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Abstract

One of the objectives of the HUman MicroNucleus (HUMN) project is to identify the methodological variables that have an
important impact on micronucleus (MN) or micronucleated (MNed) cell frequencies measured in human lymphocytes using
the cytokinesis-block micronucleus assay. In a previous study we had shown that the scoring criteria used were likely to be an
important variable. To determine the extent of residual variation when laboratories scored cells from the same cultures using
the same set of standard scoring criteria, an inter-laboratory slide-scoring exercise was performed among 34 laboratories
from 21 countries with a total of 51 slide scorers involved. The results of this study show that even under these optimized
conditions there is a great variation in the MN frequency or MNed cell frequency obtained by individual laboratories and
scorers. All laboratories ranked correctly the MNed cell frequency in cells from cultures that were unirradiated, or exposed
to 1 or 2 Gy of gamma rays. The study also estimated that the intra-scorer median coefficient of variation for duplicate MNed
cell frequency scores is 29% for unexposed cultures and 14 and 11% for cells exposed to 1 and 2 Gy, respectively. These
values can be used as a standard for quality or acceptability of data in future studies. Using a Poisson regression model it was
estimated that radiation dose explained 67% of the variance, while staining method, cell sample, laboratory, and covariance
explained 0.6, 0.3, 6.5, and 25.6% of the variance, respectively, leaving only 3.1% of the variance unexplained. As part of this
exercise, nucleoplasmic bridges were also estimated by the laboratories; however, inexperience in the use of this biomarker
of chromosome rearrangement was reflected in the much greater heterogeneity in the data and the unexplained variation
estimated by the Poisson model. The results of these studies indicate clearly that even after standardizing culture and scoring
conditions it will be necessary to calibrate scorers and laboratories if MN, MNed cell and nucleoplasmic bridge frequencies
are to be reliably compared among laboratories and among populations.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The HUman MicroNucleus (HUMN) Project is
an international collaborative project which has

Abbreviations: BN, binucleated; CBMN assay, cytokinesis-
block micronucleus assay; MN, micronucleus or micronuclei;
MONO, mononucleated; MULT, multinucleated; NDI, nuclear di-
vision index; NPB, nucleoplasmic bridge

three main goals: (a) compilation and comparison
of base-line micronucleus (MN) frequencies in hu-
man populations to establish “normal” base-line fre-
quencies of DNA damage and determine the main
demographic, environmental, and methodological
variables that impact on this index; (b) comparison
of the various methods used to measure MN frequen-
cies in human blood and epithelial cells to identify
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important methodological variables and establish
standard protocols to enable more reliable compari-
son of data among laboratories and among popula-
tions; and (c) to establish prospective epidemiological
studies aimed at determining whether the MN fre-
quency predicts risk of cancer and other degenerative
diseases associated with DNA damage and ageing
[1,2].

The HUMN Project was established in 1997[1]
and currently involves the participation of more than
35 laboratories worldwide. The impetus for this
project was derived from the widespread use of the
cytokinesis-block micronucleus (CBMN) assay to
study DNA damage in human populations, and the
recognition that by 1997 more than 12,000 measure-
ments in human subjects had been reported in the
literature using this method. Micronuclei are one of
the best established biomarkers of chromosome dam-
age. They are used in the in vitro testing of chemicals
and radiation for genotoxicity[3–5] and also as an
in vivo biomarker of exposure to genotoxins, and
deficiency in folate and Vitamin B12[6–13]. Mi-
cronuclei originate from chromosome fragments or
whole chromosomes that lag at anaphase because they
lack a centromere, or the centromere is defective, or
there is a defect in the mechanism that enables the
chromosomes to distribute correctly to the poles of
the cell at anaphase[3–5]. As a consequence, MN
are expressed in dividing cells. In human lympho-
cytes some MN are present as a result of a prior
cell division in vivo, but most MN are expressed in
lymphocytes after the cells are stimulated to divide
in vitro. The CBMN assay relies on the observation
that cells that have completed nuclear division and
have had their cytokinesis blocked with cytochalasin,
express chromosome damage as MN in the resulting
binucleated (BN) cells[14–16]. It has recently been
shown that it is possible to also score nucleoplasmic
bridges (NPB), in addition to MN, in BN cells[3,5].
NPB are an important biomarker of chromosome re-
arrangement that is otherwise not measured in the
CBMN assay, and originate from dicentric chromo-
somes that are pulled to opposite poles of the cell at
anaphase[3,5].

The first objective of the HUMN project, i.e.
compilation and comparison of data bases of
base-line MN frequencies in human populations in
cytokinesis-blocked lymphocytes, has already been

completed and described[2]. This study of MN fre-
quency in 6583 human subjects (measured in 25
laboratories distributed in 16 countries) verified that
age and gender were the most important host factors
influencing baseline MN frequency. A model based
on the negative binomial function of probability was
used to estimate the proportion of variability of MN
frequency that can be explained by the studied param-
eters. The total amount of variability explained by the
complete model (which included host factors, expo-
sure to genotoxic agents, methodological parameters
relating to culture, slide preparation and scoring cri-
teria) was approximately 75%. Due to the correlation
among parameters investigated, the sum of variance
explained by all individual sources is greater than this
value.

Because the CBMN assay is currently based on
visual scoring of slides, the inter-scorer variation in
the interpretation of scoring criteria and in the recog-
nition of BN cells, MN, and NPB could account for
a large proportion of the observed variability in the
assay. Therefore, we designed an interlaboratory col-
laborative study to determine the extent of variability
in the frequency of MN and other abovementioned
endpoints as a function of visual scoring of slides
by different laboratories and scorers, staining method
and radiation dose.

The specific aims of this study were

1. To determine the extent of inter-laboratory varia-
tion in the MN assay scores when a common set of
scoring criteria is used to score cells sampled from
the same culture.

2. To determine the extent of intra-laboratory and
intra-scorer variation in the CBMN assay.

3. To determine the effect of different staining meth-
ods on the micronucleus assay scores.

4. To evaluate the contribution of various parameters
measured in the study to the total variability of the
assay.

Other parallel aims were (a) to establish a com-
prehensive set of scoring criteria with an extensive
set of photomicrographs to assist in the interpretation
of slides (reported in accompanying paper[17]), and
(b) to determine an acceptable coefficient of variation
for duplicate measurements by a single scorer as a
means for quality control of acceptable data in future
studies.
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2. Materials and methods

2.1. Study design

The study was advertised via the HUMN project
email network. A total number of 34 laboratories from
21 countries indicated an interest in participating and
each of these completed the study. Details about the
laboratories, including geographical location, affilia-
tion, principal investigators, number of scorers, and
the staining method used is inTable 1.

The study design is shown schematically in
Fig. 1. A blood sample was collected from a healthy
30-year-old male. Isolated lymphocyte cultures for
the CBMN assay were prepared using published pro-
cedures[3,6,16]. Briefly, three cultures in RPMI 1640
with 10% foetal calf serum were prepared with a
cell concentration of 1× 106 ml−1. Two of the cul-
tures were exposed to gamma-rays (1 or 2 Gy at a
dose rate of 5 Gy/min). The lymphocytes were stim-
ulated to divide with phytohaemagglutin and 44 h
later cytochalasin-B (4.5 ug/ml) (Sigma) was added
and the cells harvested following an additional 28 h.
A cytocentrifuge (Shandon) was used to prepare
slides with two spots of cells on each slide. The
cells were air-dried for 10 min and then fixed in ab-
solute methanol for 10 min. Half of the slides were
stained with Diff-Quik (Lab-Aids, Australia) and the
rest left unstained and stored desiccated at 4◦C. The
stained slides were mounted in DEPEX using a cov-
erslip. Forty-seven stained and 47 unstained slides
were prepared from each culture. The slides were
coded using random numbers.

During September 2000, each laboratory received
(by express courier) a package that contained (a) a
detailed set of instructions, (b) one set of fixed and
stained slides (control, 1 and 2 Gy), (c) one set of
slides that were fixed but not stained (control, 1 and
2 Gy), (d) a detailed scoring procedure with diagrams
and photomicrographs, and (e) a standard Excel tem-
plate for recording MN and NPB scores. Any broken
slides were replaced immediately with slides that
had been made from the same culture. The unstained
slides were stained upon arrival at the laboratories
or kept desiccated at 4◦C until stained. Some labo-
ratories (N = 6) had to alter their standard staining
procedure by increasing staining time to adequately
stain the fixed, but unstained, slides. A second batch

Table 1
Laboratories that contributed data to the HUMN inter-laboratory
method comparison (affiliation can be obtained from the authors
list)

Country Principal
researcher(s)

Scorers Staining method

Argentina M. Di Giorgio 1 Giemsa
Australia M. Fenech 4 Diff-Quik
Australia M. McKay 1 DAPIa

Belgium M. Kirsch-Volders 2 Giemsa
Belgium H. Thierens and

A. Vral
1 Azure B—Eosin

Bulgaria V. Hadjidekova 1 Giemsa
Bulgaria E. Mirkova 1 Giemsa
Croatia A. Fucic 1 Giemsa
Cuba O. Garcia Lima 1 Giemsa
France T. Orsiere and

A. Botta
1 Giemsa

Germany W.U. Muller 2 Giemsa
India A.P. Krishnaja 2 Giemsa
Italy P.M. Bigatti 2 Giemsab

Italy C. Bolognesi 2 Giemsa
Italy G. De Luca 1 Giemsa
Italy P. Hrelia 1 Giemsa
Italy A. Martelli 2 May-Grunwald,

Giemsa
Italy L. Migliore 2 Giemsa
Italy M.R. Scarf̀ı 2 Giemsa
Italy G. Trenta 1 Giemsa
Italy A. Zijno 1 Giemsa
Japan Y. Odagiri 1 Giemsa
Japan T. Sofuni 1 Acridine Orangea

New Zealand L.R. Ferguson 1 Giemsa
Norway A. Jaworska and

K. Bredholt
2 Giemsa

Portugal M.J. Silva 1 Giemsa
PR China J. Cao Jia 3 Giemsa
Russia I. Vorobtsova 1 May Grunwald,

Giemsa
Spain R. Marcos and

J. Suralles
1 Giemsa

Taiwan W.P. Chang 1 Hemacolor
USA N. Holland 4 DAPIa

USA T.K. Lee 1 Diff-Quik
Yugoslavia G. Joksic 1 Giemsa

The order of the laboratories in this table does not reflect the
assigned laboratory numbers.

a Indicates fluorescent staining method.
b Data not available for lab-stained slides because of difficulty

with staining of the unstained slides provided.

of fixed but unstained slides were sent (to four labora-
tories) which were subsequently successfully stained
in two laboratories but not in the other two, which
were therefore unable to provide scores for these
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Fig. 1. Schematic diagram of the study design.

slides. Participants were advised to read the scoring
procedure and scoring criteria carefully and requested
not to proceed with scoring if they were uncertain
about any aspect of the scoring procedure. If the lab-

oratories had uncertainties regarding the procedures
to be followed, they were directed to consult with Dr.
Michael Fenech, who was responsible for preparation
of the slides. Participants were advised to record the
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data in the Excel template provided and to send the
results to Dr. Stefano Bonassi by email by November
30, 2000 for analysis. The results from each labora-
tory were randomly allocated a code number from
1 to 34 to allow a blind statistical analysis and to
allow descriptions of results from single laboratories.
After data collection we were informed that one lab-
oratory did not follow the scoring criteria provided;
their scores were excluded from the study, which is
therefore based on results from 33 laboratories.

2.2. Scoring procedure

Each laboratory could choose to have more than
one person score the same set of slides, but a separate
data sheet had to be generated for each scorer. Each
scorer scored the full set of six slides (pre-stained and
those stained in their laboratory). Each scorer obtained
separate scores for the cells in the spot closest to the
label on the slide (spota) and the cells in the spot
farthest from the label (spotb) (a total of 12 spots).
It was requested that cells in spota and spotb be
scored on separate days to enable an analysis of the
day to day variation in scoring and a derivation of
the coefficient of variation for duplicate scores by one
scorer. Information about the individual experience of
scorers involved in the study was collected in terms of
years of scoring and number of slides scored per year.
This allowed the calculation of a new variable, i.e.
number of slides scored in their lifetime, which was
used in the following statistical analyses to measure
the influence of a scorer’s past experience.

For each spot of cells, the number of mononu-
cleated (MONO) cells, binucleated (BN) cells, and
multinucleated (MULT) cells in 500 viable cells were
scored to determine the nuclear division index (NDI),
as previously described[3,18]. It is important to note
that participants were instructed not to score necrotic
or apoptotic cells when determining the proportion
of MONO, BN and MULT cells. They were also
not required to distinguish between tri-nucleated and
quadri-nucleated cells when scoring multinucleated
cells because often it is hard to distinguish between the
two and this adds an unnecessary burden to the assay.

For each spot of cells participants scored the fol-
lowing to determine chromosome damage:

1. The number of cells in 1000 BN cells containing
one or more micronuclei.

2. The total number of micronuclei in 1000 BN
cells.

3. The number of cells in 1000 BN cells containing
one or more nucleoplasmic bridges (NPBs).

A BN cell that has both a micronucleus and an NPB
was scored separately as a BN cell with a micronucleus
and as a BN cell with a NPB.

Slides were examined at 1000× magnification
for both light or fluorescence microscopy. Partic-
ipants were requested not to score cells that they
were unable to classify according to the criteria
provided. They were asked to simply skip any cell
that was unclassifiable and move on to the next.
Similarly, MN and NPB where to be scored only
if the scorer was confident that they met the given
criteria.

2.3. Scoring criteria

A standard set of detailed scoring criteria, together
with a comprehensive set of photomicrographs exem-
plifying the various types of cells, micronuclei, and
nucleoplasmic bridges, were provided to each labo-
ratory. These scoring criteria and the set of photomi-
crographs are described in the accompanying paper
[17] and were based to a large extent on previously
published procedures which however, did not provide
photomicrographs[3,18].

2.4. Statistical methods

A Poisson regression analysis[19] was performed
to estimate the contribution of each covariate to the
total variance. According to the study design, the data
have been considered as clusters which are hierarchi-
cally nested as follows: laboratory, scorer, staining,
irradiation, and spot. Since observationswithin a
cluster are (generally) more similar than observations
betweenclusters, this lack of independence between
data will lead to overdispersion, i.e. data showed
more residual variability than expected according to
an ordinary regression model[19,20]. Ignoring the
clustered nature of data generally causes an underes-
timation of the variability of regression coefficients.
A useful methodology that takes the hierarchical
structure of the data into account is the multilevel ap-
proach[21]. The simplest multilevel model contains a
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two-level structure, i.e. individuals (first level) within
groups (second level). The model is

yij = α + αxij + ωj + αij

where an observationyij referring to theith indi-
vidual in the jth group is modeled by the following
parameters:α, the overall mean;β, the regression
coefficient of the predictor variablexij ; ωj , the de-
parture of thejth group mean from the overall mean;
andεij , the residual. In this model,α andβ represent
the fixed part of the model whileωj and εj are the
random part. In particular, we assume thatωj follows
a normal distribution with zero mean and variance
σ 2

w. The multilevel approach consists in estimating
α, β and σ 2

w. This last parameter is the index of
heterogeneity among groups. This is a parsimonious
method to quantify the differences among groups
avoiding the estimate of a regression coefficient for
each group. It is possible to evaluate the relative vari-
ance component for each level of clustering, i.e. the
within-laboratory variability in the estimate of the pa-
rameter, the intra-laboratory-inter-scorer variability,
the proportion of variance due to staining, and the
heterogeneity between spots. Since our observations
are counts, we can fit a Poisson multilevel model to
our data. All analyses were carried out with GLIM
[22] and MLwiN [23] statistical software.

Table 2
Descriptive statistics concerning endpoints evaluated in the standardization study

End-pointa Dose Gray Pre-stained slides (51 scorers) Lab-stained slides (44 scorers)

Median Mean S.D. Min–max Median Mean S.D. Min–max

MNed 0 8.0 8.8 4.3 2–28 7.0 7.4 3.3 1–19
1 116.5 118.4 29.8 59–217 95.0 98.8 33.5 35–200
2 305.9 302.2 69.9 165–563 257.5 255.4 77.6 63–564

MN 0 9.0 9.8 4.9 2–28 7.6 8.0 3.7 1–23
1 138.5 140.8 37.1 61–265 105.0 115.3 39.5 36–230
2 401.4 405.5 104.8 191–753 345.5 334.2 109.6 78–763

NPB 0 2.0 5.2 13.5 0–125 2.0 5.0 15.0 0–121
1 18.0 22.3 18.1 3–124 16.8 19.6 16.0 0–93
2 45.1 51.8 36.7 9–300 36.2 40.8 29.0 1–191

NDI 0 1.95 1.94 0.18 1.56–2.47 1.92 1.92 0.19 1.49–2.39
1 1.89 1.88 0.19 1.44–2.37 1.86 1.84 0.19 1.43–2.21
2 1.77 1.75 0.15 1.45–2.19 1.73 1.74 0.15 1.39–2.12

a MNed, micronucleated cells per 1000 BN cells; MN, micronuclei per 1000 BN cells; NPB, nucleoplasmic bridges per 1000 BN cells;
NDI, nuclear division index.

3. Results

All participating labs completed the scoring of the
pre-stained slides. Only 2 labs (#1 and 22) were unable
to adequately stain the unstained slides provided and
were therefore unable to provide data for this part of
the study.

3.1. Descriptive statistics

A summary of results is reported inTable 2. Mea-
sures of central tendency (median and mean) and
variability (S.D. and range) by dose of radiation are
reported for each endpoint studied. Data from slides
stained by the referent laboratory (pre-stained) and
data from those stained by the preferred method of
participating laboratories (lab-stained) were analyzed
separately. An evident and significant positive as-
sociation (P < 0.01) with the level of irradiation
is present for all the genotoxicity end-points eval-
uated apart from NDI, which decreased with dose
(P < 0.01). The mean frequency of MN per 1000
binucleated cells at 1 Gy is 8–11% higher that of mi-
cronucleated cells (MNed) at the background level.
This difference is more pronounced at higher doses
of irradiation, up to 34% at 2 Gy. The frequency of
MN scored on pre-stained slides was generally higher
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than those of lab-stained slides, with a difference in
mean values of 14% (P < 0.01).

Also in Table 2, it is evident that there is substan-
tial overlap between MNed and MN in describing the
effect of irradiation. Scoring the number of MN per
cell gives a slightly better performance over scoring
the frequency of MNed (with a regression coefficient,
β = 1.570 versus 1.452 in the trend test by dose),
although the improvement in precision is offset by
a higher variability of the MN index (standard error
(S.E.) 0.032 versus 0.028). Considering that most lab-
oratories prefer to report the frequency of MNed cells,
and given the need of selecting among the overwhelm-
ing amount of descriptive material we have produced,
in the following parts of this paper we will describe
in detail only the MNed cell frequency data, with the
understanding that graphs and statistics presented cor-
respond closely to those obtained for MN.

The scoring of NPB was an important aspect of
the protocol. This endpoint is not widely used as yet,
and all but one of the participating laboratories were
inexperienced, having scored this biomarker for the
first time within the framework of this study. A good
association of NPB frequency with the irradiation dose
is present (β = 1.007;P < 0.01), but the large extent
of variability observed when compared with scoring
MNed cells and MN cells for a more intense effort to
standardize scoring procedures for this endpoint.

A broad picture of the results obtained from scor-
ing MNed cells is given byFigs. 2A–F, which show
the frequency of this parameter in the 33 laborato-
ries involved in the analysis, by level of irradiation
and slide preparation method. To provide information
about the intra-laboratory variability, results of single
scorers are reported for those laboratories with more
than one scorer. As a measure of central tendency
we chose the median, which is less affected by very
high values, which are not uncommon in this kind of
data. Laboratories are ranked according to the median
value, which is represented by a closed black circle,
with open circles representing single scorers. To pro-
vide direct information about the variability of values,
lines corresponding to the overall median and 25th and
75th percentiles are reported in each figure.

The background values in non-irradiated cells
(Fig. 2A and B), suggest that the large majority of lab-
oratories are included between the lines correspond-
ing to the critical percentiles. Values from the scoring

of pre-stained slides are slightly higher, not only as
median values, but also as extreme measures, with
three laboratories reporting more than 17‰ MNed
cells versus none in the set of laboratory-stained
slides. Some laboratories tend to consistently score a
higher frequency of MNed, i.e. laboratories 10, 24,
31, whereas other laboratories change their ranks dra-
matically according to the set of slides scored. This is
the case for laboratories 25 and 34, with scores in the
lower tertile for pre-stained slides and in the mid-high
tertile when lab-stained slides are scored. The results
from labs 18 and 29 are remarkable; they each ob-
tained MNed frequencies that were two- and four-fold
higher, respectively, in the pre-stained slides. In this
latter case, however, extreme frequencies of MNed
cells (and also of MN and NPB) are concentrated in
one of the spots of cells on the slide, lending support
to the hypothesis of a distribution anomaly when the
cell suspension was spotted on the slides.

These inconsistencies in MNed cell frequency
scores are also observed for slides of irradiated cul-
tures, with some laboratories constantly at the right
tail of the distribution, e.g. #5, 15, and other labo-
ratories showing great changes of rank when scores
from pre- and lab-stained slides are compared, e.g.
#18, 24, 29, 31 (Fig. 2A–F).

The distribution of NPB scores is rather hetero-
geneous, with large differences among laboratories.
Some laboratories, e.g. #24, 26, showed a greater vari-
ability with the presence of extreme values. Labora-
tory 20 had values generally 10–20-fold higher than
the overall median. The repeated presence of extreme
values is confirmed by the important difference be-
tween mean and median and the large dichotomy of
min–max values inTable 2.

3.2. Inter- and intra-scorer variability

Fig. 2A–Falso show the placement of each scorer
in relation to their laboratory medians. Although a
more analytic evaluation of inter-scorer variability
within each laboratory is described later using mul-
tivariable hierarchical models, these figures provide
interesting hints. Looking at the single combination
of staining method and dose of irradiation, some het-
erogeneity becomes evident. A major aspect used to
classify scorer’s ability is the number of slides scored
in their lifetime. In Table 3, the ratio of the median
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Fig. 2. (A) Laboratory MNed cell frequency scores (y-axis) for pre-stained slides from untreated cultures; (B) Laboratory MNed cell
frequency scores (y-axis) for lab-stained slides from control cultures; (C) Laboratory MNed cell frequency scores (y-axis) for pre-stained
slides from cultures exposed to 1 Gy; (D) Laboratory MNed cell frequency scores (y-axis) for lab-stained slides from cultures exposed to
1 Gy; (E) Laboratory MNed cell frequency scores (y-axis) for pre-stained slides from cultures exposed to 2 Gy; (F) Laboratory MNed cell
frequency scores (y-axis) for lab-stained slides from cultures exposed to 2 Gy. The solid circles indicate the median of the results obtained
by each laboratory that is identified by the number on thex-axis. The open circles indicate the results of individual scorers in laboratories
that had more than one scorer completing the exercise. The solid line represents the overall median and the broken lines represent the
25th and 75th percentiles.
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Fig. 2. (Continued).
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Fig. 2. (Continued).



56 M. Fenech et al. / Mutation Research 534 (2003) 45–64

Table 3
The ratio of the median value of MNed cell frequency for 1 and
2 Gy cultures vs. the control culture by number of slides scored
lifetime

Slides scored
lifetime

Scorers (slides) Median ratio

0 Gy 1 Gy 2 Gy

<51 4 (48) 1a 15.35 36.67
51–500 14 (143) 1.36 16.74 38.59

>500 21 (252) 1.24 17.71 44.70

a Reference level.

value of MNed cell frequency for 1 and 2 Gy cultures
versus the control culture clearly reflects the number
of slides scored previously, experienced scorers had a
better capability to discriminate the effect of irradi-
ation. Those laboratories with two scorers (n = 10)
showed overall inter-scorer differences below 25%,
with the most homogeneous scoring in laboratories
16 and 17. Laboratories with three or more scorers
(n = 4) obviously produce more heterogeneity. A
useful and straightforward measure to express the in-
ternal consistency of a scorer is the CV obtained from
the discrepancy between spota and spotb scores. This
statistic, which is based on the ratio of the standard
deviation to the mean, simply describes the variability
as a proportion of the mean. This value turned out
to be strictly dependent on the radiation dose, with
an increasing precision of the estimates with increas-
ing dose of exposure.Fig. 3 shows this dependency,
revealing a real difference between irradiated cells,
which have a median intra-scorer CV’s for MNed of
14 and 11% at 1 and 2 Gy, respectively, versus the
non-treated cells with a CV of 29%. A greater het-
erogeneity for the set of untreated slides is evident
in Fig. 3, although some laboratories, e.g. laboratory
#29, also had a great variability in irradiated cells.

These figures are consistent with those for MN. In
contrast the scorer CV for NPB are much higher, with
median scorer values of 82, 26, and 23% at 0, 1, and
2 Gy, respectively.

3.3. Measures of effect

In order to evaluate whether the MNed biomarker
is concordant in evaluating the effect of radiation,
despite the heterogeneity found among absolute mea-
sures of MNed frequency, the median MNed frequen-

cies at 2 and 1 Gy were compared with the frequencies
in the unexposed cells obtained from each laboratory.
This exercise showed that irradiated cells experi-
enced a higher frequency of MNed cells in pre- and
lab-stained slides, in all laboratories, with a 14.3-fold
higher frequency of MNed cells in cultures irradiated
with 1 Gy, and an increase of 37.3-fold in those irra-
diated with 2 Gy. This pattern is overlapping in pre-
and lab-stained slides for MNed cells and for MN.
The distribution of single laboratories around these
values is exemplified inFig. 4. This figure refers to
the median ratio values of MNed cell frequency for
cells exposed to 1 or 2 Gy (relative to the control cul-
ture) based on all the slides scored (pre-stained and
lab-stained) by each laboratory. All laboratories found
an increasing MNed cell frequency by dose, although
to different extents. The effect for 1 Gy ranged from
7.4- to 29.2-fold increase, and the 50% most frequent
estimates were between 10.7 and 16.6, whereas ex-
posing cells to 2 Gy caused a fold-increase of MNed
cells ranging from 16.0 to 60.7, with the 50% most
frequent estimates between 28.3 and 46.4.

The evaluation of NPB frequency in lab-stained
slides describes non-homogeneously the effect of ir-
radiation. In this set of slides, three laboraratories
scored more NPB in the 1 Gy slides than in the 2 Gy
slides, and two laboratories scored the same number
of NPB at the two doses. This was not the case with
the pre-stained slides, where the differential effect of
two doses was always correctly recognized. In general,
however, there was a good correlation between MNed
and NPB frequency in both pre- (0.63;P < 0.01) and
lab-stained slides (0.57;P < 0.01). Six laboratories
reported that radiation effects were similar for NPB
and MNed cells; this suggests that, with appropriate
training, the sensitivity and reliability of NPB scoring
can improve.

3.4. NDI

No evident differences in NDI were found between
pre- and lab-stained slides. On the other hand, NDI
was negatively associated with the dose of irradiation
(β = −0.090,P < 0.01), decreasing from a mean of
1.93 in the untreated cells, to 1.86 at 1 Gy and 1.75 in
the 2 Gy set. The overall mean of this index was 1.85,
with a S.D. of 0.19; values ranged between 1.39 and
2.47 (seeTable 2).
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Fig. 3. Intra-scorer coefficient of variation for spota and spotb. MNed, MN, and NPB frequency results for slides from unexposed, 1
and 2 Gy cultures. The results shown as box and whisker plots represent the median, the 25th and 75th percentile, and range for data of
all scorers (N = 51).

3.5. Proportion of explained variability

One of the most important aspects in the standard-
ization of an assay is the quantitative definition of
sources of variability. To provide an evaluation of the
contribution of various parameters to the general vari-
ability of data, a Poisson regression model that in-
cluded the main effects of all studied variables was
fitted to the whole database. A backward extraction of
variables from this model allowed an estimation of the
contribution of each variable in terms of variability.

The results of this procedure are reported inFigs. 5
and 6. The percentages reflect the independent contri-
bution of each variable, but because these parameters
are not orthogonal (i.e. not independent), a portion of
variability is explained by the correlation of two or
more variables in the model. This part has been de-
scribed as covariance.

From Fig. 5, it is evident that there is a very low
level of unexplained variance for MNed frequency, i.e.
3.1%, partly due to the experimental design, which
took the main explanatory variables into consideration,
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Fig. 4. Open and solid circles represent the median ratio values for cells exposed to 1 and 2 Gy, respectively, vs. the control culture shown
for each laboratory, based on all the slides (pre- and lab-stained) scored. The horizontal lines represent the mean ratio values for 1 and
2 Gy. The numbers on thex-axis are the laboratory code number. Note: the vertical lines between the open and closed circles are of no
mathematical significance and are simply used to help distinguish results of a single laboratory.

but also to the good agreement among participating
laboratories. The main response variable, i.e. the dose
of irradiation, is responsible for almost two-thirds of
the explained variability. This is an important observa-
tion supporting the sensitivity of the test for the mon-
itoring of this kind of exposure. The contribution of
laboratory to the variance is quite small, and this is not
surprising given that the individual contributions of
other variables responsible for the differences among
laboratories, such as NDI, scorer, spot, and staining
method, are independently considered. The remaining
variance is due to external and unknown factors. More
than a quarter of the variability is due to the covari-
ance between variables.

A different pattern is evident for NPB, where the
proportion of unexplained variance is over 20%. The
contribution of the dose is only one-third, and the
28.4% is attributable to unknown inter-laboratory fac-
tors (Fig. 6). These results confirm the need of improv-
ing training and scoring procedures for this endpoint.

The role of different methods used for laboratory
staining of the slides has been evaluated by sim-
ply comparing the fluorescent versus non-fluorescent
methods. A 15% lower frequency of MNed cells
(95% CI; 6–23%) was found in the slides stained
with fluorescent methods. For the three laboratories
that chose fluorescence microscopy only 27% of the
laboratory mean scores were within the 25th and 75th
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Fig. 5. Proportion of variance explained by variables in the model describing MNed frequency.

percentile compared to 56% for the laboratory mean
scores from laboratories that chose light microscopy
methods for scoring.

3.6. Measures of error

The design of this experiment has produced a typ-
ical hierarchical structure of data, with each level of
aggregation nested within the following level. In each
laboratory, scorers read slides stained by different
methods, slides contained cells treated at different
doses of radiation, and each slide had two cell sam-
ples, each on a separate spot. At each level of clus-
tering it is possible to estimate variance components,
e.g. if we consider inter-laboratory variability, it is
possible to estimate how much of this variability is
due to the scorer, to slide treatment, to the irradiation
dose, and to sampling error between the two spots,

and how much is due to external factors. This analysis
has been performed in a subset of the whole database,
i.e. in those laboratories with more than one scorer,
to permit the evaluation of the variability due to this
parameter. Variance components estimates have been
calculated using random effects models, and the result
of this analysis is shown inTable 4. If we look at the
MNed assay we see that all components investigated,
excluding the scorer, showed a remarkable degree of
heterogeneity. The presence of this remaining uncer-
tainty, despite the inclusion in the model of main po-
tential predictors, means that there are other variables
responsible for inter-laboratory differences that have
not been considered in our model. On the other hand,
if we look at the variable describing the scorer we
see that this parameter is not significant. The reason
is that all variability due to the scorer is completely
explained by differences in staining methods, dose,
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Fig. 6. Proportion of variance explained by variables in the model describing NPB frequency.

Table 4
Fixed and random coefficients of the multilevel hierarchical model for the three end-points considered

Model MNed MN NPB

Fixed part
Log median ratio (S.E.)

Intercept −4.766 (0.181) −4.578 (0.199) −3.641 (0.891)
Dose1 2.594 (0.044)a 2.641 (0.044)a 1.220 (0.183)a

Dose2 3.599 (0.045)a 3.721 (0.046)a 1.921 (0.195)a

NDI −0.053 (0.089) −0.093 (0.098) −0.683 (0.434)

Random part
Variance component (S.E.)

Laboratory 0.023 (0.011)a 0.026 (0.014) 0.982 (0.441)a

Scorer 0.001 (0.006) 0.0001 (0.007) 0.0001 (0.0001)
Stain 0.016 (0.007)a 0.019 (0.009)a 0.210 (0.117)
Dose 0.012 (0.004)a 0.014 (0.004)a 0.663 (0.121)a

Spot 0.008 (0.002)a 0.014 (0.003)a 0.365 (0.047)a

Data include 13 laboratories (329 slides) with two or more scorers; S.E.: standard error.
a Coefficient/S.E. ratio> 2.
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Table 5
95% frequency intervals compatible with variance components
estimated by the multilevel hierarchical model

0 Gy 1 Gy 2 Gy

MNed 5.1–12.6 68.9–169.6 176.4–434.8
MN 5.3–14.4 76.8–208.6 221.6–602.1
NPB 1.4–12.4 5.8–51.0 12.9–113.0

Note: the results refer to frequency per 1000 BN cells.

and spot. Once these variables are considered, scorers
from the same laboratory provide homogeneous read-
ings. This pattern is similar for all the three endpoints.

The first part ofTable 4 reports the log median
ratio of fixed parameters representing the mean effect
of dose and NDI. As would be expected, radiation
dose is the strongest predictor of MNed frequency and
despite its inclusion in the fixed part of the model
this variable generates further heterogeneity, as shown
by the random term. The information about variance
components can be used to estimate the extent of the
error due to the known sources of variability.

These results can be used to estimate ranges of MN
frequency that are compatible with random variabil-
ity due to major confounders. Using this approach
we found that when the variability due to laboratory,
staining method, and spot, are considered, the base-
line frequency of MNed cells is between 5.1 and 12.6
MNed per 1000 BN cells. Similar estimates for all
endpoints at different doses of irradiation are given
in Table 5.

4. Discussion

The practical use of a biomarker of DNA dam-
age in population monitoring is limited by (a) its
reproducibility among laboratories when different
laboratories attempt to compare their results obtained
for their local populations, and (b) its reproducibility
within the same laboratory when a population (which
may include the same subjects within a population)
is being studied repeatedly and longitudinally over an
extended time-frame (e.g. years). The identification
of factors affecting reproducibility in the CBMN as-
say, and a measure of the reproducibility, is essential
for the determination of absolute MN frequency, ac-
curacy in biological dosimetry of genotoxic exposure,

and for the establishment of “normal” or “acceptable”
base-line rates of chromosomal damage.

In spite of being provided slides prepared in identi-
cal manner from samples from the same cultures there
was still a large extent of variation among laboratory
scores for MN frequency. It is plausible that some of
this variation could have been due to real differences
between the cells in each sample. However, the fact
that (a) each laboratory correctly ranked the slides ac-
cording to radiation dose, and (b) those laboratories
that scored low or high values for one dose also did so
for the other doses, would tend to suggest that sam-
pling differences are unlikely to be the main cause of
the variability. The other possibility is that the inter-
pretation of the scoring criteria provided, detailed as
they were, ultimately depends on the subjective evalu-
ation of each scorer and laboratory, so that some labo-
ratories may have been more cautious than others with
regard to accepting a binucleated cell with a micronu-
cleus. The other practical limitation of identifying and
visualising cells is the quality of the optics of the mi-
croscope used; we have not measured this difference
between laboratories, although it is a potential source
of variation that should be considered in future stan-
dardization studies.

We have observed considerable variation in the
results of different scorers even within experienced
laboratories. Assuming that scorers within a specific
laboratory were using similar, or the same, micro-
scopes it is still possible that there is variation in an
individual’s capacity to correctly identify a micronu-
cleus or a nucleoplasmic bridge. Such discrimination
would depend on the filters used, the precise focus,
and the visual capacity to clearly identify micronu-
clear and nuclear boundaries. An important role is
played by scorer’s experience, as demonstrated by
results inTable 4, which show that as the number
of events to be scored increased with the increasing
radiation dose, the ability to discriminate between
exposed and control cells is more evident in those
scorers with more experience. The observation of im-
portant inter-scorer variability fits well with the con-
clusion of Brown et al.[24] who also studied sources
of variability in the CBMN assay using repeated
scoring of slides from one culture and comparing
scores of three different scorers. The analysis of their
data showed a consistent performance of scorers on
repeat counts and consistent, significant large differ-
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ences in the results of different scorers. A measure
of consistency of results from the same scorer is the
coefficient of variation (CV). The results for base-line
MN frequency CV for repeat counts by the same
scorer values in this study (29%) are lower than those
reported by Radack et al.[25] (52%) who, however,
based their estimates on repeat measures from 100
BN cells instead of 1000 BN cells.

The extent of variation in the data for NPB was
much greater than the variation observed for MN, as
is clearly shown by the data inFig. 3and comparison
of data inFigs. 5 and 6. This result was not unex-
pected given that only one laboratory was experienced
in scoring this biomarker within the CBMN assay.
Identification of NPB can be more difficult than iden-
tifying MN because the thickness of an NPB often
can be much smaller than the diameter of an MN. In
addition, NPB can be difficult to identify when nuclei
in a BN cell are close to each other. Nevertheless,
the great majority of the laboratories (31 out of 33)
correctly identified the rank of the radiation dose.

The results inTable 4 clearly show that intra-
laboratory variability is almost completely ex-
plained by the variables that we have included in
the experiment—staining, dose and spot—and no
inter-scorer variability remains once these are con-
trolled. In comparison, as regards inter-laboratory
variability, additional laboratory-linked features
should be considered to fully understand this aspect.
This high (and significant) degree of heterogeneity
among laboratories is mainly based on the results of a
limited number of laboratories, which scored greatly
different frequencies of events from the majority.
The use of random-effect models, which provides a
better modeling of variance over the Poisson regres-
sion analysis, allowed the calculation of a range of
‘reliable’ values for different endpoints and levels
of irradiation (Table 4). This estimate can be used
as a reference for all laboratories when scoring the
endpoints described here.

The results of this study raise important questions
with respect to overcoming the inter-laboratory and
inter-scorer variation, and indicate that even under
close to optimal conditions the calibration of scorers
and laboratories remains an important requirement.
This leads immediately to the important goal of
achieving a reliable procedure for calibrating scorers
so that data from different scorers and laboratories

can be corrected to values that are reliably close to the
absolute/actual score. This goal could be achieved by
using a common set of slides or, more practically, a
set of digitized images made available on the HUMN
project web site, together with detailed scoring in-
structions. This same training module could be used
to train scorers to a standard method, thereby making
more possible the achievement of comparable data
between laboratories. However, the use of digitized
images does not take into account inter-laboratory
variation in the quality of microscope optics, indi-
cating that ultimately the use of a standard slide set
should also be used as a procedure for scorer cali-
bration. Unraveling the effect of scoring criteria, the
influence of microscope optics, and visual ability of
the scorer, is a challenging scientific question in itself.

5. Conclusion

In conclusion, this inter-laboratory comparison has
proved to be a fruitful exercise. It has verified that
with respect to visual measurement of micronuclei
we can confidently conclude that all laboratories
correctly classified the slides according to radiation
dose, and that dose of radiation accounted for most
of the variation in the reported MNed cell frequency,
while the importance of staining method was mini-
mal. This study has estimated the expected CV for
duplicate scores by the same scorer as being 29% for
control cultures and 11–14% for cultures with MN
frequencies that are an order of magnitude greater
than that observed in control cultures. The reporting
of intra-scorer CV values in the CBMN assay should
become a standard requirement for all published stud-
ies, and large CV values should be carefully noted
when evaluating the quality of the data. The other im-
portant product of this exercise was the development
of a comprehensive set of scoring criteria for MN and
NPB in human lymphocytes, as well as in other cell
types that can be scored in the CBMN assay, together
with a comprehensive set of line diagrams and pho-
tomicrographs for illustration, which are described in
the accompanying paper[17]. Finally it is evident that
the use of “calibration” or “control” slides is essential
to reduce intra- and inter-laboratory variability and
to allow comparison of MN frequency data across
laboratories and populations.
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