 0.0650 + 0.0052 0.0008 + 0.0004
L19 0.0073 + 0.0194 0.0668 + 0.0046 0.0008 + 0.0000
L20 0.0322 + 0.0123 0.0459 + 0.0069 0.0028 + 0.0015
L21 0.0210 + 0.0052 0.0631 + 0.0040 0.0013 + 0.0005
L22 0.0210 + 0.0052 0.0631 + 0.0040 0.0013 + 0.0005
L23 0.0355 + 0.0041 0.0644 + 0.0027 0.0011 + 0.0001
L24 0.0120 + 0.0080 0.0510 + 0.0030 0.0010 + 0.0001
L25 0.0208 =+ 0.0045 0.0710 + 0.0033 0.0002 + 0.0002
L26 0.0331 + 0.0077 0.0359 + 0.0036 0.0012 + 0.0006
L27 0.0419 + 0.0017 0.0890 + 0.0047 0.0027 + 0.0008
L28 0.0813 + 0.0046 0.0824 + 0.0021 0.0025 + 0.0004
L29 0.0356 + 0.0096 0.0779 + 0.0065 0.0021 + 0.0014
L30 0.0682 + 0.0038 0.0344 + 0.0066 0.0013 + 0.0008
L31%*** 0.0416 + 0.0080 0.0585 + 0.0073 0.0009 + 0.0002
L31b***  0.0305 =+ 0.0079 0.0624 + 0.0113 0.0009 + 0.0005
L32 0.0209 + 0.0057 0.0711 + 0.0025 0.0005 + 0.0002
L33 0.0421 + 0.0042 0.0602 + 0.0022 0.0009 + 0.0003
L34 0.0419 + 0.0080 0.0529 + 0.0018 0.0010 + 0.0063
L35 0.0313 =+ NA 0.0537 £+ NA -0.0078 + NA
L36 NA NA NA NA NA NA
L37 NA NA NA NA NA NA
L38 NA NA NA NA NA NA
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Laboratory Source Dose Rate (Gy/min)

*12 60 Cobalt 0.5

L3 60 Cobalt 269mGy/7min: 0.04

L4b 243 kV X Rays 0.35

L5b 200 kV X Rays 1.271

L7 60 Cobalt 0.18-0.13

L9 137 Cs 0.87

Li11 60 Cobalt <0.5

L13 60 Cobalt 0.24

L15 60 Cobalt 1

L17 NP NP

L19 60 Cobalt 0.5

L21 60 Cobalt 0.5

L23 60 Cobalt 0.5

L25 60 Cobalt 0.275

L27 250 kVp X-rays 0.37

L29 137 Cs 0.94

**1.31 250 kVp X-rays 0.37

L32 60 Cobalt 0.457

L34 60 Cobalt 0.2

L36 NP NP

L38 NP NP
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45 Figure 2: Dose estimations sent by the participant laboratories for samples A, B, C. Solid circles represent
46 the dose estimation based on the total number of metaphases analyzed. Some laboratories sent two

47 estimated doses for each sample, which are represented by open triangles. Error bars correspond to the
reported 95% confidence interval. The horizontal line represents the delivered physical dose to the blood.
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Figure 3: Re-calculated doses by the IRSN based on Merckle’s approach and using each laboratory’s own
curve coefficients for sample A (3A), sample B (3B) and sample C (3C). Diamonds represent the average
dose obtained and error bars correspond to the 95% confidence interval of the estimated dose. Values
considered as unsatisfactory by the U-test are indicated with a star. Unsatisfactory results by the Z-test are
indicated with a circle. RENEB laboratories are within the grey rectangle.
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1

2

3 A

4

5 Rank Laboratory Analyzed CA Z Score
? Metaphases Frequency?

4 1 L1 500 0212 0.083
9 2 L10 520 0.223 0.104
1? 3 L25 500 0.210 0.117
i 4 L27 500 0.208 0.150
13 5 L9 500 0.226 0.154
}‘5‘ 6 L2 501 0.208 0.157
16 7 L33 256 0.230 0.229
17 8 124 500 0.202 0.252
o 9 L8 500 0.232 0.255
20 10 L7 15 0.200 0.286
g 11 L23 427 0.234 0.292
5 12 L15 500 0.236 0.323
24 13 L13 259 0.197 0.338
;Z 14 L6 473 0.197 0343
27 15 L21 421 0.238 0.349
28 16 L16 500 0.196 0.353
§3 17 L34 500 0.196 0.353
31 18 1.26 500 0.242 0.424
gg 19 L5 500 0.244 0.458
T 20 L12 500 0.186 0.522
35 21 L14 500 0.180 0.624
2 22 L4 500 0254 0.627
38 23 L.29 500 0.256 0.661
39 24 L31 500 0.258 0.695
j? 25 L17 500 0.174 0.725
42 26 130 500 0.172 0.759
Z‘Z 27 L19 474 0.167 0.849
e 28 L.20 500 0.286 1.168
46 29 L32 500 0.142 1.266
i 30 122 500 0302 1.438
49 31 L18 540 0.309 1.561
g? 32 L11 250 0.124 1.570
&5 33 1.28 500 0.320 1.743
53 34 L37 500 0.112 1.773
g‘s‘ 35 L3 300 0327 1.855
56 36 L36 500 0.106 1.874
57 37 138 200 0.100 1.976
o 38 L35 500 0.344 2148
60
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Rank Laboratory Analyzed CA U-Score
Metaphases Frequency?®
1 L7 15 0.200 0.124
2 L1 500 0.212 0.206
3 L10 520 0.223 0.258
4 L25 500 0.210 0.291
5 L9 500 0.226 0373
6 L27 500 0.208 0.398
7 L33 256 0.230 0.415
8 L2 501 0.208 0.417
9 L8 500 0.232 0.613
10 L24 500 0.202 0.637
11 L23 427 0.234 0.656
12 L13 259 0.197 0.657
13 L15 500 0.236 0.771
14 L21 421 0.238 0.774
15 L6 473 0.197 0.857
16 L16 500 0.196 0.903
17 L34 500 0.196 0.903
18 L26 500 0.242 1.003
19 L5 500 0.244 1.079
20 L12 500 0.186 1.360
21 L4 500 0.254 1.455
22 L29 500 0.256 1.529
23 L31 500 0.258 1.603
24 L14 500 0.180 1.643
25 L17 500 0.174 1.934
26 L30 500 0.172 2.032
27 L19 474 0.167 2.253
28 L20 500 0.286 2.589
29 L3 300 0.327 3.114
30 L22 500 0.302 3.120
31 L18 540 0.309 3.463
32 L11 250 0.124 3.604
33 L32 500 0.142 3.616
34 L28 500 0.320 3.694
35 L35 500 0.344 4422
36 L38 200 0.100 4474
37 L5357 500 0.112 5.457
38 L36 500 0.106 5.864
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Ranks | Laboratory | Frequency | Z Score Ranks | Laboratory Dose Z-Score
(dicentric per (Gy)
metaphase)

1 L1 0.212 0.083 1 L31b 1.8 0.000
2 L10 0.223 0.104 2 L10 1.82 0.074
3 L25 0.210 0.117 3 L21 1.78 0.074
4 L27 0.208 0.150 4 L15 1.77 0.111
| 5 L9 0.226 0.154 5 L1 1.84 0.148

6 L2 0.208 0.157 l_oe _ _ _Li8_ | _176_ _O.L48_|
7 L33 0.230 0.229 7 L6 1.75 0.184
8 L24 0.202 0.252 8 L5 1.86 0.221
9 L8 0.232 0.255 9 L8 1.86 0.221
10 L7 0.200 0.286 10 L4b 1.73 0.258
11 L23 0.234 0.292 11 L24 1.9 0.369
12 L15 0.236 0.323 12 L31 1.91 0.406
13 L13 0.197 0.338 13 L13 1.68 0.443
14 L6 0.197 0.343 14 L7 1.93 0.479
15 L21 0.238 0.349 15 L33 1.67 0.479
16 L16 0.196 0. 3865 16 L23 1.65 0.553
17 L34 0.196 0.353 17 L25 1.65 0.553
18 L26 0.242 0.424 18 L19 1.61 0.701
19 L5 0.244 0.458 19 L5b 1.59 0.775
20 L12 0.186 0.522 20 L29 1.59 0.775
21 L14 0.180 0.624 21 L3 2.02 0.811
22 L4 0.254 0.627 22 L4 2,02 0.811
23 L29 0.256 0.661 23 L16 1.56 0.885
24 L31 0.258 0.695 24 L34 1.56 0.885
25 L17 0.174 0.725 25 L11 1.55 0.922
26 L30 0.172 0.759 26 L14 1.54 0.959
27 L19 0.167 0.849 27 L22 2.07 0.996
28 L20 0.286 1.168 28 L28 1.53 0.996
29 L32 0.142 1.266 29 L12 1.47 1.217
30 L22 0.302 1.438 30 L2b 1.46 1.254
I_31 | Lig T 0309_ T 1561 I 31 L30 1.45 1.291
32 L11 0.124 1.570 32 L20 2.16 1.328
33 L28 0.320 1.743 33 L26 217 1.365
34 L37 0.112 1.773 34 L2 1.42 1.402
35 L3 0.327 1.855 35 L17 1.39 1.512
36 L36 0.106 1.874 36 L35 2.28 1.770
37 L38 0.100 1.976 37 L27 L2 1.770
38 135 0.344 2.148 38 .32 1.31 1.807

L2b 0.305 NA 39 L9 2.51 2619 |

Mean Frequency : 0.22 dicentric per metaphase Dose :1.74 Gy
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Figure 4: Calibration curves of the Inter-Laboratory Comparison participants. The horizontal line represents
the frequency of 0.5 dicentric chromosomes or dicentrics + centric rings per metaphase and the grey
vertical lines indicate the mean estimated dose obtained with the two most distant curves. The dashed
curve, indicated by an arrow, is that of the IAEA manual (IAEA 2011).
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ABSTRACT

Purpose

In case of a mass-casualty radiological event, there would be a need for networking to overcome surge
limitations and to quickly obtain homogenecous results (reported aberration frequencies or estimated
doses) among biodosimetry laboratories. These results must be consistent within such network. Inter-
laboratory comparisons (ILCs) are widely accepted to achieve this homogeneity. At the European
level, a great effort has been made to harmonize biological dosimetry laboratories, notably during the
MULTIBIODOSE and RENEB projects. In order to continue the harmonization efforts, the RENEB
consortium launched this intercomparison which is larger than the RENEB network, as it involves 38
laboratories from 21 countries. In this ILC all steps of the process were monitored, from blood
shipment to dose estimation. This exercise also aimed to evaluate the statistical tools used to compare

laboratory performance.

Materials and Methods

Blood samples were irradiated at three different doses, 1.8, 0.4 and 0 Gy (samples A, C and B) with 4-
MYV X-rays at 0.5 Gy min’!, and sent to the participant laboratories. Each laboratory was requested to
blindly analyze 500 cells per sample and to report the observed frequency of dicentric chromosomes per

metaphase and the corresponding estimated dose.

Results

This ILC demonstrates that blood samples can be successfully distributed among laboratories worldwide

to perform biological dosimetry in case of a mass casualty event.

Having achieved a substantial harmonization in multiple arcas among the RENEB laboratories issues
were identified with the available statistical tools, which are not capable to advantageously exploit the

richness of results of a large ILCs. Even though Z- and U-tests are accepted methods for biodosimetry
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ILCs, setting the number of analyzed metaphases to 500 and establishing a tests” common threshold for

all studied doses is inappropriate for evaluating laboratory performance.

OOV WN =

Another problem highlighted by this ILC is the issue of the dose-effect curve diversity. It clearly appears
that, despite the initial advantage of including the scoring specificities of each laboratory, the lack of
defined criteria for assessing the robustness of each laboratory’s curve is a disadvantage for the "one

15 curve per laboratory" model.
Conclusions

Based on our study, it seems relevant to develop tools better adapted to the collection and processing of
results produced by the participant laboratories. We are confident that, after an initial harmonization
25 phase reached by the RENEB laboratories, a new step towards a better optimization of the laboratory

s networks in biological dosimetry and associated ILC is on the way.
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1- INTRODUCTION

In case of a large-scale radiation emergency, the dose estimation of the victims should be assessed as
fast and accurate as possible. Firstly, a triage should be performed by qualified medical staff according
to clinical signs. Subsequently, a categorization of the exposed people by dosimetry must be carried out
according to their degree of suspected overexposure. Biological dosimetry rapid assessment
complements the clinical triage by categorizing potentially exposed victims in different ranges of
exposure (Vaurijoux et al. 2015; Ainsbury et al. 2014) and is a key element when physical dosimetry is
not available (Christie et al. 2010; Romm et al. 2014a). Because triage based on manual dicentric
chromosome analysis (DCA) is done with a low number of analyzed cells (usually 50), it makes it highly
imprecise as it has large confidence intervals. For this reason, the categorization should be defined by
dose ranges and not in terms of dose alone. Furthermore, after initial triage, dose assessment is needed
in order to confirm the categorization and to give a more precise individual dose estimation (Romm et
al. 2014a). As precise dose assessment requires the analysis of a large number of cells, usually from 500
to 1000 by DCA, the time needed for a correct dose assessment is larger than that needed for triage. As
an example, using manual scoring, one operator would perform triage in 1 hour per sample, but dose

estimation would take approximately two days.

In general, biodosimetry laboratories can manage only a limited number of victims at one time. Thus,
in the case of a mass-casualty radiation incident, where the management of several hundreds of victims
would need to be performed, there is a prerequisite for national and/or international networking.
However, networking must be based on the ability to provide homogeneous results (Voisin 2015; Kulka
etal. 2015, 2017). This means that for any single case, the reported chromosomal aberration frequencies
or estimated doses should be consistent and comparable among the laboratories responding to the
emergency. Harmonization needs standardized procedures; this is an essential point for the successful
coordination of different laboratories (Beinke et al. 2013; ISO 19238; Wilkins et al. 2008; Christic et al.
2010; Beinke et al. 2011). The strategy of establishing a cooperative network among laboratories
requires that each laboratory follows internationally accepted methods for analysis (IAEA 2011, ISO
19238 2014) and regular inter-laboratory comparisons (ILCs) to test performance analysis (Wilkins et
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al. 2008, Di Giorgio et al. 2011). Nowadays it is widely accepted that networking should include regular
international ILC exercises simulating different scenarios, as this would guarantee a more rapid response

and a higher reliability of dose estimates (Wojcik et al. 2010).

During the last decade several ILCs have been performed. Some of them were focused on the triage
(Wilkins et al. 2011; Lloyd et al. 2000; Ainsbury et al. 2009; Garcia et al. 2013; Romm et al. 2011,
2014a, b, Oestreicher et al 2017) while others mainly on dose-assessment (Yoshida et al. 2007; Pan et
al. 2019; Bakkiam et al. 2015; Liu et al. 2016, Roy et al. 2004). In a large-scale ILC involving 7 countries
from the Latin American Biological Dosimetry Network (LBDNet) and 6 laboratories from the
European Union, a good agreement among participants was shown in terms of the reported dicentric
chromosome yields and assessed doses. In this ILC the results after the analysis of 50, 100 or 500 cells
from shared stained slides were evaluated by using robust methods described in different ISO standards
(D1 Giorgio 2011). Another effort in validating international networking using the DCA in the case of a
potential mass-casualty event was done by Wilkins et al. (2008). Several ILCs based on triage have
shown that more than 90% of the participant laboratories correctly categorize the tested samples (Miller
et al. 2007; Di Giorgio et al. 2011; Beinke et al. 2011, 2013; Bhavani et al. 2014; Yoshida et al. 2007,

Roy et al. 2004).

At European level, different projects have been founded in order to improve standardization and
harmonization for the different biomarkers of dose. MULTIBIODOSE helped in defining what would
be the best assay to use depending on different exposure scenarios (Jaworska et al. 2015, Ainsbury et al.
2014). In addition, a NATO project studied the possibility of reducing the number of analyzed cells from
50 to 20 for triage purposes (Beinke et al. 2013). Recently, several RENEB (Realising the European
Network of Biodosimetry) project training sessions and ILCs have allowed the main cytogenetic assays
to be homogenized and standardized among participants. Therefore, RENEB has helped in creating an
efficient European network of biodosimetry laboratories (Kulka et al. 2012). The harmonization and the
quality of the results for triage mode obtained among the RENEB members let us claim that at the
present day RENEB is able to categorize a large number of victims in mass-casualty radiological events
(Kulka et al. 2017; Gregoire et al. 2017; Oestreicher et al. 2017).
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As indicated above, an individual dose assessment should be performed after triage (Romm etal. 2014a,
Wojcik et al. 2010). The present ILC concerned different biomarkers (Micro-Nucleus (MN), Premature
Chromosome Condensation (PCC), gamma H2AX and Gene Expression) and its main goal is to delve
deeper and check the entire process needed for proper networking, from blood sample shipment to dose
estimation. The present work has been focused on the DCA. In addition to the 20 RENEB laboratories,
another 19 laboratories were invited to participate. Finally, as this ILC evaluates the entire process for
dose-assessment by biodosimetry, we will take advantage of the large data set to critically review the

statistical tools used to evaluate laboratory performance.

2- MATERIALS and METHODS

a. Irradiation and Shipment

A 420 ml blood sample from a female donor (Etablissement Frangais du Sang (EFS), France; Agreement
CPSL UNT N°13/EFS/123) was irradiated at 37°C in a water bath with 4-MV X-rays delivered by a
Linear medical accelerator (Elekta Synergy, IRSN, Fontenay aux Roses, France) at 0.5 Gy min-!, dose
in water. The irradiation field was 30 x 30 cm and the distance between the source and the sample was
of 1.07 m. Radiation field mapping and dosimetry was confirmed using cylindrical ionization chamber
(0.125¢c n® 4920) calibrated in dose to water. The blood sample was placed in 3 tubes corresponding to
the different dose points, a high dose of 1.8 Gy, a low dose of 0.4 Gy, and a sham-irradiated sample.
After irradiation, samples were maintained 2 h at 37°C and then the blood was aliquoted into 2 mL
tubes. Blood samples were then coded as follows: the high dose as A, the low dose as C and the sham
irradiated as B. Then, samples were sent to the 39 participant laboratories from 19 countries who were
informed by e-mail of the shipment of three samples. The e-mail informed that there were three blind
samples, that corresponded to & high-, low- and sham- irradiated samples. In the same e-mail the RENEB

standard scoring sheet for dicentrics, or dicentrics plus centric ring, analysis was attached.

Shipment was performed using commercial express delivery services as UN 3373 Biological Substance

Category B, as described in detail in the manual of the Intemmational Atomic Energy Agency (IAEA
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2011). Each package of blood samples included a temperature logger and a dosimeter to monitor the
temperature and any dose received during transportation. A second blood sample (male donor,
Etablissement Frangais du Sang (EFS), France; Agreement CPSL UNT N°13/EFS/123) was processed

as above and sent to 2 laboratories for whom there were shipment issues (see section 3).

In this study, the laboratories classified as RENEB laboratories (L1 to L20) correspond to those
belonging to the RENEB project that took part in the last RENEB ILC in 2015 (Oestreicher et al. 2017).

The other participants are classified as non-RENEB group (L21 to L38).

b. Cell culture and dicentric chromosome assay

Thirty of the participant laboratories were requested to set up lymphocyte cultures. Blood samples were
transmitted to three other participants by an intermediary laboratory in Bulgaria or South Korea. Thus
33 laboratories received blood samples. In all cases, cultures were processed using each laboratory’s
standard protocol following the recommendations of the TAEA (2011) and the ISO standard 19238
(2014). Finally, a contact laboratory from Canada set up the lymphocyte cultures and sent stained slides
to its network of 6 laboratories. In all cases, the analyses were performed according to a RENEB standard
scoring sheet for the dicentric chromosome assay that was provided to the 39 participants. For each
sample, manual scoring of dicentric chromosomes (or dicentric chromosomes plus centric rings) in 500
cells by two different scorers if possible and using at least two slides (250 cells in each) was requested.
In addition to dicentric frequency per metaphase and dose assessment (Gy) for each sample, participants
were asked to report the Colcemid treatment used and the coefficients and associated errors of their
calibration curve. All participants sent the results directly (30 laboratories) or indirectly (through their

reference laboratory in Bulgaria, Canada and South Korea) to the organizing laboratory at the IRSN.

c. Dose assessment

For dose assessment, laboratories converted the frequency of aberrations observed per metaphase into
absorbed dose using their own calibration curves based on dicentric chromosomes or dicentric
chromosomes plus centric rings scoring. Some of the laboratories without their own calibration curve

decided to use the calibration curve data available in the last technical IAEA report on biodosimetry
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(IAEA, 2011). The calculations needed to convert the observed dicentric chromosomes (or dicentric
chromosomes plus centric rings) into estimated doses were made by means of various software
programs: CABAS V2.0 (Deperas et al 2007), different versions of Dose Estimate (Ainsbury and Lloyd
2010), or in-house developed software based on Microsoft Excel (L6, L15, L19 and L34). All

laboratorics estimated the doses in Gray (Gy) and included the 95% confidence intervals as requested.

d. Statistics

To assess the performance of each laboratory and the reproducibility of the exercise, the statistical
analysis followed the (ISO 5725 1998) recommendations which provide detailed guidance of general
statistical methods to use in proficiency testing schemes. These methods were successfully applied for
biological dosimetry in Di Giorgio et al. (2011). In brief, the robust estimations of the mean and standard
deviations of frequencies or doses were performed using the Algorithm A (algA function of the R
software “metrology” package) (ISO 13528, 2015). This algorithm yields robust location and scale
estimates by the “winsorisation” of the original data (the extreme values, instead of being deleted, are
shifted towards the bulk of the data using adequate upper and lower thresholds obtained by an iterated
scale). The “Breakdown points™ for these estimators (proportion of outliers without an adverse impact
on the estimates) are approximately 30, which constitutes an adequate resistance to outlying values. A
robust estimation of the coefficient of variation can then be obtained as the ratio of the robust standard

deviation to the robust mean.

Once the mean and standard deviation robustly estimated, the performance analysis was conducted using
the Z- and U-tests. The Z-test measures the deviation of each laboratory’s reported frequency or
estimated dose from the robust mean of the reported frequencies or the delivered dose, both considered
as reference values. The Z-test also takes into account a robust standard deviation from the reported
frequencies or doses, and a standard uncertainty of the reference value. Laboratory performance using
the Z-test categorizes reported values into “satisfactory” when the |Z | value is < 2, “questionable” for
a |Z | value between 2 and 3, and “unsatisfactory” when the |Z | value is > 3. Z-tests do not consider the
uncertainty of each participating laboratory. On the other hand, the U-test considers the mean value and

its confidence interval. With the U-test, the results of each laboratory are interpreted considering the
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upper critical value of Student's t distribution, usually with a 0.05 probability of exceeding the critical

value, and with N-1 degrees of freedom (where A is the number of laboratories). For both tests, Z and

OOV WN =

U, and to prevent against the multiple testing issues in the statistical inference, the Benjamini-Hochberg
(BH) (Benjamini and Hochberg 1995) adjustment was performed for controlling the false discovery rate
12 (FDR). This FDR-based control has been widely used in cases where a large number of hypotheses are
14 simultaneously tested and has been shown to be less conservative than the Bonferroni adjustment

16 (Shaffer 1995).
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3- RESULTS
a. Shipment

A total of 39 laboratories were involved in this ILC. From the initial shipping of blood samples by the
organizing laboratory (IRSN), 11 laboratories belonging to the European Union (EU) received them
within a period of 24h; and 22 laboratories received them within a period of 48 h regardless of location
(EU or non-EU). 4 laboratories received the blood samples after a period larger than 48 h (from 48.5 h
to 68 h), and 2 laboratories did not receive the samples due to an issue with customs authorities. A new
shipment for the latter 2 was made by the IRSN laboratory and it was received within 48 hours. Each
package included a dosimeter and none of the recorded doses was above 0.1 mSv. Among the
laboratories that received blood samples, 32 out of 33 were able to set up lymphocyte cultures and to
successfully obtain chromosome spreads. Considering all participants, including the 6 labs that received

coded slides with chromosome spreads, a total of 38 laboratories were able to report their results.

b. Reported Frequencies

Table 1 shows the total number of dicentric chromosomes or dicentric chromosomes plus centric rings
found by each laboratory for the three evaluated samples (A, B and C). From the total 114 reported
values (38 labs x 3 samples), 99 of them correspond to the analysis of around 500 cells and the other 15
values correspond to 300 analyzed cells or less (Table 1). Two laboratories submitted 2 dose-effect
curves each for manual scoring, as follows: one sent curves based on different kinds of staining (Giemsa
(L2) or FISH coupled with pan-telomeric and pan-centromeric probes (L2b)), and one sent curves based
on chromosomal aberration scoring (dicentrics (L31) and dicentrics plus centric rings (L31b)). All the
sent results have been included in the analysis to show what can happen in a real case. Indeed it is
possible, whatever the cause, that a laboratory obtains a poor mitotic index, even when it is a very

experienced laboratory.

TABLEINEARHERE
The figure 1 shows only the dicentric frequency per metaphase in order to effectively compare the same

frequencies to each other. For sample A (1.8 Gy), the dicentric frequencies sent by each participant

16

E-mail: JRB@Northwestern.edu URL: http://mc.manuscriptcentral.com/ijrb

Page 70 of 94


mailto:IJRB@Northwestern.edu
http://mc.manuscriptcentral.com/ijrb

Page 71 of 94

OOV WN =

International Journal of Radiation Biology

laboratories are shown in Figure 1A. The observed frequencies of dicentric chromosomes per cell ranged
from 0.10 to 0.34. The robust estimate of the mean (+ robust standard deviation) was 0.22 = 0.058, and
the coefficient of variation (CV) was of 27%. When only RENEB laboratories were considered CV was

20%. Figure 1 also shows the results of the Z and U tests.

FIGUREINEARHERE

Z- and U-tests were only done using the frequency of reported dicentric chromosomes per metaphase
(Figure 1). For both tests, the BH adjustment was applied. The Z-score obtained for 97% of the labs
were satisfactory. Different results were obtained using the U test, where the results of 10 labs (26% of
labs) were unsatisfactory after BH adjustment. Evaluating separately RENEB (from L1 to L.20) and non-
RENEB laboratories (L21 to L38), we can notice that 85% of RENEB laboratories had satisfactory U-

test values and among non-RENEB laboratories, only 61% showed satisfactory U-scores.

For sample B (0 Gy), dicentric chromosome frequencies sent by each participant laboratories are shown
in Figure 1B. The observed frequencies of dicentric chromosomes per cell ranged from 0.0 to 0.01 and
the robust estimate of the mean (+ robust standard deviation) was 0.0014 = 0.0017 and the CV was
128%. The results of the Z and U tests are also shown in Figure 1B. Concerning the Z-test, the results
of only three participants (L14, L20 and L29) were considered unsatisfactory. 90% of the RENEB and
949% of the non-RENEB participants had a satisfactory Z-score. The U- test considered that all the values

given by the laboratories are satisfactory.

The dicentric frequencies for sample C (0.4 Gy) sent by each participant laboratories are shown in Figure
1C. Observed mean frequencies of dicentric chromosome per cell ranged from 0.0 to 0.08 and the robust

estimate of the mean (+ robust standard deviation) was 0.025 £+ 0.011. The CV was 44%.

As shown in Figure 1C, only one Z value was considered as unsatisfactory (L7). Therefore, 97% of the
participants present satisfactory Z-scores. When the U-test was applied, 2 frequencies gave

unsatisfactory results (L36 and L37). With the U-test, L7 was not unsatisfactory anymore as the
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uncertainty associated with its frequency per metaphase is quite large due to the analysis of only 12

cells. So, 95% of the participants had a satisfactory U-score.

c¢. Estimated Doses
TABLE2NEARHERE

The second step of this intercomparison was to estimate the three delivered doses. The ILC requested
cach laboratory to calculate the estimated doses and their associated confidence intervals, using their
own dose-effect curve and applying the statistical method established in their laboratory. In addition,
the RENEB scoring sheet requested each laboratory to indicate the coefficients and standard errors of
the calibration curve used (Table 2). Twenty-nine laboratorics sent the coefficients of a single dose-
effect curve, generally constructed using gamma- or X-rays (Table 3). Four laboratories submitted 2
dose-cffect curves each, as follows: 2 participants sent curves based on different irradiation sources
(gamma- (L4 and L5) and x-rays (L4b and L5b)), and the two others (L2/L2b and L31/L31b) were
mentioned earlier in the “reported frequencies™ section. Finally, five laboratories did not have any
calibration curve but two of them chose to use the calibration curve data available in the last technical
TAEA report on biodosimetry (IAEA, 2011), as it is also an acceptable method. For the other three, as it
was their first time of participation to an intercomparison, they were not aware of the possibility to use
an established dose-effect curve. Figure 2 shows only the values from the participants that reported an

estimated dose.

TABLE3NEARHERE

FIGURE2NEARHERE

Using the values sent by each laboratory, 65% of the reported dose estimation participants include the
high dose (sample A) in the 95% confidence interval of their dose estimates (93% and 89% for sham
irradiation (sample B) and low dose (sample C), respectively). As mentioned above, each laboratory
calculated the absorbed doses using the program routinely used in their laboratory, and there was a great

heterogeneity in the calculation of the 95% confidence interval. In fact, 16 laboratories used the CABAS
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software that only considers Poisson’s error on the observed yield. 13 participants used Dose Estimate
software, that can consider both, the error of the curve and the error of the observed yield of dicentric
chromosomes applying the delta method (IAEA manual 405, 2001). Among the 13 participants which
used the Dose Estimate software, 11 considered the delta method, and 2 only considered the error of the
observed yicld. As well 6 laboratories that used their own software applied a Merkle approach to
consider both errors (Merkle, 1983). Finally, 3 laboratories gave no results on dose estimation. Among
the 38 laboratories that sent results, 2 laboratories sent miscalculated doses due to typo errors. To avoid
the impact of this heterogeneity in Z- and U-test analysis, all the dose estimations were recalculated
using a single method. The method used was Merkle’s approach that was proposed in the last IAEA
manual (IAEA, 2011). However, because covariances of the fitted coefficients of curves were not
previously requested, the 95% confidence intervals were calculated considering only the standard errors
on curve coefficients. These results are reported in Figures 3, which show 39 results each because some

laboratories provided 2 dose effect curves leading each to dose estimations.

FIGURE3NEARHERE

For the high dose (sample A), the estimated doses ranged from 1.31 to 2.51 Gy, and 90% of the
participants included the delivered dose in their 95% confidence interval (Figure 3A). After applying
the BH adjustment all laboratorics showed satisfactory Z-scores. Using the U-test, 90% of the
laboratories showed satisfactory results, 96% for RENEB and 81% for NON-RENEB participants. The

CV was of 15%.

For the sham-irradiated sample (B), the estimated doses ranged from 0.0 to 0.19 Gy, and in all cases
the 95% confidence intervals included the 0 Gy dose, except L35 (Figure 3B). For sample B, results
cannot be analyzed using the Z-test because of the algorithm A convergence failure of the robust

standard deviation estimation (abundance of null values). The U-test showed that 97% of the results

were satisfactory. All RENEB and 94% of non-RENEB participants had satisfactory U-scores.
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Results for the low dose (sample C) can be seen in Figure 3C. Estimated doses ranged from 0.24 to 1.20
Gy, and the Z-test shows unsatisfactory result for only one participant. Therefore, 97% of the

laboratories had satisfactory scores. All U-scores were satisfactory. The CV was 29%.

Importantly, we noticed a substantial heterogeneity in the calibration curves from the participants as
reported in Table 3 and Figure 4. Concerning the gamma-rays calibration curves, the lowest dose rate
was 0.04 Gy min! (L3), and the highest 1.16 Gy -min! (L34). For calibration curves using X-rays, dose
rates ranged between 0.35 Gy min’! irradiating with X-rays of 243 kVp (L4b) and 2.5 Gy min’!
irradiating with X-rays of 6 MeV (L19). The IAEA technical report (IAEA, 2011) recommends that to
produce a dose-effect curve applicable to an acute accidental exposure the dose rate should be chosen
such that all doses are given in less than 15 min. Considering this recommendation and taking into
account that usually the highest dose used in a calibration curve is 4 or 5 Gy, a dose rate of about 0.34
Gy -min! will allow to irradiate the highest dose in less than 15 minutes. Therefore 7 laboratories (L3,

L7,L16, L22, L33 and L34) used a dose rate that is under the IAEA recommendations.

An altemative to reporting satisfactory result rates is to rank the results of each laboratory belonging to
the same network for a given sample based on their Z- and U-scores. Table 4 shows the differences in

ranking of the laboratories between the 2 tests.

TABLEANEARHERE

In fact, differences in scoring criteria should be balanced by the use of individual curves, which logically
includes the specific scoring criteria of each laboratory. This effect is not clearly observed in the present
study. Table 5 shows the differences of laboratory ranking from the frequency to the dose estimation by
Z-score. For example, at group level, the mean Z-score calculated for the RENEB network or the non-
RENEB group does not change as much between frequency and estimated dose. For frequency and dose
estimation, RENEB and non-RENEB laboratories were ranking ranked based on their Z-scores, from
the lower to the higher values. The mean of the rank obtained for RENEB and non-RENEB laboratories

are 17.4 and 21.8 respectively. This is quite the same for dose estimation, the mean of the laboratory
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rank based on Z-scores is 18.7 for RENEB, and 21.8 for non-RENEB laboratories. It should be noted

that the mean dose for all laboratories is not far from the delivered dose (1.74 Gy vs 1.80 Gy).

OOV WN =

TABLESNEARHERE

" The curves reported for the present ILC show great variability in their calibration curve coefficients
(Table 2) and highlight the existing diversity among laboratories. A more visual representation of these
differences can be seen in figure 4. As an example, a frequency of 0.5 dicentric chromosome per

metaphase gives a dose of 1.80 Gy for L2b and a dose of 3.90 Gy for L9.

22 FIGURE4ANEARHERE
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4- DISCUSSION

In a mass-casualty radiological event, networks of biological dosimetry laboratories can decide to share
different types of samples such as whole-blood, fixed cells, slides or metaphase images. Multiple Inter-
Laboratory Comparisons (ILCs) have already tested different possibilities: blood (Roy et al. 2004;
Oestreicher et al. 2017, Bakkiam et al. 2015, Romm et al. 2011, Pan 2019, and Wilkins et al. 2008);
fixed cells (Roy et al. 2004); slides (Liu et al. 2016; Miller et al. 2007); or metaphase images (Garcia et
al. 2013, Romm et al. 2014a and 2016). The present ILC has chosen to send whole blood to test all the
steps of a biological dosimetry study (i.e. blood culture, slide preparation and staining, dicentric analysis
and dose estimation).

Evaluating the shipment, 87% of the participant laboratories received the blood samples within 48h,
including those outside Europe (Canada, USA, South Africa, South Korea, India and Vietnam). In
addition, 97% of the laboratories were able to obtain chromosome spreads, even those that received the
samples after 48h. In fact, only 6 out of 38 laboratories did not reach the 500 metaphases needed. The
only laboratory that did not obtain any chromosome spreads received the blood sample in 48h.
Therefore, no link could be established between sample-travel time and culture growth, and some delay
in the shipment did not prevent lymphocyte growth in this study. In future ILCs it would be of interest
to report the mitotic index in order to evaluate lymphocyte activation. Moreover, the impact of the
shipment itself has been tested in other exercises. Particularly, in the ShipEx exercise between the Latin-
American network (LDBNet) and several laboratories around the world. In this case, blood samples
were also properly received and lymphocytes were able to satisfactorily grow for most of the participants
(Garcia et al. 2013). The blood shipment has also been tested in other European ILCs (Beinke et al.
2013), where the same observation was made for the longest shipment times, including 96 h but this was
not optimal (Oestreicher et al. 2017).

In our study, the dose received during the transport of the samples (mainly cosmic radiation and X-ray
safety checks) amounted to a maximum of 0.1 mSv. In addition, only long-distance shipments were
exposed to measured doses between 0.05 and 0.1 mSv. As comparison, similar exposures were reported

in the ShipEx-1 exercise (Garcia et al. 2013). Thus, these dose levels can be considered negligible
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compared to the sensitivity limits of the biological dosimetry method used. However, it seems prudent
to systematically include a dosimeter in the blood sample shipment, in case there are abnormal exposure
levels during transit safety checks. The results presented here and those previously reported (Oestreicher
etal. 2017, Wilkins et al. 2008) show that blood samples could be shared among laboratories around the
world in the event of a major radiological accident in order to perform biological dosimetry based on

chromosome aberrations.

Interpretation of ILC Results

Periodic ILCs allow the evaluation of the performance of laboratories that belong to a network. They
help to standardize practices and contribute to the improvement of the quality and robustness of the
results from such a network. One important aim of ILCs is to identify problems encountered by the
participants and define actions for improvement, such as harmonization, training and dose estimation
exercises. In biological dosimetry, the results are mainly based on the estimation of the chromosome
aberration frequency per metaphase. This value is subsequently converted into an estimated absorbed
dose using a pre-established dose-response curve specific to ecach laboratory. For biodosimetry
laboratories, the main goal of an ILC is to compare the results for these two values, frequency and

estimated dose, among the participant laboratories.

The objectivity of these comparisons is generally achieved through the Z- and U- score tests (Di Giorgio
et al. 2011). These two quantities evaluate, under different normalizations, the difference between the
value reported by each laboratory and a reference value considered as correct (i.e. the robust mean for
frequencies, or the delivered dose for dose estimation). In fact, the Z-Score is computed under a common
normalization based on the robust standard deviation while the U-score is computed using a laboratory
specific normalization based on the uncertainty measurement of each participant (which is highly
associated to the number of cells scored, but also to the level of exposure). Thus, these two tests give
complementary elements to interpret ILC results. In the present study, the U- and Z-scores were adjusted
using the Benjamini & Hochberg (1995) correction in order to take into account the large number of

calculated scores (at least one for each participating laboratory) and the associated increase of false
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positive risk. Finally, by defining thresholds, one could distinguish acceptable, questionable and
unsatisfactory results. The comparison of frequencies aims to provide an overview of the state of
harmonization between the participating laboratories concerning chromosome aberration recognition.
In other words, this analysis allows the evaluation of the homogeneity among participating laboratories
concerning aberration detection and scoring criteria. From an overall perspective, with the Z-score, the
percentage of satisfactory results decreases with the level of exposure: 100%, 97% and 92% for samples
A (1.8 Gy), C (0.4 Gy), and B (non-exposed) respectively. Contrary to what the percentages of
satisfactory results might suggest, it cannot be concluded solely on the basis of the Z-score that
laboratory harmonization is worse at low doses than at high doses. The reason is that these percentages
are simply not directly comparable. In fact, the standard ISO 13528 (2015) justifies the use of the limits
“2” and “3” for the Z-score by the fact that “measurements that are carried out correctly are assumed to
generate results that can be described by a normal distribution”. Therefore, it is easy to see that the
validity of the Z-scores limits (2 and 3) is intrinsically related to the large-sample asymptotic normal
approximation of a Poisson distribution, which is usually used to describe the distribution of dicentric
chromosomes in a uniform irradiation context. The Berry-Essen Theorem (Berry 1941, Essen 1942)
provides an easy way to quantify this convergence rate which, in the case of a Poisson distribution, states
that a bound on the maximal error of the normal approximation is inversely proportional to the square
root of the product of the number of metaphases times the dicentric rate.

According to the sample A and the sample C aberration rates per cell (approximately 0.2 and 0.02
respectively), this implies that 5000 analyzed metaphases are needed for the low dose (sample C) to
achieve the normal approximation precision after analyzing 500 metaphases of the high dose (sample
A). In other words, by fixing the number of analyzed metaphases to 500 for all investigated doses, the
corresponding Z-score distributions are significantly different in terms of normal approximation,
making it inappropriate to have common satisfactory/unsatisfactory thresholds (here 2 and 3).

The same conclusion can be made for the U-score, even though it gives opposite results. With the U-
test, the percentage of satisfactory results decreases when the sample dose increases: 100% for non-

irradiated sample (dose B), 95% for 0.4 Gy (dose C) and 74% for 1.8 Gy (dose A). Once again, and for
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the same reasons explained above for the Z-scores, it would be erroneous to conclude that laboratory
harmonization is worsening as the dose to be estimated increases.

An alternative to reporting satisfactory result rates is to rank the results of each laboratory belonging to
the same network for a given sample based on their Z- and U-scores. As explained above, the
methodology underlying the Z- and the U-score is not the same and the analysis of the ranking obtained
with each one should be interpreted in light of these differences. The Z-score ranks the laboratories
based on the distance between the value reported by each of them and the reference frequency (i.c. the
robust mean of all reported frequencies). Basically, the farther you are from this average value
representative of the group, the lower you are ranked. A disadvantage of this method is that two
laboratorics that report the same mean frequency will have the same score, even if one of them has a
larger uncertainty for the measurement. This can be illustrated by comparing the Z-score of L6 and L7
for sample A. The two laboratories obtained a Z score very similar (0.34 and 0.28) as their reported
frequencies for sample A are similar (Table 4). However, the frequency of L7 has a much higher
uncertainty due to the low number of scored metaphases, and it can be considered less reliable than the
result of L6, which is not reflected in the Z-score ranking. The U-score makes it possible to account for
this difference between the 2 laboratories, but not in the direction that one would expect. In fact, the U
score for L7 (0.12), is lower than for L6 (0.86). Therefore, when performing the U-test for two
laboratories with similar frequencies, one of them can be better ranked because of its large uncertainty.
Because the number of dicentric chromosomes that can be detected will depend on the delivered dose
and on the number of cells analyzed, these two tests should be used carefully when ILC frequencies of
detected aberrations are considered. It seems more reasonable to use these tests to evaluate the level of
harmonization between laboratories, or networks of laboratories, rather than to evaluate cach
laboratory’s performance. The present RENEB ILC involves laboratories belonging to different groups
(RENEB network and non-RENEB participants) that have independently harmonized dicentric
chromosome scoring. In the present ILC, RENEB laboratories constitute majerity-half of the participants
and most of them have already participated to several ILCs (Oestreicher et al. 2017, Jaworska et al.
2015, Romm et al. 2014a, Ainsbury et al. 2014). This has a strong effect in the robust mean and robust
standard deviation considered as reference values.
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The global analysis of frequencies by Z-score and U-score as presented in Table 4 can lead to
misinterpretations. As mentioned above, the real interest of the frequency analysis is to evaluate the
level of harmonization in the recognition of dicentric chromosomes. The present study involving 38
laboratories around the world that do not belong to the same network, or do not even belong to a network,
necessarily highlights an expected heterogeneity in the results, which is not very surprising or
informative. [t might be of interest to focus on a sub-group of laboratories that have worked to harmonize

themselves, and to assess the gain associated with this harmonization process.

TABLE6NEARHERE

Table 6 presents the results for sample A and for the Z-score analysis performed only on the 20
laboratories belonging to the RENEB network. Within this group, the robust coefficient of variation is
20.1%, with 3 labs (15% of all RENEB labs) showing questionable results (L11, L.18 and L3). If these
3 laboratories are excluded, the coefficient of variation calculated from the frequencies obtained by the
remaining 85% of the laboratories is around 15%. These values can then be compared to the expected
value for the coefficient of variation which can be obtained by simulating 20 or 17 chromosome
aberration frequency estimates following a Poisson distribution with a parameter (lambda) equal to the
robust means observed on the RENEB subgroup, and taking into account the respective numbers of
metaphases scored by each laboratory. Then, the median value of these “theoretical” coefficients of
variation 1s 13.5% with 95% confidence interval of [7.7% - 27.4%)]. This means that, duc to the
stochastic nature of the measures, 20 laboratories involved in a "fully harmonized" ILC situation is
expected to obtain, in median, a coefficient of variation of 13.5%. Thus, the dispersion of the values
obtained for the RENEB network, 20% or 15% is included within the 95% confidence interval of the
“theoretical” coefficient of variation and close to the median “theoretical” value of 13.5%. In
comparison, the robust coefficient of variation obtained for all 38 laboratories is 26.7%, and if only the
non-RENEB laboratories are considered, the dispersion reaches a value of 36.5%. This shows that an
intercomparison analysis based on chromosomal aberration frequencies only makes sense among
laboratories that are involved in a common ¢ffort of harmonization. This should not be interpreted as a
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better proficiency of a specific network in detecting dicentric chromosomes with respect to another, but

as a reflection of different ways of harmonization.

In conclusion, although Z- and U- tests are accepted methods to assess laboratory performance in
metrology (ISO 13528 2015), they are not ideal for ILCs. To this day, no commonly used tool proves to
be fully adapted and relevant to the needs of ILCs that are based on the frequency of radiation-induced
dicentric chromosomes per metaphase. To mitigate this deficiency, it seems appropriate for the
reliability of future ILCs to focus on radiation doses that are able to generate enough dicentric
chromosomes for 500 analyzed cells. This would limit the impact of Poisson uncertainties on the ILC
results. In addition, it seems essential to only include in the intercomparison analysis those laboratories
that have analyzed the requested number of metaphases, and to exclude those that have not, thus
allowing a comparison with an equivalent Poisson uncertainty. Otherwise, a comparison of results from
all participants appears hazardous. Additionally, one should consider that ILCs may include laboratories
from different networks that could have their own harmonized way of scoring dicentric chromosomes.
This could lead to questionable or unsatisfactory results because of different scoring criteria, and it
should not be interpreted as bad performance, but as a lack of harmonization among all the participating
laboratories.

While ILCs based on the frequency evaluate the level of harmonization of scoring criteria,
intercomparisons based on estimated doses involve additional elements to be taken into account when
analyzing the results. One is the dose-effect curve required to estimate a dose from the observed
frequency, of which most of the participant laboratories have their own. It is widely accepted that in
ILCs, better results are generally obtained with estimated doses than with observed frequencies (Di
Giorgio et al. 2011). In fact, differences in scoring criteria should be balanced by the use of individual
curves, which logically includes the specific scoring criteria of each laboratory. This effect is not clearly
observed in the present study. For example, at group level, the mean Z-score calculated for the RENEB
network or the non-RENEB group does not change as much between frequency and estimated dose. For
frequency, the mean rank based on the Z-scores obtained for RENEB and non-RENEB laboratories are
17.4 and 21.8 respectively. This is quite the same for dose estimation, the mean rank based on the Z-
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scores are 18.7 for RENEB, and 21.8 for non-RENEB. This is confirmed at the laboratory level, as
drastic changes in Z-score ranking (gain or loss of more than 15 places) between frequency and dose
estimation are limited to a minority of laboratories (Table 5). This is the case for L18, which
systematically improves its Z-score by more than 1.5 points between frequency and estimated dose (a
progress of 25 ranking places). Inversely, L9 gained more than 2 Z-score points when its dose-effect
curve was used to convert its chromosome aberration frequency to an estimated dose (a 35-row drop in
the overall ranking).

It is interesting to note that, although these changes in results between frequency and dose are small in
magnitude for most laboratories, globally, they are quite unfavorable. In fact, an increase of the Z-score
is observed for the majority of participants (58% for the high dose, sample A and 55% for the low dose,
sample C) when estimated doses are considered. Indeed, for the high dose, a mean loss of 2 ranks per
lab were observed between the ranking obtained for frequency and the one obtained for dose estimation.
This could indicate that the dose-effect curves include biases that prevent them from positively
compensating for differences in scoring criteria. The curves reported for the present ILC show great
variability in their calibration curve coefficients (table 2) and highlight the existing diversity among
laboratories. A more visual representation of these differences can be seen in figure 4.

The above-mentioned differences have multiple origins such as the number of dose points used to
calibrate the curve, the number of metaphases analyzed at each dose point, the dose-rate and the radiation
source (X- or gamma-rays). Another source of uncertainty is the way that the delivered doses were
calculated (Trompier et al, 2017). Briefly, depending on the radiation source, X-or gamma-rays, and
their energy, the calculation of the delivered dose to the samples can be based on air Kerma or dose to
water. Depending on the overall energy of the source, this could lead to different absorbed dose values
for the same irradiation. Consequently, this can impact the result of the dose estimation in an ILC if the
doses of a given dose-effect curve are not calibrated the same way than the dose delivered to the analyzed
sample. It is important to mention that usually in biodosimetry laboratories, all these details are not very
well traced. Furthermore, there are no minimum criteria for defining whether or not a dose-response
curve is acceptable for use in a given intercomparison. Currently, and in most of ILCs, calibration curves
from all participants are used, regardless of the way they are built. In fact, 7 laboratories reported dose
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effect curves that were built using a dose rate too low to fully respect the IAEA recommendations
concerning how to build a dose effect curve applicable to an acute exposure. This point must absolutely
be considered for future intercomparisons as it has a very strong impact on the interpretability of the
results and on the identification of improvement areas for a specific network. Additionally, evolution in
the scoring criteria within a laboratory over the time elapsed between the calibration curve establishment
and the present intercomparison may lead to additional uncertainty in the dose assessment. In fact,
scorers are changing over the time so there is a need for periodical harmonization. Another important
issue is how the participation in intercomparisons have modified the scoring criteria and so the dose-
effect curve. This is particularly important if the dose-effect curves were produced prior to the
harmonization work carried out within the RENEB network.

One more issue brought forward by this intercomparison was the lack of homogeneity in the calculation
of the uncertainties associated to the doses reported by the participants. In fact, there are different
generally accepted ways to estimate a dose and its associated uncertainties, as several calculation
software programs are available (CABAS, Dose Estimate and Microsoft Excel-based spreadsheets).
Considering that these tools do not implement the same methodologies to calculate uncertainties, it made
it difficult to compare the raw reported values because they were not calculated in a homogenous
manner. In the present study, the estimated doses and uncertainties initially sent by participants were
calculated by each laboratory using their own methods. This led to a great heterogeneity in the reported
values and in the reported curve coefficients, which further complicated their interpretation in the
context of an intercomparison. For this reason, all dose estimates were re-calculated using the reported
frequencies and their own dose-response curves using the method described by Merkle et al (1983) and
mentioned in the ITAEA manual (2011). For future ILCs, it scems essential to clearly define the
methodology to be applied by the laboratories for the calculation of the dose and the associated
uncertainties. To go further, the implementation of a single integrated and open-ended tool available to
the participants seems to be relevant. This was the strategy adopted by the RENEB association, through
the development of BiodoseTools, a software based on R with a Shiny interface

(https://github.com/biodosetools-team/biodosetools).
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5- CONCLUSION AND PERSPECTIVES

Standardization of chromosomal aberration scoring during the various FEuropean projects
(MULTIBIODOSE and RENEB) has improved results of dose assessment in ILC exercises (Jaworska
et al. 2015, Oestreicher et al. 2017). The present work demonstrates that harmonized and trained
networks such as RENEB (in terms of chromosomal aberration scoring) obtain better results than a non-
harmonized group. This is illustrated by the high level of satisfactory results obtained either in frequency
or dose by L1-L20 when using classical intercomparison analysis tools, such as the Z-score and its
associated decision thresholds. However, one cannot conclude that RENEB laboratories are fully
harmonized, not only for those non-satisfactory results but also by the statistical tools used. These
statistical tools appear to be limited and are not able to advantageously exploit the richness of results
from large intercomparisons. At present, these tools do not allow a fine diagnosis of laboratory
performance, neither do they serve as new avenues for improvement for the network of laboratories. For
example, it would seem interesting to be able to easily discriminate results such as those obtained by the
L5, L7 and L9, which intuitively do not scem equivalent, but are considered as such by looking at their
Z- and U-scores. After this first stage of harmonization using these tools, the use of other approaches to
test laboratory performance in future intercomparisons seems to be necessary. Solutions based on the

bias-variance trade-off are currently being explored.

Another issue highlighted by this ILC is the question of the infinite diversity of dose-effect curves. It
clearly appears that, despite the initial advantage of including the scoring specificities of each laboratory,
the lack of recommendations and minimum criteria to evaluate the robustness of each laboratory’s curve
seems to be a negative point for the model of "a curve per lab". The construction of a robust curve is a
long-term procedure, which should be part of a constant and dynamic evolution process in order to take
into account the changes occurring over time in the laboratories, or the evolutions inherent to the process
of harmonization of a network. In addition, the relevance of a dose-effect curve established 25 or 30
years ago by members who are no longer present in a given laboratory is questionable. By definition,
the process of harmonization would generate a change in practices and may raise questions about the

validity of a pre-existing dose-response curve. One of the main advantages of a large laboratory network
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is its power in terms of data production. The present intercomparison generated the analysis of a striking
20,000 different metaphases per dose. When harmonization of practices is achieved, such a network
could build an extremely robust dose-response curve in just 2 or 3 intercomparisons. This would also
have the advantage of consolidating practices in terms of calculating coefficients and the associated

uncertainties, making it a strategy that should be seriously considered in large.

Finally, and in the same spirit of unification, it seems relevant to develop tools that are better adapted to
the collection and processing of results produced by the various participant laboratories. For the moment,
this collection happens at a relatively small-scale (notably through the exchange of spreadsheet files).
The coupling of tools such as BiodoseTools and web portals for collecting results seems to be
particularly promising, both in terms of definition and application of the methodologies necessary for
their processing (in particular, the calculation of uncertainties), but also in terms of the reliability

associated with the traceability of results.

After a first harmonization phase lasting more than ten years (Kulka et al. 2017, Oestreicher et al. 2017,
Gregoire et al. 2017), and even if there is still room for improvement, the level of harmonization reached
by RENEB members definitely confirms the operational value of international networks of biological

dosimetry laboratories, particularly in the case of large-scale radiological accidents.
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9 Table 1. Reported scoring values from each laboratory; dicentric (dic) and dicentric plus ring
11 (dic+tr). In italics, reported values that did not include the cell distribution of aberrations. L1 to L.20
13 arc RENEB members and L21 to L38 are non-RENEB group. *L2 and L2b represent different kinds
of staining (Giemsa (L2) or FISH coupled with pan-telomeric and pan-centromeric probes (L2b)).

**L.31 and L31b represent chromosomal aberration scoring (dicentrics (L31) and dicentrics plus rings

5t (L31b)).

Figure 1: Dicentric frequencies per metaphase for sample A (A), sample B (B) and sample C (C)
25 from each of the participant laboratories. Triangles represent the dicentric frequency per metaphase
27 obtained by each laboratory for sample A (A), sample B (B) and sample C (C). The solid black line is

29 the robust mean when laboratories reported the dicentric frequency per metaphase. Dashed lines mark
31 the 95% confidence interval of the robust mean. Z-and U-scores were calculated with a Benjamini-

33 Hochberg adjustment. Stars denote an unsatisfactory U-score and circles denote an unsatisfactory Z

35 score. RENEB laboratories are within the grey rectangle.

38 Table 2. Calibration curve coefficients of the participant laboratories. NA: Not Available. These
40 laboratories have no dose-effect curve. Some laboratories did not include standard deviations for the
32 coefficients (= NA). *L2 and L2b represent different kinds of staining (Giemsa (L2) or FISH coupled
with pan-telomeric and pan-centromeric probes (L2b)). **L4/L5 and L4b/L5b represent calibration
47 curves based on different irradiation sources (gamma- (L4 and L5) and x-rays (L4b and L5b)). ***L31
49 and L31b represent chromosomal aberration scoring (dicentrics (L31) and dicentrics plus rings

51 (L31b)). L1 to L.20 are RENEB members and L21 to L.38 are non-RENEB group.

54 Table 3: Source and dose rate used by the laboratories for their calibration curve. * : L2 used
56 Giemsa for dicentric chromosomes and centric rings staining, and L2b used TC-FISH for dicentric

58 chromosomes and centric rings staining. ** : L.31 scored only dicentric chromosomes to build its curve
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and L31b scored dicentric chromosomes and centric rings to build its curve. L1 to .20 are RENEB
members and L21 to L38 are non-RENEB group. NP : Not Provided

Figure 2: Dose estimations sent by the participant laboratories for samples A, B, C. Solid circles
represent the dose estimation based on the total number of metaphases analyzed. Some laboratories
sent two estimated doses for each sample, which are represented by open triangles. Error bars
correspond to the reported 95% confidence interval. The horizontal line represents the delivered

physical dose to the blood.

Figure 3: Re-calculated doses by the IRSN based on Merckle’s approach and using each
laboratory’s own curve coefficients for sample A (3A), sample B (3B) and sample C (3C).
Diamonds represent the average dose obtained and error bars correspond to the 95% confidence
interval of the estimated dose. Values considered as unsatisfactory by the U-test are indicated with a
star. Unsatisfactory results by the Z-test are indicated with a circle. RENEB laboratories are within the

grey rectangle.

Table 4: Laboratory ranking by Z-Score (A) and by U-Score (B). a : CA Frequency : Frequency of

chromosomal aberrations (dicentric chromosomes per cell)

Table 5: Comparison of laboratory rankings between the Z-score obtained for dicentric
frequency per metaphase and the Z-score obtained for assessed dose. Rectangles show the
laboratories whose rank changes the most between frequency and dose. L9 is highlighted by a solid
line rectangle and L18 is highlighted by a dashed line rectangle. L36, L37 and L38 are not present in
the dose column since they did not provide dose estimations. L4b, L5b and L31b are present only in
the dose column because the dicentric frequencies are similar within the same laboratory (L4/L4b ;
L5/L5b ; L31/L31b). NA: Not Available: The Z-score for L2b was not calculated because the staining
technique (TC-FISH) was different from the rest (GIEMSA staining) and thus could not be compared

using this test.
Figure 4: Calibration curves of the Inter-Laboratory Comparison participants. The horizontal
line represents the frequency of 0.5 dicentric chromosomes or dicentrics + centric rings per metaphase
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and the grey vertical lines indicate the mean estimated dose obtained with the two most distant curves.

The dashed curve, indicated by an arrow, is that of the TAEA manual (IAEA 2011).

OOV WN =

Table 6: Comparison of robust values among laboratory categories. x, s and CV correspond
10 respectively to the calculated robust mean, robust standard deviation and robust coefficient of

12 variation calculated.
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