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Tools for radiation exposure reconstruction are required to
support the medical management of radiation victims in
radiological or nuclear incidents. Different biological and
physical dosimetry assays can be used for various exposure
scenarios to estimate the dose of ionizing radiation a person
has absorbed. Regular validation of the techniques through
inter-laboratory comparisons (ILC) is essential to guarantee
high quality results. In the current RENEB inter-laboratory
comparison, the performance quality of established cytoge-
netic assays [dicentric chromosome assay (DCA), cytokinesis-
block micronucleus assay (CBMN), stable chromosomal
translocation assay (FISH) and premature chromosome
condensation assay (PCC)] was tested in comparison to
molecular biological assays [gamma-H2AX foci (gH2AX),
gene expression (GE)] and physical dosimetry-based assays
[electron paramagnetic resonance (EPR), optically or ther-
mally stimulated luminescence (LUM)]. Three blinded coded
samples (e.g., blood, enamel or mobiles) were exposed to 0,
1.2 or 3.5 Gy X-ray reference doses (240 kVp, 1 Gy/min).
These doses roughly correspond to clinically relevant groups
of unexposed to low exposed (0–1 Gy), moderately exposed
(1–2 Gy, no severe acute health effects expected) and highly
exposed individuals (.2 Gy, requiring early intensive
medical care). In the frame of the current RENEB inter-
laboratory comparison, samples were sent to 86 specialized
teams in 46 organizations from 27 nations for dose estimation
and identification of three clinically relevant groups. The
time for sending early crude reports and more precise reports
was documented for each laboratory and assay where
possible. The quality of dose estimates was analyzed with
three different levels of granularity, 1. by calculating the
frequency of correctly reported clinically relevant dose
categories, 2. by determining the number of dose estimates
within the uncertainty intervals recommended for triage
dosimetry (60.5 Gy or 61.0 Gy for doses ,2.5 Gy or .2.5
Gy), and 3. by calculating the absolute difference (AD) of
estimated doses relative to the reference doses. In total, 554
dose estimates were submitted within the 6-week period given
before the exercise was closed. For samples processed with
the highest priority, earliest dose estimates/categories were
reported within 5–10 h of receipt for GE, gH2AX, LUM,
EPR, 2–3 days for DCA, CBMN and within 6–7 days for the
FISH assay. For the unirradiated control sample, the
categorization in the correct clinically relevant group (0–1

Gy) as well as the allocation to the triage uncertainty interval
was, with the exception of a few outliers, successfully
performed for all assays. For the 3.5 Gy sample the
percentage of correct classifications to the clinically relevant
group (�2 Gy) was between 89–100% for all assays, with the
exception of gH2AX. For the 1.2 Gy sample, an exact
allocation to the clinically relevant group was more difficult
and 0–50% or 0–48% of the estimates were wrongly classified
into the lowest or highest dose categories, respectively. For
the irradiated samples, the correct allocation to the triage
uncertainty intervals varied considerably between assays for
the 1.2 Gy (29–76%) and 3.5 Gy (17–100%) samples. While a
systematic shift towards higher doses was observed for the
cytogenetic-based assays, extreme outliers exceeding the
reference doses 2–6 fold were observed for EPR, FISH and
GE assays. These outliers were related to a particular
material examined (tooth enamel for EPR assay, reported
as kerma in enamel, but when converted into the proper
quantity, i.e. to kerma in air, expected dose estimates could be
recalculated in most cases), the level of experience of the
teams (FISH) and methodological uncertainties (GE). This
was the first RENEB ILC where everything, from blood
sampling to irradiation and shipment of the samples, was
organized and realized at the same institution, for several
biological and physical retrospective dosimetry assays.
Almost all assays appeared comparably applicable for the
identification of unexposed and highly exposed individuals
and the allocation of medical relevant groups, with the latter
requiring medical support for the acute radiation scenario
simulated in this exercise. However, extreme outliers or a
systematic shift of dose estimates have been observed for
some assays. Possible reasons will be discussed in the assay
specific papers of this special issue. In summary, this ILC
clearly demonstrates the need to conduct regular exercises to
identify research needs, but also to identify technical
problems and to optimize the design of future ILCs. � 2023

by Radiation Research Society

INTRODUCTION

In the course of large-scale radiological or nuclear
incidents as a result of accidents (e.g., nuclear power plant
explosion) or intentional malicious activities (e.g., disper-
sion of a radioactive source or the detonation of an
improvised nuclear device), rapid screening of dozens,
hundreds or even thousands of individuals will be necessary
(1).

Preparation for such large-scale events requires an early
assessment of individual radiation-exposure estimate and
clinical outcome prediction to direct and reserve limited
clinical resources and infrastructure to those in need. In
principle, three groups must be identified during the initial
steps of medical management: 1. The first group are
individuals who believe they have been exposed, but have
not actually received radiation doses and do not need
medical care (so called ‘‘concerned citizens’’). The
identification of these individuals allows saving limited
clinical resources. 2. The second group comprises individ-
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uals exposed to lower levels of radiation, not requiring
immediate care; however, increased risk for late health
effects demands surveillance over the next decades. 3. The
third group includes highly exposed individuals in need of
early treatment and immediate hospitalization to maximize
their chances of survival and recovery.

Knowledge of individual radiation exposure is an
important aspect of identifying the above groups and
supporting medical care for individuals exposed to radiation
(2–4). Recent discussions have identified limitations of this
approach (deducing acute health effects from dose esti-
mates), but nonetheless argue not against but specify the
value of individual dose estimates for this purpose (5–8).

Conventional physical dosimeters, commonly used by
radiation professionals, will not be present in all the
potential exposure scenarios mentioned above, especially
if the public is involved. Biological responses to radiation
can include several cytogenetic changes. These comprise
e.g., the formation of dicentric chromosomes (DCA),
micronuclei employing the cytokinesis-block micronucleus
assay (CBMN), stable translocations identified by whole
chromosome painting applying fluorescence in-situ hybrid-
ization (FISH) techniques (translocation assay, FISH) as
well as chromosome fragments detected via premature
chromosome condensation (PCC). Furthermore, molecular
changes quantified at the DNA- (DNA repair foci, gH2AX)
or RNA-level (gene expression, GE) represent individual
biological markers of exposure. Physical dose estimates of
local exposure using smartphone glass or electronic
components like resistors or tooth enamel (via optically or
thermally stimulated luminescence, LUM or electron
paramagnetic resonance, EPR) add to the reconstruction
of individual radiation exposure and, thus to the weight of
knowledge around the clinical outcome prediction of acute
health effects occurring days or weeks after exposure (9,
10).

DCA is the most established ‘‘gold standard’’ biodosim-
etry technique for the detection and quantification of
ionizing radiation exposure (11), due to its high specificity
and sensitivity, as well as many years of validation, inter-
laboratory comparisons and testing in real life radiation
incidents. However, analysis of this assay is time consum-
ing and several different approaches to increase the
throughput are currently implemented for large scale
accident situation, including triage-mode scoring (12–15),
‘‘QuickScan’’ dicentric chromosome analysis (16, 17),
networking between biodosimetry laboratories (18), tele-
scoring (19) and automation (20–24). Besides DCA, the
CBMN assay is a suitable assay for biodosimetry, especially
regarding triage biodosimetry, due to its quick scoring/
automation abilities (21, 25). A prerequisite for running all
assays is the availability of calibration curves for appropri-
ate radiation qualities that enable aberration yields to be
converted to dose estimates. Calibration curves or single
calibration samples are usually missing for evolving assays
such as the GE, gH2AX, EPR and LUM assays and these

were thus provided to the teams during this inter-laboratory
comparison (ILC) exercise.

Inherent characteristics of emerging assays such as GE
and gH2AX allow for early and high-throughput diagnostic.
This is partly driven by automation and multiplexing
capabilities, making these assays attractive for further
examination and development (7, 26). However, these
assays measure transient signals formed in irradiated cells,
which change rapidly over time (27, 28). This restricts the
diagnostic window to a few days post exposure and
challenges the dose estimation by altering signals over time
(27, 29). Given the emphasis on rapid triage in a large-scale
incident, these disadvantages may still be acceptable,
especially when considering a two-tiered system where
initial triage using molecular assays is followed by more
accurate chromosome dosimetry for those identified as most
highly exposed (30).

Physical dosimetry methods include EPR, OSL and TL and
can be used on biologically derived materials (bone, teeth) or
non-biologically derived materials (such as inorganic mate-
rials carried by or worn by the individual, including electronic
devices and clothing) (9, 31–35). However, as an example for
EPR, the UV-sensitivity, minimum required sample size and
mass, expenses (equipment), mechanical stress (drilling,
grinding), as well as the quality of gained information
(measurement of a local but not necessarily a whole-body
exposure) have to be considered (36). Procedures to
overcome unstable and non-radiation-induced signals are
needed, but such problems may be offset by the rapidity with
which initial triage doses can be reported. Summary reports
of how best biodosimetry methods can be used together with
physical dosimetry methods for initial-phase triage dosimetry
after acute exposure are available (10).

RENEB (Realizing the European Network for Biodosim-
etry and Retrospective Physical Dosimetry) was established
with support from the European Commission (EURATOM
FP7, GA 295 513) from 2012–2015. In 2017, after
completion of the initial project, RENEB transformed into
a legal association (redefined as ‘‘Running the European
Network for Biological Dosimetry and Retrospective
Physical Dosimetry’’) to continue its purpose: sustain
laboratory skills for providing dose estimations in situations
of intentional (e.g., terrorist or military act) or unwanted
release of radiation (e.g., nuclear power plant accident) to
support medical management decision making. RENEB has
organized various ILCs and field comparison exercises for
preparedness reasons (14, 37–46).

The performance of quality controlled ILC exercises
using ex vivo irradiated, blind coded samples are a common
measure in RENEB to validate assay performances as well
as laboratories. The RENEB ILC 2021 presented here in
this inter-assay comparison article and followed by assay
specific publications (47–51) has several unique features: 1.
Comparing, in parallel, established cytogenetic assays
(DCA, CBMN, PCC, FISH) with molecular biology (GE,
gH2AX) and physical dosimetry assays (EPR, LUM); 2.
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Providing skilled laboratories outside the RENEB associa-
tion the opportunity to participate. Hence, a broader range
of dose estimation capabilities spanning three continents are
encompassed by this series of publications; 3. Taking
advantage of many participating teams and laboratories
receiving the samples irradiated at the same time allowing
the identification of inconsistencies and providing opportu-
nities for improvements; 4. Simulating a worst-case
situation in preparation of future scenarios that informs
and identifies difficulties, other than those related to the
assays (e.g., delivery hurdles), which are important to
address and should lead to future improvements.

As the first of a series, this manuscript provides more
general information about the exercise (e.g., delivery hurdles
and times), including details on the radiation exposure of the
samples so that all subsequent manuscripts may refer to it to
avoid redundancies. This manuscript also compares assay
performances in three ways. First, the lowest granularity was
achieved by calculating the frequency of correctly reported,
clinically relevant dose categories per assay. According to
MULTIBIODOSE guidelines, these groups comprise unex-
posed-low exposed (0–1 Gy), medium exposed (1–2 Gy)
requiring in general no immediate care, and highly exposed
(.2 Gy) individuals who may be in need of hospitalization
and early and intensive medical care (52). Second, by
determining the number of dose estimates considering the
60.5 Gy interval for reference doses ,2.5 and 61.0 Gy
for reference doses .2.5 Gy, as recommended for triage
dosimetry (25), an intermediate granularity was chosen.
Third, at the highest level of granularity, we compared the
absolute difference (AD) of estimated doses relative to the
reference doses among teams and assays.

The analysis of cytogenetic assays revealed a systematic
shift towards higher dose estimates, while dose estimates of
other assays were partly biased by methodological issues and
limits. These challenges will be addressed in subsequent
publications within this special issue (47–51), with each
focusing on results of a specific assay, except the PCC assay
where only two teams participated and the physical dosimetry
assays (EPR, OSL, TL), which will be presented in later
publications. However, within this inter-assay comparison
manuscript, these first dose estimates were analyzed
unfiltered (except for elimination of redundantly reported
dose estimates) to simulate a scenario, where early (possibly
partly biased) dose estimates are required to support
immediate medical management. The final manuscript in
this series will provide a perspective on reevaluated dose
estimates compared over all assays and the lessons learned in
the context of previous inter-laboratory exercises (53).

MATERIALS AND METHODS

General Description of Samples, Irradiation Procedures and
Samples’ Distribution

For biological dosimetry-based assays, peripheral blood was drawn
from two healthy human volunteers using 2–3 ml tubes (Becton

Dickinson, Germany) to cover inter-individual variance. A 30-year-
old female individual provided blood for calibration samples and a 32-
year-old male provided blood for blinded coded samples. Blood was
taken with informed consent and the approval of a local ethics
committee (Bayerische Landesärztekammer, Munich, Germany). Pre-
exercise, calibration samples for molecular biological assays were sent
to all GE (except one) and gH2AX teams for the generation of
calibration data. For cytogenetic assays no calibration samples were
distributed in advance and labs were asked to use their own
established calibration curves for dose estimates. About one month
after sending calibration samples blinded coded samples were
distributed to all teams. For physical dosimetry assays different
materials were collected and irradiated. These comprised tooth
enamel, watch glass and display glass for the EPR assays and whole
smartphones (for instance iPhone and Samsung types) for OSL and TL
assays. Surface mount resistors (SMRs) from irradiated smartphones
were analyzed with OSL while samples of protective glass (assumed
to be made from Gorillat Glass) were tested with both OSL and TL.
Calibration samples were provided to all EPR and LUM teams prior to
the exercise.

All materials (e.g., blood, tooth enamel as well as inorganic
materials such as glass) were irradiated top-down at room temperature
with single doses in a Maxishot SPE X-ray cabinet (Yxlon, Hamburg,
Germany) using 3 mm beryllium and 3 mm aluminum filters, an
accelerating potential of 240 kVp and a 13-mA electron beam current
(Fig. 1). At these values, the generated X-ray radiation had a half-
value layer (HVL) for copper of 0.630 6 0.025 mm (approximating to
a mean photon energy of 75 6 5 keV), a field size of about 15 3 15
cm2 in the sample plane at a 60 cm source distance and a kerma in air
rate of approximately 1.0 Gy/min. For dosimetry, a UNIDOS webline
10021 dosimeter using a Farmer chamber TM30010-1 calibrated in
kerma in air with Co-60 (PTW, Freiburg, Germany) was used, which
stops the irradiation when a predefined dose value is reached.

For non-water equivalent samples, kerma in air Kair,X-ray for the X-
ray irradiation was used, which was calculated by

Kair ;X � ray ¼ kq � Kair;Co�60

according to (54) using a correction factor for the radiation quality kq

and the reference kerma for Co-60 Kair,Co-60 measured by the dosimeter.
For biological samples, dose in water Dwater,X-ray for the X-ray

irradiation was estimated according to DIN 6809-5 by

Dw ¼ ka�.w � tw;aen � Kair;X�ray:

The correction factors are presented in Table 1. All correction factors
were estimated for the X-ray irradiation by averaging the correction
factors of the standard radiation qualities TH140 and TH150, because
its HVL lies between the corresponding HVL (HVLCopper (TH140) ¼
0.43 mm and HVLCopper (TH150) ¼ 0.82 mm; DIN 6809-4).

A delay of 1 s in the switch-off process of the X-ray source leads to
an additional dose contribution of about 17 mGy. This dose was not
considered for the reported doses, since it contributes 1.7% (at 1 Gy)
or less additional exposure to our irradiated blinded coded samples
and better reflects a real radiation scenario in an early phase.

Dose homogeneity of the radiation field was determined by using
GafchromictEBT3 films (Ashland Advanced materials, Bridgewater,
NJ), which were calibrated in advance using the X-ray source. For the
field dimensions used, dose homogeneity was 1.5%, which contributes
to an additional dose variance between irradiated biological or
physical samples.

Finally, the overall uncertainty for kerma in air Kair,X-ray and dose in
water Dw can be calculated by Gaussian error propagation to 1.9% and
4%, respectively, representing a confidence level of 68%.

In total, three independent methods were used for verification of the
absolute irradiation dose (kerma in air): 1. Regular calibration of the
Farmer chamber used for dose monitoring was carried out by the
manufacturer PTW (Freiburg, Germany). Calibration factors are given
with an uncertainty of 2.2%; 2. Comparison of the dosemeter used
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FIG. 1. Irradiation setup for the RENEB inter-laboratory comparison 2021 involving eight dosimetry Assays. Kerma homogeneity was determined
using Gafchromic EBT3 films (mean of 5 irradiations shown. Homogeneity 61.5% in the relevant field areas, in which samples were placed,
reproducibility 60.5%). Irradiation time and thus the dose was controlled by a Farmer chamber TM30010-1 placed next to all irradiated materials.
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during the exercise (Farmer chamber TW 30010 with UniDos webline
10021, PTW, Germany) with dosemeters of the group for ‘‘external
and internal dosimetry’’ of the BfS (Farmer chamber TW 30010 and
Farmer chamber TM23331-261 with UniDos E, PTW, Germany)
ahead of the exercise. Here, kerma in air dose measurements using the
same X-ray source for defined irradiation times of 120 s agreed within
64% for all dosemeter setups (and within 1% when the two Farmer
chambers TW 30010 were used); 3. Calibration using thermolumi-
nescent dosimeter (TLD) chips from the KIT (Karlsruhe Institute for
Technology, Department for ‘‘Sicherheit und Umwelt – Festkörper-
dosimetrielabor’’). Three TLD chips were used for the monitoring of
three blood irradiations during the ILC with ‘‘dose in water’’ of 1.2 Gy
(23) and 3.5 Gy (13). Here, TLDs were irradiated in empty blood
vials, sent back to and analyzed by KIT. TLDs were calibrated against
kerma in air with Cs-137. The analysis of the TLDs resulted in ‘‘kerma
in air’’ of 1.3 Gy and 1.4 Gy for the low dose and 3.9 Gy for the high
dose irradiation. Using the presented correction factors in Table 1, the
‘‘kerma in air’’ values correspond to ‘‘dose in water’’ values of 1.4
Gy, 1.5 Gy and 4.2 Gy and thus a systematic overestimation by 25%.
TLDs provided by the KIT are not calibrated for the geometry and
energy spectrum of the ILC irradiation. Thus, the KIT did not provide
uncertainties for the TLD dose assessment. However, the overestima-
tion can be explained by the missing photon energy correction of the
TLDs used by KIT (TLD-700, Harshaw). For these TLDs a relative
response of 1.35 for TH140 and 1.04 (Cs-137) compared to Co-60 is
reported (Schwahofer et al. 2016). Thus, an overestimation of 30% is
expected for the radiation quality (roughly TH140) used in this ILC
compared to Cs-137 radiation used by KIT, which is consistent with
the observed overestimation of 25% assuming that typical response
uncertainty of single TLDs is about 62.5%.

For this exercise, reference doses for irradiated glass samples (EPR
and LUM assays) represent kerma in air while for all blood samples
(cytogenetic and molecular biology-based assays) it is dose in water.
However, dose estimation results from tooth enamel analysis (EPR
assay) are reported in terms of enamel kerma and are not, therefore,
directly comparable to doses from others assays. Enamel kerma has
the advantage that participants can use their own calibration curves
without having the necessity to know the characteristics of the X-ray
beam used for the ILC or to define a correction factor to account for
the energy dependence when results are expressed in air kerma. This
approach is preferred for accident dosimetry (10, 55). At low-photon
energy (,100 keV), depending on beam quality and enamel
composition, large differences are observed between enamel kerma
and air kerma ranging from a factor of 1 up to a factor of 11 (56–63).
However, to compare reported kerma in enamel with the kerma in air
reference values, the reported results were converted to kerma in air
for the 240 keV X rays used for irradiation of the blinded samples. The
conversion factor kf , defined as the ratio of kerma in enamel/kerma in
air, was kf¼ 6.5 and was calculated for the effective energy of the X
rays (240 keV, HVL ¼ 0.63 mm) using mass absorption coefficients
(for elemental constituents of hydroxyapatite) given by NIST website
(https://www.nist.gov/pml/x-ray-mass-attenuation-coefficients). For
this ILC, participants have analyzed samples from the same tooth to
avoid problems with variability of dose response linked to enamel
composition. A detailed analysis of enamel data will be presented in a

separate paper focused on EPR dose and will be not provided in this
special issue.

After irradiation, samples were treated differently (assay dependent)
and the shipment was performed by overnight express service as UN
3373 Biological Substance Category B (11, 64). Transport dependent
temperature profiles and potentially undesired radiation exposures
were monitored by adding temperature loggers (EL-USB-1, data-
logger-store, Eichstetten, Germany) and TLD chips (TLD, Karlsruhe
Institute of Technology) to the packages. All teams sent the
temperature loggers and dosimeters back to the organizer for further
analysis.

Sample Preparation and Analysis for the Different Biodosimetry
Assays

Protocols for sample preparations and analysis for the six biological
assays are described in the assay-related manuscripts of this series
(47–51).

Collecting Data Regarding Dosimetry, Temperature and Undesired
Radiation Exposure During Delivery

Several time intervals were determined to characterize the transport
of packages to the participants and required time for laboratory work:

� Delivery time to the laboratories. This includes the delivery of
samples at Bundeswehr Institute of Radiobiology (BIR) to the
courier (FedEx) and the arrival of the samples at the participating
institutions. This was recorded in the courier report. This time
frame includes possible delays between the arrival of samples in
the laboratories of the teams and the onset of laboratory work if
reported.

� Report time for dose estimates. This comprises the interval between
the start of the laboratory work and the reporting of the dose
estimates via email. This was documented by the organizer via the
receipt of the email sent by the teams.

Along with the reported dose estimates, most teams provided
information regarding the level of priority given to the analysis of the
samples during daily business. Not restricting participation to the
highest level of priority ensured the participation of a larger number of
laboratories. Dose estimates were requested to be reported within six
weeks after sending samples from BIR. After that, the exercise was
closed, and reference doses were communicated to all participants.

Statistical Methods

The accuracy of reported dose estimates was measured by
calculating the absolute differences (AD) of estimated doses to their
corresponding reference doses separately for each of the three blinded
reference samples. As a second measure of dose estimate accuracy, we
determined the number of dose estimates falling within the 60.5 Gy
interval for reference doses ,2.5 Gy and 61.0 Gy for reference doses
.2.5 Gy, as recommended for triage dosimetry (25).

The radiation exposure level of samples corresponded to clinically
relevant groups. Namely,

TABLE 1
Correction Factors for Calculation of Kerma in Air Kair,X-ray and Dose in Water Dw for the X-ray Radiation Used

Correction factor for Variable

Mean value
for TH140
and TH150

Uncertainty on
68% confidence Reference

Radiation quality kq 0.98 1.10% Calibration sheet 10/2020 by PTW
Change of medium at 5 cm depth (air-. water) ka-.w 1.025 0.50% DIN 6809-5 (Appendix B)
Ratio of mass energy absorption coefficient

water/air at 0 cm depth
tw,a

en 1.054 3% DIN 6809-5 (Appendix B)
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� identification of unexposed and low exposed individuals (0–1 Gy
group, including the 0 Gy reference sample) is required, to avoid
clinical resources being occupied by those who are concerned but
not really exposed (‘‘concerned citizens’’);

� identification of medium exposed individuals (1–2 Gy group,
including the 1.2 Gy reference sample), where mild acute effects
(no hospitalization required) or, after several years, stochastic
effects in adults might occur or become detectable using
epidemiological methods;

� identification of highly exposed individuals (.2 Gy group,
including the 3.5 Gy reference sample), who will probably suffer
from the life-threatening acute radiation syndrome (ARS) days to
weeks after radiation exposure.

All calculations were performed using SAS (release 9.4, Cary NC)
or Excel (Microsoft Corporation,).

RESULTS

Transport of Packages

Transport of packages via courier (Global FedEx) and
through international Customs was associated with several
challenges:

1. Shipping on dry ice, recommended for GE analysis, is
more complicated than with cool packs, because dry ice
is classified as dangerous goods and strict shipping
requirements and documentation are necessary. Any
problems concerning documentation or package labeling
can cause a complete stop to transportation and in some
instances a high fine. Also, transportation expenses are
much higher for dangerous goods such as dry ice.
Delivering blood cells in a specific (RLT) lysis buffer
for RNA isolation or even RNA aliquots (vials should be
frozen before delivery) on wet ice proved to be sufficient
instead of sending on dry ice in this and previous
exercises.

2. Shipping lithium-ion batteries (e.g., mobile phones)
followed dangerous goods regulations was a challenge.
Only a certain number (weight) of batteries can be
transported using the same package. This must be
considered when sending irradiated smartphones con-
taining unremovable batteries. Communication with the
local distributor of the courier company is recommended
to get information about their actual interpretation of
regulations.

3. In emergency situations the infection status of the blood
donors are usually unknown, therefore for RENEB
exercises it was decided for safe transport to send blood
samples according to the regulations for dangerous
goods (Division 6.2 - infectious substances) and
assigned them to UN3373 category B using packaging
instructions P650-4.

4. Sometimes packages were not delivered by the courier,
because their employee couldn’t find the destination, but
the address had not changed. Changing to another
courier caused comparable difficulties and did not
contribute to a solution. Persistent calling was the only
strategy, but packages arrived delayed.

5. Limited space on the digital shipping documents for
labelling the packages’ address stickers sometimes
caused problems at the target destination specifying
the correct laboratory in a huge institution and a
corresponding extensive address. Adding a label with
the complete address on the packages solved that
problem only partly, because courier personnel usually
focused on the digital information presented on their
hand-held device for transport documentation and did
not notice complete addresses written on the packages.

6. Sending back temperature loggers outside the EU
caused problems with Customs in different countries
when estimated values between shipping invoice and
pro forma invoice (e.g., 1 E vs. 2 E) differed. Also, a
value of 0 E on shipping documents was not accepted.

7. Sending packages ahead for training purposes (e.g.,
packages containing calibration samples) proved an
efficient measure to smooth the interface with the
courier service and resulted in the successful delivery of
most (98%, 49 out of 50 packages) but not all packages
containing the blinded coded samples (one package was
in transit for one month).

8. To avoid or minimize unwanted irradiation, the tags of
No Examination with X ray could be attached to each
package.

9. Assistance by experienced shipment companies is
advisable to ensure that the transport runs as smoothly
as possible.

Temperature Profiles and Radiation Exposure During
Transport

For the calibration samples (sent in May 2021),
temperatures ranged from 10–188C when using wet ice
(i.e., gene expression or gH2AX assays) and were
approximately 208C when sending samples at ambient
temperature (i.e., EPR). For the blinded coded samples (sent
in June 2021) temperatures remained around 108C (688C)
when using wet ice and 18–238C for the transport at
ambient temperature. None of the TLD chips recorded an
additional radiation exposure during transport.

Participants and Contributions

Irradiated samples were sent to 40 scientific institutions
and slides or microscopic images only were sent to another
one or six institutions, respectively. These added up to 46
involved scientific institutions, representing 27 nations
located on three continents [Europe, North America, Asia
(Table 2)]. Initially, 86 teams requested participation,
performing either the DCA (n ¼ 33), CBMN (n ¼ 16),
FISH (n ¼ 7), PCC (n ¼ 3), gH2AX (n ¼ 6), GE (n ¼ 8),
EPR (n ¼ 6) or LUM (n ¼ 7) assay for dose assessment.
However, one EPR team delivered dose estimates after the
publication of the reference doses. These latter data will be
included in the separate publications but not considered in
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TABLE 2
Participating Institutions and their Contributions (Employed Assays) to the Exercise

Nation
(n ¼ 27)

Biological dosimetry

Physical
dosimetry

Cytogenetic
assays

Molecular
Biology

No. Institution DCA CBMN FISH PCC gH2AX GE EPR LUM

1 Institute of Nuclear Chemistry and Technology,
Warsaw, Poland

Poland x x x x x

2 National Centre of Radiobiology and Radiation
Protection, Sofia, Bulgaria

Bulgaria x x x x

3 National Public Health Center, Department of
Radiobiology and Radiohygiene, Budapest,
Hungary

Hungary x x x x

4 Bundeswehr Institute of Radiobiology, Munich,
Germany

Germany x x x x

5 Institut de Radioprotection et de Surete
Nucleaire, Fontenay aux Roses, France

France x x x x

6 UK Health Security Agency, Radiation,
Chemical and Environmental Hazards
Division, Oxfordshire, UK

England x x x x

7 Korea Institute of Radiological & Medical
Sciences, Lab of Biological Dosimetry, Seoul,
Korea

Korea x x x

8 Bundesamt für Strahlenschutz, Oberschleißheim,
Germany

Germany x x x

9 IST/ Campus Tecnológico e Nuclear, Lisbon,
Portugal

Portugal x x

10 Ghent University, Radiobiology Research Unit,
Gent, Belgium

Belgium x x

11 ENEA Casaccia Research Centre, Rome, Italy Italy x x
12 Universidad de Sevilla, Departamento de

Biologı́a Celular, Sevilla, Spain
Spain x x

13 Serbian Institute of Occupational Health,
Belgrade, Serbia

Serbia x x

14 University of Defense, Faculty of Military
Health Sciences, Hradec Králové, Czech
Republic

Czech
Republic

x x

15 Genevolution, Porcheville, France France x x
16 Health Canada, Ottawa, Canada Canada x x
17 Hospital General Universitario Gregorio

Marañón, Laboratorio de dosimetrı́a biológica,
Madrid, Spain

Spain x x

18 Universitat Autònoma de Barcelona, Barcelona,
Spain

Spain x x

19 National Centre for Scientific Research
‘‘Demokritos’’, Health Physics, Radiobiology
& Cytogenetics Laboratory, Agia Paraskevi,
Greece

Greece x x

20 Servicio de Protección Radiológica, Laboratorio
de Dosimetrı́a Biológica, Valencia, Spain

Spain x

21 Institut de Recherche Biomédicale des Armées
(IRBA), Bretigny Sur Orge, France

France x

22 Laboratori Nazionali di Legnaro - Istituto
Nazionale di Fisica Nucleare, Legnaro, Italy

Italy x

23 Radiation protection centre, Vilnius, Lithuania Lithuania x
24 Nükleer Arsx Ens. Türkey Türkey x
25 CEA-Saclay, Gif-sur-Yvette Cedex, France France x
26 Cytogenetic Biodosimetry Laboratory, Oak

Ridge Institute for Science and Education,
Oak Ridge, USA

USA x

27 Radiation Cytogenetics Laboratory, S.P.
Grigoriev Institute for Medical Radiology and
Oncology of Ukrainian National Academy of
Medical Science, Kharkiv, Ukraine

Ukraine x

Continued on next page
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TABLE 2
Continued.

Nation
(n ¼ 27)

Biological dosimetry

Physical
dosimetry

Cytogenetic
assays

Molecular
Biology

No. Institution DCA CBMN FISH PCC gH2AX GE EPR LUM

28 Columbia University, Center for Radiological
Research, New York, United States

USA x x

29 Stockholm University, MBW Department,
Stockholm, Sweden

Sweden x x

30 Forschungszentrum Jülich, Jülich, Germany Germany x
31 University of Arizona, Center for Applied

Nanobioscience & Medicine, Phoenix,
United States

USA x

32 Radiation Dosimetry Lab, Stillwater, United
States

USA x x

33 Ruðer Boškovi�c Institute, Division of
Physical Chemistry, Zagreb, Croatia

Croatia x x

34 Università Degli Studi di Palermo,
Dipartimento di Fisica e Chimica, Palermo,
Italy

Italy x

35 Naval Dosimetry Center, Bethesda, United
States

USA x

36 Medical University of Gdansk, Department
of Physics and Biophysics, Gdansk,
Poland

Poland x

37 Belgian Nuclear Research Center SCK CEN,
Mol, Belgium

Belgium x

38 Paris Lodron University of Salzburg,
Salzburg, Austria

Austria x

39 Academy of Sciences, Institute of Nuclear
Physics, Krakow, Poland

Poland x

40 National Institute of Public Health, Radiation
Hygiene Laboratory, Bucharest, Romania

Romania x

Examinations on prepared slides or images from other teams only

41 Department of Risk Analysis and
Biodosimetry Institute of Radiation
Emergency Medicine, Hirosaki University
66-1 Hon-cho, Hirosaki, Aomori 036-
8564, Japan

Japan x

42 Department of Radiation Life Sciences,
Fukushima Medical University School of
Medicine 1 Hikariga-oka, Fukushima City
960-1295, JAPAN

Japan x

43 Department of Radiation Biology and
Protection, Atomic Bomb Disease Institute,
Nagasaki University 1-12-4 Sakamoto,
Nagasaki, 852-8523, Japan

Japan x

44 National Institutes for Quantum and
Radiological Science and Technology,
National Institute of Radiological Sciences,
Chiba, Japan

Japan x x

45 Dalat Nuclear Research Institute, Radiation
Technlogy & Biotechnology Center, Dalat
City, Vietnam

Vietnam x x

46 Singapore Nuclear Research and Safety
Initiative (SNRSI)

Singapore x

Sum 33 16/14 7 3/2 6 8 6/5 7
P
¼ 86/82

No. dose estimates/assay 108 63 21 9 24 105 51 67
P
¼ 448

Notes. The number of teams per assay and the number of dose estimates per assays are provided in the lower part of the table. Numbers after the
slash (gray) refer to the number of teams and dose estimates, which were finally eligible for analysis. Abbreviations: dicentric chromosome assay
[DCA], cytokinesis-block micronucleus assay [CBMN], stable chromosomal translocation assay [FISH] assays, premature chromosome
condensation assay [PCC], gamma-H2AX foci [gH2AX], gene expression assays [GE], electron paramagnetic resonance [EPR] and optically or
thermally stimulated luminescence [LUM].
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the statistical analysis. One EPR team published their EPR
enamel data in another journal so that these data had to be
excluded from this publication. Also, several teams
experienced difficulties in e.g., lymphocyte stimulation for
the cytogenetic assays. All of this reduced the number of
contributing teams for EPR (n ¼ 5), CBMN (n ¼ 14) and
PCC (n ¼ 2). Overall, 82 teams successfully reported dose
estimates (Table 2). Teams were permitted to provide crude
early dose estimates and later more precise evaluations [but
within the given 6-week report time interval for dose
estimates (Supplementary1 Table S1; https://doi.org/10.
1667/RADE-22-00207.1.S1)]. Different materials were
irradiated (EPR and LUM) and different GE assays
employed, resulting in more than one dose estimate from
some teams and a total of 554 dose reports overall.

For further analysis, these 554 dose reports were reduced
to 445 for reasons as shown above and by applying the
following rules to eliminate redundancy (Supplementary
Table S1; https://doi.org/10.1667/RADE-22-00207.1.S1).
For instance, the number of reported dose estimates for
established assays (DCA and CBMN) was restricted to one
per team according to the following rules: 1. Results from
several scorers per team were combined into a single dose
estimate; 2. Only Biodose Tools results were used if results
were provided based on several different software tools
(65); 3. Dose estimates generated from X-ray calibration
curves were used if results were provided based on both X-
ray and c-ray curves.

Due to the exploratory nature of the GE assay and to
deduce the optimal gene or gene combination, all

contributions were accepted for further analysis. Finally,
445 dose estimates from 82 teams were thus eligible for
analysis.

Delivery and Reporting Time of Dose Estimates

Delivery times of irradiated materials were 20–24 h for
most countries within the EU (e.g., Sweden, UK, France,
Spain, Poland and Czech Republic) and 25–45 h for North
America (e.g., 33 h for New York or Phoenix, AZ) as well
as Korea (42 h). Delivery times of more than 48 h were
recorded for some destinations in North America, such as
Oak Ridge, TN (50 h), Stillwater, OK (52 h and 147 h),
Ottawa, Canada (51 h) or Eastern/Central European
countries such as, e.g., Belgrade, Serbia (68 h), Zagreb,
Croatia (76 h), or Gdansk, Poland (141 h). Transit time for
one package to Kharkov, Ukraine was 30 days.

Participants were asked to report preliminary dose
estimations in categories (lowest, medium, highest expo-
sure), which applied more to the physical and molecular
biological assays, as well as providing final dose estimates
in Gy. Under the prerequisite that teams should perform this
task with high priority where possible, the earliest report
times were documented per assay (Fig. 2). LUM, GE,
gH2AX and EPR provided dose estimates within 5–10 h
and several teams calculated those results within 1–3 h
under optimal conditions (see asterisks in Fig. 2). The
earliest DCA and PCC dose reports arrived at 2.5 days and
the earliest CBMN dose reports required about 3 days.
Categorical dose estimation of three blinded coded samples
within 3 h was assumed and not reported for the PCC assay
under optimal conditions. FISH dose estimates were not
performed with high priority by the teams involved and thus
these arrived weeks after delivery of the blinded coded

FIG. 2. The earliest report times of dose categories (low, medium, high; upper part), as well as dose estimates (dose magnitude; lower part), are
provided for all assays. Three categories in report time were defined and are expressed in bold gray letters. Asterisks refer to suspected dose
estimates and are not actual reported dose estimates. Assays are ordered over report time of dose estimates. Abbreviations: optically or thermally
stimulated luminescence [LUM], gamma-H2AX foci [gH2AX], gene expression assays [GE], electron paramagnetic resonance [EPR], dicentric
chromosome assay [DCA], premature chromosome condensation assay [PCC], cytokinesis-block micronucleus assay [CBMN] and stable
chromosomal translocation assay [FISH] assays.

1 Editor’s note. The online version of this article (DOI: https://doi.
org/10.1667/RADE-22-00207.1) contains supplementary information
that is available to all authorized users.
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samples. The teams assumed the earliest reports could be
delivered around a week after the arrival of samples at their
laboratory under optimal conditions. Since most teams
could not or chose not to perform the assays with high
priority, dose estimates arrived at later time points over the
whole 6-week period provided for dose reports (Fig. 3).

Allocation of Reported Dose Estimates to Clinically
Relevant Groups

Most assays and teams correctly allocated the unexposed
reference sample to the 0–1 Gy dose band, representing the
group of unexposed or lower exposed individuals including
a range of 85–100% (Table 3). Misclassifications of the
unexposed samples as representing the group of medium
exposed individuals (1–2 Gy dose interval) were reported
by the FISH assays (14.3%), EPR (6.3%) and CBMN
(4.8%; Table 3) and GE (3.2%). Moreover, for all assays,
none of the irradiated samples (.0 Gy) were estimated as
exactly 0 Gy and of the sham-irradiated samples, 77.1%
were estimated as exactly 0 Gy (Supplementary Table S1;
https://doi.org/10.1667/RADE-22-00207.1.S1).

The medium exposed reference sample (1.2 Gy) was
correctly allocated to the medium exposed group (1–2 Gy
dose band) in 50–100% of reported dose estimates by most

assays. However, reported dose estimates of GE (29%) and
gH2AX (50%) falsely indicated an unexposed-low exposed
group and 14–50% of other assays reported dose estimates
falsely allocating the highly exposed group (Table 3). Only
for the PCC assay both reported dose estimates correctly
allocated these samples to the medium exposed group.

The highly (3.5 Gy) exposed reference sample was
correctly allocated to the highly exposed group (.2 Gy) in
100% by most assays, 89.3% by GE assays and 66.7% by
gH2AX assays, which falsely allocated the highly-exposed
sample to the unexposed-low exposure group in 33.3%
(Table 3). Also, all reported doses that were estimated as

.3.5 Gy were from samples exposed to the highest dose
(3.5 Gy), except for EPR examination of tooth enamel and
GE dose estimates of one team (Supplementary Table S1;
https://doi.org/10.1667/RADE-22-00207.1.S1).

Taken together, the reported dose estimates correctly
allocated the clinically relevant group of unexposed or
highly exposed individuals in 90–100% of cases, except
regarding tooth enamel by EPR (reported as kerma in
enamel and not kerma in air/water as done by other
materials, but when converted into the proper quantity, i.e.,
to kerma in air, expected dose estimates could be
recalculated in most cases) and FISH assays for the

FIG. 3. Reporting times of dose estimates/categories cumulated (in percent) over time are depicted for all assays. Three categories in report time
were defined and expressed in white letters (left side of the graph). Assays are ordered over report time of dose estimates. Abbreviations: gamma-
H2AX foci [gH2AX], optically or thermally stimulated luminescence [LUM], gene expression assays [GE], electron paramagnetic resonance
[EPR], dicentric chromosome assay [DCA], premature chromosome condensation assay [PCC], cytokinesis-block micronucleus assay [CBMN]
and stable chromosomal translocation assay [FISH] assays.
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unexposed/-low exposed as well as the gH2AX assay for
the highly exposed group.

Inter-Assay Comparison Based on AD and Corresponding
Uncertainty Dose Interval

To compare the assays in terms of the absolute difference
to the reference dose the 25% (lower quartile), 50%
(median) and 75% (upper quartile) quantiles were used
(Table 4). The lower quartile shows the highest AD for the
25% of the teams that were closest to the reference dose, the
median shows the AD were 50% of the teams had higher/
lower ADs and the upper quartile shows the lowest AD for
the 25% of the teams that were farthest from the reference
dose.

The 0 Gy sham-irradiated samples were reported as 0 Gy
by most of the teams for all assays employed (Fig. 4A),
resulting in median ADs of 0 Gy for all assays (Fig. 4B;
Table 4), suggesting that at least 50% of the teams for each
assay correctly identified the control sample. Upper quartile
ADs of 0.1-0.2 Gy were within the uncertainty dose
interval, but reported maximum ADs of .1 Gy for EPR,
CBMN, FISH and GE revealed some considerable outliers
(Table 4). For EPR (6.2%), CBMN (4.6%), FISH (14.3%),
GE (6.5%) and DCA (5.6%) approximately 5–14% of the

reported dose estimates were outside the 60.5 Gy interval

(Fig. 4).

Regarding the blinded coded sample #2 (1.2 Gy), lower

quartiles of ADs ranging between 0–0.4 Gy showed that the

25% of the reported dose estimates closest to the reference

dose were still in the 60.5 Gy triage uncertainty dose

interval for all of the assays and minimal ADs of 0 to 0.2 Gy

indicated a close agreement of reported relative to reference

dose estimates by best performing teams (Table 4 and Fig.

4C and D). However, GE (0.9 Gy) and FISH (0.7 Gy) had

relatively high median ADs and GE (3.8 Gy), EPR (1.1 Gy)

and FISH (1 Gy) had relatively high upper quartiles of the

ADs, which implied that several of the reported dose

estimates showed a considerable deviation from the

reference dose. For blinded coded sample #2 between

29% (GE) and 76.2% (CBMN) of the reported dose

estimates were within the 60.5 Gy interval with the other

assays ranging in between (Fig. 4C). For GE and EPR some

of the reported dose estimates showed substantial overes-

timation (up to sixfold) of the reference dose (Fig. 4; Table

4). For GE, these outliers were all caused by dose estimates

reported by the same team and for EPR the observed

outliers were all based on dose estimates from tooth enamel.

In addition, some labs also underestimated the reference

TABLE 3
Overview on Reported Dose Estimates for the Unexposed (0 Gy), Low Exposed (1.2 Gy)

and Highly Exposed (3.5 Gy) Reference Samples and Their Allocation to Dose Bands
Referring to Clinically Relevant Groups

Reference dose

0 Gy 1.2 Gy 3.5 Gy

Reported dose estimates allocated to dose categories of clinical relevance

Assay 0–1 Gy .1–2 Gy .2 Gy 0–1 Gy .1–2 Gy .2 Gy 0–1 Gy .1–2 Gy .2 Gy
EPR

Freq 15 1 0 3 9 3 0 0 13
Percent 93.8 6.3 0.0 20.0 60.0 20.0 0.0 0.0 100.0

LUM
Freq 23 0 0 4 14 3 0 0 21
Percent 100.0 0.0 0.0 19.0 66.7 14.3 0.0 0.0 100.0

DCA
Freq 36 0 0 2 26 8 0 0 36
Percent 100.0 0.0 0.0 5.6 72.2 22.2 0.0 0.0 100.0

CBMN
Freq 20 1 0 2 15 4 0 0 21
Percent 95.2 4.8 0.0 9.5 71.4 19.0 0.0 0.0 100.0

FISH
Freq 6 1 0 0 4 3 0 0 7
Percent 85.7 14.3 0.0 0.0 57.1 42.9 0.0 0.0 100.0

PCC
Freq 2 0 0 0 2 0 0 0 2
Percent 100.00 0.00 0.00 0.0 100.0 0.0 0.0 0.0 100.0

GE
Freq 30 1 0 9 7 15 1 2 25
Percent 96.8 3.2 0.0 29.0 22.6 48.4 3.6 7.1 89.3

gH2AX
Freq 6 0 0 3 3 0 2 0 4
Percent 100.0 0.0 0.0 50.0 50.0 0.0 33.33 0.00 66.67

Note. The number of dose estimates (semiquantitative data are excluded) is provided as a frequency and in
percent for each assay.
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dose by more than 0.5 Gy for gH2AX (33%) and GE (16%).

In contrast, for the remaining, and in particular for the

cytogenetic assays, all reported dose estimates outside the

60.5 Gy interval overestimated the reference dose (Fig.
4C).

For blinded coded sample #3 (3.5 Gy), the lower quartiles

ranged between 0.1 and 0.5 Gy for all assays besides

gH2AX (1.3 Gy) and GE (0.75 Gy; Table 4; Fig. 4E and F),

suggesting that even the best 25% of the reported dose

estimates showed a relatively high deviation for this assay.

Minimal ADs of 0 to 0.2 Gy for all except PCC assays (0.5

Gy) indicated a close agreement of reported relative to

reference dose estimates by best performing teams. The

median ADs were approximately 1 Gy for DCA (1 Gy),

FISH (1.1 Gy) and higher for gH2AX (1.5 Gy) and GE

(1.85 Gy; Table 4). Hence, more than 50% of the dose

estimates were .1 Gy for these assays. The upper quartile

was .1 Gy for half of the assays (DCA, 1.4 Gy; FISH, 2.1

Gy; gH2AX, 3.1 Gy; GE, 4.2 Gy) and lower 1 Gy for EPR

(0.9 Gy), LUM (0.6 Gy), CBMN (0.77 Gy) and PCC (0.8

Gy) assays, suggesting that at least 25% of the labs showed

a deviation . 1 Gy for most of the assays. In addition,

maximum ADs of . 3 Gy for EPR (16.0 Gy), GE (8.8 Gy),

FISH (5.9 Gy), LUM (4.7 Gy), and gH2AX (3.3 Gy)

revealed considerable deviations (up to 4.6-fold) for some
of the reported dose estimates (Table 4 and Fig. 4E and F).

Accuracy of the reported dose estimates within 61 Gy of
the 3.5 Gy reference dose ranged among all assays between
17% (gH2AX) and 100% (PCC) (Fig. 4E). For gH2AX all
83.3% of the reported dose estimates outside the 61 Gy
interval demonstrated underestimation over all teams
involved. For GE 14.3% underestimated the reference dose
(Fig. 4E). Similar to the 1.2 Gy irradiated blinded coded
sample, some of the reported dose estimates for EPR and
GE strongly overestimated the reference dose. These dose
estimates were again all based on tooth enamel for EPR and
were from only one team for GE. However, when
recalculating EPR tooth enamel data by introducing the
correction factor for conversion of kerma in enamel to
kerma in air, all recalculated dose estimates from three out
of four teams revealed dose estimates within the accepted
uncertainty interval for dose estimation of all three reference
samples (Table 5).

DISCUSSION

The threat of large-scale radiological or nuclear scenarios
requires exercises and inter-comparisons to improve
preparedness (66). Along this line RENEB continues to

TABLE 4
Descriptive Statistics of Absolute Differences (AD) Calculated between Reported Dose

Estimates and Reference Doses

Parameter

Absolute difference (Gy)

EPR LUM DCA CBMN PCC FISH gH2AX GE

Sample 1 (0 Gy)
n 16 22 36 21 2 7 6 31
mean 0.1 0.0 0.0 0.1 0.1 0.3 0.0 0.1
min 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
max 1.2 0.2 0.7 1.6 0.2 1.9 0 1.2
Quantiles
75% 0.1 0.0 0.0 0.0 0.2 0.2 0 0.0
Median 0.0 0.0 0.0 0.0 0.1 0.0 0 0.0
25% 0.0 0.0 0.0 0.0 0.0 0.0 0 0.0

Sample 2 (1.2 Gy)
n 15 21 36 21 2 7 6 31
mean 1.0 0.4 0.51 0.4 0.3 0.8 0.4 1.8
min 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.0
max 6,1 2,2 1,4 0,96 0,6 2,2 0,8 6,4
Quantiles
75% 1,1 0,6 0,7 0,5 0,6 1.00 0,5 3,8
Median 0,3 0,2 0,5 0,4 0,3 0.70 0,4 0,9
25% 0,1 0,1 0,3 0,3 0 0.20 0,2 0,4

Sample 3 (3.5 Gy)
n 13 21 36 21 2 7 6 28
mean 2.8 0.8 0.9 0.7 0.7 1.6 1.8 2.7
min 0.0 0.0 0.0 0.0 0.5 0.1 0.2 0.1
max 16.00 4.70 2.00 1.80 0.80 5.90 3.3 8.80
Quantiles
75% 0.90 0.60 1.40 0.77 0.80 2.10 3.1 4.20
Median 0.40 0.40 1.00 0.50 0.65 1.10 1.5 1.85
25% 0.30 0.10 0.45 0.30 0.50 0.30 1.3 0.75

Note. Quantiles were calculated using SAS and are shown for 0 Gy (upper part), 1.2 Gy (middle part) and 3.5
Gy irradiated samples (lower part).
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FIG. 4. Distribution of reported dose estimates (jitter plots to the left) and calculated absolute differences (box plots to the right) are shown for
each team and assay regarding the 0 Gy irradiated samples (panels A andB), 1.2 Gy irradiated sample (panels C and D) and 3.5 Gy irradiated
samples (panel E and F). Short-dashed horizontal lines refer to the corresponding uncertainty interval as recommended for triage dosimetry and
percentages shown below the assay labels (x-scale) refer to the number of reported dose estimates lying within these dose intervals. Another
horizontal solid line visualizes reference doses. EPR and LUM (comprising optically and thermally stimulated luminescence assays, OSL, TL)
reported dose estimates refer to kerma in air except for enamel (white squares), which is kerma in enamel and cannot be compared with kerma in
air reference dose estimates, but have been reported as that and are therefore shown. Resistor based dose estimates employing LUM (OSL) are
shown as white-filled diamonds on the right side of the LUM data. All other inorganic based (e.g., glass) EPR and OSL reported dose estimates are
depicted as transparent gray hexagons and TL results are depicted as translucent black hexagons on the left side of the LUM data. Reported and
reference dose estimates regarding cytogenetic and molecular biological assays refer to kerma in water, respectively. Corresponding gray circles
refer to irradiated blood samples. The conversion factor (Table 1) is 1.08 from kerma in air to kerma in water.
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run exercises to sustain laboratory skills for providing dose

estimations that support medical management decision

making, including both biodosimetry and physical dosim-

etry exercises (14, 37–46, 61, 62, 67–69). These exercises

comprise other tasks as well, namely, ascertaining the actual

status of preparedness in different laboratories across the

globe, facilitating the development of emerging technolo-

gies for dosimetry purposes and working together as a

community. These scenarios demand a concerted action of

the small number of radiobiological and physical dosimetry

laboratories currently existing worldwide. In 2021 labora-

tories of the RENEB network were invited to participate in a

quality controlled ILC. Via different channels (e.g., WHO

newsletter) a number of teams outside the RENEB

community requested participation in the ILC. In the

RENEB ILC 2021, 86 teams from 27 nations spanning

three continents worked together and provided 554 dose

estimates. The exclusion of for example redundancies

resulted finally in 445 dose estimates used for analysis.

These numbers reflect the requirement and recognition for

exercises to gain and maintain preparedness. Within the

RENEB ILC 2021, established cytogenetic (DCA, CBMN,

FISH, PCC) and emerging biological dosimetry assays

(gH2AX, GE), as well as physical dosimetry-based assays

(EPR, LUM), were run in parallel to determine and compare

the dose-assessment quality. Exposure estimates are impor-

tant to support medical management decision-making (2) ,

which is the primary task of RENEB in emergency

situations. From the clinical point of view, groups of

unexposed to lower exposed, moderate exposed (no severe

acute health effects expected) and highly exposed individ-

uals requiring early intensive medical health care need to be

identified and discriminated (5, 6, 8). Blinded coded

irradiated samples exposed to 0, 1.2 and 3.5 Gy approxi-

mately corresponding to these clinically relevant groups,

were distributed during the RENEB ILC 2021. We first,

examined the allocation of reported dose estimates to

corresponding clinically relevant groups by each assay,

second, calculated the number of dose estimates considering

dose uncertainty intervals as recommended for triage

dosimetry, and third determined the exposure accuracy by

comparing the AD of reported doses relative to reference
doses.

Within this exercise, the teams were asked to provide
dose estimates as soon as possible since timely exposure
estimates facilitate medical management decision-making
(70, 71). Few teams were able to perform the assays with
highest priority due to daily duties and coronavirus-related
strict minimum staffing rules, but the earliest dose
estimates/categories were reported within 5–10 h for GE,
gH2AX, LUM and EPR and within 2–3 days for DCA and
CBMN. Results of the FISH assay were projected to be
available within 6–7 days, but this could not be confirmed,
since teams could not perform this assay with the highest
priority (Fig. 2). Hypothetically, reporting times within 1–3
h were assumed under optimal conditions by LUM, EPR
and PCC teams (Fig. 2). However, the actual reports of most
such assay teams arrived weeks after receipt of blinded
coded samples (Fig. 3). These reporting time values are in
good agreement with previous work regarding GE, gH2AX,
DCA and CBMN (72) and physical and FISH assays results
generated on the same sample set complete the picture. In a
real case scenario, priorities in the laboratories will certainly
shift, but the earliest dose estimates will be expected in the
time range as outlined here. It is noteworthy that several
assays do have the capacity for large-scale multiplexing
(dozens or hundreds of samples are processed simulta-
neously). For instance, GE teams in previous exercises
required about the same time (7–8 h) for an early report of
10 dose estimates (73) as reported for three dose estimates
in this exercise, attributed to their specific workflow
allowing for multiplexing. Recently, several teams demon-
strated high-throughput capabilities of GE assays (26, 74).
Within 30 h, one thousand blood samples could be
processed and dose estimations, as well as clinically
relevant categories, were reported with an accuracy ranging
between 90–97% (26). Building a network and distributing
the workload for cytogenetic analysis is another approach to
deal with overwhelming numbers of exposed and poten-
tially exposed individuals. In this context, problems with
sample collection (75), the delivery of samples (see above)
and the delivery time itself ranging between 1–2 days for
most but not all countries, must be considered. However,

TABLE 5
The Table Provides Teams’ Reported Kerma in Tooth Enamel for all Three Reference

Samples and the Corresponding Recalculated Kerma in Air as Outlined in the Material
and Method Section

Test samples

0 Gy 1.2 Gy 3.5 Gy

Team ID reported re-calculated reported re-calculated reported re-calculated

1 0.05 0.01 0.1 0.02 .1.5 .0.23
0 0.00 0.12 0.02 .1.5 .0.23

2 1.23 0.19 7.26 1.12 19.45 2.99
3 0.00 0.00 5.50 0.85 18-22 2.8-3.4
4 0.50 0.08 5.00 0.77 19.00 2.92

Note. Team 1 provided two estimates per reference samples and all other teams one.
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dose assessment within the first 1–3 days after exposure are
required for early medical management support (70, 71).
Hence, regional networks and knowledge of neighboring
partner institution’s capabilities might represent one prac-
tical solution to split cytogenetic workload. Since sample
transport may be critical to guarantee fast assay perfor-
mance, the access to infrastructures other than commercial
carriers, e.g., to military, or civilian emergency transport
capabilities must be considered as a further option to
accelerate the transport procedure. Considering the current
experiences, the training in logistical challenges has to
become a further option for future RENEB ILC exercises.

The accuracy of the reported dose estimates expressed as
absolute difference (AD) and considering accepted uncer-
tainty dose intervals for triage biodosimetry (25) has herein
provided promising results from all assays regarding the 0
Gy sham-irradiated samples (median AD was 0–0.1 Gy
throughout, Fig. 4A and B). However, regarding the 1.2 Gy
(Fig. 4 C, D) and 3.5 Gy reference samples (Fig. 4E and F),
reported dose estimates exceeding the reference doses 2–6-
fold were observed for EPR [if not converted to the proper
quantity, i.e., to kerma in air (Table 5)], FISH and GE
assays (Table 4). These extreme dose estimates were
derived from only one material examined (tooth enamel
for EPR assay, reported as kerma in enamel and not kerma
in air/water as done by other materials, thus making
comparisons impossible), the level of experience by the
teams (FISH) and methodological uncertainties (GE). Also,
at higher doses (1.2 Gy and 3.5 Gy), a systematic shift
towards higher dose estimates by cytogenetic-based assays
was observed. Detailed discussions of these unexpected
results and possible reasons are presented in the following
series of manuscripts, each focusing on one assay (47–51).
Furthermore, for GE and gH2AX assays, another fraction of
dose estimates lying below or above the accepted
uncertainty dose interval was reported by most teams
(Fig. 4C and E). This pattern remained when comparing
25% quantile ADs among teams and assays and was
expected, because the free access for participating in the
RENEB ILC 2021 exercise resulted in different levels of
experience of teams involved in these assays. Hence, the
observed performance differences among assays at the 25%
quantile (representative of teams with high performance)
reflect an inherent limitation of GE and gH2AX assays,
especially in the dose estimations at higher doses and agree
with previously cited work (72, 73).

The observed systematic shift of reported dose estimates
for cytogenetic assays was unexpected and not seen to this
extent in any of the previous ILCs conducted by RENEB or
NATO exercise (76). This shift raised a discussion
concerning the performance of radiation set up and
influence of calibration practices. As clearly shown in the
Material and Methods section, several quality assurance
activities were performed to ensure the best overall
performance, which argues in favor of correct irradiation
of the samples with an uncertainty of approximately 64%

for kerma in air. The internal dosimetry group of BfS shared
calibration factors for dose in water and kerma in air for
their dosemeters performed by PTW. For the TM23331
chamber these resulted in conversion factors of 1.05 and
1.07 (64%) for radiation qualities TH140 and TH200,
representing the two closest qualities to the X rays used in
this ILC. For the BfS TM30010 chamber the conversion
factor is about 1.09 (64%) for Co-60. Thus, the conversion
factor used in this ILC of 1.08 for the calculation of dose in
water from kerma in air for the irradiation of biological
samples also converges within 4%. In addition, conversion
factors of .1 reduce the irradiation time and thus
effectively less dose application, which may lead to an
underestimation of biological assays using kerma in air
calibration curves, but not to an overestimation.

The physical dosimetry assays resulted in reported dose
estimates of local exposure very close to the reference dose
estimates and this was true for tooth enamel as well after
converting reported kerma in enamel dose into recalculated
kerma in air dose (Fig. 4A, C and E; Table 5). These are
promising results but highly dependent on knowledge
regarding exposure details (e.g., calibration samples were
requested for accurate dose estimation within this exercise
and blinded coded samples had, therefore, the same
exposure conditions as calibration samples). It also
represents a dose estimation of local exposure conditions
and is highly dependent on the irradiation scenario. For
instance, using glass or resistors from mobile phones
provided promising dose estimates in this exercise, but
front or side irradiation of mobile phones using the same
dose would result in different dose estimates. For this
reason, the angle response for display glass was simulated
by Monte Carlo simulations and varied experimentally in
laboratory irradiations with gamma and X-ray sources (60,
77, 78). Possible irradiation geometries as depicted in Fig. 5
reflect expected differences between mobile phone and
whole-body doses as generated employing biological
assays. Recent experiments on how the phone orientation
and angle impacts the dose received by the phone
components indicate that the doses measured can vary
significantly depending upon exposure geometry (including
phone position and angle). However, in rotational irradia-
tion symmetry, the phone doses lead to an over-estimate of
the average whole-body dose by an average of ;10%,
independent of the phone locations tested in this study and
if confirmed in future studies, may be acceptable for triage,
the authors concluded (79). Because lymphocytes circulate
within the body for a period of approximately 24 h,
biological dosimetry assays based on sampling blood after
an exposure can be assumed to some extent integrate
different irradiation geometries and provide a mean whole-
body exposure. Hence, physical and biological assays
provide different dose information, which has to be
considered. Interpretation of physical doses and their
relationship to internal organ doses, and under what
circumstances they may be representative of whole-body
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dose, are subjects of current extensive research (80–82). The
issue is very complex and depends critically on the locations

of the physical dosimetry material (e.g., phones) on the

body and the orientation of the body with respect to the

incident radiation field, as well as the quality of the

radiation field. Although physical dosimetry and biodosim-

etry measurements performed well in this inter-comparison,

more detailed studies with anthropomorphic phantoms and

multiple irradiation scenarios in realistic conditions are

required before conclusions can be made on the compar-

isons between physical dosimetry and biodosimetry in

realistic emergency dosimetry situations. Some experiments

of this type are currently underway within the EURADOS

and RENEB community. However, both methods support
our search for a meaningful association between exposure,

dose, and acute health effects. Ideally, the best possible

exposure data can be collected when the various assays are

applied in a concerted way to accurately respond to different

exposure scenarios, as suggested by others already (52).

From the dosimetry point of view and for long-term

epidemiological follow-up with the focus on chronic health

effects, it is desirable to estimate doses as accurately as

possible. From the clinical point of view regarding acute

health effects, dose ranges often provide sufficient infor-

mation to address urgent clinical or diagnostic needs (6, 8).

For this reason, in this study, the samples were irradiated

with clinical-relevant doses and examined for dose

categories as already described. For all assays, only sham-

irradiated samples were identified as unexposed (exactly 0

Gy) and all doses estimated as �3.5 Gy were from samples

irradiated with the highest dose of 3.5 Gy (excluding EPR

tooth enamel kerma in enamel dose estimates and GE

measurements of one team), suggesting that those samples

reported with doses of exactly 0 Gy or �3.5 Gy were truly

unexposed or highly exposed (Supplementary Table S1;

https://doi.org/10.1667/RADE-22-00207.1.S1). This could

be also shown for most of the recalculated EPR tooth

enamel kerma in air dose estimates (Table 5) and a recent

publication associated to the RENEB ILC 2021 (83)

Furthermore, reported dose estimates correctly allocated

clinically relevant groups of unexposed-low individuals in

94–100% of cases, with the exception of the FISH assay

FIG. 5. This cartoon reflects different radiation exposure geometries and corresponding assumed discrepancies between physical dose estimates
based on mobile phone irradiation and mean whole-body dose as measured with biological dosimetry assays. Abbreviations: IR, irradiation;
‘‘mobile , body’’ refer to exposure differences (,, ., ¼) measured in mobile phones and the whole body depending on different exposure
geometries.
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(86%). For highly exposed samples the assays performed
successfully (100%) with the exception of GE (89%) and
gH2AX assays (67%; Table 3). These are promising results
to supplement medical care management of acute health
effects. However, it must be noted that highly exposed (3.5
Gy) reference samples were systematically categorized
towards unexposed-to-low exposed individuals not requir-
ing hospitalization and immediate clinical care when using
the gH2AX assay (Table 4). This reflects a limitation of the
gH2AX assay to reveal DSB-equivalent foci numbers
shortly after acute high-dose photon irradiation when more
than 1 DSB is contained in individual foci (84) or the
gH2AX signals converge to result in a confluent signal
pattern (85).

Conversely, lower (1.2 Gy) exposed reference samples
not requiring immediate care are systematically estimated
towards the lower and highly exposed group by all assays,
where immediate clinical care would be considered (Table
3). This was partly caused by methodological issues and
will be further discussed in a series of publications with
focus on each assay within this special issue (47–51).
Hence, the application of each of these assays requires a
deep understanding of the advantages and limitations in the
different exposure circumstances.

This exercise provided additional experiences covered
under ‘‘lessons learned’’. These included that sample
delivery via courier requires the urgent need to prior-to-
shipment contacting the local office of the courier for
assistance and guidance with transport regulations. Sending
packages in advance of an exercise would further smoothen
this challenging procedure. Only two out of 86 teams could
not generate results, because of difficulties in processing
cytogenetic samples. Temperature loggers and TLD chips
sent together with the samples indicated no deviations from
the norm. Other laboratories indicated difficulties with
lymphocyte stimulation of the healthy young donor’s blood
and missing results might be attributable to that. Delays in
reporting dose estimates were certainly caused by corona-
virus-related strict minimum staffing rules when performing
assays and other priorities to fulfill the daily workload. In
addition, the coronavirus pandemic caused difficulties in
laboratory use and further delays in reporting dose
estimates. Furthermore, it appeared that reporting dose
estimates by using the agreed sample code is a prerequisite
for the success for every exercise. Providing each
laboratory’s code instead (occurring in a few cases)
generates uninformative results, because dose estimates
cannot be assigned correctly. Participants must be informed
about this repeatedly. Although documented for this
exercise, DCA assay repair time was not conducted at
378C, but at room temperature (currently examined as one
potential source of observed overestimation by cytogenetic
assays). Another round of discussion with team members
ahead of the exercise is indicated to avoid this kind of
mistakes. Irradiation at 378C and not at room temperature
would provide another improvement for the next exercise.

There are a number of limitations for the exposure
scenario used in this exercise. We deliberately restricted all
measurements to blood samples taken from only one
individual to focus on methodological variance and to
exclude inter-individual variance, which has been reported
for several of the biological assays (86–88). For the same
reason, we varied only the dose and did not simulate non-
uniform radiation exposures. It is important to note that
results may well differ considerably if the exposures are
non-uniform. Biological assays such as the DCA and the
gH2AX assay have been formally shown to be able to detect
and quantify non-uniform exposures in certain scenarios,
based on the distribution of dicentrics or foci respectively,
among analyzed cells (89). Even then, the small number of
cells scored in triage mode for DCA may pose difficulties in
the case of highly non-uniform exposures (90). More data
and better statistical methods are needed to fully understand
the impact of non-uniform exposures on biological dose
estimates and associated uncertainties (91).

In summary, EPR and LUM assays proved their
usefulness to provide localized dose information. All assays
appeared comparably applicable for the identification of
unexposed and highly exposed individuals and the alloca-
tion of medical relevant groups, with the latter requiring
medical support for the acute radiation scenario simulated in
this exercise. The cytogenetic methods DCA and CBMN as
established biological methods for providing a mean whole-
body exposure revealed a systematic shift in dose
estimations in comparison to the reference dose. Possible
reasons will be discussed in more detail in the assay specific
papers (48, 49). Difficulties exist for the discrimination of
moderately and highly exposed individuals. It is noteworthy
that, even a large-scale exercise such as this one could be
successfully organized using only emails and a few online
information sessions. The ILC clearly demonstrates the
need to conduct regular exercises to identify research needs
but also to identify technical problems and to optimize
future ILCs.

SUPPLEMENTARY MATERIAL

Table S1. Overview of unfiltered dose estimates reported
within the 6-week period provided for the exercise.
Elimination of redundant dose estimates (gray) resulted in
a selection of dose estimates (black) finally eligible for
analysis.
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Evaluation of physical retrospective dosimetry methods in a
realistic accident scenario: Results of a field test. Radiation
Measurements. 2021; 142:106544. https://doi.org/10.1016/j.
radmeas.2021.106544.

68. Rojas-Palma C, Woda C, Discher M, Steinhäusler F. On the use of
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