Environmental and Molecular Mutagenesis 37:31-45 (2001)

HUman MicroNucleus Project: International Database
Comparison for Results With the Cytokinesis-Block
Micronucleus Assay in Human Lymphocytes: |. Effect of
Laboratory Protocol, Scoring Criteria, and Host Factors
on the Frequency of Micronuclei

Stefano Bonassi,'* Michael Fenech,? Cecilia Lando,’ Yi-ping Lin,?
Marcello Ceppi,' Wushou Peter Chang,® Nina Holland,*
Micheline Kirsch-Volders,® Errol Zeiger,® Sadayuki Ban,” Roberto Barale,®
Maria Paola Bigatti,” Claudia Bolognesi,'® Cao Jia,"' Marina Di Giorgio,'?
Lynnette R. Ferguson,'® Aleksandra Fucic,'* Omar Garcia Lima,'®
Patrizia Hrelia,'® Ayyathan P. Krishnaja,'” Tung-Kwang Lee,'®
Lucia Migliore,® Ludmilla Mikhalevich,'® Ekaterina Mirkova,?°
Pasquale Mosesso,?' Wolfgang-Ulrich Miller,?? Youichi Odagiri,?®
Maria Rosaria Scarfi,?* Elena Szabova,?’ Irena Vorobtsova,?® Anne Vral,?”
and Andrea Zijno?®

' Department of Environmental Epidemiology, Istituto Nazionale per la Ricerca sul
Cancro, Genoa, ltaly
2Commonwealth Scientific and Industrial Research Organization (CSIRO) Health
Sciences and Nutrition, Adelaide, Australia
3Institute of Environmental Health Sciences, National Yang Ming University Medical
School, Taipei, Taiwan, Republic of China
4School of Public Health, University of California, Berkeley, California
>laboratory for Cell Genetics, Vrije Universiteit Brussels, Brussels, Belgium
®Environmental Toxicology Program, National Institute of Environmental Health
Sciences, Research Triangle Park, North Carolina
”Department of Radiobiology, Radiation Effects Research Foundation, Hiroshima, Japan
8Dipartimento di Scienze dell’Uomo e dell’Ambiente, University of Pisa, Pisa, Italy
?Dipartimento di Biologia Animale, University of Turin, Turin, ltaly
'®Toxicological Evaluation Unit, Istituto Nazionale per la Ricerca sul
Cancro, Genoa, ltaly
" Molecular Toxicology Laboratory, Third Military Medical University, Chong Qing, China
'2|aboratorio Dosimetria Biologica, Autoridad Regulatoria Nuclear, Buenos Aires, Argentina
'3 Auckland Cancer Society Research Centre, Auckland, New Zealand
"“Institute for Medical Research end Occupational Health, Zagreb, Croatia
'5Centro de Proteccion e Higiene de las Radiaciones, Havana, Cuba
'Department of Pharmacology, University of Bologna, Bologna, Italy
7 Cell Biology Division, Bhabha Atomic Research Center, Mumbai, India
'8Department of Radiation Oncology, Leo Jenkins Cancer Center, East Carolina
University School of Medicine, Greenville, North Carolina
"YInstitute of Genetics and Cytology, Belarus Academy of Sciences, Minsk, Belarus
2®Nacional Center of Hygiene, Medical Ecology and Nutrition, Sofia, Bulgaria
21 Dipartimento di Agrobiologia e Agrochimica, Universita della Tuscia, Viterbo, Italy
22|nstitute fir Medizinische Strahlenbiologie, Universitatsklinikum Essen, Essen, Germany
23Division of Human and Health Sciences, Yamanashi Prefectural College of
Nursing, Kofu, Japan
24Consiglio Nazionale delle Ricerche (CNR)-Istituto Di Ricerca Per
I’Elettromagnetismo ei Componendi Elettronici (IRECE), Naples, Italy
23|nstitute of Preventive and Clinical Medicine, Bratislava, Slovak Republic
2¢Central Research Institute of Roentgenology and Radiology, St. Petersburg, Russia
27 Department of Anatomy, Embryology, and Histology, University Gent, Ghent, Belgium
28 aboratory of Comparative Toxicology and Ecotoxicology, Istituto Superiore di
Sanita, Rome, ltaly

© 2001 Wiley-Liss, Inc.



32

Bonassi et al.

Micronucleus (MN) expression in peripheral blood
lymphocytes is well established as a standard
method for monitoring chromosome damage in
human populations. The first results of an analysis
of pooled data from laboratories using the cytoki-
nesis-block micronucleus (CBMN) assay and par-
ticipating in the HUMN (HUman MicroNucleus
project) international collaborative study are pre-
sented. The effects of laboratory protocol, scoring
criteria, and host factors on baseline micronucle-
ated binucleate cell (MNC) frequency are evalu-
ated, and a reference range of “normal” values
against which future studies may be compared is
provided. Primary data from historical records
were submitted by 25 laboratories distributed in
16 countries. This resulted in a database of nearly
7000 subijects. Potentially significant differences
were present in the methods used by participating

the concentration of cytochalasin-B, the percentage
of fetal calf serum, and in the culture method.
Differences in criteria for scoring micronuclei were
also evident. The overall median MNC frequency
in nonexposed (i.e., normal) subjects was 6.5%o
and the interquartile range was between 3 and
12%o. An increase in MNC frequency with age
was evident in all but two laboratories. The effect
of gender, although not so evident in all dato-
bases, was also present, with females having a
19% higher level of MNC frequency (95% confi-
dence interval: 14-24%). Statistical analyses were
performed using random-effects models for corre-
lated data. Our best model, which included expo-
sure to genotoxic factors, host factors, methods,
and scoring criteria, explained 75% of the total
variance, with the largest contribution attributable
to laboratory methods. Environ. Mol. Mutagen.

laboratories, such as in the type of culture medium,  37:31-45, 2001.  © 2001 Wiley-Liss, Inc.
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INTRODUCTION and Natarajan, 1997; Fenech et al., 1999]. The expanded
use of the MN assay is mostly explained by two reasons:

1) the PBL MN test provides a reliable measure of

: Rromosome breakage and loss, at lower cost and with
first propo§ed by Countryman and Heddle [1976] and SURss work than chromosomal aberrations; and (2) the
sequently improved with the development of the cytokine-

sis-block micronucleus (CBMN) method [Fenech and I\/lorr_ecent availability of the cytokinesis-block technique has

ley, 1985a,b], which allowed MNi to be scored specificallremoved the potential confounding caused by effects on

. L ¥:e|l division kinetics. As with other in vitro cytogenetic
in cells that had completed nuclear division. As a consé- . : o
£ays, there is inter- and intralaboratory variability, and

uence the assay has been extensively used to evaluat at% . .
q y y m ted information on the effects of the laboratory

presence and the extent of chromosome damage in hu ‘hod. subiect lifestvl d th le of individual
populations exposed to genotoxic agents in various occ:uﬁ%‘—e 100, subject litestyle, an € role ot individual sus-
cgfptlblllty on this variability. The long-term health sig-

tional settings, in the environment, or as a consequence of _ o .
lifestyles. Subgroups of the general population consider8icance of PBL MN is also a major issue to be clarified.

at risk because of their genetic make-up or because they ar&ne€ Of the principal issues to be addressed is the effect of
affected by certain diseases have also been evaluateddifferent protocols on MN frequency, because many varia-
validate this biomarker as a predictor of adverse heaitigns of the original protocol are in use. Based on reports in
effects [Ban et al., 1993; Fenech, 1993; Benner et al., 19dhe literature, information on the effect of the protocol on
Tucker and Preston, 1996; Duffaud et al., 1997: Hagmart@ﬁ final outcome is limited, and sometimes contrasting. A
al., 1998]. study specifically designed to compare different concentra-
The micronucleus (MN) test is gaining increased ations of cytochalasin B (cyt-B) revealed that j&g/mi,
tention among laboratories active in the field of envirorthough more effective than the standard concentration of 3
mental mutagenesis, and the number of published studieg/ml in arresting cytokinesis, revealed a lower frequency
based on this biomarker is increasing rapidly [Sufalleof MNi [Surrallés et al., 1994]. In contrast, Prosser et al.
[1988] did not find any differing effects of the two concen-
trations on MN frequency. More recently, Fenech [1998]
reported that a comparative study of two different culture
media, RPMI 1640 and McCoy, did not reveal differences
Grant sponsor: Agsocia;ipne Italiana per la Ricerca sul ancro (A_Ith' the MN frequencies. Other studies have addressed issues
Grant sponsor: Italian Ministry of Health; Grant sponsor: National Suen(ﬁea”ng with blood sampling, such as alternatives to veni-
Council of Taiwan. )
*Correspondence to: Stefano Bonassi, Istituto Nazionale per la Ricerca gllldncwre [Lee etal., 1997] .Or the effect of Storage [Lee et
Cancro, Department of Environmental Epidemiology, 10 Largo R. Benz@, " 1999]' A number of articles have been pUb“Shed that
Genoa 1-16132, ltaly. E-mail: bonassi@hp380.ist.unige.it recommended changes to the standard methods, although
Received 7 April 2000; provisionally accepted 2 June 2000; and in finffl€re has been no coordinated evaluation of the effects of
form 24 August 2000 different methodological aspects on the outcome frequency.

The use of micronuclei (MNi) as a measure of chrom
some damage in peripheral blood lymphocytes (PBL) w
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The methodological aspect that, according to many authors,
introduces most nonsampling-dependent variability in M /j .
frequency is the interscorer variability [Radack et al., 1995; Aﬁ;—-
Brown et al., 1997]. e
To address and to try to resolve these issues, and to ‘\\QC
provide a network of laboratories working with this as- ;
say, the international collaborative HUMN (HUman
MicroNucleus) study was launched in September 1997.
The main goals of HUMN were: (1) to compare the
protocols currently in use to assess whether, and to what
extent, such variations might affect baseline MN frequen-
cies; (2) to compare baseline MN frequencies from thg, 1. Geographical distribution of countries containing laboratories that
various laboratories and to determine the relationships giticipated in the HUMN project.
these frequencies to subject factors; and (3) to perform a
prospective study linking the accumulated MN frequency
data from each laboratory to provide a powerful cohort IMATERIALS AND METHODS
person-years, to determine associations with commaon
diseases, such as cancer, aging, and selected genﬁ‘fi
syndromes. The first two comparison goals are expectg;jgam-mﬁon
to provide information on the extent of variation of MN

f for diff t lab tori d t In early 1997 an invitation letter was sent by the steering committee of
requency ranges tor dirrerent laboratoriés and pro °C91|e HUMN project to 130 laboratories that had published studies on the

factors, and on the extent to which some key subjegiN testin human lymphocytes using the CBMN assay. The letter included
variables (e.g., age, gender, lifestyle, exposure to gersuestionnaire for some basic information about the data available in each

toxic agents) affect baseline MN frequencies in perippf'gboratory. The committee received 42 responses and, based on that infor-
mation, a so-called “information package” was prepared and sent to the

era! blood lymphocytes. More detail on the_ HUMNinterested laboratories. All of these laboratories, with the exception of one
project and on the CBMN assay can be found in Fenegkhich did not subsequently participate), had used the CBMN assay in their
et al. [1999]. investigations. A more sophisticated questionnaire requesting detailed in-

The collection of individual data from different Studiesrorrr_\atioq about laboratory protocol, scoring criteria, ipdiv_idual data of
to perform pooled reanalvses. has been the obiect of reCSU ects in the study, and references of published studies, if any, was sent
p p Y ’ ) SIH this information package. An Excel file, to be used as a template for

discussions in the literature [Gordon et al., 1998; Taiolsubmitting original data to the coordinating center (INRC, Genoa), was
1999]. The advantages of such an approach are quite elgo sent. As of December 1999, 25 databases were received from labora-
dent, especially for the availability of astudy group of |argg>rles in 16 countries, mostly in Europe, but also in Asia, America,

. . . . . Australia, and New Zealand (Fig. 1). The laboratories that contributed their
size and for the wide extent of available information. On th (Fig. 1)

ata to the study and references to the original publications of these data
’ ‘ §ata to the study and ref he original publications of these d
other hand, the data in these individual studies were c@le |isted in Table I.
lected for different purposes and are varied with respect torhe questionnaire distributed to participating laboratories about their
quality and completeness of subject information, imposi ot‘oc_ols requested mor(_e_mformatlo_n than was used in thg subsequent
serious limits for statistical analvses. A recent stud hsatlsncal analyses. Additional details about blood collection, culture
" . y o - y %?ethod, cyt-B use, harvest time, staining, and various aspects of the study
specifically noted that the creation of international databas@sign were obtained, although this information was not included in the
of background values for various biomarkers has the gresitistical analyses for various reasons: (1) some items of the protocol were
advantage of orienting standardization studies and contrifgntical in all laboratories (e.g., all collected blood by venipuncture); (2)

. . - . . other questions were answered by only a limited number of participants
uting to biomarker validation [Albertini, 1999]. These dat two questions on the coefficient of variation were answered by only

. . €.9g.,
could then be used to create biomarker maps, which WOlékqglabs out of 25); and (3) other factors were removed from the analysis
be extremely useful for hypothesis generation and arester a preliminary statistical evaluation, to reduce the number of param-
specific population monitoring. eters to be included in regression models (e.g., whether the culture vessel

In the study presented here, a database of nearly nﬁg@ plastic or glass). All parameters used in the analyses are reported in

X X X e Il

subjects, from 25 laboratories representative of many coun-

tries and populations, has been compiled and analyzed. h@abases Used

study has been performed to verify the importance of ageihe total HUMN database contains 6583 subjects, with a mean age of 44

gender, and protocol as variables affecting the observsgrs and a proportion of males only slightly higher (53.3%) than females.

micronucleated cell (MNC) frequency in the cytokinesisIhe individual database sizes range from 11 to 1637 subjects, with a mean
. size of 263 subjects, and each contained the results of one to seven different

block procedure and to prowdg a refe_rence rang _mal studies. The general characteristics of each database are reported in Table

values for MNC frequency against which future studies may

be compared. Most of the studies included in the HUMN database were designed as

hjects and Laboratories
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TABLE II. Method Variables Evaluated in the Statistical Analysis

The HUman MicroNucleus Project 35

Selected protocol variables

1.

Length of time the blood allowed to stand before being prepared for culture

<7 hr (80%)

=7 hr (20%)

2. Temperature [°C] the blood was kept prior to preparation for culture Room temperature (82%) Fridge (4-5°C) (18%)
3. Culture method used: Whole blood or isolated lymphocytes Whole blood (84%) Isolated lymphocytes (16%)
4. Ratio of whole blood to culture medium (for whole blood) <10% (52%) =10% (48%)

5. Type of medium uséd RPMI 1640 (60%) F10 (24%)

6. Percentage of added fetal calf serum =10% (52%) >10% (48%)

7. Time after initiation cytochalasin-B was added to cultures <44 hr (20%) =44 hr (80%)

8. Final concentration of cytochalasin-B in the culture medium 3 g (44%) 6.0 (32%)

9. Time after PHA stimulation the cells were harvested <72 hr (20%) 72 hr (80%)

10. Hypotonic treatment No (16%) Yes (84%)

11. Cultures per individual typically set up 1 (24%) =2 (76%)

Scoring criteria for identification of binucleated cells

1.

Must have two round or oval nuclei

Yes (99%)

2. The two nuclei must be in the same condensation state Yes (83%)

3. The two nuclei must have similar size Yes (99%)

4. The two nuclei can touch each other or partially overlap Yes (83%)

5. The cytoplasmic boundary of the cell has to be clear and intact Yes (100%)

6. The two nuclei may be attached by a fine nucleoplasmic bridge Yes (60%)

7. The nuclei must not be in an early stage of apoptosis Yes (70%)
Criteria for identification and scoring of micronuclei in binucleated cells

1. Morphologically identical but smaller than nuclei Yes (82%)

2. Round or oval in shape Yes (99%)

3. Diameter between 1/3rd and 1/16th of main nuclei Yes (91%)

4. Nonrefractile Yes (95%)

5. Not linked to main nucleus Yes (73%)

6. May overlap or touch main nucleus Yes (49%)

7. Same color as nucleus Yes (85%)

8. Similar staining intensity as nucleus Yes (83%)

2Four laboratories used other media.
bSix laboratories used other concentrations.

occupational or environmental surveys of subjects exposed to genototagic agents. These subjects were removed from the analysis describing the
agents such as ionizing radiation, aromatic hydrocarbons, pesticides, lsgseline occurrence of MNCs, whereas they were included in all multiple
tostatic drugs, metals, or air pollution. Other studies were designed to studgression models, since the inclusion of a specific term for exposure
diet, either as supplementation of chemopreventive agents, or to evalyatevided estimates adjusted for this factor. In the same way, individuals
the effect of some nutrients (or food) on the MNC frequency. For the moskposed to atomic bomb radiation in Hiroshima or living in high radiation
part, each database is composed of individuals living in the same countgckground areas (s 1084) [Ban et al., 1993; Fenech et al., 1997c;
of the laboratory; however, four databases included data from peojarcia Lima, 1997; Vorobtsova, 1997] or carriers of genetic alterations
(primarily children) monitored because of their exposure to ionizing rad{n = 15) [Krishnaja and Sharma, 1994] were not considered in the
ation as a result of the Chernobyl accident. The inclusion of data from oth@raluation of the baseline occurrence of MNCs because their conditions
collaborative studies on cytogenetic biomarkers performed in Europe, amédy have led to a certain degree of genomic instability.

especially in Italy, has probably led to an overrepresentation of this

continent in the study.

Exposure to Genotoxic Agents Statistical Methods

Subjects in the HUMN database werg origjnall_y cIa;sified as exposed,v[(__,asm.(__,s of MN frequency
not exposed on the basis of the questionnaire filled in by the researchers.
On the first evaluation of the data, a few databases had mean frequenciedN frequency measures are generally reported as MNi or MNCs per
of MNC considerably higher than those of the majority of other databas€€)00 binucleate cells (%o). In this study, four laboratories expressed their
These few databases included individuals heavily exposed to occupatiotiaia as number of MNi per 1000 binucleated cells, nine as the frequency
or environmental genotoxins. There was an obvious difference in tlo€ MNCs per 1000 binucleated cells, and the other 11 laboratories reported
criteria of classification among laboratories and, therefore, all subjedisth indexes. These figures are in agreement with other surveys [Sairralle
were reclassified using an exposure matrix prepared by a panel of ocand Natarajan, 1997] and show that the frequency of MNC is a preferred
pational hygienists, epidemiologists, and cytogeneticists from the Eurodex; we therefore decided to use it in all analyses. To use all available
pean Study Group on Cytogenetic Biomarkers and Health (ESCH) [Boformation we estimated the frequency of MNCs in the laboratories that
nassi et al., 2000]. Because an important goal of this study was to desciilael not used this index, applying the ratio MNi/MNCs, estimated from the
baseline frequencies of MNC, we applied the quantitative criteria providedean values of the 11 laboratories that reported both indexes, which was
by the ESCH matrix to the available material (questionnaires and publishi&d.12. Using this value, an estimated frequency of MNCs was obtained for
studies), and identified a group of 665 subjects exposed to known gettiee four laboratories that scored only the frequency of MNi (Table IlI).
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Clustered Nature of the Data distribution, expertise of researchers, and sizes of databases,
A total of 26 variables referring to protocol and scoring criteria wer&/€ C0n3|derec_j to be representative Qf all |ab0rat0r|es cur-
included in the statistical models described below (Table 11), together witiently performing the CBMN assay in human peripheral
main host factors and exposure to exogenous genotoxic agents. A grouM‘hphocytes_ All laboratories used blood collected by ve-
108 individuals with missing data were removed from this part of thﬁipuncture and treated with heparin as anticoagulant. Blood

analysis, which therefore considered a total of 6475 subjects. o
The major problem encountered in the statistical analysis was the cIL\JIgfiS generally kept at room temperature (82%) for the

tered nature of the data, since most of the variables concerning technR@ortest time possible (80% less than 7 hr, and 64% of
aspects of the protocol were strongly correlated within each laboratory. Tioratories processed samples within 4 hr). The total vol-
presence of this within-cluster (laboratory) correlation of observationgme of each culture ranged between 0.5 and 10 ml, with 5
leads to a poor fitting of the statistical models and to an underestimate g being the most frequent choice (11 laboratories). The

standard errors of model parameters; this pattern of events is known . .
overdispersiorjLindsey, 1997]. A recommended approach to these datallg?ge majority of laboratories (21 out of 25) used whole

to apply the negative binomial regression model [Diggle et al.,1995]. THJ00d cultures, and among these, the ratio of whole blood to

probability density function for this model is culture medium ranged from 4 to 12% (one laboratory used
a ratio of 20%). RPMI 1640 was the medium used in 15
PrY = y) = [T(y + pd)d* WY T (n) (1 + )" ] laboratories, but Ham's F10 was used by six and two

laboratories used McCoy's medium. The concentrations of
where Y is a count or a rate, i.e., the number of MNCs with respect to ”ﬁfhytohemagglutinin (PHA) ranged from 20 to ZA@/mI

scored cellsy is the expected value of Yo is a scale parameter, to be . .
estimated from the data, influencing the variance of Y, iw€l, + ¢)/d; I’ with no value frequent enoth to be considered as the

is the Gamma function. standard. This is not surprising because seven different
The expected value of Y can be modeled by a linear predictor éhanufacturers provided the PHA (of different activities and
explanatory variables purities) to 25 laboratories. The percentage of fetal calf
- serum added was another heterogeneous parameter. The
b= most common quantity was around 10% (12 laboratories),

but 15% (five labs) and 20-25% (seven labs) were also
where the parameter is the baseline rate of binucleated cells #ds a ysed: one laboratory used 2.5%. The most common concen-
vector of unknown parameters to be estimated from the data, represengfgﬁon of L-glutamine added was 200-300 mg/L, but the

the effect of the Xvariables. The concept underlying this regression mode t of lutami I ti t di
is that overdispersion rises because the parameters themselves are rar‘_ﬁ)‘Zﬂﬁ’url orL-giutamineé normally present In most media

variables and so the total variability inside the observations depends on tiluced about half of the laboratories not to add it to the
different probability density functions referring to the Y and the paramegulture. Only seven laboratories mentioned the use of anti-

ters, respectively. Since the Y’s are distributed according to the PoissBfptics or antimycotics, but because this item was not ad-

distribution, while the parameters are assumed to follow the Gamr&qessed by a SpeCifiC question it was collected through the
distribution, the resulting mixed distribution is the negative binomial. The .

estimate of the parameters can be accomplished via maximum Iikeliho&n(,)tes’ and m_ay t_he_refore be underesm_nated‘

they are interpretable as frequency ratios and the scale paramtgkes Cyt-B use is similar across laboratories, because all but

into account the overdispersion, permitting the correct estimate of thlaree obtained the reagent from the same source (Sigma, St.
standard errors of the parameters. Alternative analyses performed using|tigfis, MO), and all laboratories used dimethylsulfoxide
generalized estimating equation (GEE) [Diggle et al.,1995] and multilevebMSO) as the solvent. Most laboratories (15) used about
(ML) [Goldstein and McDonald, 1988] models yielded similar results. - 0 in th It “th trati in th

To assess the goodness of fit of a generalized linear model it is possigl‘g 0.3% DMS_O In the culture; the concentrations in the
to estimate the so-called pseudd-R the following way: [(Residual Other laboratories was between 0.4 and 0.75%. Cyt-B was
deviance of the null model)- (residual deviance of current model))/ added to cultures 44 hr after PHA stimulation in the large
(Residual deviance of the null modet) 100. This statistic falls between 0 majority of laboratories. As shown in Table I, most labo-

and 100 and represents the proportion of variability explained by ﬂ?%tories used &g/ml of cyt-B but concentrations of up to
current model compared to the null model [Kleimbaum et al., 1988]. 9 g/ml were also used )
P :

Another problem affecting these data was the presence of multicolline . o
ity, since many variables considered in the analysis also tend to correlateC€lls were harvested 72 hr after PHA stimulation in 80%

among laboratories. This phenomenon has the effect of inflating the veoif the laboratories, but harvesting at 69, 68, and 66 hr is also
ance of the model and, in extreme cases, could alter the point estimateglekcribed, and hypotonic treatment was widely used (84%).
single variables. The analysis was carried _out vyith t_he GLIM s_tatistic ?”S were generally fixed with methanol and acetic acid
packqge [Frances et aI:, 1993]. The negative bmomlal regression mo 54(y 31 ti 5:1 or 6:1) bef beina t f d
was fitted to the data with a macro developed by Hinde [1996]. 0) at3:1 (sometimes 5: _Or 1) before . ang ransierre
to slides (16% of laboratories reported fixing cells after
transferring them to slides). Cells were usually transferred
by dropping or gently smearing the cell suspension, al-
though four laboratories used cytocentrifugation for this
purpose. Giemsa was the standard staining method.
The questionnaire distributed to all participants provided The agreement between laboratories in the scoring crite-
the opportunity to investigate in detail the protocols of &a for selecting binucleated cells and identifying a micro-
number of laboratories that, because of their geographicalcleus seems to be very good (Table Il). The agreement in

RESULTS

Methodological Aspects
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Fig. 2. Baseline MNC frequencies among 23 HUMN project databases. Only data for nonexposed subjects are shown. Horizontal lines represen
percentiles of the MNC frequency distribution in the whole database.

the criteria for identification of binucleated cells is excellerttave been ranked by the median value of MNC per 1000
for the first five items in Table I, whereas a slight disagredinucleated cells, and each box shows the median, the
ment is present for criterion 6Tfie two nuclei may be interquartile range, and extreme values within a laboratory.
attached by a fine nucleoplasmic briggadopted by only The heterogeneity resulting from exposure to genotoxic
15 laboratories, and for criterion Tlie nuclei must not be agents has been removed, although some variability re-
in an early stage of apoptogisadopted by 17 laboratories.mains. From this subset of data we get a whole median
The criteria for scoring MN are essentially the same in allalue of 6.5%., which could be considered as a reference
laboratories, apart from criterion 6, which has divided thigequency for the general population. Figure 2 also shows
laboratories in two nearly equal groups—those acceptingteat 75% of the database is below a frequency of 12.0%. and
micronucleus that may overlap or touch the main nucle9s% is below 26.8%.. The interquartile range that defines
and those that do not. the most frequent values is between 3 and 12%.. Median
baseline frequencies were higher in females than in males
(7.0 vs. 6.3%0) and in subjects aged 40 years and over
relative to those aged less than 40 years (7.6 vs. 5.9%0). To
The main characteristics of the 25 databases evaluatedadke into account the different size and therefore the unbal-
this study and the overall frequencies of MN obtained ianced contribution of databases to these figures, we also esti-
each laboratory are reported in Table Ill. The distribution ohated a median MNC frequency from the median of each
MN frequencies in the 4899 nonexposed subjects from &boratory. The resulting value of 7.5%. was higher, although
individual databases is presented in Figure 2. Databasks interquartile ranges largely overlapped (5.3—12.5%o).

Baseline MNC Frequency
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Fig. 3. Effect of age and gender on MNC frequency in peripheral lymphocytes. Frequency ratios (FRs) are adjusted by laboratory and exposure tc
genotoxic agents. All age-classes after 30 years were significantly higher than the reference class (0-9).

Host Factors son of results within each laboratory. The effect of gender
) ] was not homogeneous in the 23 data sets evaluated, because

A more detailed evaluation of the effects of gender ar}ﬂne laboratories (although representing only 18% of sub-

age on the MNC frequency was performed using & multiseisy showed a higher frequency of MNC in males, two of

variate model that estimated the frequency ratio (FR) f@fem reaching a significant difference (Fig. 4). The effect of
females vs. males, and for different ages compared with tgﬁing, expressed as the FR between subjects of 40 years and

0-9 years age-class. These estimates are adjusted by 130 s, younger subjects, was evident in all but two of the
ratory protocol, scoring criteria, exposure, and continent, fQt(,hases examined (Fig. 5).

a total of 41 covariates in the model. Estimates are rather

stable because of the large size of each age-class (800

subjects on average). Figure 3 clearly shows the effectsRfctors Affecting MNC Frequency

both age and gender. MNC frequency increases monotoni-

cally with age in both genders, with the steepest increaseA model based on the negative binomial function of
after 30 years of age, and to a higher level in females (tpeobability was used to estimate the proportion of variabil-
adjusted FR for females vs. males was 1.19 with a 958y of MNC frequency that can be explained by the studied
confidence interval [CI] of 1.14-1.24). A more pronouncedarameters. To reduce the effect of the strong intra- and
effect of age in females was confirmed by different femal@iterlaboratory collinearity all the variables were collapsed
male FRs in age-classes below 40 years of age (FR, 1.08p four general sources of variability, i.e., host factors
95% ClI, 1.03-1.14) and in those over this limit (FR, 1.23jncluding age, gender, and continent [to surrogate ethnic
95% Cl, 1.18-1.28). We also calculated the effects of ageoup]), which accounted for 31% of total variability; ex-
and gender in single databases, to enable a direct comppdsure to genotoxic agents, 45%; methodological parame-
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Fig. 4. Effect of gender on MNC frequency (females vs. males) by laboratory. FRs are adjusted by age and exposure to genotoxic agents. The size c
each database is in parentheses.

ters (11 items, see Table Il), 65%; and criteria for identifieentrations, which produced mean frequencies of 3.9 and
cation of binucleated cells and scoring of MN (15 items, sek4%o, respectively. Among the method variables evaluated
Table 1), accounting for 47%. The total amount of variabilin the statistical analysis, some determined a significant
ity explained by the complete model (which included alhcrease of MNC frequency, i.e., blood standiggy hr
variables) was approximately 75%. Because of the correlzefore culture, blood kept in the refrigerator before culture,
tion among parameters investigated, the sum of varianaed the adoption of criterion 6 for scorinljléy overlap or
explained by all individual sources is largely greater thaiwuch main nucleys whereas other variables significantly
this value. decreased MNC frequency, i.e., hypotonic treatmer,
The impact of single steps of the protocol on the MNCultures per individual, and the adoption of either criterion
frequency was estimated, taking into consideration the d#-(Nonrefractilg or criterion 7 for scoring $ame color as
ficulties encountered in statistical methods, mentioned eawcleus.
lier. The effect of culture type showed a different pattern by
continent. In Asia and Europe whole-blood culture yieldeg|scussioN

a higher MNC frequency: FR- 2.04 (1.81-2.22), and 2.12
(1.69-2.70), respectively, whereas, on the contrary, in Aus-The use of analyses of pooled individual data collected

tralia and New Zealand the isolated lymphocyte culturdsom an unrelated group of similar studies has gained in-
produced the highest MNC frequencies (3.02; 2.54-3.5%reasing attention in different areas of biomedical research.
The effect of the cyt-B concentration could be evaluatethis study design applies very well to the field of biomar-
only in those laboratories where both 3 andd@were used. kers, and the advantages of such an approach were previ-
No substantial difference was found between the two coausly described [Gordon et al., 1998; Taioli, 1999]. Never-
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Fig. 5. Effect of age on MNC frequency=40 years vs<40) by laboratory. FRs are adjusted by gender and exposure to genotoxic agents. The size
of each database is in parentheses.

theless, there are some specific features of poolitg genotoxic agents, and therefore subjects known to be
biological data that should always be considered and theatposed to these agents were removed from this part of the
could affect the results of these studies. For example, thralysis. The residual confounding attributable to other
effects of the great heterogeneity in methodologies weagents (e.g., lifestyle) that could induce chromosomal dam-
described in a group of European laboratories using the Mige could be reduced further when other data are available,
assay [Surralle and Natarajan, 1997] and confirmed by thbut, with this caveat, a range of frequencies that could be
present study, which investigated methodological aspectsconsidered normal have been identified. We used the me-
a worldwide network of laboratories. dian value as the measure of central tendency since the

A major difficulty in interpreting findings from human distribution of MNC frequency values in all databases is
studies on biomarkers, including MNC frequency, is thRighly right-skewed. In these conditions the mean is influ-
large variability observed in absolute frequencies. The laekced by few high values, and it therefore gives inflated
of reliable information on the natural background levels adstimates of MNC frequency in the general population.
many biological events makes it difficult to understand the The availability of such a large amount of data represen-
extent and relevance of the MNC frequencies associatidive of different human populations offers a valuable
with the exposures or conditions under study. Thereforepportunity to quantitatively establish the effects of gender
one of the priorities of the HUMN project was to provideand age on MNC frequencies. These two host factors have
information on the baseline frequencies of MNC in humabeen investigated in many studies, although, despite the
lymphocytes. The only external factor known to affecgeneral agreement on their effects on MNC frequencies, the
MNC frequency is occupational or environmental exposuextent of these effects is still controversial.
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The effect of gender on MNC frequency has been degents, scoring criteria, and the laboratory protocol were
scribed in many studies, and the few reports that show nonsidered. This value is higher than estimates from other
effect have been challenged by large studies, such as thpepulation studies [Radack et al., 1995], supporting the
performed in Northern Europe, Australia, and Italy, whichypothesis that the inclusion of methodological variables
found MNC frequencies in females to be 32, 40, and 29%an reduce the extent of the so-called sampling error (which
higher than in males, respectively [Nordic Study Groups also known as the proportion of unexplained variance). It
1990; Fenech et al., 1994; Bonassi et al., 1995]. In tlshould be noted that the term representing the laboratory
present study we also found females to have higher MN&otocol ranked first in the list of factors contributing to
frequencies than males, but the effect was lower, i.e., 198NC frequency variance.

However, this estimate takes into account other potentialThe sum of the proportion of variance explained by
confounding factors such as exogenous exposure to gediferent parameters is largely over 100%, which is not
toxins and protocol variability, which could have influencednusual in this kind of analysis because the individual
the association between gender and MNC frequency in tbentributions of different factors cannot be separated when
other studies. The evaluation of the gender effect in dhey are strongly correlated, as they are in this case. A
databases included here revealed a certain discreparprydent interpretation of these findings would suggest rank-
showing nine laboratories with a higher frequency in malasg different parameters by their contributions in explaining
(Fig. 4). However, apart from the evidence that the largae model variability, and using this information to set
majority of databases showed a higher frequency in femalasorities for homogenization of methods. In addition, it
(14 laboratories accounting for 82% of the database),should always be kept in mind that these studies were
should be considered that among the nine laboratories witbsigned for purposes other than those evaluated here, and
divergent findings, two laboratories, AM1 and EU10, evathat pooled reanalysis is always in the realm of descriptive
uated pediatric populations (increments in females are mastudies.

ifest only after 30 years of age) and two, EU4 and EU15 The attempt to evaluate the contribution of single steps of
(those with significantly higher rates in males), evaluatdtie protocol to the MNC frequency was performed, despite
occupationally exposed populations where females weiee above-mentioned difficulties, to identify major sources
underrepresented in the exposed group. of variability to be addressed by future standardization

The agreement in the literature with regard to age effecttudies. An example of these complex interactions regard-
is even greater. In a recent review on the effect of age arg one of the most important methodological aspects is the
cytogenetic endpoints [Bolognesi et al., 1997b], only tweffect of the blood culture type, which appeared to be
out of the 25 studies examined failed to reveal a significadependent on the continent where it was made, with con-
increase of MNC frequency with age. This ubiquitous effedtasting findings between Asia and Australia/New Zealand.
of aging on the MN frequency in human populations ihis result is not easy to interpret because the covariate
confirmed by our analysis, which showed the effect to bmntinentis a broad category, reflecting differences in life-
present in all but two of the databases examined (Fig. 5). Atyle, genetic make-up, and laboratory methods not included
interesting aspect is the shape of the MNC frequency/ageour survey. Similarly, the other high-priority question
curve in the older age-classes. Two large studies (whabat concerns the role of the cyt-B concentration was ad-
data are included here) described an unexpected leveling-aféssed only in a subset of laboratories that used concen-
of MNC frequencies in the oldest age-classes, and hypothations of both 3 and f.g. The results obtained here are in
esized a selective survival of older subjects [Fenech aadreement with those from ad hoc studies [Prosser et al.,
Morley, 1985a,b; Bolognesi et al., 1997b]. In this reanalysi&988], which did not find any remarkable difference of
the leveling-off disappeared, showing a uniform increase MNC frequency in cultures made with different concentra-
MNC frequencies with age in both genders, an increase thians of cyt-B. The missing information about the role of the
is especially steep after 40 years. Despite the size of timerscorer variation, which is considered one of the most
whole database, available data for subjects of very old aigeportant sources of variability in MNC frequency, was
were scanty (460 subjects over 70 and only 81 over 8®urrogated by applying the scoring criteria used by each
Therefore, these findings should be interpreted with cautitaboratory. It is obvious that the contribution of this param-
when applied to very old age-classes. On the other hamder to the general variability is underestimated by using this
one laboratory (EU11) included in this database specificalpproach. The analysis of single method variables confirms
evaluated a very old study group, which included sontbat scoring is a crucial variable that needs to be controlled
centenarians, and found that MNC frequency continued itoa standardization study, but that other aspects, such as the
increase in age-classes over 80 years of age, with extremgitgsence of hypotonic treatment and the procedure for blood
high values in subjects over 100 years of age [Proietti d¢orage before culture, may also be important.

Santis et al.,1997]. A comment should be made about variables such as diet

The proportion of variance explained by our best moderk individual susceptibility, which have been shown to have
reached 75% when host factors, exposure to genototie potential to affect MNC frequency [Norppa, 1997;
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Fenech et al., 1998], but were not available for these anal- an I.talian population: I. Contribution of methodological factors.
yses. The effects of these variables are not completely | 'Eé‘vg‘r’]”IMQ'L’V'Lgag?r_‘ iliélfazzg- Andreasl MG. Ballardin M
independent from those evaluated in our database aRg® R: Chelotti L, Davini T, Del Ry S, Andreassi MG, Ballardin M,

. L . . Bulleri M, Baldacci S, Di Pede F, Gemignani F, Landi S. 1998b.
therefore, their C_Ont_”bUtlonS t‘? the explamed variance Sister chromatid exchanges and micronuclei frequency in human
could have been indirectly considered by our models. FOr  jymphocytes of 1650 subjects of an ltalian population: I. Contri-
example, the effect of diet could have been partially in-  bution of sex, age, and lifestyle. Environ Mol Mutagen 31:228-
cluded by including the continent in our models. A future ~ 242. _ _
analysis of the HUMN database will try to address thBenner SE, Lippman SM, Wargovich MJ, Lee JJ, Velasco M, Martin JW,
contribution of these factors to the MNC frequency variance Toth BB, Hong WK. 1994. Micronuclel, a biomarker for chemo-

. a y ) prevention trials: results of a randomized study in oral pre-malig-
by evaluating homogeneous subgroups of the entire data- nancy. Int J Cancer 59:457—459.
base. Bigatti MP, Lamberti L, Rizzi FP, Cannas M, Allasia G. 1994. In vitro
The HUMN project has created a network of laboratories micronucleus induction by polymethyl methacrylate bone cement
interested in increasing the understanding of the human MNI in F‘gm;ed _*“_‘"’\‘Aa”B'ymph‘?Cg’tTS- '\:'I“t‘g Rsesl 32_;“?;@2 o
assay and in its improvement, and new studies have alre&qy9"es! €. Parini M, Bonassi S, lanello G, Salanitto A. 1993a. Cyto-
. . genetic analysis of a human population occupationally exposed to
been planned toward these purposes. An international stan- cgicides. Mutat Res 285:239-249.
dardization study involving a large number of laboratories iolognesi C, Parrini M, Merlo F, Bonassi S. 1993b. Frequency of micro-
planned; further evaluation of this database looking at spe-  nuclei in lymphocytes from a group of floriculturists exposed to
cific exposures and population subgroups is ongoing; and  Pesticides. J Toxicol Environ Health 40:405-411. _
the most ambitious project of a cohort study, aimed Bolognea C, Parrini M, Reggiardo G, Merlo F, Bonassi S. 1993c. Bio-

L . monitoring of workers exposed to pesticides. Int Arch Occup En-
evaluate the capability of the MN test to predict long-term viron Health 65:185-187.

health outcomes, is closer to the operative phase. Bolognesi C, Merlo F, Rabboni R, Valerio F, Abbondandolo A. 1997a.

Cytogenetic biomonitoring in traffic police workers: micronucleus

test in peripheral blood lymphocytes. Environ Mol Mutagen 30:
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