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The focus of the study is an intercomparison of
laboratories’ dose-assessment performances using the c-
H2AX foci assay as a diagnostic triage tool for rapid
individual radiation dose assessment. Homogenously X-
irradiated (240 kVp, 1 Gy/min) blood samples for estab-
lishing calibration data (0.25–4 Gy) as well as blinded test
samples (0.1–6.4 Gy) were incubated at 378C for 2 and 24 h
(repair time) and sent to the participants. The foci assay was
performed according to protocols individually established in
participating laboratories and therefore varied. The time
taken to report dose estimates was documented for each
laboratory. Additional information concerning laboratory
organization/characteristics as well as assay performance
was collected. The mean absolute difference (MAD) of
estimated doses relative to the actual doses was calculated
and radiation doses were merged into four triage categories
reflecting clinical relevance to calculate accuracy, sensitivity
and specificity. First c-H2AX based dose estimates were
reported 7 h after sample receipt. Estimates were similarly
accurate for 2 and 24 h repair times, providing scope for its
use in the early phase of a radiation exposure incident.
Equal accuracy was achieved by scoring 20, 30, 40 or 50 cells
per sample. However, MAD values of 0.5–0.7 Gy and 1.3–1.7
Gy divided the data sets into two groups, driven mainly by
the considerable differences in foci yields between calibra-
tion and blind samples. Foci yields also varied dramatically
between laboratories, highlighting reproducibility issues as
an important caveat of the foci assay. Nonetheless, foci
counts could distinguish high- and low-dose samples in all
data sets and binary dose categories of clinical significance

could be discriminated with satisfactory accuracy (mean
84%, 60.03 SEM). Overall, the results suggest that the c-
H2AX assay is a useful tool for rapidly screening individuals
for significant exposures that occurred up to at least 24 h
earlier, and may help to prioritize cytogenetic dosimetry
follow-up. � 2013 by Radiation Research Society

INTRODUCTION

The long-established dicentric assay (DCA) is the gold
standard for accurate biological dose estimation following a
suspected radiation overexposure (1) but suffers from: (1)
long turn-around times (.2 days between sample receipt
and dose estimate); (2) low throughput [current global
capacity of ;3,000 tests per week in ‘‘50 cell triage mode’’
reported for the World Health Organization’s BioDoseNet
assistance network of 57 biodosimetry laboratories (2)]; and
(3) the reliance on highly skilled cytogeneticists for
dicentric scoring, complicating the development of surge
capacity. These limitations do not pose any major
difficulties in the routine management of isolated, small-
scale radiation incidents. However, they may well become a
major bottleneck in the event of a large-scale radiation
accident, where rapid triage is of prime importance to
identify the few severely exposed individuals who require
acute clinical support and, to reassure the many ‘‘worried-
well’’ who could overwhelm the local healthcare infrastruc-
ture. This unmet need continues to drive research into novel
biomarkers for radiation exposure which may be less
accurate than the DCA but enable rapid screening of
hundreds, if not thousands, of potentially exposed individ-
uals for radiation exposure levels of immediate clinical
relevance.

The phosphorylated histone H2A variant c-H2AX is a
well established surrogate marker of ionizing-radiation-
induced DNA double-strand breaks (DSBs) and a promising
biomarker of radiation exposure (3, 4). c-H2AX foci forms
within minutes after exposure at the sites of DSBs and
disappear with kinetics similar to those of DSB repair (5).
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RR3238.1) contains supplementary information that is available to all
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They can be visualized in nucleated blood cells (6–8) and
tissue sections (9–11) using immunofluorescence or immu-
nohistochemical protocols that require only a few hours
between sampling and analysis, in contrast to the 2–3 days
required for conventional cytogenetic methods (1). The
potential of the c-H2AX assay to accurately estimate
radiation dose has already been demonstrated after exper-
imental human ex vivo (7, 12–14), nonhuman primate in
vivo (15) and diagnostic (6) or therapeutic (16) human in
vivo exposure. These studies demonstrate excellent sensi-
tivity down to a few milligray (at least under well-controlled
conditions), detection of recent partial body exposure at
both high and very low doses, and persistence of foci for
several days after high-dose exposure.

Here we determined the performance of the c-H2AX
assay in four laboratories for dose assessment and its use as
a rapid dose assessment tool in an international intercom-
parison exercise which was organized under the umbrella of
the NATO Research Task Group RTG-033 ‘‘Radiation
Bioeffects and Countermeasures’’ we compared the perfor-
mance and properties of the two most established
cytogenetic dosimetry tools, DCA and cytokinesis block
micronucleus assay with two novel emerging molecular
dosimetry methods, c-H2AX foci assay and gene expres-
sion analysis. The focus of the article is a comparison of
four laboratories’ ‘‘performance for dose assessment’’ using
the c-H2AX foci assay as a diagnostic tool for rapid
emergency biodosimetry. All assays were analyzed with
regard to the time needed to provide dosimetric results, the
reliability of dose estimates and their discriminatory power
regarding binary dose categories representing clinically
relevant treatment groups. For the c-H2AX foci assay we
also compared dose estimates and MAD values after a
repair time of 2 and 24 h based on either 20, 30, 40 or 50
scored cells.

MATERIALS AND METHODS

Procedures Common for All Assays

Blood samples of 2–3 ml whole blood from one healthy male
individual filled in heparinized tubes were taken and exposed to 240
kVp X rays at 1 Gy/min. After irradiation, calibration (0.25 to 4 Gy)
and blinded tested samples (0.1 to 6.4 Gy) were distributed to
participating laboratories along with standardized data sheets and
questionnaire’s pertaining to statistical analysis MAD calculations,
impact of questionnaire information on MAD and binary categories of
clinical significance, which represented procedures employed for all
assays. To assess the quality of binary dose assignments, the factors
for sensitivity, specificity and accuracy were used. Comparison
between groups of participants was done descriptively with help of
these factors. A detailed description of the inter-assay comparison is
the lead article in this series of companion articles (NATO
Biodosimetry Study, Radiat. Res. 2013; 180:111–19).

c-H2AX Analysis

A standard protocol for the c-H2AX foci assay was selected for this
exercise [based on ref. (14)] to which all laboratories adhered for at
least the main experimental steps (see Supplementary Material; http://

dx.doi.org/10.1667/RR3238.1.S1). After initial attempts to use
automated scoring in pilot samples produced inconsistent results (data
not shown), manual scoring of 50 cells per sample was performed in
all laboratories. Participants were also asked for interim results to
determine any change in accuracy when estimating doses using 20, 30,
40 or 50 scored cells. Calibration curves were fitted individually by
each laboratory for each time point (2 and 24 h) using a linear
function. For one data set (laboratory 1, 2 h data), two separate linear
functions were fitted for doses up to and above 0.5 Gy, respectively.
Microsoft Excel and DoseEstimate software packages were used for
curve fitting. Calculations of estimated blinded test doses were
performed with the same software packages by converting foci counts
into dose estimates using the established linear functions.

RESULTS

Participating Laboratories, Sample Shipments and
Reporting Times

Four institutions participated and used the initially
shipped calibration samples to produce reference data prior
to the shipment of blinded test samples. All provided dose
estimates for each of the 10 blinded test samples after a
repair time of 2 and 24 h so that 80 dose estimates were
available for data analysis. All laboratories completed the
questionnaire. Two laboratories had used the c-H2AX assay
for biodosimetry for several years, the other two laboratories
for only 5 months prior to the exercise (Table 1). Two of the
laboratories were within walking distance of the blood
sampling and irradiation location, and samples could
therefore be processed without any shipment delay. The
other two laboratories received the samples after a transit
period of 21–25 h. Temperature profiles for calibration
sample shipments (during a hot summer week) ranged
between 10–188C; for blinded test samples the range was
only 4–108C. Film badges recorded no additional radiation
exposure during transport. Three laboratories treated the
exercise with priority, and reporting times were between
just under 7 h to two days. All laboratories followed the
same standard protocol for c-H2AX processing (see
Supplementary Material; http://dx.doi.org/10.1667/
RR3238.1.S1), except for laboratories 1 and 4 who spun
cells onto slides, instead of manual spreading and another
laboratory who used OptiPrepe rather than Ficoll for
lymphocyte isolation.

Calibration Data

Foci counts reported for calibration data were closely
correlated with dose, with Pearson coefficients of 0.95–0.99
for six curves (laboratory 1: 24 h, 0.74; laboratory 3: 2 h,
0.87), and were on average higher for 2 h compared to 24 h,
consistent with the loss of foci expected during repair
incubation (Fig. 1). However, counts varied by more than
fourfold between laboratories and, at least at 2 h tended to
level off towards higher doses. Participants were free to
choose their own strategy for fitting reference yield curves.
Laboratory 1 fitted separate linear curves for 0–0.5 Gy (y¼
15D) and 0.75–4 Gy (y ¼ 3.35D þ 6.37) for 2 h and one
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linear curve for 24 h (y¼ 2.14D). Laboratory 2 modified its
existing 250 kVp X-ray calibration function (14) to y ¼
3.36D (2 h) and y ¼ 1.64D (24 h) to take into account the
effects of overnight shipment. Laboratory 3 used only the
0–1 Gy data range to fit the function y¼4.05D–0.22 for 2 h
and the complete data set for 24 h with y ¼ 0.9D–0.06.
Laboratory 4 used the function y¼ 1.85D þ 0.55 (2 h) and
y ¼ 0.32D þ 1.1 (24 h) to fit their data.

Dose Estimates for Blind Samples

Foci counts for blind samples (Table 2, increasing gray
shades) sorted by true dose confirm the close correlation
already reported above for calibration samples, with only
one data set showing a correlation coefficient of less than
0.85. This demonstrated the potential of the c-H2AX assay
to rank exposed individuals according to dose, even in the

absence of a calibration curve. However, actual dose

estimates varied considerably, especially for samples

exposed to moderate to high doses (Fig. 2). Laboratory 4

systematically underestimated exposures for both 2 and 24 h

samples, resulting in several negative dose estimates. This

was most likely caused by staining artifacts in their

calibration curves, which resulted in very high baseline

levels. Interestingly, the interim results of dose estimates

based on 20, 30, 40 and 50 cells (individual data points in

Fig. 2) were in good agreement with each other and

independent of dose, time point or laboratory. Dose

estimates reported after 2 h repair time were not statistically

significant from the 24 h repair time (Wilcoxon rank sum

test, P ¼ 0.69).

MAD values for each laboratory showed a 3.4-fold

difference in accuracy, with comparable ranges of 0.5–1.7

Gy and 0.6–1.4 Gy for repair times of 2 and 24 h,

respectively (Table 3). The number of measurements

falling outside a 0.5 Gy interval around the true dose

varied similarly at 2 (3–7 measurements) and 24 h (2–8

measurements). Based on these measurements we divided

the laboratory contributions into two groups characterized

by low- (0.5–0.7 Gy) and high-MAD values (1.3–1.7 Gy).

TABLE 1
Contributing Institutions, Their Experience Related to the c-H2AX Assay and Reporting Times for Dose Estimates

Laboratory Institution

No.
previous
exercises

Biodosimetry
laboratory

Method
established

since. . . (months)

Method
used for

biodosimetry
since. . . (months)

NATO
samples

processed
with

Reporting time for
dose estimates (days)

2 h repair
samples

24 h repair
samples

ID 1 1 0 no 36 4 priority 1.1 1.1
ID 2 2 6 yes 120 96 priority 0.4 0.3
ID 3 3 1 yes 60 60 others 1.1 1.2
ID 4 4 0 yes 5 5 priority 2.1 1.9

FIG. 1. Foci counts as a function of radiation dose obtained by
four laboratories in calibration samples after 2 and 24 h repair
time. These were used to obtain calibration curves for estimating
doses given to blind samples. Symbols represent average values
for 50 scored cells per data point. Solid (2 h) and dashed lines (24
h) show fitted linear functions.

TABLE 2
Foci Counts for Blind Samples (with increasing Gray Shades)

Sorted by True Dose
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MAD values per irradiated sample indicate an upper limit

in dose estimates to occur at �4.2 Gy for the 2 h time

point and �3 Gy for 24 h time point and therefore true

doses were underestimated by almost all laboratories for

these absorbed doses (Fig. 2). To elucidate the reason for

the discrepancy of MAD values between laboratories we

examined any links to the information given in the

questionnaires. No significant correlation was found with

the number of previous exercises and the period for which

the method had been established (Spearman’s rank

correlation test). However, the three data sets with high

MAD values of 1.3–1.7 Gy were all associated with

systematic underestimation of doses (1.7–6.8 fold lower

linear coefficients for foci yields in blind data sets with

high MAD vs. 0.9-1.3 fold lower coefficients in those

with low MAD values; Pearson correlation coefficient

0.85). Therefore, a systematic difference in foci yields per

unit dose between calibration and blinded test sample data

appears to be the main reason for the high MAD values

seen in three data sets.

FIG. 2. Reported dose estimates are shown relative to the true absorbed doses per sample. Each chain of
symbols shows dose estimates after scoring 20, 30, 40 and 50 cells (from left to right).

TABLE 3
Aggregation of Foci-Based Dose Estimates into Binary Categories of Clinical Significance

True dose for each sample (Gy)
MAD
(Gy)

MAD
(SEM)

No. estimates
outside

6 0.5 Gy0 0.1 0.7 1.4 2 2.2 2.6 3 4.2 6.4

Estimated doses for each sample (Gy)
2 h repair

laboratory ID 1 0.0 0.1 0.3 0.5 0.1 0.4 1.3 1.3 2.5 2.6 1.34 0.4 7
laboratory ID 2 0.0 0.2 0.9 1.5 2.6 3.4 2.3 3.5 3.1 5.9 0.45 0.1 3
laboratory ID 3 0.1 0.4 1.6 2.2 3.0 2.9 3.2 3.2 4.3 5.4 0.59 0.1 6
laboratory ID 4 0.0 0.1 0.5 0.0 0.6 0.7 1.3 0.3 1.4 0.7 1.71 0.5 7
MAD (Gy) 0.0 0.1 0.4 0.8 1.2 1.3 0.9 1.3 1.5 2.7
MAD (SEM) 0.0 0.1 0.3 0.5 0.5 0.4 0.5 1.1 1.1 2.5
No. measurements out of 6 0.5 Gy 0 0 1 3 4 4 3 2 3 3

24 h repair

laboratory ID 1 0.1 0.3 0.8 1.1 1.8 1.7 2.2 1.4 3.9 4.2 0.59 0.2 2
laboratory ID 2 0.0 0.3 1.3 2.7 1.7 2.3 1.9 2.3 2.7 4.5 0.73 0.2 6
laboratory ID 3 0.3 0.4 1.5 2.0 2.4 3.7 3.7 2.6 3.9 6.9 0.63 0.1 4
laboratory ID 4 –1.5 –1.5 0.2 0.3 0.3 –0.8 2.7 1.6 4.1 3.4 1.40 0.3 8
MADa (Gy) 0.5 0.6 0.5 0.8 0.6 1.3 0.6 1.0 0.6 1.9
MADa (SEM) 0.7 0.7 0.3 0.4 0.7 1.3 0.5 0.6 0.6 1.0
No. estimates outside 6 0.5 Gya 1 1 3 3 1 2 2 3 1 3
MADb (Gy) 0.1 0.2 0.5 0.7 0.3 0.7 0.7 0.9 0.7 1.5
MADb (SEM) 0.1 0.1 0.4 0.5 0.1 0.7 0.4 0.6 0.7 0.9
No. estimates outside 6 0.5 Gyb 0 0 2 2 0 1 2 2 1 2

Notes. Reported 50-cell dose estimates (bolded data), MAD values per lab contribution (right column) and per sample (bottom rows) and the
number of estimates lying outside a 0.5 Gy interval around the true dose (italicized) are shown for 2 and 24 h repair times. aMAD refers to
calculations including all four measurements of the 24 h repair time, while bMAD refers to calculations based on laboratory ID 1–3 only.
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Binary Exposure Categories

While accurate dose assessment is important for estimat-
ing long-term risk, the most urgent requirement in a large-
scale incident is the rapid triage of potentially exposed
individuals to identify those who may need clinical
monitoring and to reassure the less critically exposed.
Foci-based dose estimates were therefore also aggregated
into binary categories (Table 4). Accuracy (86–94% vs. 60–
90%) and sensitivity (60–100% vs. 17–89%) appeared
better for the data sets with low-MAD values, but specificity
appeared better for those with high-MAD values, which
achieved 100% in all four categories. This finding can likely
be explained by the systematic underestimation of higher
doses in these data sets, as explained above. The relatively
low sensitivity observed for the highest dose category (2–4
Gy vs. �4 Gy) may in part have been caused by the lack of
calibration data above 4 Gy which forced the laboratories to
extrapolate, resulting in underestimation because of the
flattening of foci yields towards very high doses which had
not been fully taken into account. Performance of the same
comparisons for the dose estimates reported after 2 and 24 h
repair time were not different. Overall, these results

demonstrate the usefulness of the c-H2AX assay in a triage

setting where rapid identification of significant exposures is

more important than utmost accuracy in estimating doses. It

also provides some indications for use of the assay even 24

h after exposure, which from a practical point of view

would be preferable over just a 2 h window of opportunity

to perform these analyses.

DISCUSSION

After a radiation accident, rough dose estimates need to

be provided as soon as possible to support clinical decision

making and help manage concerns among the potentially

exposed. The fast turnaround time of less than 7 h for 10

dose estimates achieved in this exercise demonstrates that

the c-H2AX assay can enable rapid screening for significant

exposures at a much higher throughput than that achievable

with other cytogenetic methods. As the presented results

suggest that dose estimates are equally accurate when based

on 20 instead of 50 cells, it may be possible to reduce the

turnaround time further. Also, the burden of manual scoring

will be decreased further and may reduce the need or

TABLE 4
Total Number of Reported Assignments per Dose

Radiation exposure Totals
Total

per dose

True doses (Gy)a Percentage overallb. . .

0 0.1 0.7 1.4 2.0 2.2 2.6 3.0 4.2 6.4 accuracy sensitivity specificity

Never/ever

all 80 8 5 7 8 7 8 7 8 8 8 8 92.5% 95.8% 62.5%
low MAD 50 5 2 5 5 5 5 5 5 5 5 5 94.0% 100.0% 40.0%
high MAD 30 3 3 2 3 2 3 2 3 3 3 3 90.0% 88.9% 100.0%
2 h repair 40 4 3 4 4 3 4 4 4 4 4 4 95.0% 97.2% 75.0%
24 h repair 40 4 2 3 4 4 4 3 4 4 4 4 90.0% 94.4% 50.0%

, 0.1 Gy vs. . 0.1 Gy

all 80 8 7 3 8 7 7 7 8 8 8 8 88.8% 95.3% 62.5%
low MAD 50 5 4 0 5 5 5 5 5 5 5 5 88.0% 100.0% 40.0%
high MAD 30 3 3 3 3 2 2 2 3 3 3 3 90.0% 87.5% 100.0%
2 h repair 40 4 4 2 4 3 3 4 4 4 4 4 90.0% 93.8% 75.0%
24 h repair 40 4 3 1 4 4 4 3 4 4 4 4 87.5% 96.9% 50.0%

, 1.5 Gy vs. . 1.5 Gy

all 80 8 8 8 6 4 5 5 6 5 7 7 76.3% 72.9% 81.3%
low MAD 50 5 5 5 3 1 5 5 5 4 5 5 86.0% 96.7% 70.0%
high MAD 30 3 3 3 3 3 0 0 1 1 2 2 60.0% 33.3% 100.0%
2 h repair 40 4 4 4 3 2 2 2 2 2 3 3 67.5% 58.3% 81.3%
24 h repair 40 4 4 4 3 2 3 3 4 3 4 4 85.0% 87.5% 81.3%

2–4 Gy vs. . 4 Gy

all 48 8 8 8 8 8 2 5 81.3% 43.8% 100.0%
low MAD 30 5 5 5 5 5 1 5 86.7% 60.0% 100.0%
high MAD 18 3 3 3 3 3 1 0 72.2% 16.7% 100.0%
2 h repair 24 4 4 4 4 4 1 2 79.2% 37.5% 100.0%
24 h repair 24 4 4 4 4 4 1 3 83.3% 50.0% 100.0%

Notes. The column ‘‘totals’’ refers to the total number of reported assignments and the column ‘‘totals per dose’’ describes the total number of
reported assignments per dose. Numbers of correctly reported assignments (left of the respective critical dose true negatives, right of it true
positives) to the groups are shown for each irradiated sample for all performers and for manual and automated scoring as well as after a 2 h and 24
h repair time. Columns on the right show the overall agreement on accuracy, sensitivity and specificity.

a Related to the totals per dose.
b Averages from the reported dose estimates, related to totals.
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desirability of automated foci scoring and all its associated
complications (4). However, it is important to point out that
in this exercise uniformly irradiated samples were used. In
the case of nonuniform exposures, more cells would need to
be scored to capture the full spectrum of damaged cells and
avoid mistakes in estimating doses. In addition, guideline
recommend testing of the raw foci data for overdispersion,
which indicates a nonuniform exposure may have occurred
(6, 14, 17).

Interestingly, when comparing results after 2 and 24 h
repair time, the accuracy (MAD values) as well as the
number of measurements lying outside the recommended
0.5 Gy uncertainty interval were quite similar, despite the
significantly different foci yields observed at these two time
points. Having at least a 24 h time window after irradiation
is of great practical importance; this could ideally be
extended to several days at least for higher doses (14, 15),
but will require additional calibration to account for the
continuing foci loss with time. However, it is important to
remember that for arbitrary exposure conditions and groups
of exposed victims the MAD values may be different than
presented here and are valid only for this study with study
specified experimental design, which was identical for all
participants. There, these MAD values reflect the overall
accuracy of dose estimates for each laboratory.

The huge differences in foci yields obtained for the same
samples by the different laboratories and the systematic
underestimation of doses seen in several data sets point to a
considerable variability in foci detection. This may be
explained either by variations in foci loss during shipment
of blood samples or by variations in immunofluorescence
staining quality from experiment to experiment (4). Given
that these differences occurred even in a laboratory that
could collect samples locally, the main factor seems to be
the variability of the foci staining process. This is consistent
with recent results from the EC Multibiodose project
(Rothkamm et al, unpublished results). As a consequence
it may be advisable to always add a negative and a positive
(i.e., irradiated with a known dose) control sample as a
reference, so that baseline dose estimates can be adjusted if
necessary. Similarly, one should not regard any calibration
curves for this assay as set in stone as it is the case for the
dicentric and micronucleus assays. Instead, the foci assay
should be frequently recalibrated to take into account any
drift in foci yields, and protocols should be optimized to
reduce variability as much as possible. It is clear, however,
that c-H2AX based dose estimates in radiation emergencies
are unlikely to ever reach the high sensitivity and
reproducibility that can be achieved with the DCA assay
for well controlled and planned medical or experimental
radiation exposures.

From the dosimetry point of view it is desired to perform
dose estimates as accurately as possible. From the clinical
point of view dose ranges often provide sufficient accuracy
to meet urgent clinical or diagnostic needs. To address this,
we divided the 10 samples into binary categories.

Laboratory contributions with low-MAD values resulted
in up to 40% improved accuracy and sensitivity. Impor-
tantly, however, high exposures could be distinguished from
no or low exposures in all data sets by ranking primary foci
data (Table 2). This demonstrates that, even in the absence
of a suitable calibration curve, the foci assay can potentially
be used to initially identify those few among a large cohort
who may require clinical support and who should be
analyzed first for radiation exposure using the gold standard
DCA assay. Such a two-tier approach may provide a
relatively robust and practical strategy for managing
biodosimetry support in radiation emergencies, whether
small or large in scale. In fact, one of the participating
laboratories in this study used the c-H2AX assay exactly for
this purpose in a 2011 radiation accident and provided foci-
based estimates of upper dose limits for 10 potentially
exposed individuals within 24 h of the accident that helped
stratify the order in which samples were analyzed by DCA
(Rothkamm et al., unpublished).

Within our current study we observed a 3.4-fold
discrepancy in the performance of the c-H2AX assay. This
may well have been caused by the limited experience of two
of the contributing laboratories in using the assay for
biodosimetry, although these associations appeared insig-
nificant. While it could be argued that, a certain level of
expertise and experience is needed to run the c-H2AX assay
consistently and to achieve maximum possible performance
inherent to this assay it was encouraging to see that all
participants obtained good correlations between foci scores
and actual dose, albeit with a systematic shift between
calibration and blind samples in some cases. The power of
this current study is limited by the number of measurements
and interpretations and therefore should be taken cautiously.
Furthermore, we intentionally restricted our measurements
to blood samples taken from one individual only, in order to
focus on methodological variance and exclude interindivid-
ual variance. For the same reasons we also changed only the
total dose and did not simulate partial or protracted radiation
exposures.

Future efforts for fully establishing the c-H2AX assay as
a rapid, yet robust, triage tool will focus on improving the
sample processing in terms of throughput and consistency.
Exciting technical developments have recently been report-
ed in this regard (18). Further work is also needed to fully
characterize the c-H2AX response after exposure to
different radiation types such as c rays and neutrons which
may be more relevant for large scale dirty bomb
emergencies (19–21).
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